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Summary

Summary

In the plant cell, the chloroplast is the organelteere photosynthesis as well as biosynthesis
of many other important metabolites takes placeerdtore, a permanent and regulated
exchange of inorganic cations, anions and a vardgtyorganic biosynthetic pathway
intermediates is needed between plastids and ttesaly Due to the nature of the double
membrane of the chloroplast an efficient transgaross the inner and outer envelope is
necessary. At the inner envelope carriers and etotiter envelope OEPsuter envelope
proteing mediate this transport. In this work, the physgptal function of OEP24 and
OEP21 using the model plaktrabidopsis thalianawas studied. For AtOEP24.1 several
mutant lines were characterised showing that tkigform is not essential for plant
development. A complete OEP24 loss of function doubt be studied due to the limited
availability of mutant lines for the second isofoAtOEP24.2. For OEP21, single mutants for
both Arabidopsisisoforms where characterised and a double mutaotkcout was generated.
No phenotype was detected for the double mutaniveider, for an overexpression line of
AtOEP21.1 amino acid accumulation was found atethe of the night period suggesting a
possible relation between OEP21 and amino acid betasis.

The second part of the work was focused on theodesy of new transporters located in the
chloroplast envelope. For this purpose, proteiruseqging of outer envelope membranes of
pea chloroplasts and subsequiensilico analysis led to the identification of three unkmow
proteins: NOEP23, NOEP40 and NIEP57. The compl@BA sequences in pea were
obtained. Further, NOEP40 could be located attlter envelope and NIEP57 at the inner
envelope of the chloroplast using vivo GFP-targeting and immunoblot. Subcellular
localisation of NOEP23 is still unclear. NOEP40 wkd all characteristics of typical OEPs
and a knock-down mutant line Arabidopsishas an early growth and flowering phenotype
under cold stress when compared to the wild-tyd&PS7 is an integral membrane protein
composed of foura-helical membrane domains with N- and C-termini irfgc the
intermembrane space. For AtNIEP57 several mutaeslivere characterised, demonstrating
that AtNIEP57 corresponds to a novel inner envelgpetein essential for embryo
development. Mature plants with a knock-down of AER57 showed a chlorotic phenotype

suggesting an important function of the proteinmythe vegetative plant life as well.
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Zusammenfassung

In der pflanzlichen Zelle ist der Chloroplast dag&hell, in dem die Photosynthese sowie die
Biosynthese vieler wichtiger Metabolite stattfind®afir ist ein dauerhafter und regulierter
Austausch von anorganischen Kationen, Anionen umgaroschen Stoffwechselprodukten
zwischen Plastid und Zytosol notwendig. Durch dienwa&senheit einer doppelten
Hullmembran der Chlorpolasten ist die Existenz woehreren Transporter-Proteinen nétig.
Der Austausch zwischen Plastiden und Zytosol wirder inneren Hillmembran von Carrier-
Proteinen und in der &ul3eren Hullmembran von deR<JEIr engl outer envelope proteihs
vermittelt. In dieser Arbeit wurde die physiolodiecBedeutung von OEP24 und von OEP21
mittels der ModellpflanzeArabidopsis thaliana untersucht. Fur AtOEP24.1 wurden
verschiedene Mutantenlinien charakterisiert, undkeante gezeigt werden, dass diese
Isoform fiir das Leben der Pflanze nicht essenistll Ein kompletter OEP24&nock-out
konnte durch die limitierte Verfugbarkeit von Mutan der zweiten Isoform AtOEP24.2 nicht
untersucht werden. Mutantenlinien fir beide vorkaemde OEP21-Isoformen wurden in
Rahmen dieser Arbeit charakterisiert und eine Dpp&ante wurde hergestellt. Fiur die
Doppelmutante wurde kein Phanotyp detektiert. Bifgerexpressionslinie fir OEP21.1
zeigte jedoch eine Anderung im Aminosaurengehalteiine Beteiligung von OEP21 in der

Aminosaure Homdoostase nahe liegen kdnnte.

Im zweiten Teil meiner Arbeit wurden neue Metab®liansporter in der Hillmembran von
Chloroplasten entdeckt. Fir diesen Zweck wurderteifte von der auf3eren Hullmembran
aus Erbsenchloroplasten sequenziert undilico charakterisiert. Hierbei wurden drei neue,
bisher unbekannte Proteine identifiziert: NOEP2)EW¥Y40 und NIEP57. Die komplette
cDNA aus Erbse wurde fiir diese Proteine isolierbet)in vivo GFP-targeting und
Immunoblots wurden NOEP40 in der auf3eren Hillmemhmad NIEP57 in der inneren
Hullmembran des Chloroplasten lokalisiert. Die silgare Lokalisierung fur NOEP23
konnte nicht eindeutig geklart werden. NOEP40 walist typischen Eigenschaften der OEPs
auf, und ein&knock-downMutante inArabidopsiszeigte, unter Kalte, ein friheres Wachstum
und Bluhen als der Wildtyp. NIEP57 ist ein integsalMembranprotein, das aus vier
helicalen transmembranen Doménen besteht. N- ufi@r@inus des Proteins sind in den
Intermembranraum orientiert. Durch die Analyse meedw Mutantenlinien Analyse fur
NIEP57 konnte gezeigt werden, dass AtNIEP57 eiresderotein mit essentieller Funktion

fur die Embryonalentwicklung darstellKnock-down Linien fur NOEP57 zeigten einen
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chlorotisches Phanotyp in maturen Pflanzen, deln au€ eine wichtige Funktion des Proteins

im spateren Leben der Pflanze hinweist.
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Introduction

l. Introduction

A characteristic feature of metabolism in eukaryaells is the spatial compartmentation into
membrane-delimited organelles. The most importagamelles in the plant cell are the
plastids and mitochondria. Among the plastid fantilg chloroplast is the organelle where
photosynthesis — conversion of €@to carbohydrate with the release of-Otakes place.
However, besides this essential chemical processyfthesis of many other important
metabolites such as fatty acids, isoprenoids, ggtrales, nucleic acids, aromatic and non
aromatic amino acids, poliphenols and lignins, eediiction of NQ and SG* iscarried out

in the plastids as well. To fulfil all these bioslyetic functions, a permanent and regulated
exchange of inorganic cations, anions and a varadtyorganic biosynthetic pathway
intermediates is necessary between plastids anccyttosol. The plastid, as well as the
mitochondrion, is surrounded by two envelope memésaand this feature is related to the
origin of both organelles. Chloroplast arose from endosymbiotic event in which an
ancestor of nowadays living cyanobacteria was daduby a mitochondria-containing
eukaryotic host cell. The mitochondrion, on the eotlihand, originated from an earlier
independent endosymbiosis whereoaproteobacteria was engulféfbr overview seé&ould

et al, 2008; Gross and Bhattacharya, 2009a; FigureThgrefore, both organelles show
similarities to the Gram-negative ancestors thaeghem origin. Due to the presence of two
membranes delimiting the organelles — in the cllast these two membranes are named
outer and inner envelope, and are separated bytemmiembrane space — the existence of ion
channels and metabolite transporters regulatinge¥fobange with the cytosol are necessary.
The exchange across the inner chloroplast envetagebrane is carried out by characterised
carrier proteins (for overview see Philippar andl 2007; Linka and Weber 2010These
transporters located in the inner envelope usuahytaina-helical transmembrane domains,
mediating the passage of hydrophilic solutes (fereiew see Facchinelli and Weber 2011).
The transport across the outer chloroplast envelgsehowever long time assumed to occur
via an unselective diffusion pore like the porin AD (voltage dependent anion channel
located in the outer membrane of mitochondria (Fadl). VDAC, aB-barrel pore, transports
ions and metabolites in an unselective way, actather as a size-exclusion filter. The
hypothesis of such a simplification in the transpacross the outer envelope in the

chloroplast could be refused by the identificatafnseveral abundant channel proteins that



Introduction
regulate the transport of small solutes and arkeaaDEPSs, forouter envelope proteins
(Figure 1; for overview seRhilippar and Soll 2007; Dust al, 2007; Pudelsket al, 2010).

LamB

maltose @ O%
gram-negative @ Y

bacteria solutes

PPS

ancient proteobacteria ancestors of cyanobacteria
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mitochondria 37 chloroplasts

Figure 1: Metabolite channels in the outer envelope membrane of mitochondria and
chloroplasts; Evolution from bacteria to organelles (adapted from Bolter and Soll, 2001)

Different types of porins in the outer envelope of Gram-negative bacteria. OmpF as a representative of
classical solute porins, LamB as a specific maltose porin, and FecA depicting the TonB-dependent
receptor-gated channels for Fe**-chelates. The Gram-negative bacteria represent the evolutionary
ancestor that gave origin to mitochondria and chloroplasts. In the outer membrane of mitochondria
VDAC is an unspecific porin. In the outer envelope of the chloroplasts the different OEPs
characterised as well as the solutes that they transport in vitro are depicted. OM: outer membrane, IM:
inner membrane, PPS: periplasmic space, OE: outer envelope, IE: inner envelope, IMS
intermembrane space, THY: thylakoids, 3-PGA: 3-phosphoglycerate, PPi: inorganic pyrophosphate.

The existence of the selective OEPs in chloroplastscontrast to mitochondria can
evolutionary be explained by the necessity of allegd and selective transport due to the
origin of newly formed metabolic networks duringetlransformation of the endosymbiont
into the plastid organelle. The OEPs characterigdbe last years were all isolated from the
outer chloroplast envelope membrane of pea wherg thpresent abundant proteins (for
overview see Duet al, 2007). As other channel pores (VDAC, TOC75),ythee deeply
embedded in the membrane, and have a neutral alirekisoelectric point (Bolteet al.,
1999). All discovered OEPs were named accordintpéomolecular weight in kilo Daltons.

The majority of them, resembling the porins presenthe outer membrane of the Gram-
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negative ancestor’s, have fabarrel structure (OEP21, OEP24 and OEP37). Inraet
OEP16 proteins are-helical. Thus, for OEP16 an evolution from thagsha membrane of
either the bacterial endosymbiont or the eukarybtist can be proposed (for overview see
Duy et al, 2007). TheB-barrel porins in the outer membrane of Gram-nggdbacteria are
composed by an even number of amphiplfiteheets and are water-filled. Usually 14, 16 or
18 strands are connected by hydrophilic loops fogiine bacterial porin barrel, most of them
being functionally as homo-oligomers (for overvieee Zeth and Thein, 2010). Porins can be
subdivided into classical (allowing diffusion of alinsolutes), slow (slower diffusion of larger
solutes), specific channels (specifically bindirge tsolutes to be transported) and TonB-
dependent receptor-gated channels (where a spbuifimg of iron chelates induces a TonB-
mediated conformational change of the channelpf@rview see Dugt al, 2007). Another
characteristic of the OEPs is the way of inseriiaio the outer envelope membrane of the
chloroplast. The majority of the plastid localigeteins are encoded in the nucleus and post-
translationally imported into the plastid from thoplasm. This is a consequence of the loss
of more than 90% of their genetic information te tiost nucleus during evolution (see Benz
et al, 2009 and references thereif)o achieve the correct localisation, the encoded
preproteins are translated with an N-terminal esitam called transit peptide which allows
targeting, specific recognition and subsequentletgd translocation via the Toc (translocon
at the outer envelope of chloroplasts) and Ticn@i@con at the inner envelope of
chloroplasts) complexes (for overview see Behal, 2009, Andre®t al, 2010). In contrast

to this well understood mechanism, specific sigf@a¢argeting of mosg-barrel proteins and
all OEPs to the chloroplast outer envelope as aglhsertion pathways in the membrane are
still unknown (for overview see Walthet al, 2009). The OEPs are present in the genome of
all land plants (mono and dicotyledons as wellreBhyscomitrellgpatent$, but no sequence
homologues could be identified in cyanobacteriairoiother Gram-negative bacteria (for

overview see Duwt al, 2007).

1 OEP24

In 1998, OEP24 was discovered in pea and charseteas an integral membrane protein
(Pohimeyetret al, 1998). PsOEP24 has an isoelectric point of Adlveas found to be present
in different plastid types of shoots, roots andsésa Hydropathy analysis as well as circular
dichroism (CD) from recombinant OEP24 protein restitnted into liposomes suggested
twelve putative amphiphili-strands, proposing a pore-forming protein builthoynodimers

(Schleiff et al, 2003).In vitro, electrophysiological measurements of PSOEP24sdip®s

showed that the OEP24 channel has a slight preferfemn cations. A high conductance with a

3



Introduction

diameter of 3 nm for the simple water-filled porultl be calculated. Osmotically induced
fusion of PSOEP24 liposomes with the planar lipithyer as well as light scattering of
PsOEP24 (rec) liposomes experiments demonstrateid QEP24 is permeable to sugars
(manitol and glucose), glucose 6-phosphate, gluegnaphosphoglyceric acid,
dihydroxyacetone, ATP, acetate, malateketoglutarate, Pi and charged amino acids
suggesting a large rather not selective pore (Pey#met al, 1998). Although the primary
sequence of OEP24 shows no homology to mitochdndridacterial porins, it could be
demonstrated that pea OEP24 can functionally repthe mitochondrial VDAC in yeast,
suggesting that OEP24 forms a general solute clhaiswn vivo (Rohlet al, 1999).

2 OEP21

OEP21 was isolated only a year later than OEPZ @sresponding to an abundant protein
in the outer envelope of pea chloroplast (Bddteal, 1999). PsOEP21 has an isoelectric point
of 9.6 and was shown to be an integral membranéeiprgresent in different types of
plastids. CD analysis as well mssilico analysis proposed an eidghstrand formed pore with
N- and C-termini facing the cytosol that mostlyrnfr homodimers (Hemmleat al, 2006).
Electrophysiological studies described OEP21 asnaimsically rectifying anion channel
permeable to HP£Y and phosphorylated carbohydrates (triosephospBaikpsphoglycerate,
Gluc-6-phosphate). The rectification and ion sékigtof the channel was further shown to
be regulated by ATP and triosephosphate (Bddteal, 1999). Moreover, a fine tuning of
PsOEP21 was proposed due to the existence of tweAiding sites: one high affinity site
at the centre and a second at the vestibule fatiegntermembrane space, harbouring an
FX4K motif (Hemmler et al, 2006). This motif had been previously descrilbedATP
sensitive K channels and in P-type ATPases (Mclinteshl., 1996; Drairet al, 1998; Seino,
1999; Kuhlbrandt, 2004; Bryaet al, 2004). Binding of ATP to the inner site blocket
channel current whereas binding to both sites dsegk the anion selectivity of OEP21.
Triosephosphate (TP) can bind to both sites with game affinity and thus compete with
ATP. In consequence, increasing the TP:ATP ratithatintermembrane space releases the
current block and increases anion selectivity, lteguin net efflux of TPs (Hemmlegt al.,
2006). This feature described for the first tinregulatory step in the transport of metabolites

across the outer envelope of the chloroplast.

3 Other OEPs

OEP37 from pea was described as a cation selagtiasenel (Goétzet al, 2006). It forms also

a p-barrel pore with 1B-strands (Schleifét al, 2003), being the substrate specificity of this
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channel still unclear. In the model plariabidopsis thalian@DEP37 represents a single copy
gene; however knock-out mutants show no obvious@iype under standard conditions
although the expression is high in early germimatiseedlings as well as in late
embryogenesis (Gotad al, 2006).

From all OEPs the-helical OEP16 is the best characterised. Thisepras part of the PRAT
— preprotein and amino acid transporter — superfafMlyrchaet al, 2007; Pudelsket al,
2010), and capable to transport amino agidgtro (Pohlmeyeret al, 1997).In vivo, it could

be shown that the loss of OEP16 causes metabdbalance, in particular that of amino acids
during seed development and early germinationpbonating the function in shuttling amino

acids across the outer envelope of seed plastidie(gkiet al, 2011).

OEP7 is a very short protein composed of only enelix, was the first OEP identified and
corresponds to the most abundant OEP (Jogtual, 1982, Salomowet al, 1990, Liet al,
1991, Li and Chen, 1996). The function of OEP7 akannel pore is still unclear and knock-
out Arabidopsisplants show no obvious phenotype although OEPMhaga@sent an OEP-
typical differential expression pattern during se#glvelopment (Li, Philippar and Soll,

unpublished).

The abundance of the known OEPs in pea chloropdastyell as the different expression
pattern during plant development of the orthologsnfd inArabidopsisstrongly support the
theory of a regulated and selective transport actbe outer envelope of the chloroplast.
Moreover, new plastid proteome analysis (Froehkthal, 2003; Kleffmannet al, 2004;
Baginskyet al, 2004; von Zychlinsket al, 2005; Zybailovet al, 2008; Brautigarnet al,
2008a; Brautiganet al., 2008b; Brautigam and Weber, 2009; Festal, 2010) reveals the
existence of many unknown transporters confirmirsglactive and regulated transport across

the outer envelope of the chloroplast by more thvag one unselective porin-like protein.
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4 Aim of the work

The objective of my PhD research project was tamlas the physiological meaning of the
metabolite channels OEP24 and OEP21 in their réispeargan specific forms (e.g. plastids

of pollen, embryos or mature leaves) using the rhpldat Arabidopsis thaliana

Further, a screening assay on purified outer epeeloembranes of pea chloroplast should
lead to the identification and characterisatiomefv and up to now unknown metabolite and

ion channels.

As a whole, basic findings on the connection osfithbiosynthesis ways with the metabolic
competence and function of the plant cell duringeligoment and differentiation of the

respective organs are expected. The regulationobftes fluxes between plastids and the
surrounding cell can lead to significant changeshim content of the most important plant
substances (proteins/lipids/carbohydrates) anttendng term can be of general importance

for plant productivity.
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[l. Materials

1 Chemicals

All chemicals used in this work were purchased frApplichem (Darmstadt, Germany),
Fluka (Buchs, Switzerland), Biomol (Hamburg, GergjarDifco (Detroit, USA), Sigma-
Aldrich (Steinheim, Germany), GibcoBRL (Paisley, JKlerck (Darmstadt, Germany), Roth
(Karlsruhe, Germany), Roche (Penzberg, Germany)Samda (Heidelberg, Germany).

2 Enzymes

Restriction enzymes were obtained from MBI Fermenfat. Leon-RotGermany), New
England Biolabs GmbH (Frankfurt am Main, Germary)-ligase was purchased from MBI
Fermentas (St. Leon-Rdbermany) and Invitrogen (Karlsruhe, Germany). Tadyferase
was obtained from Diagonal (Munster, Germany), Bopef, MBI Fermentas, Clontech
(Saint-Germainen-Laye, France), Finnzymes (Espotard) and Bioron (Ludwigshafen am
Rhein, Germany). Reverse transcriptase was obtéioedPromega (Madison, USA), RNase
free DNase | from Roche (Mannheim, Germany) and $&Nflaom Amersham Biosciences
(Uppsala, Sweden). Cellulase R10 and Macerozymef&®1@igestion of the plant cell wall
were from Yakult (Tokyo, Japan) and Serva (Heidglb&ermany).

3 Oligonucleotides

Oligonucleotides were ordered from Qiagen/OperoilfK Germany) and from Metabion
(Martinsried, Germany) in standard desalted qualityey were used for cloning, real time

RT PCR and for genotyping mutant lines.

Table 1: Oligonucleotides used in this work

Name Sequence (5'-3'orientation) Application

oligo-dT-Primer Reverse T T25V[NQ] Reverse transcription
Act2/8fw GGTGATGGTGTGTCT Real time RT PCR
Act2/8rev ACTGAGCACAATGTTAC "

AtOEP24.1LCfw GGGACTTTGCGATTTCT

AtOEP24.1LCrev CTTTTACTACTAATTGGACTCACTAATA "

AtOEP24.2LCfw TGGTGATAATGTGAGGGC Real time RT PCR / genotyping
AtOEP24.2LCfw ACGAAACTGCTAGTAATAATAATG oep24.2-1

AtOEP21.1LCfw GTGTCTTGTACGCGGA Real time RT PCR
AtOEP21.1LCrev TGTGTTCATCAGCAGTGG "

21.1LC_komp_fw AAAAAAGCAGGCTCCG Characterisation of OEP21.1
21.1L.C_komp_rev ACACGCTTATCAGCTCT overexpression line
AtOEP21.2LCfw AGGATTTACGCCTCAGAA Real time RT PCR
AtOEP21.2LCfw AATTTGCTCTCAACTGGT "

At_noep40_LC_fw CGTTAGGGTTCCTACGG

At_noep40_LC_rev CTCAGCTACATTGCCCTC

At_noep57_LC_fw AGGGATTATCGAGGGC

At_noep57_LC_rev AGATGGGACCGTCACA

LB1SAIL
LB2SAIL
LB1SAILTAIL
LBal
RBKp1SALK

GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC
GCTTCCTATTATATCTTCCCAAATTACCAATACA
CAAAAGTGTACCAAACAACGCTTTACAGCA
TGGTTCACGTAGTGGGCCATCG
AGCTCATTAAACTCCAGAAACCCGCG

7
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GABI RBI CCAAAGATGGACCCCCACCCAC Genotyping GABI mutant lines
GABILB2 ATATTGACCATCATACTCATTGC "
SAIL1225fw CGTCAACAATCGTCCGGTTAT enotyping oep2a.1-1 and 24.1-

SAIL1225rev

TCGTCGCCGGTCCTAGCTT

Genotyping oep24.1-1 and 24.1-
3

OEP24.1ilfw

TGAAATTGTATGGAGTCTCTGAG

OEP24.1i2rev

TATAAGAGTATCTAGTGTCAACTGTTGG

Genotyping oep24.1-1

24.1-2-GABI086fw
24.1-2-GABI086rev.1
24.1-2-GABI086rev.2

GGGAAGAAATAAGACAAAAAGCAAGTTGGC
GCTTCTCAACGGCGAGAGAGAGACC
CTTTTTAGGGACGTTGTAGTCGATG

Genotyping oep24.1-2

24.1-1RB_rev.1

CAGACAACTTGTTTGCTGGATCAATCAC

T-DNA right border
characterisation

21.1A-fw CCCAAAGGAGCAGCAGAATTTG Genotyping oep21.1-1
21.1A-rev CCCTTCATGTTCGCGTTGAGA "

0ep21-C-TDNA AAATGCAGTTACAGGTCATACCGCAAGTT

Oep21.1 LC F GGACTTAAATCAGAAGAACC "

21.1B-fw TTAAAGGAGCTCTTGGAGTTATGAAAC Genotyping 0ep21.1-2
21.1B-rev CATCGCACAGAAGTAACTCGGAGC >

OEP21N-TDNA TTGAGGAAAATGGAGACTTCTATGAGGTA s

0ep21E2R CAGTATCTAACTCTCCATGAAG

TILL2L. 2fw TTTTCATCACTTGTGTTTCTTTGATGG Genotyping oep21.2-1
TILL21.2rev GGTTTAAGACCACGCATAAAGTCAAAC >

23-1fw TCGTGTTTTAGTCGGTTCTGG Genotyping noep23-1
23-1rev CAAGTCCTTGGGAGATAAGGC >

40-1fw GGGATAAACAAACAACCAGGC Genotyping noep40-1
40-1rev TATCCACCACCTCAATCGAAG "

SAIL 57 fw TATAAACTTCTTTTGGACAAGCTGCC Genotyping noep57 -1
SAIL 57 rev ATGCACCATAACCAAGAGCATTTGTG "

RPnoep57SAIL CTTCCTCAGGGATTATCGAGG "

57-2fw TTCCTATGGAAACACATTCCG Genotyping noep57 -2
LPnoep57SAIL ATCTTCTTGCTTCTTCCCGAG "

LPnoep57SALK TTTCCTCGTCTACTTGTGGG Genotyping noep57 -3, noep57-4
RPnoep57SALK TTCCATAGGAACGACATGGAG "

24.1-gene_fw.1 ACTTCTTTGTCTGGTTGCATTTCGATG Cloning ~ of ~AtOEP24.1  for

24.1-gene_rev.1l

GGAGTTAACCAACAACAAATACCTCATG

complementation

oep24.1komp

attB2
oep24.1komprev
LC 24.1_3'fw

LC 24.1_3'fw
komp mut fwl
komp mut revl

TAGAGCTGGTTCCTCTGTTGATGG

ACCACTTTGTACAAGAAAGCTGGG
TTTGAAGCTAGAAAGCTGAGAG
TTCGGTTGTTTGATGTGG
GCAAATTCTTCATGTATTTGTG
AATCAAGCAACCTATAACAATCCACATAGC
ATTTGGTTTGTGTGCTTTGCTTTCG

Genotyping of AtOEP24.1
complementation

oep21.1promo_ fw_n0
oep21.1lgene rev

CAGGATAAATCAGGAACAGATAAAGCCAAG
GCTCTGAGTTAGTTTGTTTTTCGATGG

Cloning of AtOEP21.1 for
complementation

oep21.1-Ncofw
oep21l.1cDNA+stop

CACCATGGAGACTTCTATGAGGTATAC
TTACAGGTCATACCGCAAGTTCCAT

Cloning of AtOEP21.1 for
overexpression

noep23fw
noep23rev

ATGGTTTTCTTGAGCTGGGTTCGCCCC
TTATGATTTTGATGAATTAATGTGTTTCAGCA

Cloning of psNOEP23

noep23ps_Ncol(B)
noep23ps_Xhol

CACCATGGTTTTCTTGAGCTGGGTTCG
AACTCGAGTGATTTTCATCAATTAATGTGTTTCAG

Cloning of psNOEP23 for
overexpression in E. coli

noep23At_fw(cacc)

noep23At_rev_ohne stop

CACCAGGTGTTCTTGAGTTGGGGCCG
CGAAGCATTGACATGTTTCAGCACAG

Cloning of AtNOEP23 for GFP

noep40fw
noep40revB

ATGAAGCTCTCCCTCAAATTCCACAAC
AAACTTGTTCTCCCCTTATTGCTTGC

Cloning of psNOEP40

noep40ps_Ncol
noep40ps_Xhol

GGCCATGGCCATGAAGCTCTCCCTCAAATTCCAC
TGCTCGAGGGAAGAAGAAGCAGCAGTGGCA

Cloning of psNOEP40 for
overexpression in E.coli

noep40at_fw(cacc)

noep40at_rev_ohne stop

CACCATGAAGGCATCGATGAAGTTTCGTG
AGCAGCTCCTTTCAAAGCTTTCTTCAG

Cloning of AtNOEP40 for GFP

noep57fw CTTTCCTCTCTTCAGTTCTCTTATCTC Cloning of psNIEP57
noep57rev GTCGACATAGAATCCCTACAAAAAA "
Ncol_Ctb CCATGGCTCCTTGTCGTTCATATGGAAACA Cloning ~ of ~ psNIEP57  for

noep57ps_Xhol

TCCTCGAGAGCAGATCCTGCAACAACCTTCTTC

overexpression in E.coli

noep57at_fw(cacc)

noep57at_rev_ohne stop

CACCATGTCACATATGGTGTTTCAGAGCG
AGAGGCAGATGCAGCCACCTTC

Cloning of AtNIEP57 for GFP

At_noep57_RNAi

TTTCCAATGTTTCCACCCCCTCC

Cloning of AtNIEP57 for const.
and inducible RNAI lines in At.

At_noep57_stop

TTAAGAGGCAGATGCAGCCACCTTC

Cloning of AtNIEP57 for const.
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and inducible overexpression
lines in At.
35Spromotor GATGTGATATCTCCACTGACGTAAGG fi;neensoitﬂ?g of - overexpression
4 Vectors and constructs
All plasmid vectors used in this work are enumetatetable 2.
Table 2: Plasmid vectors used in this work
Plasmid vector Application Origin
pCRblunt Subcloning, sequencing Invitrogen
pCR-XL-TOPO Subcloning, sequencing "
Entry vector for GATEWAY "
pCR/8/GW-TOPO TA recombination
PENTR/DITOPO Entry vecto_r for GATEWAY
recombination
pJET1.2 Subcloning, sequencing Fermentas
pET21d Expression vector for E. coli Novagene/Merck (Darmstadt, Germany)
. N Plant System Biology (University of
pHGW Single fragment recombination vector Ghent, Belgium)
pH2GW7 Overexpression vector "
pH7GWIWG2(11) RNAI vector "
p2GWF7 GFP fusion vector "
pOpOffll Inducible RNAi vector Wielopolska et al., 2005
pOpOn Inducible overexpression vector

All constructs created in this work are enumeratadble 3.

Table 3: Constructs created in this work.

Protein Plasmid-vector Application

AtOEP24.1 pCR-XL-TOPO Subcloning

AtOEP24.1 pCR/8/GW-TOPO TA Gateway recombination
AtOEP24.1 pHGW AtOEP 24.1 complementation
AtOEP21.1(c-DNA) pENTR/D/TOPO Gateway recombination
AtOEP21.1(c-DNA) pH2GW?7 AtOEP 21.1 overexpression
AtOEP21.1 pENTR/D/TOPO Gateway recombination
AtOEP21.1 pHGW AtOEP 21.1 complementation
PsNOEP23 pCRblunt Sequencing, subcloning
PsNOEP23 pET21d E.coli overexpression
AtNOEP23-stop codon pENTR/D/TOPO Gateway recombination (GFP)
AtNOEP23-stop codon p2GWF7 GFP fusion

PsNOEP40 pCRblunt Sequencing, subcloning
PsNOEP40 pET21d E.coli overexpression
AtNOEP40-stop codon pENTR/D/TOPO Gateway recombination (GFP)
AtNOEP40-stop codon p2GWF7 GFP fusion

PsNIEP57 pCRblunt Sequencing, subcloning
PsNIEP57 (C_terminal) pET21d E.coli overexpression
AtNIEP57-stop codon pENTR/D/TOPO Gateway recombination (GFP)
AtNIEP57-stop codon p2GWF7 GFP fusion

AtNIEP57(c-DNA) pENTR/D/TOPO Gateway recombination
AtNIEP57(c-DNA) pH2GW7 AtNIEP57 overexpression
AINIEP57 (RNAI) pENTR/D/TOPO Gateway recombination
AtNIEP57(RNAI) pH7GWIWG2(11) AINIEP57 RNAI
AtNIEP57(c-DNA) pOpON Inducible AtNIEP57 overexpression
AtNIEP57 (RNAI) pOpOfill Inducible AtNIEP57 RNAi




Materials

5 Molecular weight markers and DNA standards

Pst digested Phage DNA (MBI Fermentas) was usedraslacular size marker for agarose-
gel electrophoresis. For SDS-PAGE the Low MolecWaeight Marker composed of
Lactalbumin (14 kDa), Trypsin-Inhibitor (20 kDa)yypsinogen (24 kDa), Carboanhydrase
(29 kDa), Glyceraldehyd-3-Dehydrogenase (36 kDaglumin (45 kDa) and Bovine Serum
Albumin (66 kDa) from Sigma-Aldrich was used. Theq@OLD Protein Marker 1l from
Peglab was also used.

6 Antisera

The following primary antibodies were generatedhis work: psNOEP23 (mature protein
form from pea), psNOEP40 (mature protein form frpea), psNIEP57 (C-terminal part,
amino acid 301-526 of the protein from pea). Praédaucand purification of the respective
antigens are described under biochemical methatsion 4.6. All peptides/proteins were
sent to Pineda, (Berlin, Germany) for immunizatafnrabbits. Primary antibodies directed
against AtOEP24.1, AtOEP21.1, AtOEP37, AtPIC1, R$/ BsLHCP, PsOEP16.1, PsTic62,
RuBisCo, GAPDH, CpHsc70-1 were already availablethie lab. Antiserum recognizing
AtOEP21.1 was purchased from Uniplastomic (Framee) antiserum recognizing RuBisCo

activase (fromGossipium hirsutujrwas purchased from Agrisera (Sweden).

7 Strains

Cloning inE. coliwas performed using the following strains: DH%vitrogen, Karlsruhe,
Germany), TOP10 (Invitrogen), and MACH1 (InvitrogenThe strain BL21 (DES3)
(Novagen/Merck, Darmstadt, Germany) were used &terologous expression of proteins.
The Agrobacterium tumefacierSV3101::pMK90RK (Koncz and Schell, 1986), strairedis
in the stabile transformation @frabidopsis thalianavas a kind gift of Dr. J. Meurer (Dept.

Biologie I, Botany, LMU Minchen).

8 Plant material

All experiments were performed dkrabidopsis thalianglants, ecotype Col-0 (Columbia 0
Lehle seeds, Round Rock, USA) and ecotype Col-i€xl-er).

The T-DNA lines (Alonscet al, 2003; Rosset al, 2003) SAIL_1225 B03, SAIL 548 CO05,
SALK 058578, SALK 122968, SAIL_266 D10, SAIL_64_ AO05 SAIL 1156 E1,
SALK_033007 and SALK_089076 were purchased from RA8niversity of Nottingham,
GB). The lines GABI_086_HO07 and GABI_279G09 werechased fromGABI-Kat (MPI
for Plant Breeding Research, Koéln, Germany). Thé&LING mutant lines CS91501,

10
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CS92311, and CS86516, were ordered at the SedltiléNIG Service (http://tilling.fhcrc.org;
Till et al, 2003) and purchased from NASC (Schadllal, 2000). PeasP{sum sativumvar.
“Arvica” were ordered from Bayerische Futtersaatfiamaning, Germany).

11
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[1l. Methods

1 Plant methods

1.1 Growth of Arabidopsisthaliana

Seeds ofArabidopsiswere sown on MS media (0.215% MS, 0.05% (2-(N-molipb)
ethanesulfonic acid) MES, 0.3% gelrite (pH 5.8 WKiBH), (Murashige and Skoog, 1962), in
some cases supplemented with 1% (w/v) sucrosearewtly on soil. Before sowing on sterile
media, the seeds were surface sterilised in 70fanet (1-2 min), 6% NaCIO plus 0.05%
tween 20 (3-5 min) followed by washing tree timassterile HO. For bigger amounts of
seeds an alternative dry sterilization was perfarimewhich the seeds were put in a close
recipient (desiccator) in the presence of thelgemg gas originated by the mixture of 12%
NaClO (20 ml) supplied with 1 ml of HCI for 16 hoTsynchronize germination, the seeds
were vernalized for 24 h at +4°C in the dark. Teeaethe transformed plants and T-DNA
insertion lines, the seeds were grown on MS medigaining the adequate antibiotic or
herbicide (25 pg/ml hygromycin, 100 pg/ml kanamyoimb0 pg/ml ammonium glufosinate,
BASTA). After 2 to 3 weeks the plants were transddrto soil. Unless stated otherwise,
plants were grown in a 16 h light (+21°C; 1@thol photons ms*) and 8 h dark (+16°C)
cycle (long-day)For short day conditions &h light (+21°C; 10Qumol photons ms+*) and

16 h dark (+16°C) cycle was used. For continuogist ILOOumol photons ms*(21°C), and
for continuous low light 1@mol photons ms*(21°C) were applied. Theoep40-1phenotype

was detected in long day conditions at 10°C.

1.2 Cross fertilization of Arabidopsis thaliana

Two mutant lines for OEP21.1 o0ep21.1-1 (SAIL_548 CO05) (F4) andoep21.1-2
(SALK_058578) (F6) were crossed with the mutarg 8#t.2-1CS86516F4). Double mutant
as well as double wild-type lines were charactdrisg PCR (T-DNA insertion lines) and
sequencing (TILLING lines). To perform the croslawers from the female parents were
used before the anthers began to shed pollen betstigma. For each flower the sepals,
petals and each anther was removed leaving thelcemact. For the male parent, flowers
were chosen that visibly were shedding pollen. @héswers were removed and squeezed
near the bases with forceps to separate the arftbenshe other organs. The convex surface
of the anthers was brushed against the stigmatiacgiof the exposed carpels on the female
parent. The elongated siliques resulting from thes< were harvested after 2-3 weeks and
dried at room temperature for 2 weeks before phgntDetlef and Glazebrook, 2002).

12



Methods

1.3 Stable transformation ofArabidopsis thaliana

The stable transformation éirabidopsisplants was performed as referred by Bechéolél,
(1993). 3 days before plant transformation, a 1@&\grbbacteriunmstrain harbouring the right
vector with the construct for the transformationswacubated in LB media and incubated at
+28°C and 180 rpm. After two days, 500 ml of LB naedvere inoculated with 5 ml
Agrobacteriumculture and allowed to grow for one day under itwaus shaking at +28°C.
On the day of the transformation, the bacteria wexerested (6,000 x g, 10 min) and the
pellet was reconstituted in 400 ml infiltration ned5% (w/v) sucrose, 0.215% MS, 0.05%
(v/v) Silwet L-77). The plants to be transformedrevprepared the night before as following:
already formed siliques were cut and the plantsevesvered with a plastic bag to allow a
maximum opening of the stomata cells. The plantseweansformed under vacuum in a
desiccator for 5 min in which they were immersedidg down in the infiltration media. After
the transformation, the plants were allowed to vecdying on a humid paper and covered
again until the next day when they were rinsed wigtter and erected. The T1 seeds from the
transformed plants were harvested and selected®mktia supplied with the corresponding

antibiotic or herbicide.

1.4 Preparation and transient transfection ofArabidopsis thaliana protoplasts

Arabidopsismesophyll protoplasts were isolated from leavedoof-week-old plants and
transiently transfected according to the protocol den Sheen (available at
http://genetics.mgh.harvard.edu/sheenweb/protocegshtml). GFP  fluorescence was
observed with a Leica TCS SP5 confocal laser-sognmicroscope (Leica Microsystems,

Wetzlar, Germany).

2 Microbiology methods

2.1 Media and growth

E. coli was cultivated in LB media (1% tryptone, 0.5% yeastract, 1% NaCl and if
necessary 1.5% agar) at +37°C in either liquiducalbr on agar plates supplemented with the
appropriate antibiotics (ampicillin 100g/ml, kanamycin 5Qug/ml, streptomycin 5Qug/ml
and spectinomycin 10@g/ml).

Agrobacteriumwas cultivated in LB media (liquid as well as otatps), at +28°C,
supplemented with the appropriate antibiotics atiogr to the resistance (5@g/ml
kanamycin (resistance strain GV3101), 1@dml rifampicin (resistance Ti-plasmid), and the

resistance of the transformed vector.
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2.2 Bacteria transformation

The preparation of chemical competent cells fongfarmation was done according to the
protocol of Hanahan (1983). The transformationhef bacteria was performed using the heat
shock method (Sambroek al, 1989).

For the preparation of competeigrobacteriumcells, 10 ml of liquid media supplied with
the necessary antibiotic were inoculated with glsirtolony and incubated over night under
continuous shaking at +28°C. The cells were haedest 1 ml aliquots by centrifugation (5
min, 6,000 x g, +4°C). The pellet was resuspenaetlO0 pl, CaCGl(10 mM) at +4°Cand
centrifuged again (5 min, 6,000 x g at +4°C). Pledet was resuspended in 50 pl CHCO
mM) at +4°C, and snap frozen in liquid nitrogeneTdompetent cells were stored at —80°C.
For transformation of the cells, 0.5 pg of DNA mhad was given to 5@l of competent cells
and snap frozen for 1 min in liquid nitrogen. Aftaat, the cells were incubated at +37°C for
5 min and chilled down on ice. After the additioh4®0 pl LB media or SOC media (2%
trypton, 0.5% yeast extract, 10 mM NacCl, 2.5 mM KO0 mM MgCk, 10 mM MgSQ, 20
mM glucose) a 2-4 h incubation under continuouskisigpat +28°C was achieved. After
centrifugation for 10 s at 16,000 x g, the pelletiswesuspended in a minimal amount of
media and spread on LB plates supplied with theesponding antibiotic and incubated for 2
to 3 days at +28°C. The colonies were tested byngoPCR.

3 Molecular biology methods

3.1 Polymerase Chain Reaction (PCR)

DNA fragments for cloning into vectors and genoiypdf plant mutant lines were amplified
using Polymerase Chain Reaction (PCR) (Saikial, 1988). The protocol applied was
according to the manufacturer's recommendationse TBioTherm TagPolymerase
(Diagonal), (Bioron) and the Tripel Mast€agpolymerase (Eppendorf) were used for PCR-
genotyping. ThePfu-Polymerase (MBI FermentasphusionPolymerase (Finnzymes) and
Advantage®2 Polymerase Mix (Clontech Laboratori@sje used for subcloning from PCR

amplified fragments.

3.2 Cloning strategies

General molecular biological methods like restoistidigestion of vectors, DNA ligation,
determination of DNA concentrations and agarose gjettrophoresis were performed as
described in Sambroolet al, (1989) as well as according to the manufacture’s

recommendations. For purification of DNA fragmefmtsn agarose gels or directly after PCR
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amplification the “Nucleospin Extract Il Kit” fronMacherey and Nagel (Duren, Germany)
and QIAEXII Agarose Gel Extraction Kit or the QlAgk Gel Extraction Kit both from
Qiagen (Hilden, Germany), were used. LR-recombomatusing the GATEWAY system
(Invitrogen) was performed according to the manuii@’s recommendations. The LR
recombination reaction for the inducible pOpOn @@bOffll vectors was incubated over
night at 25°C.

3.3 Isolation of DNA plasmids fromEscherichia coli

DNA plasmid preparation from transformgd coli cells was performed by alkaline lysis with
SDS and NaOH from 3-5 ml overnight cultures acaggdio the protocol from Zhoat al,
(1990). For high yield DNA purification, the NucleandAX Plasmid Purification Midi (,AX
100%) und Maxi (,AX 500“) kits from Macherey and Nal (Diren, Germany) according to

the manufacture’'s recommendations were used.

3.4 Preparation of genomic DNA fromArabidopsis thaliana

For genotyping of T-DNA insertion lines the follavg protocol was used: 2/8rabidopsis
rosette leaves were supplied with 450 ul of extwacbuffer (0.2 M Tris-HCI (pH 7.5), 0.25

M NaCl, 25 mM EDTA, 0.5% SDS, 10@g/ml RNase) and disrupted using the Tissue Lyser
from Retsch/Qiagen for 3 min. Afterwards the sammpiere incubated at +37°C for 10 min
and centrifuged for 10 min at 16,000 x g. The DN&gent in the clear supernatant was
precipitated with 300 ul of isopropanol for 5 mifter 5 min centrifugation at 16,000 x g at
+4°C, the pellet was washed with 70% ethanol atet dfying, 50ul 10 mM Tris-HCI (pH 8)
buffer was added to the DNA. For one PCR react&ny(), 5 pl of DNA were used.

For the preparation of big genomic fragments of DN&mplification of genes for
complementation) 200 mg of leaves were placed inmaelgt in liquid nitrogen and ground
thoroughly with a mortar and a pestle. The powdas wecovered in 750 extraction buffer
(2.4 M NaCl, 20 mM EDTA, 0.1 M Tris-HCI (pH 8), 3%w/v) cetrimonium bromide
(CTAB) plus 8ul 10% dithiothreitol (DTT)) and incubated for 30 nmait +65°C. The sample
was supplied with 1 sample volume of chloroformdistylalcohol (24:1) and centrifuged at
16,000 x g for 15 min at +4°C. The upper phaseainimg the DNA was precipitated with 1
sample volume of isopropanol and centrifuged agaih6,000 x g for 15 min at +4°C. The
pellet was washed in 70% ethanol, dried and resulguein 400ul TE-buffer (pH 8). Rest
RNA was digested incubating the samples with g@§@nl RNase for 30 min at +37°C. After
this step, a second extraction of the DNA was perénl adding 1 sample volume of

chloroform/isoamylalcohol and centrifugation for rbin at maximum speed. The DNA
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presented in the upper phase was precipitated aslfigsample volume 3 M NaOAc (pH 5.6)
and 2.5 sample volume of ethanol for 2 h at -20A@er this step the samples were
centrifuged for 10 min (16,000 x g at +4°C). Thélgievas washed with 70% ethanol, dried
and resuspended in 0 mM Tris-HCI (pH 8). The DNA concentration was rseesed and

the corresponding amount according to the manuf@sturecommendations for each

polymerase was used for PCR amplification.

3.5 Determination of DNA and RNA concentrations

The concentration of DNA and RNA was measured phetacally according to the
Lambert-Beer principle. The absorption of a dilusainple at 260 nm and 320 nm was
determined and the concentration ug/ul was calculated according to the following

calculation:
DNA: ¢ [ug/ul] = (E260— E320) X 0,05 X il
RNA: ¢ [ug/ul] = (E260— Ez20) x 0,04 X il

E denotes absorption of the sample at the giverelgagth anddfi denotes the dilution factor
of the sample. Additionally, the absorption at 28® was measured as an indication of

protein contamination. In pure nucleic acids tHatren E260/E280 corresponds to 1.8-2.

3.6 Characterisation of plant T-DNA insertion lines

T-DNA insertion lines were genotyped by PCR. Toniifg mutants with the T-DNA
insertion in both alleles (homozygous) a combimatd gene-specific primers flanking the
predicted T-DNA insertion sites and T-DNA-speciiicmers were used. Amplification using
T-DNA specific primer (LB or RB) in combination wiita specific gene primer will only
generate an amplification product in heterozygomd homozygous plants. Amplification
using only gene specific primers flanking the T-DN#sertion site will only generate an
amplification product in wild-type and heterozygaguiants. The combination of these two
PCR results allows a clear discrimination betwedd-type, heterozygous and homozygous

plants for the T-DNA insertion.
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Table 4: PCR primer combination for genotyping muta nt lines in Arabidopsis
The most used combination of primers is shown. For primer sequence please refer to table 1.

Allele Line PCR for... Primer
oep24.1-1 SAIL_1225 B03 wt SAIL1225rev
SAIL1225fw
T-DNA LB1SAIL
SAIL1225rev
oep24.1-2 GABI_086_H07 wt 24.1-2-GABI086fw
24.1-2-GABIO86rev.1
T-DNA 24.1-2-GABIO86rev.1
GABI RBI
oep24.1-3 CS91501 TILLING SAIL1225rev
SAIL1225fw
(sequencing: OEP24.1i1fw)
oep24.2 CS92311 TILLING AtOEP24.2L Cfw

AtOEP24.2LCrev
(sequencing:

AtOEP24.2LCfw)
oep21.1-1 SAIL_548-C05 wt 21.1A-fw
21.1A-rev
T-DNA 21.1A-rev
LB1SAIL
oep21.1-2 SALK_058578 wt 21.1B-fw
21.1B-rev
T-DNA 21.1B-fw
LBal
oep21.2-1 CS86516 TILLING TILL21.2fw
TILL21.2rev
(sequencing: TILL21.2fw)
noep23-1 GABI_279G09 wt 23-1fw
23-1rev
T-DNA 23-1fw
GABILB2
noep40-1 SAIL_266_D10 wt 40-1fw
40-1rev
T-DNA 40-1fw
LB1SAIL
niep57-1 SAIL_64_A05 wt SAIL 57 fw
SAIL 57 rev
T-DNA SAIL 57 fw
LB1SAIL
niep57-2 SAIL_1156_E1 wt 57-2fw
LPnoep57SAIL
T-DNA 57-2fw
Lb2SAIL
niep57-3 SALK_033007 wt LPnoep57SALK
niep57-4 SALK_089076 RPnoep57SALK
T-DNA LPnoep57SALK
LBal
AtOEP24.1 Complementation Trafo detection oep24.1komp
attB2
Homozygous plants oep24.1komprev
OEP24.1ilfw
Overexpression of
AtOEP21.1 AtOEP21.1 in the double Trafo detection 35S

mutant 21dmA#35

oep21.1cDNA+stop

Complementation of the
double mutant 21dmA#35 Trafo detection 21.1A-fw
with AtOEP21.1

attB2

RNAI lines, overexpression

AtNIEPS57 lines

Trafo detection 35S

At_noep57_RNAi

For the determination of the specific insertiom sihd analysis of the unknown borders of the
T-DNAs, amplified DNA fragments with several primesmbinations (T-DNA specific and

gene specific primers, Table 4 and 5) were clomebsabsequently sequenced.
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The base pare number of the T-DNA insertion sitgsidded in the figures of this work, were
placed in relation to the +1 of the genes propdse@AIR. In the TILLING lines, however,
the site of the point mutation corresponds to th&twn given by TILLING.

Table 5: PCR primer combination for T-DNA right bor  der (RB) characterisation in the mutant
lines in Arabidopsis. Primer combination used to sequence and analyse the unknown borders of the
T-DNA insertions. For primer sequence please refer to table 1.

Allele Line Primer
oep24.1-1 SAIL_1225 B03 LB1SAIL

24.1-1RB_rev.1

oep21.1-2 SALK_058578 LBal
21.1B-rev

niep57-1 SAIL_64_A05 LB1SAIL
SAIL 57 rev

niep57-3 SALK_033007 RBKp1SALK

RPnoep57SALK

3.7 Characterisation of plant TILLING lines

To screen the TILLING mutant plants, amplificatiohthe DNA fragment harbouring the
point mutation was performed. The PCR amplifieddsawere purified directly from the PCR

using the Kits enumerated in section 3.2 Cloningtsgies and sent to sequence.

3.8 DNA sequencing

DNA sequencing was performed by the sequencingicseref the Faculty of Biology,

Genetics, Ludwig-Maximilians-Universitat Miinchen.

3.9 RNA extraction and real time RT-PCR

Total RNA fromArabidopsisand pea plants was isolated using the Plant RNEasgction

kit (Qiagen, Hilden, Germany). The DNA was digesteith RNase-free DNase | (Qiagen)
and transcribed into cDNA using MMLV Reverse traigase (Promega, Mannheim). For
that purpose a final volume of liDcomposed of 0.5-1.0g RNA, 4uM oligo-dT-Primer, 0.5
mM dNTP and 2 units of MMLV was incubated at +4Z0€ 1.5 h (adaptation Clausenal,
2004). The cDNA was diluted 1:20 and the PCR wasopeed using the FastStart DNA
Master SYBR-Green Plus Kit (Roche, Penzberg) aaegrdto the manufacture’s
recommendations. The detection and quantificatiotramscripts were performed using the
LightCycler system (Roche, Penzberg). A total of eieles composed of 1 s at +95°C
(denaturation), 7 s at 49+ (annealing), 19 s at&A2longation) and 5 s at +79°C (detection)
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were realised (Philippagt al, 2004). The gene specific mMRNA content was nosedl to
10,000 actin molecules. For that purpose, real tiRiE PCR using oligonucleotides
amplifying AtAct2 (At3g18780) and AtAct8 (Atlg49240vas performed. The relative
amount of RNA was calculated using the followingcatation:

Relative amount of cDNA =[#Aktin-n(Gen)]

with n=threshold cycle of the respective PCR praoduc

4 Biochemical methods

4.1 Determination of protein concentration

The protein concentration of the samples was detechusing the Bradford (Bradford, 1976)
(Bio-Rad Protein Assay, Bio-Rad, Minchen, GermanyBCA (bicinchoninic acid) method
(Pierce BCA Protein Assay Kit, Thermo ScientifRpckford, USA).

4.2 Protein extraction from Arabidopsis thaliana

For the protein extraction plant leaves were plaoedediately in liquid nitrogen and ground
thoroughly with a mortar and a pestle. The powdes wnixed with one sample volume
extraction buffer (50 mM Tris-HCI, (pH 8), 50 mM HB, 2% LDS (Lithium dodecyl
sulphate), 10 mM DTT, 0.1 mM PMSF) and incubatediaafor 30 min. A centrifugation
step followed (15 min at 16,000 x g at +4°C) to getof insoluble components. The protein

concentration was determined using the BCA method.

4.3 SDS-Polyacrylamide —gel electrophoresis (SDS-BE)

The separation of proteins was performed accortbngaemmli (1970) with an acrylamid
concentration (relation of acrylamid to N,N'-me#nybisacrylamide 30:0.8) from 12.5 to
15% in the separating gel. For the stacking geM).bris-HCI (pH 6.8) and for the separating
gel 1.5 M Tris-HCI (pH 8.8) was used. To achievdedter resolution gels according to
Shéagger and Jagow (1987) were perfornf@d.the stacking and separating gel 3 M Tris-HCI
(pH 8.45) and 0.3% SDS was used. 13% of glyceriae added to the separating gel. The
buffer used for these gels contained 0.2 M Tris-KfgH 8.9) in the anode buffer and 0.1 M
Tris-HCI (pH 8.25), 0.1 M Tricine and 0.1% SDS hetcathode Buffer. Prior to loading the
samples on the gels, they were solubilised in @#emmlibuffer (250 mM Tris-HCI (pH 6.8),
40% glycerine, 9% SDS, 20% 3-mercaptoethanol, hidmophenol blue).
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4.4 Staining of acrylamide gels
SDS gels were stained using 0.18% Coomassie BitillBlue R250 dissolved in 50%

methanol and 7% acetic acid for 15 min. Destainiag performed using 40% methanol, 7%
acetic acid and 3% glycerine. Afterwards the gedsenincubated in water and dried under

vacuum.

IEF gels were stained using colloidal coomassierdiore the gels were incubated in staining
solution (Coomassie Blue G-250, 10% (1 mg dye/ra®%lammonium sulfate, 2% phosphoric
acid (85%) and 20% methanol, added freshly) onakeshat RT overnight. The gels were
then washed three times for 20 min igCH(or longer) and were then ready for scanning and

analysis.
4.5 Immunodetection

4.5.1 Electrotransfer of proteins

The proteins separated by SDS-PAGE were transféorachitrocellulose (PROTRAN BA83,
0.2 ym, Whatman/Schleicher & Schiull) or to a PVDF membrgdZefa Transfermembran
Immobilon-P, 0.45um, Zefa-Laborservice GmbH, Harthausen, Germanya bgmi-dry-blot
equipment (Amersham Biosciences) (Kyhse-Anders884) For this purpose 3 whatman
papers were soaked in anode buffer | (300 mM @8 methanol, (pH 10,4), and placed in
the blotting equipment (anode). 2 whatman papés,membrane (PVDF membrane was
activated in methanol before) and the gel, allhe soaked in the anode buffer Il (25 mM
Tris, 20% methanol (pH 10.4)) were placed on t®pmore whatman papers soaked in
cathode buffer (25 mM Tris, 40 mM aminocapron a2i@% methanol (pH 7.6)) were placed
on the stack and the blotting equipment was closégd the cathode. The transfer was
conducted for 1.5 h at 0.8 mA per Tmembrane surface. After the transfer the marker
proteins were cut from the membrane and visuallgedtaining with amido black (0.1% in
ddH,O, Moser/Roth).

4.5.2 Detection of proteins

Labelling with protein-specific primary antibodiess carried out with polyclonal antibodies,
and bound antibodies were visualized either witkalale phosphatase (AP)-conjugated
secondary antibodies (goat anti-rabbit IgG (whol@aoule)-AP conjugated, Sigma-Aldrich

Chemie GmbH, Taufkirchen) or using a chemiluminaeseedetection system (ECL, see
below) in combination with a horseradish peroxidesejugated secondary antibody (goat
anti-rabbit (whole molecule)-peroxidase conjugatsijma). The membrane was blocked 3
times with skimmed-milk buffer and incubated witldiaution of the primary antibody (1:250-
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1:2,000) in TTBS (100 mM Tris-HCI (pH 7.5), 0.2%ed®@n 20, 0.1% BSA, 150 mM NacCl) at
room temperature for two hours or overnight at +4°The membrane was blocked again in
skimmed-milk buffer and incubated for 1 hour withetsecondary antibody (1:10,000-
1:8,000). The membrane was washed twice in skimmidd-and afterwards two times in
water. Detection of AP signals was performed utier containing 6ul/10 ml NBT (nitro
blue tetrazolium chloride, 50 mg/ml in 70% N,N-dtmdformamide) and 13gl/20 ml BCIP
(5-bromo-4-chloro-3-indolyl phosphate, 12.5 mg/ml 100% N,N-dimethylformamide) in
100 mM Tris-HCI (pH 9.5), 100 mM NaCl, 5 mM Mguffer. To stop the reaction the

membrane was incubated in 50 mM EDTA.

To detect signals with the Enhanced ChemiluminesegiECL) method, the Pierce ECL
Western Blotting Substrate Kit (Thermo Fisher Stifeninc., Rockford, USA) was used after
manufacture’s recommendations. The following protagas also used: solution 1 (100 mM
Tris-HCI (pH 8.5), 1% (w/v) luminol, 0.44% (w/v) omaric acid) and solution 2 (100 mM
Tris-HCI (pH 8.5), 0.018% (v/v) $D,) were mixed in a 1:1 ratio and added to the blot
membrane (1-2 ml per small gel). After incubation £ min at RT (in the dark) the solution
was removed and the luminescence detected wittma(kodak Biomax MR, PerkinElmer,

Rodgau, Germany).

4.6 Generation of antisera

For the generation of antisera against the newlepgeroteins the pea sequence of NOEP23
(full length), NOEP40 (full length) and NIEP57 (€ntninal: amino acid 301-526) were
subcloned into the vector pET21d (Novagen/Mercky. ireterologous expression, constructs
were transformed i&. coliBL21 (DE3) cells (Novagen/Merck) and grown at +37AQ.B or
M9ZB media in the presence of 1Q§/ml ampicillin to an Olgy, of 0.4-0.6. Expression was
induced by addition of 1 mM IPTGisopropyl B-D-1-thiogalactopyranoside). Cells were
grown for 3 h at +37°C and harveste®4100 x g for 15 minutes, at +4°C. The bacteriaewer
resuspended in resuspension buffer (50 mM Tris-gE& 8.0), 200 mM NaCl, 5 mM 3-
mercaptoethanol) and cells were broken using tred¥uidizer-Processor from Microfludics
(Newton, USA). Afterwards the samples were sonifiedbreak the DNA, and centrifuged at
20,000 x g for 30 min at +4°C. The hard inclusiaties were resuspended in the detergent
buffer (20 mM Tris-HCI (pH 7.5), 200 mM NaCl, 1%adeycholic acid, 1% nonidet P-40, 10
mM [3-mercaptoethanol) and centrifuged again atQ®0g for 10 min at +4°C). The pellet
was resuspended in triton buffer (20 mM Tris-HCH(@.5) 0.5% triton X-100, 5mM 3-
mercaptoethanol) and centrifuged (12,000 x g, 18, md°C). This step was performed twice.
The inclusion bodies were washed twice in Tris-&uf20 mM Tris-HCI (pH 8.0), 10 mM
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DTT) and dissolved in buffer G (50 mM NAPP (pH 800 mM NaCl, 2 mM R-

mercaptoethanol and 6 M guanidinium chloride). pibteins were purified via their C-

terminal polyhistidine tags using Ni-NTA-Sephar@&& Healthcare, Munich, Germany) and
eluted with 50-500 mM imidazole in buffer A (50 mNaPP (pH 8.0), 100 mM NaCl, 2 mM
3-mercaptoethanol, 8 M urea). To electroelute rdxoamt psNIEP57 acrylamid gel slices
containing the recombinant protein were electr@eldt 24 mA overnight in a dialyse tubing
(14 kDa) in an SDS running buffer containing 4 Meaur All peptides/proteins were sent to

Pineda (Berlin, Germany) for the immunization dilvas.

4.7 Purification of PSNOEP40 antiserum

Due to the high background of the antiserum raegainst PSNOEP40, a purification using
CNBr-activated Sepharos&' 4B (GE, Healthcare) was performed according to the
manufacturer's recommendations with slight deviaioFor that, the recombinant expressed
PSNOEP40 (7 mg protein in 6 ml after purificationnh Ni-NTA-Sepharose columns) was
dialysed over night against coupling buffer (0.INdHCO3 (pH 8.3), 0.5 M NaCl, 1% triton
X-100). The next day, lyophilized sepharose (0.28fgsepharose = 1 ml gel) was swollen in
5 ml 1 mM HCI (15 min on shaker at RT) and washiéehaards 10 times (10 ml) with 1 mM
HCI. The recombinant protein was added to the gegkabeads and rotated for 1 h at RT.
The excess of ligand was washed with at least &frtiie coupling buffer and the beads were
blocked with 5 ml of blocking buffer (100 mM Trisé (pH 8), 0.2 M glycine and 0.5 M
NaCl, 1% triton X-100) for 2 h at RT. Afterwards alernating washing (3-5 cycles) with 5
ml of acetat buffer (0.1 M sodium acetate (pH 4%, M NaCl, 1% triton X-100) and blocking
buffer was performed. The beads were equilibratigldl svml of equilibration buffer (100 mM
Tris (pH 7.5) and 150 mM NacCl, 0.1% triton X-100he antiserum (1 ml, diluted in 2 ml of
TN buffer (100 mM Tris-HCI (pH 8.0), 150 mM NaCl)as added to the beads and rotated 1
h at RT. The beads where then washed with 5 mNobitiffer and the elution was performed
adding 0.2 M glycine (pH 2.6). For this step 1 holted antiserum was neutralized quickly in
100 pl 1 M Tris (pH 8). All washing steps were penfied in batch (15 ml falcon tube and the
centrifugation steps were performed at no more thaAa0 x g). The antiserum was dialysed
over night against ddid, concentrated and stabilised adding 1% of BSAqudlts of the
antiserum were snap frozen in liquid nitrogen aodesl at —80°C and used as normal.
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4.8 Isoelectric focusing (IEF)

4.8.1 Preparation of stroma samples

Rehydration buffer (7 M urea, 2 M thiourea, 0.2%lyties 3-10 (Bio-Rad, Miunchen), 2% 3-
[(3-cholamidopropyl) dimethylammonio]-1-propanesulate (CHAPS), 100 mM (DTT),
bromophenol blue) was supplemented just beforewitbeprotease inhibitors 25X complete
(in H,0). 100 to 20Qug soluble proteins (with a concentration of at iéasg/ml) was filled

up with this buffer to a total volume of 2@0and incubated at RT for 1 h. The samples were
centrifuged for 10 min at 20,000 x g at RT and shpernatant was loaded into an IEF-tray
(for 11 cm strips).

4.8.2 First dimension |EF

The samples (200l) were loaded into the IEF-tray, the protectioil feas removed from the
strips (ReadyStrip IPG strips, pH range 5-8, Bi@Risliinchen) and gel strips were put on
top of the sample avoiding air bubbles betweensthip and the sample (gel side on bottom,
writing on the left hand side). After incubatiorr fb h at RT, the strips were covered with
mineral oil and the run was started (Protean IEF, B®-Rad; settings: preset method; rapid;
rehydration: yes, active; gel length 11 cm; pauser aehydration: yes; hold at 500V: yes).
After 12 h of rehydration, the run pauses and wieksv(use 10ul H20O per wick) were
inserted between strips and electrodes. Then thgrgam was continued for ~ 9.5 h (35000
Vh, end voltage: 8000 V). After the run finisheke tstrips were drained on a tissue to remove
oil and transferred into a clean tray (with gelesidcing up). They could either be applied

directly to the second dimension or stored at -8f@tGeveral weeks.

4.8.3 Second dimension SDS-PAGE

The strips were transferred to a clean tray andibrpted for 20 min in equilibration buffer |
(6 M urea, 2% SDS, 50 mM Tris (pH 8.8), 20% glyd¢e% DTT). After incubation in
equilibration buffer 11 (6 M urea, 2% SDS, 50 mMidr(pH 8.8), 20% glycerol, 2.5%
iodoacetamide) for 10 min, the strips were covesgth running buffer. Normal SDS gels
were performed. The IEF strip was placed to thedbthe separating gel and overlaid with

the stacking gel. Electrophoresis was performe&bahA per gel.

4.9 Protein identification by mass spectrometry (Mp

Colloidal coomassiérabidopsisstained protein spots were cut from SDS-PAGE gels
sent for identification to the “Zentrallabor furdeeinanalytik” (ZfP, Adolf-Butenandt-Institut,
LMU Miinchen). There, tryptic peptides were detedigdPeptide Mass Fingerprint (MALDI,

Matrix Assisted Laser Desorption/lonization) andotpm identification was then
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accomplished with a Mascot software assisted datalsearch (Perkinst al, 1999). To
identify new envelope proteins of the chloropla€t-MS/MS (Liquid Chromatography with
MS runs) was used and the results were comparédanpea EST database (Fransseal,
2011).

4.10 Hydrophobicity test

Fractions of isolated inner envelope from pea aplasts were ultracentrifuged at 256,000 x
g for 10 min at +4°C. The inner envelopes were spsaded in different treatment buffers:
NaCl (1 M), NaCG; 0.1 M (pH 11.3), urea (6 M) and triton 1%. Aftecubation on ice (urea
at RT) for 20 min the membranes were ultracentatugt 100,000 x dor 10 min and
supernatant and pellet were supplied with solutilis buffer. The proteins were separated

on SDS-PAGE and analysed by immunoblot.

4.11 Proteolysis of inner envelope vesicles froRisum sativum

Proteolysis of chloroplasts inner envelopes to tifierthe orientation of PSNIEP57 was
performed using the proteases thermolysin and itriyg$ie envelopes were incubated in 330
mM sorbitol, 50 mM Hepes (pH 7.6) and 0.5 mM GCadith 1 pg thermolysin or 0.1 pg
trypsin pro 1 pg protein and incubated for 15 nanthe protease thermolysin or 5 min for
trypsin on ice. For envelope solubilisation 1%otmitwas added. The thermolysin proteolysis
was stopped by the addition of 5 mM EDTA and tlypsm proteolisis by the addition of 1
g a-Macroglobulin per 1 pg protease, 1 mM PMSF andgbtypsin inhibitor per 1 pg

protease. The proteins were separated on SDS-PAGREralysed by immunoblot.

4.12 PEGylation assay

Inner envelope vesicles were treated with 7.5 mNbmgolyethylenglycol-maleimide 5,000
Da (PEGMAL, Laysan Bio, Arab, AL) in a buffer comang 100 mM Tris/HCI (pH 7.0), 1
mM EDTA, for 0, 5, 10, and 30 min, at 4° C in tharklin absence or presence of 1% SDS.
The PEGylation reaction was stopped by additiod@ mM DTT and SDS-PAGE sample
buffer. Bis-Tris gels (0.36 M Bis-Tris-HCI (pH 6&8), 7.5% acrylamide), were employed
using a MOPS running buffer (50 mM MOPS, 50 mM TtisnM EDTA, 1 mM, 0.1% SDS).
The protein was detected by immunoblotting.

5 Cell biology methods

5.1 Preparation of inner and outer envelope vesicderom Pisum sativum

For isolation of IE and OE vesicles from chloropdapea seedlings grown for 9-11 days on

sand under a 12/12 h dark/light regime were usddprAcedures were carried out at +4°C.
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Pea leaves cut from ~ 20 trays were ground in @it blender in 10-15 | isolation media
(330 mM sorbitol, 20 mM MOPS, 13 mM Tris, 0.1 mM Mg, 0.02% (w/v) BSA) and
filtered through four layers of mull and one lagémgauze (3Qum pore size). The filtrate was
centrifuged for 5 min at 1,500 x g, the pellet §emesuspended with a brush and intact
chloroplasts reisolated via a discontinuous Pergpthdient (40% and 80%). Intact
chloroplasts were washed twice with wash media (380 sorbitol, Tris-base (~ pH 7.6)),
homogenized and further treated according to thdification (Waegemanet al, 1992) of

the previously described method (Keegstra and YHu€s86).

5.2 Isolation and fractionation of Arabidopsis thaliana chloroplasts

Intact Arabidopsischloroplasts were prepared from ~ 150 g fresh tdepf material of four
week old plants grown on soil essentially as dbscriin Seigneurin-Berngt al, 2008.
Chloroplasts were subsequently taken up in 15 nilGoinM Hepes KOH (pH 7.6), 5 mM
MgCl, and lysed using 50 strokes in a small (15 ml) Rednomogenizer (Wheaton,
Millville, NJ, USA). Further separation in envelgpwas done according to kt al, 1991.
For only stroma preparation a shorter protocol wsed. After disruption of the chloroplast
with the Dounce-homogenizer the samples were ¢egéd for 10 min at 3,800 x g followed
by an ultracentrifugation at 195,000 x 5 min to remove the membrane fraction. The
samples were concentrated using Amicon Ultra-15ti@egal Filter Units (Millipore,

Schwalbach, Germany).

5.3 Isolation of Arabidopsis thaliana chloroplasts

Chloroplasts were isolated according to Aronssod aarvis (2002) with the following
modifications: 21-day-old plants grown on soil wamnmogenized in 25 ml of isolation buffer
(0.3 M sorbitol, 5 mM MgCl, 5 mM EGTA, 5 mM EDTA, 20 mM Hepes/KOH (pH 8.00 1
mM NaHCQ;, 50 mM ascorbic acid). After three homogenisatéomd filtration steps, the
combined homogenate was pelleted at 1,000 x g foinSand resuspended in isolation buffer.
Resuspended chloroplasts were separated on a éywoFstrcoll gradient (30/82% (w/v)
Percoll) in a swing-out rotor at 1,500 x g for 10nmThe lower band comprising intact
chloroplasts was washed in 50 mM Hepes/KOH (pH,80nM MgSQ, 0.3 M sorbitol, 50
mM ascorbic acid. After a final wash, the chlorgdéawere pelleted at 1,000 x g for 5 min

and resuspended in 1 ml of wash buffer.

5.4 Preparation of microsomal fraction fromPisum sativum

Microsomal fractionation was performed according Masatoshi (1974) with slight

modifications: 100-140 mg of 8-day old pea leavesenground in a kitchen blender in 200
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ml buffer (0.05 M Tris-HCI (pH 7.5), 0.5 M sucrosemM EDTA) and filtered through four
layers of mull and centrifuged first at 4,200 xay 10 min at +4°C. The supernatant was
afterwards centrifuged again at 10,000 x g, fondi at +4°C. To pellet the membranes, an
ultracentrifuge step at 100,000 x g for 60 min 4tG- was performed. The membranes were
resuspended in 0.01 M Tris-HCI (pH 7.5), 0.25 Mrsge and 0.5 mM EDTA.

6 Metabolite analysis

For OEP21 metabolite analysis ~ 50 mg of leaves4afeek-old 21dmA2#35 (F4),
21dwA2#38 (F4), K4.3 (T3) and K2.4 (T3) grown oril,sender a light/dark cycle of 12 h/12
h, a day/night temperature 21°C/18°C were hankedtaction and analysis was performed in
the group of Prof. Sonnewald, Universitat Erlang&irnberg under the supervision of Dr.

Hofmann as described previously (Kogehl, 2010).

7 Microscopy

To analyse the embryo lethality of AtNIEP57, hergigous mutant plantiep57-1 were
grown under standard conditions (long day 16 ht)igB@1°C, 8 h dark +16°C). Siliques were
prepared and destained using Hoyers-Solution (bid kleinke, 1998). After 1-2 days of
incubation at dark, the seeds were analysed andogiaphed using a Differential
Interference contrast microscopy (DIC), Zeiss Akiop

To perform crosses, general phenotype analysisubdmts and to prepare the siliques for the
embryo analysis, a stereo microscope, Stemi 20QeSs, Goéttingen, Germany) and a light

microscope, Leica DM 1000, (Leica, Wetzlar, Gernmamgre used.
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8 Computational methods

Table 6: Software, databases and algorithms used in

Methods

the present study

Name

Reference

URL

BLAST (Databank GenBank)

Altschul et al., 1997

http://www.ncbi.nim.nih.gov/BLAST

Nicholas and Nicholas,

Genedoc 1997 http://www.psc.edu/biomed/genedoc
ClustalX Thompson et al., 1997

Vector NTI Invitrogen

ExPASy Gasteiger et al., 2003 | http://www.expasy.org/

TopPred Heijne 1992; Claros http://mobyle.pasteur.fr/cgi-

and Heijne 1994

bin/portal.py?#forms::toppred

ARAMEMNON version 3.2

Schwacke et al., 2003

http://aramemnon.botanik.uni-koeln.de

ChloroP 1.1

Emmanuelsson et al.,
1999

http://www.cbs.dtu.dk/services/ChloroP/

TargetP 1.1

Emmanuelsson et al.,
2000

http://www.cbs.dtu.dk/services/TargetP/

Microarray-Data, AtGenExpress
Consortium

Schmid et al., 2005

http://bar.utoronto.ca/efp/cgi-
bin/efpWeb.cgi

TAIR (The Arabidopsis
Information Resource)

Lamesch et al., 2011

http://www.arabidopsis.org

Gene Networks in Seed
Development Website

http://seedgenenetwork.net/

ATTEDII Co-expression analysis

Obayashi et al., (2011)

http://atted.jp/top_search.shtml#CoExSe
arch
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V. Results

1 OEP24 inArabidopsis

OEP24 was initially identified as an integral piotecated in the outer envelope membrane
of the chloroplast in pea. It was described to fiamcin vitro as a weak cation selective
channel with a large conductivity, transporting 8niydrophilic solutes and metabolites
(Pohimeyeret al, 1998).In silico topology analysis of AtOEP24.1 suggesteds-barrel
channel-forming protein composed of f&heets with the N- and C-termini of the protein
facing the cytosol (Schleift al, 2003).

In Arabidopsistwo different isoforms of OEP24 are present. OEP2At1g45170) and
OEP24.2 (At5g42960). Both isoforms share an amand identity of 75% (213 amino acids),
leading to a molecular weight of 23.6 kDa for OER24nd 23.4 kDa for OEP24.2
respectively. Both proteins have an isoelectrimpof 9.6. FurtherOEP24.1is also present
as a splice variant with 167 amino acids and a outde weight of 18.4 kDa (Th&rabidopsis
Information Resource (TAIR),ameshet al, 2011). The transcript content GEP24.1and
OEP24.2is comparatively low in all developmental stagéshe plant life (AtGenExpress
Consortium, Schmiekt al, 2005). However, a differential expression ofrbgenes can be
observed when the pollen and seed developmentalysad in detail. AtOEP24.1 is mostly
expressed in the immature pollen stadium (uni aicéllolar pollen, Honyset al, 2003),
whereas AtOEP24.2 transcripts are highest in tteedage of embryo development (torpedo
and mature embryo (Schmat al, 2005). Immunoblot analysis dfrabidopsischloroplast
sub-fractions showed the localisation of OEP2Aatenvelope membrane (Figure 2).

Figure 2: Localis ation of OEP24 at the
Thy envelope of Arapidopsis chIoropIasts.

Immunoblot analysis of the Arabidopsis

chloroplast sub-fractions envelope (Env, 4 ug
241 - OEP24 protein), stroma (Str, 10 pg protein) and

thylakoids (Thy, 5 pg protein) using an
antiserum raised against AtOEP24.1.

kDa Env Str

1.1 Characterisation of OEP24.1 mutants irArabidopsis

In order to investigate the physiological functioh OEP24.1, a T-DNA insertion line in

Arabidopsis thalianaoep24.1-1(SAIL_1225 B03 was analysed. In this line, the T-DNA
insertion is located in the first intron of tikEP24.1gene (Figure 3). Previous work on this
line showed that after PCR-genotyping of 418 planten five different generations no

homozygous mutant progeny was found, leading t@gregation of 52.2% heterozygous
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mutant and 47.8% wild-type plants. During my thesierk, further genotyping of 319
oep24.1-1F3 plants showed a segregation of 46.5% heterozsygma 53.5% wild-type
plants. This segregation of 1:1:0 clearly suggeatddfect in gametophyte transmission of the
T-DNA insertion (Johnson-Brousseau and McCornetlal, 2004). Backcross to wild-type
using mutated pollen as well as mutated ovuleswsbahat both, the male and the female
gametophyte were able to transmit the mutatuk4.1-1allele, but in an impaired form. The
female gametophyte was able to transmit the mutatidy in 16.8% (n= 1037) and the male
gametophyte only in 21.4% (n= 1439). To explainldek of oep24.1-1homozygous mutant
plants, an additional embryo/seed developmentaatleflas proposed. A detailed analysis
showed that although the pollen grains of the ntutare looked normal under light
microscopy and were vitalp vitro they were not able to germinate properly. The gooll
germination rate in this mutant line was only 52#%mnpared to the wild-type in the T3
generation, and 59% of the wild-type in the T4 gatien (A. Timper, K. Philippar,
unpublished data).

Due to the fact that SAIL_1225 BO03 representedottig T-DNA insertion line available for
the physiological study of OEP24.1 at the beginmhgy thesis, the aim was to complement
this mutant line by introducing a normal copy OEP24.1in the oep24.1-1 mutant
background. Thereby, the phenotype — absence obiymous progeny for the mutation and
impaired pollen germination — should be rescuedaddition, two other mutant lines of

OEP24.1 ¢ep24.1-2 and oep24.)-that appeared during my work were characterised.

1.1.1 The oep24.1-1 mutant line

Due to the localisation of the T-DNA insertion inetfirst intron ofOEP24.1in the line
oep24.1-1(Figure 3), the absence of homozygous progenytHer T-DNA insertion and
previous work that showed an unaltered coding serpieas well as normal amount of
OEP24.1 transcript in mutant pollen (A. Timper, K. Philgp unpublished results), a
molecular analysis of the until yet unclear 3’ esfdthe T-DNA insertion was performed.
After amplification with several combinations ofesiific T-DNA right and left border and
OEP24.1 gene primers, cloning of the different amplificati products and subsequent
sequencing, it could be demonstrated that the @' afrthe T-DNA insertion in theep24.1-1
line as well as the 5 end also corresponds tofialerder (LB) sequence (Figure 3).
Furthermore, the T-DNA insertion caused a deletd28 bp of intron 1 fromAtOEP24.1
After anin silico analysis, it was discovered that three potentisdregulatory elements
(MYBILEPR, CORECDC 3 and BOXII, data not shown) &reated in this region.
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Figure 3: Characterisation of OEP24.1 mutant lines

OEP24.1 from Arabidopsis thaliana (At1g45170). Black arrows denote exons, white lines introns. The
insertion sites of T-DNAs in lines SAIL_1225 B03 (oep24.1-1) and GABI_086_HO07 (oep24.1-2) are
indicated by triangles. The location of the point mutation in the TILLING line oep24.1-3 is indicated by
a square. At this site, a splice junction is affected by the mutation. Binding sites for OEP24.1 gene
specific primers and T-DNA specific left (LB) and right border (RB) primers used for genotyping and for
real time RT PCR are depicted.

To complement theoep24.1-1line, the entireOEP24.1 gene (4598 bp), including the
promoter region as well as the 3’ UTR region, wased in the pHGW.0 plasmid (Kariret
al., 2002) and afterwards stable transformed into Arebidopsis oep24.1-heterozygous
mutant line. Four different lines (#4, #8, #10 &id) of the F3 generation okp24.1-lwere
transformed. The plants of the next generationr dfte transformation (T1) were selected
with the antibiotic hygromycin. In addition, transfation and T-DNA insertion aiep24.1-1
were confirmed by PCR genotyping. Six differenebn(#4.3, #4.4, #10.1, # 10.3, #11.2 and
#11.5) that presented a positive transformatioh WieOEP24.1gene and were heterozygous
for the T-DNA insertionoep24.1-1 were selected for further analysis (Table 7). Tk
generation of the selected candidates was analggedgrowing the plants on BASTA
containing medium (selection marker for the T-DNW@rtion inoep24.1-1 Resistant plants
were subjected to a PCR to test for the presendheoDEP24.1gene introduced by the
transformation vector. Afterwards, another PCR watlgene specific reverse primer that
hybridised 3’ downstream of the transform@EP24.1gene and thus amplified only the
endogenousOEP24.1 and not the transformed construct was performeddigtinguish

between heterozygous and homozygoep24.1-1T-DNA insertions. In case of a successful
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complementation in the T2 generation, | expectefihtbhomozygous plants for tleep24.1-

1 T-DNA harbouring a copy ofOEP24.1introduced by the transformation and thereby
complementing the putative lethality of tbep24.1-1homozygous status. Unfortunately, at
the end of the screening of the T2 generation @8#1ts) it was impossible to find a positive

transformed and homozygous line t@p24.1-1(Table 7).

Table 7: Complementation of o0ep24.1-1

Four lines of the heterozygous oep24.1-1 F3 generation were stable transformed with the OEP24.1
gene. For the T1 generation after transformation, the number of hygromycin resistant plants that
harboured the stable transformed OEP24 (trafo +) and were as well heterozygous for oep24.1-1 (T-
DNA) is shown for each line. For the T2 generation, the numbers of heterozygous BASTA resistant
and homozygous BASTA resistant oep24.1-1 plants, stable transformed with OEP24.1 are shown.

T1 T2
T%etf;fs']}(;rlm'z’igﬁ trafo+ (hyg, PCR) trafo + (PCR)
T-DNA+ (PCR) T-DNA + (BASTA)
he ho
. Line #4.3 84 (77%) 0
Line #4 Line #4.4 50 (78%) 0
Line #8 no positives in T1
. Line #10.1 73 (99%) 0
Line #10 Line #10.3 96 (95%) 0
. Line #11.2 150 (93%) 0
Line #11 Line #11.5 41 (93%) 0
Total 6 494 0

However, in the T2 generation two homozygoep24.1-Iplants segregated of line #4.3 that
were not transformed by tH@EP24.1gene construct. The same result appeared in the T3
generation of line #4.3 in which 10 plants werenddo be homozygous farep4.1-1but not
transformed (data not shown). Surprisingly thegpeesented the first homozygoosp24.1-1
lines after genotyping of at least 7@lants before and after the complementation exparim
The two homozygous lines found in the T2 generati@ne further characterised by a full
length 5’-3' PCR using cDNA as the template. In pamson to controls, no amplification
band was achieved for these lines confirming theckrout status iroep24.1-1(Bachelor
thesis Olga Lesina, 2010). However these knockiinas of AtOEP24.1showed no obvious

phenotype under normal growth conditions.

1.1.2 Characterisation of the ogp24.1-2 line

During the course of my work, an additional T-DN#seértion line in the promoter region of
OEP24.1 0ep24.1-2(GABI_086_HO07, Figure 3) was acquired and charessgd. The initial
screening of the F2 and F3 generations showedthitline — in contrast t@ep24.1-%
segregated in a normal way giving homozygous, beygous and wild-type alleles of the T-
DNA insertion. As the insertion of the T-DNA is &ted in the promoter region of the gene
(Figure 3), further characterisation was perforrteedlarify the influence of this insertion on

the expression dDEP24.1.The 3’ end of the T-DNA was amplified, cloned as®whuenced
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so that the exact site of the insertion could beterd@ned (Figure 3). To verify if the

homozygous lines correspond to knock-out mutaata] RNA from 14-days old-seedlings of

the F3 generation was prepared, reverse transcradvet analysed by quantitative real time
RT PCR. The results showed that the homozygouschinesponds to an overexpression line
with about 200 times the amount ©EP24.1transcripts when compared to wild-type plants
(Figure 4A). The amount oDEP24.2 RNA was also tested, showing no significant
differences between the different lines (data mmws1). The overexpression of AtOEP24.1
could also be verified at the protein level (Figdf®). This OEP24.1 overexpression line

showed no obvious phenotype under normal growtllitions.
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Figure 4: OEP24.1 transcript and protein levels in line oep24.1-2

A) Quantification of the OEP24.1 mRNA level using real time RT PCR. mRNA was prepared from 14-
days-old seedlings of Col-0 as well as oep24.1-2 homozygous and oep24.1-2 wild-type background
plants. The mRNA amount (arbitrary units, n= 3tSD) was normalised to 10000 actin transcripts. B)
Immunoblot of Arabidopsis leaf protein extract (20 ug) using an antiserum raised against AtOEP24.1.
OEP24 is shown by an arrow; the other signals correspond to unspecific binding of the antiserum.

1.1.3 Characterisation of the ogp24.1-3 line

In addition to the two lines, a third mutant lirr IOEP24.10ep24.1-3was obtained. This
line corresponds to a TILLING line. TILLING Targeting Induced Local Lesions in
Genomekis a general reverse-genetic strategy that pesvah allelic series of induced point
mutations produced by the mutagen ethyl-metharmsaié in the gene of interest.
ArabidopsisTILLING lines for point mutations i©OEP24.1were subjected to a screening by
the SeattleArabidopsisTILLING Project (Till et al, 2003). From this screening, the line
CS91501 was ordered and nanwep24.1-3 oep24.1-3harbours a point mutation in which
the nucleobase guanine of position 636 changeddonticleobase adenine leading to a
possible misspliced OEP24.1 RNA and to a frame ghithe open reading frame (see Figure
3). For the initial screening of the M3 generatitihe DNA of 16 plants was isolated as
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described in materials and methods. After thatréggon comprehending the expected point
mutation was amplified with gene specific primexad the amplified product was sent for
sequencing. The results showed a segregation ofmidetypes, eight heterozygous and six
homozygous plants for the point mutation. As thanp mutation is located in a splice
junction site, a possible missplice was analysedelks For this purpos€QEP24.1cDNA of

a homozygous line for the point mutation was armgdif cloned and sequenced, thereby
revealing missplicing of th©@EP24.1RNA. 82 base pairs belonging to the first introaerev
not properly spliced out, leading to a frame shiftl thus several stop codons within the open
reading frame of the protein. This loss of functlove did not show an obvious phenotype

when grown under standard conditions.

1.2 Characterisation of a mutant line for OEP24.2

For OEP24.2there is no T-DNA insertion line available. Instea TILLING line was
requested from the Seattle Arabidopsis TILLING Beobj(Till et al, 2003) as well. After the
PCR-based screening, one line (CS923iEh24.2-) containing a point mutation at position
1004 in which the nucleobase guanine changes toutleobase adenine was identified. This
mutation leads to the appearance of a stop codamato acid position 177 of the OEP24.2
open reading frame (Figure 5). For screening oMBegeneration a part of the OEP24.2 gene
harbouring the point mutation was amplified andusegged from 11 plants. The segregation
of the point mutation resulted in three wild-typmebk, five heterozygous and three
homozygous lines. Unfortunately it was not possiblgerform a detailed analysis of these
mutant lines due to the diverse background and NG induced phenotype that all the

plants (homozygous, heterozygous and wild-type)tgted under normal growth conditions.

oep24.2-1
G1004A
W177stop
250 bp
AtOEP24.2ch
—— - »
+1
5UTR 3UTR
OEP24.2 AéOEP24.2LCrev

Figure 5: Characterisation of mutation lines of OEP  24.2

OEP24.2 from Arabidopsis thaliana (At5g42960). Black arrows denote exons, white lines introns. The
location of the point mutation in the TILLING line oep24.2 is indicated by a square. The point mutation
leads to a premature stop codon at the position of amino acid 177. Binding sites for OEP24.2 gene
specific primers used for screening and for real time RT PCR are depicted.
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2 OEP21 inArabidopsis

OEP21 was first identified and characterised in. peavitro electrophysiological analysis
allowed the speculation that the chloroplast exmdriprimary photosynthesis products is
regulated via OEP21 at the level of the outer epelmembrane (Bélteet al, 1999;
Hemmleret al., 2006).

There are two isoforms of OEP21 Arabidopsis OEP21.1 (Atlg76405) and OEP21.2
(At1g20816).Both proteins have an isoelectric point of 9.9 ahdre an amino acid identity
of 78% (167 amino acids), giving a molecular weighi9.5 kDa for OEP21.1 and 19.8 kDa
for OEP21.20EP21.1 is also present as a splice variant witarbo acids and a molecular
weight of 6.6 kDa(TAIR, Lameschet al, 2011). Both OEP21 isoforms show a basal
expression in the vegetative rosettédodbidopsis(AtGenExpress Consortium, Schnatal,
2005). Immunoblot analysis ofrabidopsischloroplast sub-fractions showed the localisation

of OEP21 in the outer envelope membrane (Figure 6).

Figure 6 : Localisation of OEP 21 at the envelope of
kpa Env Str Thy Arabidopsis chloroplast
Immunoblot analysis of the Arabidopsis chloroplast sub-
OEP21 fractions envelope (Env), stroma (Str) and thylakoids
(Thy) using an antiserum raised against AtOEP21.1. For
all sub-fractions 4 ug of protein were loaded.

18.4

2.1 Characterisation of OEP21 single mutants ir\rabidopsis

To clarify the physiological function of OEP21, féifent mutant lines for OEP21.1 and
OEP21.2 were analysed. At the beginning of my fhdsio homozygous T-DNA insertion
lines for OEP21.1,0ep21.1-1 (SAIL 548 C05) andoep21.1-2 (SALK 058578) were
available (Figure 7A). In the lin@ep21.1-1the T-DNA insertion is located in the fourth exon
of the gene. Real time RT PCR showed that thestrigst is absent inep21-1representin@
knock-out line for OEP21.1 (Figure 8).
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Figure 7: Characterisation of OEP21.1 and OEP21.2 m utant lines

A) OEP21.1 from Arabidopsis thaliana (Atlg76405). Black arrows denote exons, white lines introns.
The insertion sites of T-DNAs in lines SAIL_548 CO05 (oep21.1-1) and SALK 058578 (oep21.1-2) are
indicated by triangles. Binding sites for OEP21.1 gene specific primers and T-DNA specific left (LB)
primers used for genotyping and for real time RT PCR are depicted.

B) OEP21.2 from Arabidopsis thaliana (At1g20816). Black arrows denote exons, white lines introns.
The location of the point mutation in the TILLING line oep21.2 is indicated by a square. The point
mutation leads to a premature stop codon at the position of amino acid 151. Binding sites for OEP21.2
gene specific primers used for screening and for real time RT PCR are depicted.

In oep21.1-2the T-DNA insertion is located in the first intr@f the gene (Figure 7A). For

this mutant, the 3’ end of the T-DNA was analysad d could be demonstrated that it also
corresponds to a left border (LB) (Bachelor the3iga Lesina, 2010). Real time RT PCR
results showed a reduction of the transcript amofit@EP21.1to 40 % when compared to

the wild-type Col-0 (Figure 8). Further, PCR amipétion and sequencing analysis of the

oep21.1-2cDNA indicated that there is a case of alternasipkcing in the first intron at the

35



Results

T-DNA insertion site. Part of the cDNA showed areot splicing of the first intron, leading
to a wild-type copy oOEP21.1.0n the other part of the cDNA the T-DNA was notreatly
and completely spliced out, leading to a mut&&dP21.1 In summary it can be assumed that

oep21.1-Zorresponds to a knock-down allele.
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Figure 8: OEP21.1 and OEP21.2 transcript levels in the mutant lines

Quantification of the OEP21.1 and OEP21.2 mRNA level using real time RT PCR. mRNA was
prepared from 15-days-old seedlings. The two T-DNA insertion lines for OEP21.1 (oep21.1-1,
0ep21.1-2) and the TILLING line for OEP21.2 (oep21.2-1) were tested. Wild-type Col-0, as the
background genotype for the T-DNA insertion mutants and wild-type Col-er, as the background
genotype for the TILLING line were also tested. The mRNA amount (arbitrary units, n= 3+SD) was
normalised to 10000 actin transcripts.

For OEP21.2, one TILLING line: CS86516 (SeattleAdapsis TILLING Project, Tillet al,
2003) was available. In this line, nameep21.2-1 a point mutation changes the nucleobase
guanine at position 705 to the nucleobase ademn@selting in a premature stop codon at
amino acid position 151 of the OEP21.2 open readiage (Figure 7B). The line was
homozygous for the point mutation. For all threeRQE mutants the content &fEP21.2
RNA was tested using quantitative real time RT PRR& significant differences to wild-type
could be detected (Figure 8). In a previous work TAnper; R. Thomson, unpublished) all
tree homozygous OEP21 mutant lineged21.1-1 oep21.1-2and oep21.2-] were analysed
and showed no obvious phenotype under standardilyrmnditions During the curse of my
thesis, a second mutant line for OEP 2b&p21.2-2was ordered. It corresponds to the T-
DNA insertion line SALK_122968. The T-DNA insertios located at the promoter region (-
47 bp) of OEP21.2(not shown). This mutant line contains five tinmasre OEP21.2RNA
when compared to Col-0) (Bachelor thesis Olga las#010). The line did not show any
obvious phenotype when grown under standard camditiThus, no further analysis of this

line was performed.
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2.2 OEP21 double mutants
The aim of my work was to cross the homozygous nidiaesoep21.1-landoep21.1-2vith

the homozygous mutant linep21.2-1in order to generate a double mutant to clarify th

function of OEP21n vivo.

Homozygousoep21.1-1(F4) andoep21.1-2(F6) were crossed with the homozygous line
21.2-1 (F4) generation. The next generation — F1 aftessing — was genotyped and
heterozygous plants fooep21.1-1, oep2l.1-And oep2l.2-1were selected. In the F2
generation of the cross betweesp2l.1-land oep21.2-1 only one homozygous double
mutant line (21dmA#35) was found after genotyping6 3plants. For this line the
corresponding background wild-type (21dwtA#38) va#so selected. For the cross between
oep2l.1-2andoep21.2-1(21dmB) cross, five homozygous double mutant liwese found
after genotyping 190 plants. The double mutant 2448% and two double mutant lines of
21dmB were genotyped again in the F3 generatioretidy the homozygous double mutant

status.

The double mutant and double wild-type lines for RRE were subjected to phenotype
analysis. Seedlings grown on 0.5% MS media withwaitdout supplementation of sugar and
plantlets germinated on soil were tested undeeudfit light conditions (long day, short day,
constant light). No obvious phenotype could be deté in any line. For detailed analysis
only the double mutant line 21dmA#35 and the cq@uoesing wt-line (21dwtA#38) were
selected because they descended from the crobe &hbck-out lin€21.1-1and21.2-1 The
double knock-out status from this line was demanstt at the protein level (Figure 9A and
B).

A B
kpa #35 Col-0 oep2l1.2-1 kDa #35 #38
45
OEP37 Amido black
20- m—
OEP21 204 OEP21
Figure 9: Confirmation of the OEP21 double mutant| ine at the protein level

Chloroplast envelope (10 ug of protein) of 4-weeks-old Arabidopsis plants was separated in a Shagger
gel. Immunoblot was performed using antibodies raised against AtOEP21.1. A) Signals of OEP37, an
outer envelope protein of the chloroplast, are shown as a loading control. #35: double mutant line
21dmA#35, Col-0: wild-type Columbia-0.

B) An amido black stained fraction of the blot is shown as a loading control. #35: double mutant line
21dmA#35, #38: double wild-type line 21dwtA#38.
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2.3 Complementation of the OEP21 double mutant

The double mutant line 21dmA#35 was stable transfor with the entire@DEP21.1gene
(4275bp), including the promoter of the gene as weB'ddTR region and with th©EP21.1
cDNA under the control of the 35S promoter. The afrthis experiment was to have a
complemented line as a control for further expentse From this complementation
experiment two lines (K4.3 and K2.4) were selectedal time RT PCR of 14-days-old
seedlings, of the line K4.3 (transformed with tBEP21.1gene) displayed similar levels of
OEP21.1RNA, and the K2.4 line (transformed with tB8S::21.1cDNA) showed 7 times
more OEP21.1 RNA level when compared to the wild-type Col-0O tddanot shown).
Immunoblot analysis ofrabidopsischloroplast using an antiserum raised against A@RIEP

corroborated these results (Figure 10).

kpa  #35 Col-0 K24 K4.3

Amido black

Figure 10: Confirmation of the overexpression and ¢ omplementation lines of OEP21.1

Immunoblot analysis of Arabidopsis isolated chloroplasts (10 ug of proteins) using an antiserum
generated against AtOEP21.1. An amido black stained fraction of the blotted membrane is shown as a
loading control. #35: double mutant line 21dmA#35, Col-0: wild-type, K2.4: overexpression OEP21.1
line, K4.3: complemented OEP21.1 line.

2.4 Stromal proteins of the OEP21 double mutant

As the double mutant line (21dmA#35) did not shaw aisible phenotype when grown
under different light conditions a screen for chesign the proteome of mutant chloroplasts
was performed. Stroma samples of the double matahthe double wild-type was separated
in 2D IEF/SDS-PAGE (Figure 11). Protein spots stadwed an apparent increase or decrease
compared to the corresponding wt-line (21wtA#38ngkes were analysed by Peptide Mass
Fingerprint (MALDI, Matrix Assisted Laser Desorptibonization) at the “Zentrallabor fur
Proteinanalytik” of the LMU Minchen (Dr. Lars IstpeFrom this analysis five proteins
could unequivocally identified as the plastid intic GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), embryo defective 2726 (RNA bintliagslation elongation factor),
RuBisCo activase, RuBisCo and CpHsc70-1. The chdispevered for RuBisCo, RuBisCo
activase, and GAPDH could be an indication for ikeration in the carbohydrate metabolism
in the mutant line. In order to quantify proteinngents immunoblot analysis using antisera
raised against GAPDH, cpHsc70-1 and RuBisCo aaiveesre performed. Unfortunately, no

significant differences in the amount of the tegteateins could be detected when comparing
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stroma and total protein leaf extract from the deubutant and the double wild-type lines

(data not shown).
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Figure 11: Comparative 2D IEF/SDS-PAGE analysis of 21dmA#35 and 21dwtA#38 chloroplast
stroma.

Protein spots with an apparent increase or decrease (arrows) in protein amount relative to the wt
sample were cut and identified by mass spectrometry: 1) GAPDH, 2) embryo defective 2726, 3) and 4)
RuBisCO activase. 100 pg of proteins were used. The experiment was performed twice. For the
second time, where RuBisCo and CpHsc70-1 were detected, 200 ug of protein were loaded (data not
shown). #35: double mutant line 21dmA#35, #38: double wild-type line 21dwtA#38.

2.5 Metabolite analysis of the OEP21 double mutant

In order to elucidate if the transport or storagetdoroplast metabolites was impaired in the
OEP21 double mutant, contents of glycolysis andccécid cycle intermediates as well as
sugars and amino acids were determined. For th@bpe, 4-week-old plants grown in a 12
hours light (9 to 21 h) and 12 hours dark rhythonfrthe mutant line 21dmA#35 and the
wild-type line 21dwtA#38 were compared. In additidghe complemented K4.3 and the
overexpression K2.4 lines were analysed as contkassignificant changes in glycolysis and
citric acid cycle metabolites could be observedwkeen the tested lines. In contrast, a
significant increase of the amino acids serinegdhme, phenylalanine, tryptophan, tyrosine,
leucine and isoleucine, at the end of the nighiccde detected in the K2.4 overexpression
line when compared to all other lines (Figure 1BA, This change was still visible after one
hour of light exposure for phenylalanine, leucimal asoleucine (Figure 12B). For the time
points 14 h (mid day), 20 h (end of the day) andh2®ne hour dark) no change could be
registered (data not shown).
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Figure 12: Amino acids are increased in the OEP21.1  overexpression K2.4 line at the end of the
night

Amino acids were determined in 4-week-old plants grown at a 12 hours light (9 to 21 h) and 12 hours
dark rhythm. Comparison between the overexpression line K2.4 (black bars) and the complemented
K4.3 line (white bars) are shown. A) Amino acids Ser: serine and Thr: threonine at time point 8 h are
shown for both mutants. B) Amino acids Phe: phenylalanine, Trp: tryptophan, Tyr: tyrosine, Leu:
leucine, lle: isoleucine at time point 8 h (1 h before light) and 10 h (1h light) are shown.

40



Results

3 New membrane intrinsic proteins in the chloroplasenvelope

The aim of this part of my thesis was to discovewrso far unknown chloroplast envelope
proteins that are implicated in metabolite transplor this purpose, purified outer envelope
of pea was separated by SDS-PAGE in absence ampdegsence of urea (previous work
Andreas Timper, Figure 13).
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Figure 13: Outer envelope proteins of pea separated by SDS-PAGE

Purified outer envelope of pea was separated by SDS-PAGE in absence and in presence of urea.
Protein bands depicted by arrows were selected for protein sequencing. PSNOEP23 was detected in
band 3, PsNOEP40 in bands 10 and 12, and PsNIEP57 was detected in band 10, 11 and 12.
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Both gels were compared carefully and bands thiaibérd a shift in the running behaviour
were selected for further analysis. It is knownttkapecially outer envelope membrane
proteins displaying $-barrel structure show a different running behaviatnen they are
separated in the presence of urea (personal coroatiom Prof. Soll). As usually chloroplast
outer envelope membrane proteins buib-ldarrel pores (for overview see Dayal, 2007),
this feature was selected as the first hint toctefor new outer envelope proteins acting as
metabolite transporters. Eight bands were excisenh fthe gels (Figure 13) and sent for
sequencing at the “Zentrallabor fir Proteinanatyéikthe LMU Munchen (Dr. Lars Israel).
The samples were sequenced using LC-MS/MS and dhelting peptide masses were
compared with a pea EST database (Franssah 2011) to identify the respective protein in
Pisumand the ortholog irabidopsis All proteins with a molecular weight consistenthw
their band size on the gel, a basic isoelectriap@P), and a putative chloroplast/outer
envelope localisation according to Fegbal., (2010) or TAIR-prediction (Lamescét al.,
2011), were selected as candidates. As the pealBt@lbase is composed by all possible open
reading frames, the pea sequenced peptides forcaachdate was tested to be in frame with
the presented orthologous protein Anabidopsis From this analysis, three putative new
envelope proteins were selected and named accotalitige molecular weight of the protein
in Arabidopsis At2g17695: NOEP23 (new outer envelope proteir2®fkDa), At3g57990:
NOEP40 (new outer envelope protein of 40 kDa) anBg24690: NIEP57 (most likely
representing new inner envelope protein of 57 kiDPgble 8). The selected candidates were
further characterisenh silico for the presence af-helical membrane regions using a total of
18 different prediction algorithms and for the mmse of aB-barrel structure (five to six
prediction algorithms) all available in the ARAMBMDN database (ARAMEMNON plant
membrane protein database, Schwaatkal., 2003). Only for AtNIEP57, two to fowrhelical
membrane domains were predicted (Table 8). For AR, a probablg-barrel structure
was proposed by three of the five algorithm teskent. AANOEP23 neithes-helical domains
nor ap-barrel pore was suggested. To analyse the lotalisaf the candidates in more detail,
anin silico prediction by a total of 17 different targetingegiction programs available in the
ARAMEMNON database (Schwaclet al., 2003) was used (Table 8). From this analysig onl
AINIEP57 was annotated as a chloroplast proteir, tduthe existence of a transit peptide of
41 amino acids (ChloroP, Emanuelsseinal, 1999). For AtNOEP23 and AtNOEP40 no
classical chloroplast transit peptide was predickecddition for AAINOEP23 and AtNIEP57,
domains of unknown function were found. The domaidtNOP23 is fully uncharacterised
and the domain in AtNIEP57 that is present in eybi®s, is typically between 168 to 186
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amino acids long, has a conserved RYQ sequencéd amaticomprises amino acids 239 to
409 of AtNIEP57 (TAIR,Lameschet al, 2011). Interestingly a glycine and aspartic awt
motif at the soluble N-terminal part of the proteias detected (Figure 14, Figure 23).

Table 8: Putative new chloroplast envelope proteins in Arabidopsis

The AGI code for the selected candidates, the molecular weight (MW) in kDA, the isoelectric point (IP),
the predicted localisation by the presence of a transit peptide (TP) (ARAMEMNON), the length of
transit peptide (ChloroP), presence of a-helical transmembrane domain or B-barrel structure
(ARAMEMNON) as well as the potential function and protein domains are shown.

MW Predicted
IP  localisation a-helical B-barrel  Function Domains
kDa
(TP)
unknown
A(‘E,\%gg?g 232 96 - 0 maybe unknown function
(DUF1990)
At3g57990 00 10 . A vme tmknewm
(ANOEP40) 39.8 10 0 yes unknown
chloroplast unknown
A(ftgﬁ;%%) 56.8 9.4 41 aa 24 e unknown function
(DUF3411)

With the help of the EST pea contigs (Fransseal, 2011) and the already known sequence
in Arabidopsis primers for the isolation of the complete cDNAggences in pea were
designed. After PCR amplification using pea cDNA&msplate, cloning and sequencing, the
coding sequences of PsSNOEP23, PsNOEP40 and PsNIik#t&70btained (Table 9); Figure
14). Whereas PsNOEP23 was represented by only eptede in the proteomic sequencing
for PSNOEP40 three different peptides in two seqednbands and for PsSNIEP57 five
different peptide bands in three different sequdrxands were found (Table 9, Figurel4).
Table 9: Putative new pea chloroplast envelope prot  eins in pea

The molecular weight (MW) in kDa and the isoelectric point (IP) of the proteins were calculated using
Vector NTI, the predicted localisation by the presence of a transit peptide (TP) and its length was

analysed using the online programs TargetP and ChloroP. The number of sequenced peptides for
each protein after analysing the proteomic results is given.

Predicted No. of
MW diCit
kDa P localisation sequenced
(TP) peptides
PsNOEP23 23.6 9 1
PsNOEP40 42.4 93 e 3
PsSNIEP57 57.4 9.1 chloroplast 5
45 aa

The amino acid sequences for the new envelopeipsdi@und in pea and iArabidopsisare
shown in Figure 14. The identity between AINOEP28 ®#sNOEP23 is 62%, AINOEP40
and PsNOEP40 share 27%, and AtNOEP57 and PsNOERSAmIno acids, respectively.
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A
AtNCEP23 : 80
PsNCEP23 : : 80
AtNCEP23 : : 160
EsNCEP23 : : 160
AtNCEPZ3 : --— : 205
EsNCEP23 : RS- : 207
B 20 *
AtNCEP40 : REE-- s I AEVPLS L H 71
PsNOEP40 : HNTNENeQT M RHLrITIFN TGN F : 80
100
AtNCEP40 : ( alelole) R PS Il LHFKPQF G FS TINK S fe SteleRttty VSED : 139
PsNCEP40 : STESSSIPLL ( DSNPNPNPNT NPLS : 160
180 * 220 240
ATNCEP40 : vvDTEA Ve e iR ————————————————————— STSAGDT RGR : 197
PsSNCEP40 : KG: QNLNLEPFGHRDDNNNNNNVVV DGENSER PS5 TQG : 240
ol % 280 * 30 320

AtNCEP40 : TEIRRDFDPTEB B DGBDAKVTKSTGDPGKVSGPBQFLTSGDV ELR : 277
PsNCEP40 4 NERRCNE————————— \ EEVELNELNRACEGDLOMVEDVCLMAFRGD D —— : 307
340 * * 400
NVEPYSPATIDYGSH YRE RNNNNNN NNNNNK RADRWSSERLT EEEFEBDGMAE : 357
------ RGEAKL VN PRIFHL SE3 SEQTWAS YIS RKgs —— -~ ~ERKQBN VVSDLIBSEMER : 376

-
AtNCEP40 : LE -—— 1 367
PsNCEP40 : T3 888 : 389

AtNCEP40
PsNCEP40
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Cc

20 * 40 80

AtNCEP57 : 1M SVVAPEFE CLP At CELERG FLV GLERCL PSEVELGTIESSGSE : 78
PsNOEERST : AGQIIPM HSEETL P LLEN]ER LVV ASP DTSSTSFERCFAAFEAP—— : 77
AtNCEPST : E 156
PsNCEPS7 : 157
AtNCEPST G .RR SEIFDRE AW WQETMM B E,‘A&EMGL L 1 INARP TRMISRHE 'QGLSR : 236
PsNCEPS57 G ER ] FD \' WQR JLEAGJRQAYEMG LYLAMNAR 2SRLISK QGLSRANEE-KY)
AtNCEP57 : )3 316
PEsNCEPRST7 : j{s 317
AtNCEPST7 : 39¢
PsNCEPS57 : 397
ACNCEPST : |Fecin:ydeinfaledy VESHFI VA L \VQLG W VEADPLAQS 3 \ : 476
PsNCEPS7 : (peiiiniy{einfels MBSHFDVIGVA AVLNVQLG S WLGVEADPLAQS x I : 476
AtNCEP57 : ———EDEVS 521

PsNCEPRS7 : SNAD GA 526

Figure 14 : Amino acid sequence of the new envelope proteins of Arabidopsis and pea

Identical amino acids are shaded in black, similar amino acids in grey and the sequenced peptides in
pea are underlined in green. A) AtNOEP23 and PsNOEP23, B) AtNOEP40 and PsNOEP40, C)
AtNIEP57 and PSNIEP57. The predicted a-helical transmembrane domains are depicted in red boxes,
and the glycine and aspartic acid rich motif with a blue box.

3.1 Subcellular localisation of the new envelope pteins

3.1.11n vivo GFP targeting

To determine the subcellular localisation of théested protein candidates, a transient
transformation of mesophylrabidopsisprotoplast using th&rabidopsisproteins fused to a

C-terminal GFP was performed. A confocal laser scanmicroscope was used to analyse
the GFP- and autofluorescence of transformed pladgtgp The red autofluorescence that
appears when chlorophyll is excited by the lasethefmicroscope was used as a marker for

chloroplasts (Figure 15).
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Chlorophyli Merge

: o . . -
: o . . -

Figure 15: Subcellular localisation of AINOEP23, At NOEP40 and AtNOEP57 in Arabidopsis
protoplasts

Arabidopsis mesophyll protoplasts were transiently transformed with C-terminal GFP fusions to
AtNOEP23, AtNOEP40 and AtNIEP57. Signals for GFP fluorescence (GFP), chlorophyll
autofluorescence (chlorophyll), and the overlay of both (merge) are shown. Bar, = 10 ym.

AtNOEP40 [€lg3

For AtNOEP23, possible plasma membrane localisatiees detected in protoplasts
transformed with the construct. For AtNOEP40, itswaot possible to achieve a clear
localisation due to the formation of aggregateshim cytoplasm. In contrast, weak but clear

chloroplast envelope signals were obtained for ABRG7.

3.1.2 Immunoblot analysis

For the subcellular and biochemical characterigatiothe new chloroplast envelope proteins
in pea, antisera against PsSNOEP23, PsNOEP40 ani&PSRwere raised. Therefore the full
coding sequences of PsNOEP23 and PsNOEP40 wertoisetbanto the pET21d plasmid
vector. In this vector six histidine residues wareed to the C-terminal part of the proteins.
The constructs were overexpressed in BlRtoli cells and subsequently purified from
inclusion bodies by affinity chromatography. Theified recombinant proteins (Figure 16)
were sent for the generation of antiserum to Pirfetd#&orperservice, Berlin. For PsSNOEP40
two bands (43.6 and 41.3 kDa) of the overexprepseigin appeared. This is probably due to
the existence of a methionine at position 21 of fretein that can act as a second

translational start.
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The purification of PSNIEP57 for the generationaottiserum was more difficult. The full
length mature protein was not able to be overespksising different plasmids such as
pET21d, pPROEX, pSP65 or pCOLD. For each vectar, different temperatures (12°C and
37°C) and different types of growth media (LB an@2B) as well as differert.coli strains
(BL21, BL21-lys, Rossetta-lysC43 cells) were tested without success. Two N-teami
constructs of PSNIEP57 (amino acid 44 to 278 ant@aiacid 44 to 345) were also tried to be
overexpressed (pET21d, BL21cells, M9ZB, 37°C, 12/@hout positive result. Only the C-
terminal part (amino acid 301-526) of the proteauld be successful purified frol. coli
(vector pET21d, BL2E.coli strain, M9ZB media, 37°C; Figure 16C) and therefselected
for the generation of the antiserum. After overesgion of PSNOEP57, purification of
inclusion bodies and purification of the proteinngsthe Ni-NTA column, an additional step
of purification was necessary. For that purpose, rdicombinant protein was electroeluted

from the acrylamid gel and sent for the generatbantiserum (Pineda Antikérperservice,

Berlin).
a a a
A kD B kD C kD
66
664w 664 -
: 45
454
36 ;12 JESml PSNOEP40 36
| 2
29
294 29¢ 24— | PSNIEP57
24 244
| % | PSNOEP23
20
20 20
149

14] 14

Figure 16: Purification of recombinant PsSNOP23, PsN  OEP40 and PsNIEP57

A) PsNOEP23 (24.5 kDa) was recovered in the 500 mM and (B) 5 pg PsNOEP40 (43.6 and 41.3 kDA
depending on the start methionine) in the 50 mM imidazole fraction from the Ni-NTA column.

C) PsNIEP57 (25.8 kDa for the C-terminal part) was recovered in the 500 mM imidazole fraction. 2 ug
PsNOEP23, 4 ug PsNOEP40 and 6 pug PsNIEP57 were loaded on the gel and stained.

In the following, antisera generated in rabbit a®40 days for PsSNOEP23, 270 days for
PsNOEP40 and 270 days for psNIEP57 were used forpeimmunoblot analysis of pea
chloroplast sub-fractions. For PSNOEP40 it was sem& to perform a purification of the
antiserum using recombinant protein coupled to ogan-bromide activated sepharose due to
the high background. A localisation at the outeredope of the chloroplast could be detected
for PSOEP40 (Figure 17A). PsSNIEP57 instead waslikerh at the inner envelope of the
chloroplast in pea as well as in the chloroplasteéope fraction inArabidopsis(Figure 17A,

B).
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For PsOEP23, although the antiserum did recogniek tlhe overexpressed recombinant
protein (Figure 17C), no signal could be detecteiher in the pea chloroplast subcellular
fractions nor in pea mitochondria or pea microsofradtions (artificial vesicles formed from
the endoplasmic reticulum as well as from the ptsnembrane when cells are disrupted
(Abaset al, 2010, data not shown).

A B
kba OE IE Str Thy kpa Env Str Thy
LSU
45 45- NIEPS57
25- LHCP
24
' - . | PIC1 C
kDa rec PsNOEP23
14.41 OEP16 24 | em—
aNOEP23 Pi
NIEP57
45 4
45- NOEP40
Figure 17: Immunoblot of the new envelope proteins in pea and Arabidopsis chloroplast
fractions

A) Immunoblot of the pea chloroplast sub-fractions OE (outer envelope), IE (inner envelope), stroma
(Str) and thylakoids (Thy) using an antiserum raised against PSNOEP40 (5 pg of protein) and
PsSNIEP57 (2 ug of protein). LSU (large subunit of RuBisCO, 1 ug of protein) appears as a marker of
the stroma, LHCP (light-harvesting complex proteins, 0.6 g of protein) as a marker of the thylakoid
fraction, PIC1 (permease in chloroplasts, 10 ug of protein) as a marker protein of the inner envelope of
the chloroplast, and OEP 16.1 (1 ug of protein) as a marker of the outer envelope of the chloroplast.
B) Immunoblot of the Arabidopsis chloroplast sub-fractions envelope (Env), stroma (Str) and
thylakoids (Thy) using an antiserum raised against PSNIEP57. For all sub-fractions 4 pg of protein
were loaded. C) Immunoblot of the recombinant (rec) PSNOEP23 (50 ng) using antiserum raised
against PsNOEP23 (120 days) as well as the preimmune serum (Pi).

3.2 Molecular characterisation of PSNIEP57

PsNIEP57 was further characterised to determinethenethe protein corresponds to an
integral membrane protein or is only superficiadlitached to the inner envelope of the
chloroplast. For this purpose inner envelope vesidf pea chloroplasts were treated with
NaCl, NaCQ;, urea and triton. Afterwards membrane proteinsewszlleted from soluble
proteins and analysed by immunoblotting (Figure. EBNIEP57 could only be solubilised
from membranes by the membrane disrupting detergéonh indicating that PSNIEP57

corresponds to an integral membrane protein.

48



Results

NaCl Na,CO; Urea Triton
M pH11.3 6M 1%

wa [EP S P S PSP S

45 NIEP57

66 TIC62

Figure 18: PSNIEP57 is an integral membrane protein  of the inner chloroplast envelope

Inner envelope of pea chloroplasts (4 ug of protein) were treated with NaCl (1 M), Na,CO; (0.1 M pH
11.3), urea (6 M) and triton 1%. Afterwards envelopes were ultracentrifuged at 100,000 x g. Pellet (P)
and supernatant (S) were loaded separately on the gel and an immunoblot was performed using
antibodies raised against PSNIEP57.TIC62, a protein that is only attached to the inner envelope of the
chloroplast was used as a control (Stengel et al., 2008).

As mentioned before, for AINIEP57 fourhelical transmembrane domains were predicted.
Four transmembrane domains were also predictedhtomature form of psNIEP57 when
analysed with the prediction program TopPred Ol9éijte 1992; Claros and Heijne 1994)
(Figure 19A). To analyse the topology of PsNIEPB7more detail, a chemical cysteine
modification assay in pea inner envelope membrarsssperformed. PSNIEP57 contains six
cystein residues in the primary sequence which @rentated as follows when four
transmembrane domains are proposed: two cystetirggféghe stroma, two buried within the
envelope membrane, and two facing the intermembsgaee (Figure 19B). To test this
prediction, inner envelope vesicles were incubatth PEG-maleimide (PEG-Mal).
Maleimide is a chemical compound that reacts whth thiol group of cysteines. Due to the
five kDa size of the PEG-Mal molecule, covalentlg@Mal bound to cystein containing
proteins will lead to an increased molecular wetitlat can be visualized by immunoblotting
(Figure 19C). As the PEG-Mal reagent is membrane permeable and the inner envelope
vesicles were prepared according to the protocol&Keegstra and Youssif (1986) and
Waegemanet al (1992), giving vesicles with a right-side-outesation (Hein®t al, 2002;
Balseraet al, 2009), only the cysteins facing the intermembrapace should be able to react
with the reagent. After 30 min of incubation witkE®-Mal, two bands became visible in the
assay. This suggests that the four remaining cystaisidues of the protein are not accessible
for the reagent. In presence of 1% SDS, wherertherienvelope vesicles are solubilised and
membranes are disrupted, all protein cysteins B@yRated, as demonstrated by the presence
of five bands on the immunoblot (Figure 19C). Thetfthat only five instead of six bands are
detected can be interpreted by the assumption®tgsteine being faster PEGylated than the
others so that no proteins with two PEGylated dgstean be observed by immunobldhe

change in the molecular weight is bigger than etqzefor the PEGylation and can be due to a
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different running behaviour of the protein in thes-Bris/SDS-PAGE used in this approach
(Kovacs-Bogdanet al, 2011). This experiment corroborates the assumptf four
transmembrane domains for psNIEP57, but cannoaexphe orientation of NIEP57 due to

the equal number of cysteins on both sides of ttebmane.
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Figure 19: PSNIEP57 is composed of four transmembra  ne domains

A) Graphical output showing four predicted transmembrane domains for PSNIEP57 using the TopPred
program. B) Topology model predicted for PSNIEP57. C) Verification of the topology prediction by
PEGylation of PSNIEP57 in inner envelope membrane vesicles. Inner envelopes (5 ug of protein) of
pea chloroplasts were treated for the indicated time points (min) with 7.5 mM of PEG-maleimide in
presence (+) or absence (-) of 1% SDS. The reaction was stopped adding 100 mM DTT. The proteins
were separated using SDS-PAGE and immunoblot was performed using an antiserum raised against
PsNIEP57. Cys: cystein, IMS: intermembrane space, N: N-terminal, C: C-terminal.

To analyse the orientation of PSNIEP57, proteolgsialysis of inner chloroplast envelopes
was performed. The vesicles with a right-side-aigrgation were treated with proteases in
the presence or absence of triton 1%. In the alsefdriton, only a certain amount of
proteolytic sites depending of the topology of fietein are accessible for the proteases.
contrast, in the presence of triton that disruptsmembrane proteins are fully accessible to
proteolysis.The different fragment band pattern with and withtnton should allow to

clarify the membrane orientation of PSNIEPBLe to four predicted transmembrane domains
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two expected orientations of the protein are pdssine with N- and C-termini orientated
towards the intermembrane space, and the otherNvidnd C-termini orientated towards the
stroma (Figure 20A)Figure 20B, shows vesicles treated with thermolyliere one band of
45 kDa appears that is completely absent when qiystis is performed in the presence of
detergent. It can be assumed that available N-Gatetmini of the protein are digestethis
shift of 7 kDa can thus only be explained when Nd &-termini are facing the IMS. In the
presence of triton a core of about 35 kDa can Isemed, indicating that more sites of the N-
and C-part are accessible for proteolysis. Whenettpgeriment was performed with trypsin
three bands appeared (Figure 20C). The size ofethdted bands (~10, ~15 and ~17 kDa)
indicates that trypsin cadigest the protein more efficiency than thermolydeaving an
intact fragment of about 10 kDa in the presencdritdn. Unfortunately the band sizes
obtained with the trypsin proteolysis cannot exeltide topology of the protein with N- and
C-termini orientated toward the stroma. Dependingwbere the protein is digested, a similar
band pattern is expected for both orientations. NHerminal peptide of about 27 kDa that
would be protected from the protease if the N- @aterminal were orientated toward the
stroma cannot be detected because the antibodpataaised against the soluble N-terminal
part and first transmembrane domain of the proteirgeneral, thermolysin as well as trypsin
cut very often within PSNIEP57, so no clear expegtattern due to selected cutting sites
could be expected as for other proteins. Howewverprentation of N- and C-termini of
PsNIEP57 towards the intermembrane space (Figukelgfl) is most likely.
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Figure 20: Topology prediction of PSNIEP57

A) Two possible topology predictions for PSNIEP57. The molecular weight in kDa is giving for each
hydrophilic part of the protein. The molecular weight for the transmembrane domains is about 2 kDa
each. B) Proteolysis using thermolysin (5 ug). For each line 5 ug of protein was used. The reaction
was incubated 15 min on ice C) Digestion using trypsin (0.5 pg). For each line 5 ug protein was used.
The digestion was incubated 5 min on ice. 1% triton was used for membrane solubilisation. The
proteins were separated using SDS-PAGE and immunoblot was performed using an antiserum raised
against PsNIEP57, IMS: intermembrane space, N: N-terminal, C: C- terminal.

3.3 Mutation of NOEP23 and NOEP40 imArabidopsis

In order to describe the physiological role of thew chloroplast envelope proteins,
ArabidopsisT-DNA insertion lines for AANOEP23 and AtNOEP40r@@nalysed.

3.3.1 NOEP23

NOEP23 was found in mono- as in dicotyledonous tglaim Physcomitrellaand in green
algae. Interestingly, NOEP23 is also present intdvsec Moreover, the unknown domain
(DUF 1990) described for NOEP23 is mostly preserihe bacteria kingdom and AINOEP23
is the only protein inArabidopsis harbouring this domain. The expression profile of
AINOEP23 as well as co-expression analysis canaaaralysed due to the absence of the

gene in the ATH1 microarray chip.

For AtNOEP23 only one T-DNA insertion line was dable: GABI_279G09. For this line
the T-DNA was localised at the 3'UTR of the genatédnot shown). Homozygous and
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heterozygous plants showed no obvious phenotyper wihewn under standard conditions

(data not shown).
3.3.2 NOEP40

In Arabidopsis NOEP40 corresponds to a single gene family. Qotjsoof AINOEP40 are
present in mono- and dicotyledonous plants, inntfussPhyscomitrella patenand in the
spike mossSelaginella moellendorffiiNo orthologous protein was found in green algae o
cyanobacteriaThe expression profile showed that AtNOEP40 hasigfest expression in
cauline leaves, but is expressed ubiquitously tinout plant development (AtGenExpress
Consortium, Schmicet al, 2005).Co-expression analysis revealed that AtNOEP40 is co
expressed with several unknown chloroplast locgieateins, an S-adenosyl-methionine
dependent methyltransferase, a chloroplast envgdayein involved in FeS-cluster synthesis,
a plastid predicted ABC1-family and kinase-domabmtaining protein, as well as with the
mitochondrial D-lactate dehydrogenase (AtD-LDH) andutative glyoxalase located in the
chloroplast (Atted Il database, Obayashal, 2011 and Bachelor thesis Olga Lesina, 2011).

For NOEP40, the T-DNA insertion line SAIL_266_DIép40-) was analysed. In this line,
the insertion is located in the promoter regiontleé gene at position -25 bp. The F2
generation was genotyped and homozygous, heterogyapwell as the out crossed wild-type
background lines were selected (Bachelor thesisaQlgsina, 2011). To test if the
homozygous lines correspond to knock-out mutaatal] RNA from 15-days-old seedlings of
the T4 generation was prepared, reverse transcraratithe RNA amount dfOEP40was
determined using real time RT PCR. The results sdowhat the homozygous line
corresponds to a knock-down liggesenting only one third of the transcript leveien
compared to the wild-type background and the CoMild-type (Figure 21A). The
homozygoushoep40-1knock-down mutants interestingly showed a fastemth and earlier
flowering when compared with the wild-type duringpve growth at low temperature
conditions (10°C) (Figure 21B). To further charaise the importance of AtINOEP40 in the
development of the plant, RNAi as well as overegpian lines were generated and an
additional T-DNA insertion line: SAIL_759 AO01 (thatas no available at the beginning of
the study) disrupting the single exon of the gevess ordered.
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Figure 21: NOEP40 transcript levels and phenotypei nline noep40-1

A) Quantification of the NOEP40 mRNA level using real time RT PCR. mRNA was prepared from15-
days-old seedlings of Col-0 as well as noep40-1 wild-type background and homozygous plants. The
MRNA amount (arbitrary units, n=3£SD) was normalised to 10000 actin transcripts. B) Phenotype of
82-old-days Col-0 and noep40-1 growth at 10T (Bachelor thesis Olga Lesina).

3.41n planta function of NIEP57

3.4.1 Relatives and expression of NIEP57

NIEP57 has been annotated as potential solute piates with plant-specific but not
prokaryotic evolutionary origin (Figure 22A; Tymt al, 2007). AtNIEP57 is present in
mono- and dicotyledonous plants as well as in tbesiRhyscomitrella patenand it was also
found to be present in green algae, red algae Endaphytes (Figure 22A). |Arabidopsis
AINIEP57 is annotated to be similar to RER#gticulata-related 1 20% identical amino
acids, Figure 23), a potential chloroplast innevetope protein of unknown function
harbouring three predicted-helices (ARAMEMNON database, Schwacket al, 2003).
Interestingly, after a similarity search of AtNIEP&gainst GenBank more than one form or
NIEP57 was found for several species indicatingekistence of subfamilies (Figure 22B).
NIEP57 of subfamily Il showed a longer N-terminaripthan the forms of subfamily |
(Figure 22C).
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Figure 22: NIEP57 is a plant specific protein.

A) Phylogenetic tree of AINIEP57 (At5g24690) from Tyra et al., (2007), where AINIEP57 was
described as a plant specific transporter. The different algal groups are shown in different colours: red
for red algae, green for green algae as well as land plants, and magenta for glaucophytes. B)
Phylogenetic tree showing the subfamilies present in mono and dicotyledonous plants. C) Graphical
representation of the alignment between NIEP57 subfamily | and Il. Black boxes: predicted
transmembrane domains, DUF3411: domain of unknown function, RYQ: conserved motif in DUF3411,
GD motif: glycine and aspatrtic acid rich motif.

The glycine and aspartic acid rich motif was nasgent in the subfamily Il and is partially
present in AtRER1 (Figure 23). N- and C-termini ARER1 and PtNIEP57.3 are even
shorter when compared to the NIEP57 subfamily diFe 23).
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Figure 23: Alignment between NIEP57 of different pl  ant species

Identical amino acids are shaded in black, similar amino acids in grey. NIEP57 of Arabidopsis
(AtNIEP57), pea (PsNIEP57), AtRER1 (At59g22790), and different forms of NIEP57 present in Populus
trichocarpa (PtNIEP57) and Ricinus communis (RcNIEP57) are shown. The predicted a-helical
transmembrane domains are depicted in red boxes, the glycine and aspartic acid rich motif in a green
box and the RYQ conserved motif of DUF 3411 in a blue box.
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Transcripts of AtNIEP57 i\rabidopsisare present throughout plant development and peak
in rosette and senescing leaves, (Figure 24A; AE3press Consortium, Schmiet al,
2005). A detailed expression analysis of NIEP57tha different tissues oArabidopsis
embryo development (http://seedgenenetwork.netiwshthe highest expression at the

globular stage in the chalazal seed coat and thehseal endosperm (Figure 24B).
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Figure 24: Expression profile of ~ AtNIEP57 during plant and embryo development

A) Expression of AtNIEP57 during plant development, AtGenExpress Consortium (Schmid et al.,
2005). Mean signal intensities (arbitrary unitstSD) were averaged from 2-3 replicates. B) Tissue-
specific expression pattern of AtNIEP57 in pre-globular, globular, heart, linear cotyledon and
maturation green stages (Harada-Goldberg Arabidopsis LCM Gene-Chip Data Set). Different tissues
are defined as follows: CZE - Chalazal Endosperm; CZSC - Chalazal Seed Coat; EP - Embryo Proper;
GSC - General Seed Coat; MCE - Micropylar Endosperm; PEN - Peripheral Endosperm; S -
Suspensor; WS - Whole Seed. Seed tissues are coloured according to transcript density for signals
that are absent (white), insufficient (blue), <500 (beige), 500-5000 (orange), 5000-10 000 (purple),
and >10 000 (dark red). Data available at http://seedgenenetwork.net.

In a large scale protein-protein interaction studiEP57 was classified as one of 123 new
potential cell-cycle proteins, because NIEP57 atBon was confirmed with a protein, which
binds to the E3-ubiquitin ligase of an anaphasenotong complex (Van Leenet al, 2010).
Co-expression analysis (Atted Il database, Obayetshli, 2011), reveals potential functional
links of NIEP57 to (1) plastid thiamine metabolisep-expression with a) the thiamine

monophosphate synthase TH1, and b) a putative agiroinvolved in phylloquinone
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synthesis that binds thiamine pyrophosphate); Yon(2leoside triphosphate/phosphorylation
-controlled processes: co-expression with a) GTlibg potential chloroplast outer
membrane protein, b) a GTPase involved in the eggul of the organization of thylakoids c)
a putative PP2C-type protein phosphatase (AtPP2€&8) the plasma membrane, and d)
with a membrane-bound protein serine/threonine kinase fbattions as blue light
photoreceptor involved in stomatal opening, chitaspmovement and phototropism); and to
(3) metabolite transport activity: co-expressiorthwa) a member of the ATH subfamily
(ATHS) involved in chloroplast transport, b) a pista Ca-binding mitochondrial carrier-type
protein, and with c) AtBAT2/AtBASS1 a putative chdplast bile acid: sodium symporter-
like transporter). In particular the BAT1 and BATE®forms of the latter transporter family
have recently been described to function in Na-ddeet plastid pyruvate (BAT1, Furumoto
et al, 2011) and 2-keto acid transport (BAT5, Gigolakhet al, 2009).

3.4.2 Knock-out mutation of NIEP57 in Arabidopsis

For AINIEP57 four T-DNA insertion lines were available: SAIL_6405 (iep57-),
SAIL_1156_E1 (iep57-3, SALK_033007 Giep57-3 and SALK_089076r(iep57-4. For all
lines, the exact insertion site was determineduff@@5).In niep57-1the T-DNA insertion is
located in the 8 exon and the 3’ end of the T-DNA insertion is adsteft border. Imiep57-2

the T-DNA is located in the last intron and theeBd of the T-DNA insertion could not be
determined. Imiep57-3the insertion is located in thd #ntron and the 3’ end of the T-DNA
insertion could be determined. Moreover, it coutdseen that the insertion caused a deletion
of 16 bp from exon number 4. mep57-4the T-DNA insertion line is also located in intron
number 3 (5 bp behind thé"3®xon) but the 3' end of the T-DNA insertion couldt be
determined (Figure 25).
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Figure 25: Characterisation of NIEP57 mutant lines

NIEP57 from Arabidopsis thaliana (At5g24690). Black arrows denote exons, white lines introns. The
insertion sites of T-DNAs in lines SAIL_64 AO05 (niep57-1), SAIL_1156 E1 (niep57-2), SALK_033007
(niep57-3), SALK_089076 (niep57-4) are indicated by triangles. Binding sites for NIEP57 gene specific
primers and T-DNA specific left (LB) border primers used for genotyping and for real time RT PCR are
depicted.

For all four lines it was not possible to find harggous alleles for the T-DNA insertion
(Table 10.)

Table 10: Segregation of the T-DNA insertion in  niep57-1, niep57-2, niep57-3 and niep57-4
Two generations for each line were genotyped. The percentage of wild-type (wt) and heterozygous
(he) plants from two generations is depicted as well as the total amount analysed for each line.

niep57-1 niep57-2 niep57-3 niep57-4

wt he wt he wt he wt he

F2 25% 75% | F2 37.5% 625% | F3 73.3% 26.6% | F321.4% 78.5%

F3 49.4% 505% | F3 44.4% 555% | F4 40% 60% | F4148% 85.1%

48.3% 51.6% 41.1% 58.8% 51.1% 48.8% 17.03% 82.9%

(n=196) (n=17) (n=45) (n=41)

The heterozygous plants did not show an obviousngtiype under standard growth
conditions. Due to the absence of homozygous ddaces for the T-DNA insertion, a

detailed observation of the siligues of heterozyy@ants was performed to analyse a
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possible embryo lethal phenotype. For this purpgseen siliques from heterozygous, wild-
type background and Col-0 plants were harvestecckaded for a few days in 100% ethanol
at 4°C. Afterwards the siliques were analysed urtberbinocular microscope. From this
observation a phenotype for linggep57-1 niep57-2 and niep57-3 could be detected:

approximately 25% of the seeds in each silique édokbnormal (Figure 26A). In young
siliques the aborted seeds looked white and emghout an embryo inside. When the silique

became older, their seed coat turned brown anddilated (Figure 26B and C).
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Figure 26: Phenotype of niep57 mutant seeds

Siliqgues form heterozygous and wild-type niep57-1, niep57-2, niep57-3 and niep57-4 and Col-0 plants
were observed under the binocular after clearance in 100% ethanol. A) For each line the normal and
defect seeds per silique were counted. B) Young silique and young seeds of niep57-1 C) Old silique
and old seeds of niep57-1.

In the abnormal seeds it was impossible to deteetpresence of an embryo under the
binocular. To analyse the embryo development nu@il, siliques of different ages of
heterozygousiiep57-1and niep57-3plants — the two lines that clearly disrupt theling
sequence dNIEP57 —were harvested and cleared using the mounting niéalyar’s solution

(Liu and Mainke, 1998) and observed using diffaedmbterference contrast microscopy.

60



Results

In bothniep57mutant linedt could be observed that in the abnormal seedseddhere was

an embryo inside, but that the normal developmeas wsually arrested at the globular
embryo stage (Figure 27). Moreover, an abnorméldieékion pattern could also be detected
in some cases in the embryo proper as well asarstispensor part (Figure 27, panel M, N
and O). For late developmental stages (Figure 2él@) no embryo could be detected at all.

globular transition heart torpedo

B2

wt-like

torpedo

wt-like

niep57

Figure 27: Arrested embryo developmentin  niep57-1.

Niep57-1 heterozygous siliques were dissected and seeds were cleared using Hoyer’s solution. After
incubation of one day in the dark, the embryos were observed using differential interference contrast
microscopy. For each developmental stage, pictures of normal wild-type like embryos (A-D, I-L) were
taken. The corresponding abnormal embryo (coming from the same silique) was also photographed
(E-H, M-P). Bar, = 100 yum. Arrows show abnormal cell division pattern.

The conclusion from this observation is that th@iseormal and aborted embryos correspond
to homozygous alleles for the T-DNA insertionNFEP57, leading to the discovery of a novel

inner envelope chloroplast located protein thatguired for proper embryo development in
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Arabidopsis Most likely the function of NIEP57 is crucial the globular stage, where gene

expression peaks (Figure 24B) and embryos aretedr@Sigure 27).

3.4.3 Overexpression and RNAI linesfor AtNIEP57

Due to the embryo lethal phenotype of homozygou3NR insertion lines forAtNIEP57,
another experimental approach was selected in toddarify the physiological function. For
this purpose overexpression and RNAI lines for ARbS7 were generated. To generate the
overexpression lines, the cDNA @ftNIEP57 was subcloned into the pH2GW?7 plasmid
vector under the control of the 35S promoter. HFa¥ RNAI lines, the first 380 bp of
AINIEP57were cloned in the pH7GWIWG2(I),0 plasmid vecf{arimi et al, 2002). Both
constructs were stable transformed into Célr@bidopsisplants. Positive transformed plants
(T1) were selected on MS media supplied with tHectien agent hygromycin. Although 14
Arabidopsis Col-0 plants were transformed with the RNAI coustrand after several
attempts of the selection with hygromycin only twaositive transformed plants were
recovered. These two lines showed no obvious plipaotn contrast, for the overexpression
line, 11 ArabidopsisCol-0 plants were transformed and 28 positivesi@mmed plants were
recovered. Here apart from the normal growth oftp@sstable transformed a lot of seedlings
exhibited a phenotype already in the T1 generafitrese seedlings were albino, very small
and grew very slowFigure 28, panel B, H). After recreation on MSdaewithout selection
agent the small albino plants were transferredoib Most of these chlorotic plants could
however not grow on soil and died after a few ddmssides this first albino phenotype
observed for the plants, other phenotypes rand@appeared during the development and
further of the plants (Figure 28). The presencarhocyanins could be detected in albino
plants (Figure 28, panel 1), others plants had \&mgrt roots and an aberrant development
(Figure 28, panel J). Some lines could be sucolgsfransferred to soil where they
continued to grow with a very slow development pradg seeds in some cases. Other plants
that were chlorotic at the beginning turned greepresented a variegated phenotype (Figure
28, panel K, G, A, E). In contrast, some planttbts looked normal at the first developmental
stages became spontaneously chlorotic starting th@emnner inflorescence of the plant and
moving to the leaves. The stem and siliques becdstevariegated (Figure 28, panel F, C, D
and L). One interesting feature was that the plamas exhibited an albino/variegated and

small phenotype used to live longer than normadsype plants (Figure 28, panel K).

From the lines were it was possible to obtain setts T2 generation was sowed on MS
media to analyse if the phenotype was reproducHner lines (9.2, 9.5, 9.6 and 11.3 clearly
segregated showing the same phenotype: the seegliagented albino cotyledons and green
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true leaves (Figure 28, panels M-P). The cotyledonsed to green after a few days. The
lines were also grown on MS media with and withsugiar and subjected to different light
conditions (constant low light, constant light, gpday and short day). No obvious effect on

the phenotype was visible due to the differenttligid media conditions (data not shown).

Figure 28: Phenotype of the AINIEP57 overexpression lines

Panel A to L shows the different phenotypes present in the T1 generation after stable transformation
of Col-0 plants with 35S::NIEP57. The age in days in given in brackets A: 8.1, (24 d); B: line 10.3, (27
d); C: 10.7, (43 d); D: 9.3, (47 d); E: 9.2, (50 d); F: 10.3, (50 d), G: 10.6, (50 d); H: 11.4, (52 d); I: 11.6,
(52 d), J: 11.5, (52 d); K: 11.6, (106 d); L: siliques of line 10.2. Panel M to P shows the phenotype
present in the T2 generation of line 9.5, (12 d). All plants were grown under a 16 h light period. Plants
on media: MS supplied with 1% sucrose.

To analyse if the phenotype was caused due to arexpression oAtNIEP57 RNA from
green and chlorotic sectors of the same plant s@lated, reverse transcribed, and the RNA
amount ofAtNIEP57was determined using quantitative real time RT RHEiBure 29). The
results showed that tiE®NIEP57gene is rather silenced than overexpressed ichlogotic
parts of the plant when compared to the green seofathe plant. Th@5S::NIEP57cDNA

thusmost likelycorresponds a transgene induced gene silencing.
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Figure 29: The 35S:: NIEP57 cDNA corresponds to a transgene induced gene silencing

A) Line 10.2 (T1), 47-days-old, grown under 16 h day light period. B) mRNA was prepared from the
green and chlorotic parts of the plant showed in A) and subjected to real time RT PCR analysis. PCR
products of 435 bp (actin) and 455 bp (AtNIEP57) are shown. C) The level of AtNIEP57 mRNA was
guantified and normalized to actin (n=1).

3.4.4 Inducible overexpression and RNAI linesfor AtNIEP57

Due to the embryo lethal phenotype in homozygoBNA insertion lines for NIEP57, the
almost absent AtNIEP57 RNAI lines obtained aftemsformation, and the induced gene-
silencing effect produced in the overexpressiordjninducible overexpression and RNAI
lines were produced in the following. For this ppsp, the same constructs used for the stable
overexpression and RNAI lines were subcloned ifte pOpOn and pOpOffll system
(Wielopolskaet al, 2005) and Col-0 plants were stable transform@&tis plasmid vector
system allows dexamethasone-inducible RNAI or oyaession of plant genes. Especially
the inducibility of an RNAIi knock-down from this sgm may be useful in helping to identify
the function of genes, which when constitutivelgrsted give embryo lethality or pleiotropic
phenotypes (Wielopolskat al, 2005), and thus are a suitable system to clarsetthe
physiological role of AtNIEP57 in the plant. Traoshed plants were selected in the T1 and
the T2 generation of the pOpOffll plants (RNAI) awdre treated using the inducible agent
dexamethasone. On the one hand seeds from the rMé&tagen sowed directly on MS +
dexamethasone media showed the same phenotype asrhktitutive overexpression lines
(Figure 30). On the other hand, plants were fillstaged to grow six days on MS media and
then transferred to dexamethasone. For these ptaetghlorotic phenotype appeared in new
developing organs, showing a similar effect as dbestitutively overexpression lines that
were green and then turned chlorotic from the msathe outside of the plant (not shown).
When plants directly grown on soil were treatedhwilexamethasone the effect was less
drastic and a chlorotic effect could only be achtkwn the stem (Annette Schock, personal
communication). These results confirmed the idest #n reduced level of AINIEP57 is

responsible for the chlorotic phenotype.
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Figure 30: Inducible RNAi of AINIEP57

12-days-old T2 generation of Col-0 plants transformed with the inducible RNAi system
AtNIEP57/pOpOffll grown on MS + 1% sucrose supplied with 10 pM dexamethasone. The plants were
grown in a 16 h light period, A) line 5.1, B) line 7.1, C) Col-0.

Due to the fact that AtNIEP57 is co-expressed wgdgnes involved in the thiamine
metabolism and that the phenotype of gene-sileddddEP57 is similar to the85S::IspH
cDNA transgene lines of IspH — an enzyme involvedhie non mevalonate pathway in the
plastid, in which the biosynthesis of the thiamprecursor 1-deoxy-D-xylulose 5-phosphate
is produced (Hsiebkt al, 2005) — an experiment to rescue the phenotypleed5S::NIEP57
lines supplying the media with thiamine and thiaentyrophosphate was performed. For that
purpose, twd5S::NIEP57lines (T2) showing a clear phenotype similar telB.5, (please
refer to Figure 28, chlorotic cotyledons at thediieg stage) as well as Col-0 were sowed on
MS media, supplied with 1% sucrose and thiaminthiamine pyrophosphate (0, 5, 30, 50,
100, 200 uM). Unfortunately the chlorotic phenotyoelld not be rescued by this experiment

(data not shown).
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V. Discussion

1 OEP24

OEP24 was initially discovered and well characestisn pea as @-barrel outer envelope
protein (Pohimeyeet al, 1998) and was proposed to be a high-conduct@tightly cation-
selective) solute channel. Moreover, PsOEP24 whstalreplace the mitochondrial VDAC
in yeast (Rohkt al, 1999), suggesting that OEP24 acts more or less @orin-like type of
channel that is principally permeable to small lopdhilic solutes and metabolites. Indeed
sugars, glucose 6-phosphate, gluconate, phospleglyacid, dihydroxyacetone, ATP,
acetate, malates-ketoglutarate, Pi and charged amino acids permeaateugh recombinant
PsOEP24 reconstituted into artificial lipid bilaggPohlmeyeet al, 1998). The existence of
two different isoforms irArabidopsisAtOEP24.1 and AtOEP24.2, with different expression
patterns during pollen and embryo development, sstggl that OEP24 could be important for
solute transport during pollen and/or embryo dgwelent. At the beginning of my work this
idea was strongly supported by the phenotype ptesernhe only Arabidopsis T-DNA
insertion mutant available for the study of OEP@dp24.1-1For this lineno homozygous
progeny for the T-DNA insertion could be isolatettiesegregation was of 50% wild-type,
50% heterozygous plants. Further, the heterozyguasts showed about 50% reduced
germination rates of pollen graim vitro. Gametophyte defects were reported also previously
for mutants of theArabidopsisplastid glucose 6-phophate/phosphate translocatrl.
GPT1 is a transporter located at the inner envelop@lastids and imports glucose-6-
phosphate into plastids of non green tissues (Migarnskiet al, 2005). A linkage between
GPT1 at the inner envelope and OEP24 seemed thysdmble with OEP24 being the
channel transporting small solutes including glee6gphosphate across the outer envelope.
To clear the situation of OEP24.1, a complementatissay was performed during my thesis
work thereby stable transforming heterozygamep24.1-1mutant plants with AtOEP24.1
gene to see if the gametophyte lethal phenotyptenmutant line could be rescued. As
previous attempts using the promoterQEP24.1and the cDNA failed to complement the
phenotype, an approach with tB&P24.1promoter and the entire gene was tested. Dueeto th
location of the T-DNA in the first intron of the ge (see Figure 3) and the deletion of
regulatory elements (MYBILEPR, CORECDC 3 and BOXpiloduced by this insertion
which perhaps have an important role in the exprasggulation of th®©EP24.1gene, this
experiment would be the only suitable to try to ptement the line. Unfortunately this
approach could not complement the phenotype aérotyping of 494 plants. Moreover, for
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the first time, the discovery of two homozygousefor theoep24.1-1T-DNA insertion in
the T2 generation that appeared after the compleen experiment but in plants not
transformed with th©EP24construct was really not expected. The fact thattethvas indeed
no transformedOEP24.1 construct in these lines was tested by PCR usmmgeps that
amplified only the stable transformé&EP24.1(OEP24.1gene specific primer and attB2
primer that amplified a part of the destination teeaised for the transformation), and two
more primer sets that amplified two independentoreg) (promoter region and 3'UTR region
were point mutations in theDEP24.1 complementation product were found). The
amplification and subsequent sequencing with tipeseer sets also proved the absence of a
stable transformation with tH@eEP24.1constructs in these lines. Further the plants wete
resistance to hygromycin (selection agent carrigdhle transformation vector). In summary
none of the two homozygous plants for thep24.1-1T-DNA insertion prove to be stable
transformed with th@©EP24.1gene construct used for complementation. The ibdatathe
lines indeed could be complemented by the tranddi@EP24.1by a stable transformation
only produced by a part of tli@EP24.1gene €.g due to a DNA rearrangement producing the
loss of the primer sites and hygromycin resistamge sufficient for the complementation)
seems not to be correct, since for all other tianséd lines the genotyping approaches could
be performed without problems. The only speculatiat can be made regarding these results
is that the homozygous lines that appeared heer aftveral self pollinations and one
transformation treatment lost some unknown regwyatactors linked with the gametophyte
lethality produced by the T-DNA insertion in theéron region of OEP24.1. This seems to be
the case due to the finding of ten more homozydioes in the T3 generation. Atlep24.1-1
homozygous lines found in the T2 and T3 generati@scended from the same line
transformed in T1 (line #4.3). It is well known ththe integration pattern of T-DNA
fragments not only affects transformation efficignand stability, but also expression
properties of the transgenes. The integration @torebackbone sequences into the plant
genome, producing potentially regulatory effectalso commor(for overview see Lee and
Gelvin, 2008). It is well known that introns displseveral active regulatory functions as well
(Morello and Brevaricet al, 2008), indicating a possible but unknown gamieytg specific
regulation mode of AtOEP24.1 that was lost in #spective line #4.3.

To clarify the situation of OEP24.1, the two othmutant lines were characterised. The
homozygousoep24.1-2overexpression line showed no obvious phenotypenwdnalysed
under standard conditions, although an increaspresgion for more than 200 times could be

shown (see Figure 4A and B) as well as an increasige protein level. However, after the
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characterisation of the TILLING lineep24.1-3it can be concluded that the gametophyte
phenotype demonstrated in thep24.1-1line is maybe independent of t&P24.1gene due

to the presence of homozygoaep24.1-3plants that for the point mutation show a clear
frame shift in the transcript. Certainly, here theestion is open, if the missplicing affects all
the transcripts oOEP24.10r only a part, giving normal transcripts @EP24.1at all, which
are enough to support the OEP24 function in thetplln this work, two independent
amplification and sequencing results of the cDNAep24.1-3homozygous mutants showed
only the misspliced form of the cDNA. An immunodestion showing the knock-out status
of this line at the protein level could not be penfied due to the similarity of OEP24.1 and
the OEP24.2 isoform, which is still intact in thise. In summary, the physiological role of
OEP24.1 inArabidopsiscould not be clarified using the mutant lines &alde.

A further characterisation of OEP24.2 was also passible due to the high amount of
background mutations and phenotypes present inriheTILLING mutant line available for
OEP24.2. It is well known that this kind of mutdimes harbour a high mutant background
due to the mutagenesis technique, which they areced. It was previously estimated, on
average, that each M2 TILLING plant carries 720 atiohs, whereas for the T-DNA
populations only 1.5 insertions per line are foimdl et al, 2003; Alonscet al, 2003, for

overview see Kurowsket al, 2011).

In spite of the different expression patterns ahlieoforms, the similarity between OEP24.1
and OEP24.2 could also be a reason why the singi@ants do not show any visible
phenotype. It may be possible that one isoformreglace the absence of the other. It would
be therefore reasonable to cross both homozygdudNG lines from each gene, to analyse
if a phenotype linked to the impaired transportazaty of OEP24 in a double mutant could
clarify the physiological role of OEP24 during thtant life. Prior to this experiment both
TILLING lines however should undergo intensive badssing with wild-type due to the
possible multiple background mutations present.

2 OEP21

Like OEP24, OEP21 was first discovered and charget in pea andn vitro studies
proposed OEP21 as an important transporter of pyiplotosynthesis products of the outer
envelope of the chloroplast (Béltet al, 1999) transporting HP® and phosphorylated
carbohydrates (triosephosphate, 3-phosphoglyce@die-6-phosphate)n vitro a regulation
of the recombinant PSOEP21 channel was proposetbdhe existence of two ATP-binding

sites: one high affinity site and the second haringuan FXK motif (Hemmleret al, 2006).
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In Arabidopsisthe OEP21.2 isoform is equipped with the,RXnotif, while for the second
isoforms, OEP21.1, as well as in other plants gsethe conserved phenylalanine is changed
by to a leucine. It was shown previously that tHEPAbinding site of CAATPases is given
by the conserved lysine rest present in both ise$oand that the phenylalanine — in the case
of OEP21.1 the leucine — delivers more a stabflityction (for overview see Kuhlbrandt,
2004). However,in vitro electrophysiological studies showed that the preseof the
phenylalanine in PSOEP21 and AtOEP21.2 has a fumati channel rectification (Hemmler
et al, 2006). InArabidopsisboth isoforms are very similar and due to a basdlrelative low
expression of both isoforms in all plant tissues,wias assumed that both isoforms
independently can form a functional channel. Thas wonsistent with the observation of no
obvious phenotype of the single mutants for botifiolsns under standard conditions. In my
work it was clarified that onlyep2l.1-1corresponds to a knock-out of OEP21.1 at the
transcriptional level. In contrasgep2l.1-2— with the T-DNA insertion in the intron —
corresponded to a knock-down line for OEP21.1 (Begure 8). No alteration in the
expression level of OEP21.2 could be seen in bo#s lexcluding the idea of an induction of
OEP21.2 to support the absence of OEP21.1. Theeguest analysis of the double mutant
was performed only on the descendants fimep21.1-1crossed withoep21.2-1 Only one
homozygous double mutant was found after genotypi@plants. The percentage of double
mutants lines found for this cross was thus reddyivow (0.26%) but could be expected as
both genes are located on the same chromosomet avak itherefore necessary to have a
crossing over event to get the double mutant. TE#Z1 double mutant could be well
characterised at the protein level (see FigureD@e to the fact that the antiserum against
AtOEP21.1 recognizes both isoforms of OEP21, tkeltef the immunodecoration showed
that — althougtoep21.2-1is a TILLING mutant harbouring a point mutationthre last exon

of the protein, leading to a premature stop intthaslation — the truncated OEP21.2 protein
is totally degraded in the double mutant giving@&P21 at all (see Figure 9). The double
mutantshowed also no obvious phenotype when grown agréifit light conditions, although

a de-regulation of the carbohydrate metabolismhefglant was expected. Therefore, a more
detailed characterisation of the mutant proteont aralysis of the metabolites involved in
glycolysis and citric acid cycle as well as of sisgand amino acids was performed.
Previously, amrabidopsisknock-out mutant for the triose phosphate/phosplrainslocator
located at the inner chloroplast envelope showedraalation of starch content and reduction
of sucrose and glucose (Schneideal, 2002). 3-phosphoglycerate and triosephosphate we

also increased in the mutant line. The lack ofsgghosphate export for cytosolic sucrose
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biosynthesis was almost fully compensated by acateld starch turnover and export of
neutral sugars from the stroma throughout the &ohreideret al., 2002). An expected
similar phenotype was not detected for the OEP2blkgomutant line, instead changes in the
amount of amino acids were observed in the OEP@letexpression line when compared to
the double mutant, double wild-type and OEP21.1memented double mutant. In particular
an enhanced amount of aromatic amino acids wasctddtendicating a possible higher
transport carbon for the synthesis of these amiidsathat are exclusively produced in
plastids. In summary these results indicate at libed OEP21 seems not to play an essential

role in the plant modeArabidopsis

The results obtained for OEP24 and OEP21 howeverhat exclude the idea of the
selectivity in transport capacity of the OEPs.duld be possible that some of them indeed
harbour overlapping functions vivo, compensating in this way the absence of the @e?

in Arabidopsis As described previously, OEP24 vitro is also capable to transport
hexosephosphates as well as phosphoglyceric addinieyeret al, 1998) indicating a
possible compensating transport activity for thebochydrate metabolism. This may be the
case for OEP24 and OEP21 but not for the well dtar@ed amino acid-specific OEP16
where a loss of the protein causes a metabolic lanbe, in particular that of aspartate-
derived amino acids during seed development arlgt garmination. Thus here it is evident
thatin vivo OEP16 can function in shuttling amino acids actbgsouter envelope of seed
plastids (Pudelsket al, 2011). It may also be possible that the C3 mptiitArabidopsisis

not the most suitable system to study the physicéddunction of OEP21 and OEP24. In
comparative proteomic studies of chloroplast erpelmembranes between C3 plants (pea)
and mesophyll cell C4 plants (maize) it could bevam that OEP24 as well as OEP37 show a
major relative increase in C4 plants (Brautigamal, 2008a), maybe to compensate the
higher metabolite flux between chloroplast and sgton C4 plants. In contrast, OEP21 was
reduced in relative abundance and OEP16 did ndérdih relative spectral abundance
between C3 and C4. OEP24 was also found to bergreseroplastid envelope proteomic
analysis (Brautigam and Web@009). Proplastids present in the meristemswgplied with
reducing power, energy and precursor metabolit@® fihe cytoplasm and provide branched
chain and aminoacids, fatty acids and lipid as waslinucleotide precursors to support cell
growth. An elevated transport activity and therefaxpression of transporters at both
membranes of the chloroplast is expected (BrautigadhWeber, 2009).
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3 New chloroplast envelope proteins

At least two new envelope membranes proteins NIER&®I/NOEP40 located at the inner and
outer envelope of the chloroplast respectively ddug discovered after searching for new
envelope membrane proteins of the chloroplasttitisisearch a different approach as the one
used to discover the already known OEPs was peeirifhe approach | used was not based
on the amount of the proteins present in the certgelope; instead a more fine selection was
applied based on some characteristics of the alrkadwn OEPs and their related proteins
found in Gram-negative bacteria. The most importamaracteristics included: different
running behaviour in urea SDS-page, presence iora@bllast membrane preparations, basic

isoelectric point, no transit peptide awbarrel structure prediction.

3.1 NOEP23

AtNOEP23 was present in a chloroplast proteomebdamwith subplastidial localisation and
was afterwards annotated as a putative but stdlean envelope protein (Ferat al, 2010).
The idea of NOEP23 being an outer envelope pratkethe chloroplast, harbouringBabarrel
structure was strengthened after the structure igireals proposed by the algorithms
presented in the ARAMEMNON database (Schwaekeal, 2003): absence of classical
transit peptide which is common for outer envelopambrane proteins (Schledt al, 2003)
and noa-helical transmembrane domains. NOEP23 thus possess features of the outer
envelope proteins of the chloroplast where reltivigtle is known about the membrane
integration mechanisms (for overview see Waltteal, 2009). Unfortunately the localisation
for PSNOEP23 could not be verified when testingedént pea subcellular fractions by
immunoblot (outer and inner envelope, stroma, nsionoal fraction) or pea mitochondria.
Instead plasma membrane like signals were detéctednsient transformation of mesophyll
Arabidopsisprotoplast using AtINOEP23 with a C-terminal GFBe($-igure 15). Regarding
the unsuccessful localisation by immunodecoratiomay be possible that the protein is low
expressed in the tested outer envelope of the apllmst of young pea leaves. The proteomic
analyses were initially all new candidates weraiified was performed on the same type of
pea outer envelope preparation. A low expressiothefprotein in these samples can be
deduced due to the representation of PSNOEP23 lgyooe short peptide in one sequenced
band. These results lead also to the question ERZ3 belongs at all to the chloroplast outer
envelope or if the peptide found in the proteonmalgse corresponds to a contamination of
the sample. The AtNOEP23 T-DNA insertion mutantated at the 3'UTR so far did not help

in the physiological study of the protein duringaml development therefore further
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characterisation of NOEP23 has to be addressedtumef studies. To clarify the subcellular

localisation of the protein maybe the generatioa eécond antiserum would be helpful.

3.2 NOEP40

AtNOEP40 instead was not present in the chloroglasteome database with subplastidial
localisation (Ferreet al, 2010), but according to the results of my thesisk is very likely to

be a classical outer chloroplast envelope profsnNOEP23, NOEP40 had no transit peptide
or a-helical transmembrane domains predicted. The giiediby ARAMEMNON (Schwacke
et al, 2003) suggests RA-barrel structure although the predictions fbarrel forming
proteins are complicate due to the short membrpaarsng regions and high variations in
properties when compared wiikhelical membrane proteins (Y& al, 2011 and references
therein). AINOEP40::GFP failed to yield a chloragtlanvelope signal (see Figure 15) which
is common for outer envelogebarrel proteins that for GFP-targeting ratherrarss targeted
and aggregate in the cytoplasm (personal commuacKt Philippar).This phenomenon can
be attributed to the structure and insertion mesharof the OEPs into the outer envelope
membrane. The only OEP that gives clear envelopaligation by GFP is the short OEP7
which inserts into the outer envelope membrane lastigs by onea-helix. The
immunodecoration in contrast confirmed the locaikisaof NOEP40 at the chloroplast outer
envelope in pea unequivocally (see Figure 17).fabethat NOEP40 is a protein present only
in higher plants and not in bacteria is a feativ@ead with the already known OEPs and is
explained by the high mutation rate in amino a@duence of bacterial porins and channels
(in particular in domains facing the external medjunaking traditional phylogeny based
solely on the primary sequence impossible (for wesr see Duyet al, 2007). For the
observation of the NOEP40 co-expressed proteirsswtorth to highlight the mitochondrial
lactate dehydrogenase (AtD-LDH) and a chloroplastajive glyoxalase. AtD-LDH is
proposed to participate in methylglyoxal detoxifioa in the mitochondria catalysing the
reaction from D-lactate resulting from the cytoptés glyoxalase cycle into pyruvate
(Engqvist et al. 2009). Methylglyoxal corresponds to a cytotoxicoguct formed
spontaneously in plants by nonenzymatic mechanismaer physiological conditions from
glycolysis and from photosynthesis intermediates ghgceraldehyde-3-phosphate, and
dihydroxyacetone phosphate. It was previously shtha its production in various plants is
enhanced under stress conditions and has negaingeguences on cellular systems (for
overview see Hossaint al, 2011). The putative glyoxalase located in théordplast is
involved in carbohydrate metabolic processes and stess (TAIR, Lamescét al, 2011).

Theseobservations can be linked to the phenotype obdeitvehe NOEP40 knock-down
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mutants grown at low temperature conditions (10°us, a potential transport function of
NOEP40, which has an impact on metabolic signallinggrowth and developmental
processes as well as during abiotic stress islples$iurther characterisation of the RNAi and
overexpression lines and the second T-DNA inserlioa as well as electrophysiological

studies will help to elucidate the function of NGEP

3.3 NIEPS57

AINIEP57 was present in the chloroplast proteontaliese (Ferret al, 2010). After then
silico characterisation classical chloroplast transittigep four a-helical membrane domains
and GFP-targeting results, the confirmation of lbwalisation to the inner envelope of the
chloroplast by immunodecoration was shown (see rEidgli7). Thus is a clear case of
contamination of the outer envelope membrane sathplewas sent for peptide sequencing,
although an additional step of outer envelope ation was performed. In the sequencing
data indeed contamination of already known protéocated at the inner envelope of the
chloroplast such as components of the TIC compEKLI10 and TIC55), stroma (large
subunit of RuBisCo, RuBisCo activase) and thylakqillb3, LHCA3) were found.

The interesting embryo lethal phenotype of NIEP&@dk-out mutant, however suggests an
elemental function of the protein. AtNIEP57 wasvwasly described as a plant specific
solute transporter protein (Tymt al, 2007) and the hydrophobicity test (see Figurg 18
proved that NIEP57 corresponds to an integral man®iprotein as it is expected for a
transporter. To be able to transport solutes andaboétes at least four or more
transmembrane domains are required (Linka and We20&0 and references therein). To
analyse the topology of PSNIEP57, several protéolggperiments as well as a PEGylation
assay were performed and a topology of four transonane domains with the N- and C-
termini orientated towards the intermembrane spe&e proposed (see Figures 19 and 20).
The topology proposed should still be taken withrecand more detailed analysis should be
performed in order to confirm the prediction. Tardly this situation, peptide antiserum
raised against a sequence located at the N-terparabf the protein was ordered. The long
N-terminal part of NOEP57, facing the intermembrapace could possibly be involved in
the recognition of metabolites to be transportedhigher plants two to three isoforms for
NIEP57 were found for several species, and onersupgshowed a longer N-terminal part
suggesting different adaptations of NIEP57. It wdobé also interesting to analyse in more
detail the glycine and aspartic acid rich motifreg soluble N-terminal part of some NIEP57.
The C-terminal domain of unknown function (DUF 3%1dund for AtNIEP57 is also present
in several unknown chloroplast-locatédabidopsis proteins and in the related protein
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AtRER1. AtRERL itself is related to two additionedknown proteins, one of them showing a
reticulation phenotype in cotyledon and leaves upatation (Gonzalez-Baydet al, 2006).

Three of four independent homozygous T-DNA linesvged that AtNIEP57 is an essential
embryo protein, causing lethality and aborted emgeyesis in the globular stage when
missing (see Figure 27). For the fourth limep57-4 no aborted embryo or other
abnormalities as missing seeds could be detectiedugih no homozygous plants were found
after genotyping 41 plants and the segregationysaisafor this line suggested embryo
lethality (see table 10). In the future, germinatanalysis should be performed for this line to
discard any effect of NIEP57 in this process. Uniioately the 3’ end of the T-DNA insertion
could not be determined and further characterisamoanalyse if the T-DNA is spliced out
also failed. Although the other three mutant linelearly showed aborted embryo
development, the segregation ratio of about 50%l-tyipbe:50% heterozygous points to a
defect in gametophyte transmission. In order tccaldis impairment in female or male
gametophyte transmission, reciprocal crosses wild-type should be carried out. The
heterozygousiep57 mutant plants showed no phenotype when comparehetavild-type,
indicating that thaniep57mutation is completely recessive. One copy ofNheP57 gene is

able to produce sufficient protein for normal pldetelopment.

In the last years many nuclear genes that encoligophast proteins required for proper
embryo development irArabidopsis were described. Three major types of chloroplast-
localised proteins appear to be most frequentlyo@ated with embryo lethality in
Arabidopsis(1) enzymes required for the biosynthesis of anaicids, vitamins, nucleotides,
and fatty acids; (2) proteins required for the impmodification, and localisation of essential
proteins within the chloroplast; and (3) proteiaguired for chloroplast translation (Bryagit
al., 2011). The plastidial glucose-6-phosphate/phatplantiporter GPTtlescribed as the
major route of entry of carbon into non-photosytithplastids was also shown to be essential
for morphogenesis ifrabidopsisembryos (Andriotiset al, 2010). Developmental arrest
generally occurs at around the globular stage pgoothe formation of embryonic organs,
suggesting that some specific plastid functionseasential for embryo development, many of

them at the stage of chloroplast differentiatiomdAotiset al, 2010 and references therein).

The induced AtNIEP57 silenced plants showed th&R%I7 is not only an essential protein
for embryo development but also important in thgetative life of the plant. The chlorotic
phenotype is given by the coordinated silencinghef transgene, arising spontaneously and

independently from multiple sites of the plant, espteading towards younger tissues (see
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Figure 28). Interestingly, a very similar phenotypas described previously hrabidopsis
transgenic35S::IspH (Hsieh et al, 2005) with the same silencing effect 28S::NIEP57
IspH corresponds to a plastid enzyme involved i phastid non-mevalonate pathway of
isoprenoid biosynthesis. In plants, the mevalogt¢A) and non-mevalonate pathways are
compartmentalizeoh the cytoplasm and plastid, respectivdllge cytosolic pathway proceeds
through the intermediate mevalonate and providesupsors for sterols and ubiquinone. The
plastidial MVA-independent pathway is used for thynthesis of isoprene, carotenoids,
absisic acid, and the side chains of chlorophyiid plastoquinone (Laulet al, 2003 and
references therein). Although this subcellular cartrpentalization allows both pathways to
operate independently in plants, there is evidehae they cooperate in the biosynthesis of
certain metabolites (Laulet al, 2003 and references therein). A linkage betwten
phenotype in both silencing mutant lindspH and niep57 can suggest that NIEP57 is
involved in the transport of metabolites relatedthie plastid-intrinsic non-MVA pathway.
Interestingly the co-expression data relates NIE#®She plastid thiamine metabolism and to
pyruvate transport, two events connected with thie-MVA pathway as well (Hsiekt al,

2005; Lauleet al, 2003 and references therein).
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VI. Outlook

Electrophysiological characterisation of NOEP40 AHP57 is fundamental to clarify if the
proteins are transporters. For that purpose finst purification of recombinant NIEP57
protein in heterologous systems has to be optimisede other expression systems tlkan
coli (e.g. yeast) and NIEP57 proteins from other omgasi than pea should be tested.
Topology characterisation of PSNOEP40 by circuiahism (CD analysis) will hopefully
confirm the B-sheet structure and crosslink experiments as \asll blue native gel
electrophoresis gels will reveal if NOEP40 and NBEHorm multimers. To elucidate the
function of both new envelope proteins metabolgenell as transcriptomic analysis should
be performed with the characterised mutant lines. WIEP57, the inducible RNAI lines
created in this work will allow the characterisatiof the function of the protein in the
vegetative life of the plant. Additionally, for NHES7 transmission electron microscopy of the

chlorotic leaves would be helpful to analyse if &odv the chloroplast biogenesis is affected.
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