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Summary

Chloroplasts evolved from cyanobacterial ancestors about 1.5 billion years ago because of an
endosymbiotic event that culminated in extensive gengansfer to the host cell. Only few genes
remained, constituting the genome of the chloroplasts found todayAs a result, chloroplast
biogenesis requires the expression of the genes enced both in the nucleus and chloroplast,
thus, demanding proper trafficking of the translated proteins to the organelle and through the
chloroplast envelopes. Highly regulated quality control and transportation systems are
required to maintain cellular homeostasis. The main pathways and essential protein
components were chaacterized long ago. Although the intermediate associating proteins are
still missing, the conventional biochemical methods limit the investigation of transient protein
protein interactions in vivo. Here, we provide a detailed optimization procedure for théiotin
ligase mediated proximity labeling approach, enabling the detection of transitory protein
interactions in vivo. Furthermore, we generated an interaction network map fothe AtTrxM2,
AtTic40 and AtPicl, using the optimized proximity labeling procedue. The proteininteraction
network revealed that the AtTic40 interacts with the stromal chaperones Hsp70 and Hsp90
precisely. Stic2 was also reported to associate with the proteins TrxM2, Tic40, aneicl,
referring to the involvement in a common moleculapathway.

Method development is crucial for addressing unsolved scientific debates; thus, we developed
an approach for enabling organellespecific mutation selection. For this reason, we have
combined the split enzyme technology with EM$nediated chemicalmutagenesis to create a
DHFR* reporter-based protein fragment complementation assayHere, we describe the
procedure and provide evidence for the reconstitution of split proteing demonstrating the
applicability of the platform for forward genetic studies.

The potential chemical reactivity and the tertiary structure of the protein also influence the
regulatory properties of the metabolic pathways, leading amino acids to be the rigets for
biochemical characterization. AtToc751ll is an essential protein for translocation of
chloroplast destined peptides, functioning as a molecular pore within the TOC complex. Its
unique POTRA domain compromises five cysteines, three of which arse to constituting
disulfide bridges. Here, we biochemically analyze the bonding potentials of the three cysteines
and further investigate their significance by creating complementation linesAs a result, we
demonstrated that intermolecular disulfide bonding is not essential for the proper function of
POTRA domain.




Zusammenfassung

Chloroplasten entwickelten sich vor etwa 1,5 Milliarden Jahren aus cyanobakteriellen
Vorfahren durch ein endosymbiotisches Ereignis, das in einem umfangreich&entransfer auf
die Wirtszelle gipfelte. Es blieben nur wenige Gene ubrig, aus denen das Genom der heutigen
Chloroplasten besteht Infolgedessen erfordert die Chloroplastenbiogenese die Expression von
Genen, die sowohl im Zellkern als auch im Chloroplastdodiert werden, was wiederum einen
ordnungsgemalfien Transport derProteine in die Organelle und durch die Chloroplastenhdllen
erfordert. Zur Aufrechterhaltung der zellularen Homoostase sind hochregulierte
Qualitatskontroll- und Transportsysteme erforderlich. Daher wurden die Hauptwege und ihre
wesentlichen Proteinkomponenten schon vor langer Zeit charakterisiert. Obwohl die
zwischengeschalteten assoziierten Proteine noch fehlen, schranken die konventionellen
biochemischen Methoden die Untersuchung transielet Protein-Protein-Wechselwirkungenin
vivo ein. Hier stellen wir ein detailliertes Optimierungsverfahren fir den BiotinLigase
vermittelten Proximity -Labeling-Ansatz vor, mit dem voriubergehende Proteininteraktionerin
vivo nachgewiesen werden konnen. Dattier hinaus haben wir fur jedesAtTrxM2-, AtTic40-
und AtPicl-Protein mit Hilfe des optimierten Proximity-Labeling-Verfahrens eine
Interaktionsnetzwerkkarte erstellt. Das ProteinInteraktions-Netzwerk zeigte, dassAtTic40
mit den stromalen Chaperonen Hsp70 und Hsp90 interagiertes wurde auch berichtet, dass
Stic2 mit den Proteinen TrxM2, Tic40 undPicl assoziiert ist, was auf eine Beteiligung an einem
gemeinsamen molekularen Signalweg hindeutet.

Die Entwicklung von Methoden ist fur die Lésag ungeldster wissenschaftlicher Probleme von
entscheidender Bedeutung; daher haben wir einen Ansatz entwickelt, der eine
organellenspezifische Mutationsauswahl ermdglicht. Aus diesem Grund haben wir die Split
Enzym-Technologie mit der EMSrvermittelten chemischen Mutagenese kombiniert, um einen
DHFR*Reporter-basierten ProteinfragmentKomplementierungstest zu entwickeln. Hier
beschreiben wir das Verfahren und erbringen den Nachweis fir die Rekonstitution
aufgespaltener Proteine, wodurch die Anwendbarkeit de Plattform flr vorwartsgerichtete
genetische Studien demonstriert wird.

Die potenzielle chemische Reaktivitdt und die Tertidrstruktur des Proteins beeinflussen auch
die regulatorischen Eigenschaften der Stoffwechselwege, was dazu fiuihrt, dass Aminoséuren
die Ziele fur die biochemische Charakterisierung sindAtToc75-11l ist ein wesentliches Protein

fur die Translokation von fir den Chloroplasten bestimmten Peptiden und fungiert als
molekulare Pore innerhalb des TO®omplexes. Seine einzigartige POTRBAomanebesteht aus
funf Cysteinen, von denerdrei kurz davor stehen Disulfidbriicken zu bilden. Hier analysieren
wir biochemisch die Bindungspotenziale der drei Cysteine und untersuchen ihre Bedeutung
weiter, indem wir Komplementationslinien erzeugen.Damit konnten wir nachweisen, dass die
intermolekulare Disulfidbindung fiir die ordnungsgemalf3e Funktion der POTR®omane nicht
wesentlich ist.
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1 Introduction

1.1 The Origin of Modern Plant Cell

4T AAUBO T EAA 11 A AmmGuetion dhizidreAk©dowvnl methl@lid SuBsirates

and it is mainly constructed with a series of chemical reactions termed photosynthesighis is

a biological process wherethe 3 0T 6 0 AT AOCU EO A A®@ChemicaAl A  (
reactions, which converts the light energy into chemical energy to drive cellular processes
(SanchezBaracaldo & Cardona, 2020)Plants can enable photosynthesis reactions withirthe
organelle called chloroplast which are found to be derived from a cyanobacterial ancestor. This
phenomenon is best explained by the endosymbiotic #ory (Figure 1), claiming that
chloroplast and mitochondria were once frediving prokaryotes and became functional

organelles of eukaryotic cell{Gray, 2017)

OO

Prokaryote Cell Nucleus Formation Engulfment of Engulfment of Eukaryotic
a-proteobacterium cyanobacteria Plant Cell

Figure 1: The endosymbio tic theory states that the origin of the mitochondria and chloroplasts

were prokaryotes. The nucleus is formed around the genetic information creating an enclosed
compartment. Later. t£E A -prpteobacterium, the ancestor of the mitochondria, was mgulfed and
became internalized. The engulfment of a cyanobacteim by a eukaryote already containing
mitochondria gaverise toOT AAUG O DIl AT O A AdimodkBet B.@EAANT A AAOAA 11
Approximately 1.5 billion years ago, cyanobacteria were engulfed by prokaryote which
already contained mitochondria(de Vries & Archibald, 2017) The bacterial genome size has
dramatically reduced during its evolution due to the massive genetic material transfeirom
photosynthetic cyanobaderial endosymbiont to the emerging host nucleus thus, the host
nucleus took over the cyanobacteria contro{Gross & Bhattacharya, 2009a; yall et al., 2004)
Accordingly, the chloroplast genome encodes only ~20M®f the 3500-4000 plastidial proteins,
whereas the remaining are nuclearencoded (Richly & Leister, 2004; Timmis et al., 2004,
Martin & Herrmann, 1998). As a result, nuclear encoded chloroplast proteins are synthesized

in the cytosol and translocated post translationally to the relevant organell@yall et al., 2004)




1.2 Protein Translocation Across the Membranes and Its Regulatory Components

As a result of the massive gene transfer to the nucleus, the return of thkeloroplast-destined
proteins requires a well-established protein transport system termed TOC and TICGross &
Bhattacharya, 2009b) (Figure 2). Therefore, nuclearencoded poteins targeted to the
chloroplast contain a transit peptide by which the recognition of TOCcomponents is mediated
and translocation through the membranesis maintained (Bruce, 2000). The transit peptide
sequencemostly resides in the Nterminal region of the protein and will be cleaved offonce the
protein reaches the final destination(Bruce, 2000; Richter & Lamppa, 1998)Although only
limited research was available about transit peptidessome general properties wereobtained,
such as umstructured behavior in aqueoussolutions (Wienk et al., 1999;Endo et al.,1992),
high serine and proline abundancy (Karlin-Neumann & Tobin, 1986) absence ofacidic
residues (von Heijne et al., 1989) having lengthsof 10-150 amino acids(Teixeira & Glaser,

2013).

Nucleus Preprotein

’Chaperone complex

E

Cytosol

Outer
Envelope
Intermembrane
Space
— —  Inner
Tic110 _ Envelope
Redox
Regulon
Stroma

Figure 2: General representation of p rotein translocation system and its regulatory components .
Nucleus encoded chloroplast destined proteins should pass through a double membrane system
consisting ofthe outer and inner envelopesof the chloroplast. Firstly, preproteins are recognized by
GTRdependent receptor proteins Toc159 and Toc34then delivered to the channel protein Toc75.
Later, Tic22 assists the preprotein passage across intermembrane spadée inner envelope harbors




two translocation channels Ticl110 and Tic20, hypothesizing two independentpathways for the

DOADOT OAtE thédshoma. Mdreover, Tic110 $ proposed to be involved in post translocational
events by recruiting stromal chaperones associatewith Tic40. The redox regulon of inner envelope
may enablethe import regulation in close association with thioredoxins.Scheme based oiChen et al.,
2018; Balseraet al,, 2009%; Kikuchi et al., 2006; Chen et al., 2002; Heins et al., 208&ichler et al., 2002;
Stahl et al., 1999Kouranov & Schnell, 1997; Kessler et al., 1994)

Along the way to the organelle, preproteins are assisted by the chaperones, specifically
cytosolic Hsp90 (Qbadou et al., 2006)or guidance complex consisting of Hsp70 and 13-3
proteins (May & Soll, 2@0), to prevent their aggregation. Once the preprotekthaperone
complex reaches the surface of the chloroplastthe transit peptide is recognized by the
components of TOC, consisting obne channel (Toc75) andtwo GTPase (Tocl59,Toc34)
proteins (Becker et al., 2004; Hinnah et al., 2002 he chaperones bound to the preprotein
determine which receptor to interact with, either Toc159 or Toc34 in a GT#lependent
manner (Qbadou et al., 2006; Becker et al., 2004; Hirsch et al., 1994; Kessler et al., 1994)
Afterward, the preprotein passes through the Toc75, the mairmport channel embedded in the
outer envelope membrane and reaches the intermembrane space (IM§Hinnah et d., 2002).
The transition from IMS to TICis facilitated by Tic22, the only protein in IMS invohed in
protein translocation (Rudolf et al., 2013; Glaser et al., 2012; Kouranov et al., 1998)though
there are several theories concerning the components ahe TIC apparatus, Ticl10 was
identified a few decades ago athe first contact of incoming preproteinsat the inner envelope
membrane (Schnell et al. 1994). Thus, theTic110 has been proposed to be the major channel
in the TIC complex(Balsera et al., 2008; Kovacheva et al., 2005; Heins et al., 200however,
Tic20 was also found to possess channérming characteristics (Kikuchi et al., 2009;
Kouranov et al., 1998)Purification of a 1 mega Dalton TIC complex revealed that the proposed
TIC translocon with Tic20 as the main channel is composed of the furtht#ree proteins: Tic56,
Tic100, and Tic214(Kikuchi et al., 2013) Although more research into their separate functions

in protein import is required, it is important to note that Tic214 is chloroplast encodedwhilst
Tic56 and Tic100 are nuclear encodedKikuchi et al., 2013) The preprotein import from the
Tic110 is mediated by he Tic40(Chou et al., 2003)and Hsp93(Chou et al., 2006)follow ed by
the interaction of Hsp70 (Chou et al., 2006)and Hsp90(Inoue et al., 2013) Upon reaching the
000iT i Ah OEA DOADPOI OAET 60 OOAT OEO DPADPOEAA EO
peptidase (SPP)(Trosch & Jarvis, 2011)and subsequently folded into native form with the
assistance of stromal chaperone¢Goloubinoff et al., 1989) Recently, another potential TIC

component termed Tic236 was identified as an intgral membrane protein associa¢d with




Toc75, TicllO, Tic20 and Tic40; thus, providing a physical link between TOC and TIC
complexes (Chen et al., 2018)

The import process has been reported to be regulated by the reciprocal actidretween Tic110
and the redox regulon, which is composed of Tic62, TicSand Tic32 (Stengel et al., 2009)
Tic32 and Tic62 are classified as dehydrogenasesnteracting with Tic110 in a NADP+/NADPH
dependent manner (Benz et al., 2009; Chigri et al., 2006)Additionally, Tic55 is a Rieske
protein and identified as a potential thioredoxin target(Hsu et al., 2022; Bartsch et al., 2008)
In principle, the redox system is connected to the protein translocation system, which
modulates the efficiency of the protein import in response to cellular stimuli and allows the

entire organism to acquire about the physiological prerequisites

1.2.1 AtToc75

Toc75 was first identified in pea Pisum sativum as one of the components othe protein
translocation system (Waegemann & Soll, 1991) forming the import channel across the
membranes (Tranel et al., 1995; Schnell et al., 1994)ts function in the import process was
discovered via crosslinking of Toc75 to the small subunit of ribulosell5-bisphosphate
carboxylase (pSSUJMa et al., 1996; Perry & Keegstra, 1994The structure information was
obtained through the topology studies demonstrating a pore with 16 membranespanning (¥
sheets (Hinnah et al., 2002; Sveshnikova et al., 2000The pore size of the channel was

measured as 1426 A by reconstitution ofPsToc75 into liposomes (Hinnah et d., 2002).

A homolog of Toc75 was identified in the cyanobacterium Synechocystissp. PCC6803(
Reumann et al., 1999 Bolter et al.,, 198), indicating a prokaryotic origin of a central
component of the protein import machinery in chloroplasts After this discovery, further
homologs to the cyanobacterialSyriToc75 were found ingram-negative bacterig specified in
protein assembly in the outer membrangVoulhoux et al., 2003) Toc75 belongs to the protein
family of Omp85, consisting of proteins involved inpassive diffusion, import of nutrients and
proteins, and outer envelope biogenesi§Wu et al., 2005; Genevrois et al., 2003; Voulhoux et al.,
2003). The characteristics of this familyof proteins are associated witha GOA O E-bakdl
domain (Schulz, 2002; Buchanan, 1999and an N-terminal polypeptide transport-associated
(POTRA) domain(SanchezPulido et al., 2003) The POTRA domain is suggested to act as a
chaperone (SanchezPulido et al., 2003), involved in preprotein recognition and translocation

complex assembly(Ertel et al., 2005) Although the POTRA domain is necessary for the goer
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function of Toc75, the orientation remains ambiguous. It hadeen shown that the POTRA
domain faces the cytoplasm by selfassembly GFP baseith vivo approaches andn situ topology
studies (Sommer et al., 2011) However, another study has proposed thahe POTRA domain
resides in the intermembrane space by IBC and immunogold labelindChen et al., 2016) The
structural evidence has supported the intermembrane space localization ¢fie POTRA domain
and the chaperonelike functionj / 6 . AET  A;Gaccddinglyy the¢GOAYOA E-bakdl
domain forms a channel, while the POTRA domain féitates protein transportationj / 6 . AET A
al., 2017; Paila et al., 2016)The mature form of Toc75lll harbors three POTRA domains, each
of which is essential for protein function since the expression of Toc78I lacking one or more
POTRA domains isnsufficient to complement the embryclethal phenotype of thetoc75 null
mutantsj / 6. AET AO Al 8h ¢mnpxQ

Arabidopsis thalianaencodes three Toc7%5elated proteins in its genome among which is
AtToc751ll, isan essential genedemonstrated with the embryo lethality of the null mutants
(Baldwin et al., 2005) Moreover, AtToc75-Ill exhibits the most sequence similarity in silico
(%73) to PsToc75 (Baldwin et al., 2005) With these twoshreds of evidenceit can be suggested
that AtToc75-1l is the main channel protein concerning import apparatus. The second protein,
AtToc751V, shows 60% sequence similarity withPsToc75 (Baldwin et al., 2005) It also does
not contain a large Nterminal domain which causes the lak of transit peptides and showsa
low expression profile (Baldwin et al.,, 2005) In addition, AtToc75IV null mutants are
inefficient for de-etiolation (Baldwin et al., 2005) suggestingthat the AtToc75I1V has an
essential role in etioplast development a transitional stage of mature plastid development
Bioinformatic analysis has revealed that the Arabidopsis genomeas another geneAtToc75,
from the AtToc75 family (Baldwin et al., 2005) However, the lack of gene expression led to the
conclusion that AtToc751 is a pseudogene that contains a transposon insertion and several
mutations (Baldwin et al., 2005) Another gene AtToc75-V, was first thought to be aPsloc75
homolog due to the phylogenetic analysi$Eckart et al., 2002) However, it has been renamed
Outer Envelope Protein 80 (OEP80) afteidentifying the mature size of the protein as 80 kDa
(Inoue & Potter, 2004) Although the role of the OEP8@emains elusive null mutants havea
deficiency in early plastid development(Patel et al., 2008) Recent stuies reported that OEP80
is responsible for 3barrel protein insertion in the outer envelope (Gross et al., 2021)whereas
Toc75 is the main import channel for proteins due to gene duplication and functional function

separation through evolution (Knopp et al., 2020)
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1.2.2 AtTic40

Tic40 was previously identified as Toc3gPang et al., 1997)and Cim/Com44 (Ko et al., 1995;
Wu et al., 1994) locakd in the stromal site of the inner envelopgStahl et al., 1999) The large
soluble portion of the Tic40 resides in the stroma, whereas a single transmembrane domain
anchors the protein into the inner envelope(Chou et al., 2003) The stromal part consists ofa
tetratricopeptide repeat (TPR) motif followed by a Sti/Hip/Hop domain, serving asbinding
sites for associating proteins.Thus, it is proposed thatthe TPR domain interacs with Tic110
(Chou et al., 2006) while Sti/Hip/Hop binds to stromal chaperones Hsp70/Hsp90/Hsp93
(Chou et al., 2003) However, it was suggestedthat Tic40 consists of two Stil domains by
amino acid sequencebaseddomain prediction algorithms, and the previously predicted TPR

motif is largely degenerated(Balsera et al., 2008).

Tic40 has a eukaryotic origin andis encoded by one single gene inArabidopsis thaliana
(Kalanon & McFadden, 2008)The phenotype oftic40 null mutant was characterizedby pale
green leaves, reduced granatacks in chloroplasts andgrowth retardation compared to WT
implying abnormalities in chloroplast biogenesis(Kovacheva et al., 2005)Besides,tic40 null
mutants exhibited reduced protein import capacity into chloroplasts, independent of non
photosynthetic or photosynthetic precursor proteins (Kovacheva et al.,, 200%) The
complementation studies oftic40 null mutants with AtTic40 constructs lacking either TPR or
Stil/Hip/Hop domain were unsuccessful, indicating that each part is essential for proper

molecular function (Bédard et al., 2007)

The molecular involvement of Tic40 in protein translocation procedure was first confirmedn
vitro (Chou et al., 2003, 2006)Based on the interaction between preprotein and translocation
complexes, precursor import was thought to be mediated through Ticl1Tic40
communication on the TPR domain and followed by the release of the preprotein from Tic110
for stromal processing(Chou et al., 2006) Subsequently, either Hsp93 or Hsp70 binds to the
precursor through the Stil/Hip/Hop domain of Tic40 (Flores-Pérez et al., 2016; Huang et al.,
2016; Chou et al., 2006)In addition, Tic40 was proposed to facilitate protein reinsertion into
the inner envelope membrane from stroma, particularly iself (Tripp et al., 2007), and Tic110,
PiclTic21 (Chiu & Li, 2008) Surprisingly, agenetic screen oftic40 mutants revealed two
proteins, Sticl/Alb4 and Stic2, as suppressors of Tic40, thus, introducing a new lacular
function to Tic40 in thylakoid biogenesis(Bédard et al., 2017) Recently, it was shown that

preproteins could be imported into chloroplasts with or without Tic40 based on the aminacid




composition of transit peptides, hypothesizing two distinct mport pathways; Tic40-dependent
and Tic40independent (Lee & Hwang, 2019) Together, these data refer Hat the exact
molecular function of Tic40 remains elusive and might have a dual function in chaperoning the

actual import process and mediating posimport processes.

1.2.2 AtTrxM2

Thioredoxin (Trx) is a small group of proteins with a molecular weight of 1214 kDa,involved
in redox signaling pathwaysby adding posttranslational modifications to target proteins
depending on the environmental stimuli (Jacquot et al., 2002) Trx consists of a highly
conserved redoxactive site containing two reactive cysteines, hirough which oxidation and
reduction reactions occur (Capitani et al., 2000)and contributes to maintaining cellular
homeostasis in all living cells (Meyer et al., 2009) Comprehensive genomic analysisn
Arabidopsis thalianahas revealed that41l genes encode Trand could be divided into seven
subfamilies (h, f, m, z, x, y and d)ased on subcellular localizationge.g., cytosol, mitochondria,
chloroplast) (Chibani et al., 2021) Trx-m family consists of 4 isoforms; TrxM1, M2, M3 and M4
are the most abundant proteins among chloroplast Trx enzymes (f, m, X, y, @kegawa &
Motohashi, 2015) It was shown that TrxM3 acts in the interplay between symplastic
trafficking and meristem development in nonphotosynthetic tissues (Benitez-Alfonso et al.,
2009), whereas TrxM1, M2 and M4 regulate photosyhesis-related reactions in chloroplasts
(Nikkanen & Rintaméaki, 2019; Nikkanen et al., 2016; Okegawa & Motohashi, 2015; Wang et al.,
2013).

The triple mutants of trxm1lm2m4 resulted in impaired leaf development and reduced PSII
accumulation by fifty percent(Wang et al.,2013), whereas single mutants exhibited no visible
phenotype under normal growth conditions, howevertrxm4 null mutants had altered cyclic
electron transport (Courteille et al., 2013) On the other hand, double mutants ofrxmlm?2
exhibited similar growth rate to wild type under fluctuating light (4 min low light, 1 min high
light) but improved photosynthetic activity durin g high light periods(Thormahlen et al., 2017)
As light and redox signaling are closely linked, a recent study investigated the growth stages of
single, double, and triple mutants oftrxm1, trxm2 and trxm4 under the high light conditions
j X T thotbns mMPsedt), revealing that they might interact pathways in stomatal
biogenesis, stomatal conductance and mesophyll structurerrato et al., 2021) Hence, it can
be concluded that Trxm family proteins could regulate proteins involved in plant

acclimation/response to changing light conditiors.
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Comprehensive proteomics research has shown thatrxM1, M2 and M4 proteins are loosely
associated with the stromal site of the thylakoid membrane in chloroplastériso et al., 2004)
therefore, enabling flexible movement through the cellDual functionality is associatedwith
TrxM2 by interacting proteins in both mitochondria (Zhang et al., 2015)and chloroplast
(Meyer et al., 2011) Moreover, it was shown that TrxM2, together with TrxM1 and M4,
interacts with zeaxanthin epoxidase (ZE) to regulate NRQependent photoprotection under
I1Tx TECEO AT 1T AEOEIMI) (Dawetpal., 2018) Takeh todetdér,iit @ pdssible
that each Trxm family protein might have an individual role and still compensate for each
I OEAOB8 O &O1 AGETTh UAO 11 OA OAOGAAOAE xI1 O A
and involved proteins.

1.2.3 AtPicl/ AtTic21

Initially, Picl/Tic21 was identified as a component ofhe translocon system within the inner
envelope of the chloroplast named CIA5 and later Tic2XTeng et al., 2006) Another study
proposed that Picl/Tic21 acts as a permease in iron transport and cellular metal homeostasis
(Duy et al., 2011; Duy et al., 2007)The mature form of Picl/Tic21 is located in the inner
envelope of the chloroplast, spanning the membrane with four transmembrane domain®uy
et al., 2007; Teng et al., 2006nd associated with other components othe translocon system,
Ticl10 and Toc75(Teng et al., 2006)

Two independent research groups reported different functiols for Picl/Tic21 by analyzing
plants with similar mutant phenotype; Picl/ tic21 knock out mutants resulting in albino plants
(Duy et al., 2007; Teng et al., 2006)rhe first study demonstrates that the null mutants have
defectsin the protein translocation systemleading to precursor protein accumulation in vitro
(Teng et al., 2006) The secondgroup observed increagng ferritin clusters and differential gene
regulation in pathways of photosynthesis, FeS cluster biogenesisiron stress response metal
homeostasis and abnormal chloroplast development inPicl/ tic21 null mutants (Duy et al.,
2011; Duy et al., 2007)The overexpression ofPicl/Tic21 in plants lacking Picl/Tic21 resulted
in chlorosis and oxidative damage induced by increased iron levglthus, supporting its role as
a metal transporter (Duy et al., 2011) Additionally, the expression levels ofPicl/Tic21 and
proteins to deal with iron overload wasgreatly increased inPicl/Tic21 overexpressing plants
(Duy et al., 2011)as complementary to the study that displayed elevate®icl/Tic21 mRNA

level in response to the iron stresgaused by loss of ferritin(Ravet et al., 2009)

1 AA
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The detection of Picl/Tic21 within the one megadalton translocation complex via blue native
PAGE deepened the conflict about the funtion of Picl/Tic21l (Kikuchi et al., 2009)
Furthermore, adistinct group of proteins (size of ~100 kDa) including Pic1/Tic21 , was found
not to be interacting with one megadalton complex, suggesting a regulatory role for
Picl/Tic21 in the proper assembly of translocation complex in the inner membranéikuchi et
al., 2009) Interestingly, it was reported that Picl/ tic21 mutants had an impaired ability to
import photosynthetic precursor proteins rather than housekeeping and norphotosynthetic
proteins (Kikuchi et al., 2009) The research also exhibited that the upregulation of iron
deficiency-related gene expressions is not peculiar toPicl/tic21 mutants but a similar
responseoccurs intic20 and albino3 mutants (Kikuchi et al., 2009) Although the exact role of
the protein is still under debate, the Nicotiana benthamianahomolog of Picl/Tic21 ( NtPicl)
was characterized aghe major component of iron homeostasisby allowing iron transportation
into chloroplasts (Gong et al., 2015)A comprehensive bioinformatic analysis revealegutative
orthologous of AtPicl/ AtTic21 and as®ciating partners in tomato (Solanum lycoperscum),
maize (Zeamays and sorghum Gorghum bicolor), reporting senstivity in expression patterns
under salt and drought stressegFiliz & Akbudak, 2020).

1.3 Proximity Labeling Techniques

Each cellular processwithin the cell requires several interactions, including protein-protein,
protein-RNA and proteinrDNA interactions These interactions are crucial forthe proper
function of the cell therefore, understanding interaction networks will eventually improve our
knowledge aboutcellular growth and development.Over the years many methods have been
developed to screen for proteinprotein interactions, such as yeas®-hybrid (Y2H) (Brickner
et al., 2009)or affinity complex purification coupled with mass spectrometry(Dunham et al.,
2012). The major disadvantage of theonventional techniques is detecting the high-affinity
protein-protein interactions (PPI) (Mair & Bergmann, 2022) Additionally, the probability of
generating false resultsis high due to the failures in expressionlocalization, and interaction
(Mair & Bergmann, 2022) Therefore, recent technological advancements have enabled
researchers to develop more efficientways to overcome the disadvantages ofraditional
techniques Enzyme catalyzed proximity labeling(PL) was established as acomplementary
approach foridentifying PPIs, proteomes and transcriptomesPL uses genetically engineered
enzymes such as peroxidasesnd biotin ligases (Table 1), tagged with the protein of interest.

The overall PL reaction involves thecovalent attachment of the shortlived reactive species,
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converted from an inert molecule by the PL enzyme to the neighboring proteins or nucleotides
(ChapmanSmith & Cronan, 1999) The characteristics of the PL enzymes determine the
labeling conditions and radius, theefore, affecting the applicability to various systems and

organisms(Mair & Bergmann, 2022)

Table 1: Anoverview of the characteristics of different enzymes used iprotein labeling

. Size Labeling Modification
Enzyme Origin _ . References
(kDa) | Time Sites
Pea or soybean Tyr, Trp, Cys, Hung et al., 2014;
APEX Y 28 1 min Yo TR =Y (Hung
APEX His Martell et al., 2012)
_ Tyr, Trp, Cys,
APEX2 Soybean AEX 28 1 min Hi (Lam et al., 2014)
is
Horseradish . Tyr, Trp, Cys, )
HRP . 44 5min-2h _ (Kotani et al., 2008)
Peroxidase His
_ Escherichia coli
BiolD _ 35 16-24 h Lys (Roux et al., 2012)
BirA
_ Aquifex aeolicus _
BiolD2 . 27 16-24h Lys (Kim et al., 2016)
BirA
Bacillus subtilis (Ramanathan et al.,
BASU . 29 16-18 h Lys
BirA 2018)
Escherichia coli _
TurbolD _ 35 | 10 min Lys (Branon et al., 2018)
BirA
o Escherichia coli _
miniTurbolD BirA 28 1 10 min Lys (Branon et al., 2018)
ir

Plant-derived peroxidases (APEX, APEX2 and HRRyere adapted for proximity labeling
applications. The reaction depends on the enzyme activation by hydrogen peroxide atitke
subsequent release of the free radicals of biotin phenollhe addition of biotin occurs on
surface-exposedelectron-rich amino acidresidues (frequently on Tyr, sporadically on Trp, His,
Cys) of the adjacent proteins(Kalocsay, 2019) Among peroxidases, the HRP enzyme favors
oxidizing environments and cell surfaceqMartell et al., 2012), while APEX igrimarily active

in reducing conditions such as cytosol(Rhee et al., 2013) APEX2 originated from a yeast
display-based evolution of APEX, enabling interactome mapping of lembundanceproteins by
improved activity and sensitivity (Lam et al., 2014) Peroxidase-mediated proximity labeling

enables timely control of thebiotinylation reaction by the presence of hydrogen peroxide and




facilitates an extremdy fast labeling process. Howeverthe applicability of the peroxidase
method is limited due to the high cellular toxicity of hydrogen peroxide andhe low membrane

permeability of the biotin-phenol (Kalocsay, 2019)

The most extensively studied bifunctional enzyme folabeling purposes is bacterial biotin
ligase biotin retention A (BirA), originating from Escherichia coli(Barker & Campbell, 1981)
BirA is a 35 kDa enzyme that mediates biotinylation of a specific lysine residue of thetin
accepting protein, a two-step reaction. The first step of the reaction aims to create reactive
biotinyl -AMP from biotin and ATPThat is followed by attaching that biotinyl-AMP (bioAMP) to
ChapmanSmith & Cronan, 1999) Additionally, biotin transfer from the BirA enzymedepends
explicitly on the presence of biotin acceptor sequence (BAT) within the proteimindering the
erroneous biotinylation (ChapmanSmith & Cronan, 1999) Therefore, many biotin ligase
versions were identified and adapted for proximity labeling purposes (Table 1 and
Supplemental Table 1)A single point mutation (R118G)was introduced within the wild type
BirA has promoted the enzymeto become more promiscuous naming the new enzymeBirA*
or BiolD (Roux et al., 2012) The labeling radius of BiolDwas estimated as-10 nm (Roux et al.,
2012) and was proposed to be increased by flexible linker addition between the PL enzyme
and the bait protein (Kim et al., 2014) Two years later another BirA variant was engineered
from Aquifex aeolicuswhich was known to be the smallest by lacking the DNA binding domain
of the original BirA from Escherichia col{Kim et al., 2016) The promiscuous enzymatic activity
was given with the R40G mutation to the catalytic domain of the enzymand later it was called
BiolD2 (Kim et al., 2016) In addition to having a small size, BiolD2 requires less biotin and
promotes biotinylation at high temperatures up to 50°C(Kim et al.,, 2016) Another BirA
variant was modified from Bacillus subtilis BASU,having a size of 29 kDand displaying faster
reaction kinetics (Ramanathan et al., 2018)Compared to peroxidases, biotin ligases' labeling
speedwas significantly slower in creating non-specific biotinylation. Thus,two highly active
BirA versions were engineered by yeasbased directed evolution TurbolD and miniTurbolD
(Branon et al., 2018) The involvement of the new TurbolD enzymes haseduced the labeling
time to a minimum of 10 mins and facilitated biotin reaction occuring at room temperature
(25°C) (Branon et al., 2018) Along with the advancementdn the PL enzymes, the applicability
of the PL techniques is extended beyond mammalian cells to various model organisms such as

plants, worms, fliesand yeast(Mair et al, 2019; Zhang et al., 203;3Branon et al., 20183.

17



Several other enzymes and procedures are developed for PL applicatiof@ipplemental Table
1). A syntheticancestral BirA variant, airID, exhibited more specific tagging and less cellular
toxicity over the long incubation periodsthan TurbolD (Kido et al., 2020) The smallest BirA
variants are microlD and ultralD, showing the similar labeling kinetics as TurbolD and creating
less background from endogenous biotir{Zhao et al., 2021) Split versions of the PL enzymes
provide a basis foridentifying context-specific PPl andtemporal control of biotinylation (Kwak
et al., 2020) However, their activity is much lower than their native forms, resulting in an
increasing labeling time (Cho et al., 2020) The length of the linker may influence contact
dependent reconstitution of the split PL enzymegherefore, requiring in-depth prior research.
In short, PL has developed into a powerful tool to detect PRh vivo without disturbing the
AAT 1860 ET OACOEOU AT A CAETET C AOOAT OEIT 1 O6AO
1.4 Protein Fragment Complementation Assays

Asdiscussed in the previous section, there are several methodologies to detect PPIs, however
most of them disturb numerous physical interactions by separating proteins from their native
environments. In contrast, many othersenable to monitor PPIsin the intact cells with minimal
cellular perturbation, these are depending onForster resonance energy transfer (FRET)
(Forster, 1948), bioluminescence resonace energy transfer (BRET)(Pfleger et al., 2006)
fluorescence crosscorrelation spectroscopy (FCCS)Bacia et al., 2006) proximity labeling
(Roux et al., 2012)and protein-fragment complementation assay (PCAjRemy & Michnick,
2007). In the PCA strategyiwo proteins of interest are fused as complementary fragments to a
reporter protein, which is engineered to be divided ito two inactive but integral parts. The
interaction of complementary proteins brings together the split fragments of the reporter
protein, facilitating the reconstitution of the reporter and subsequent detection of its activity
(Michnick et al., 2007) Many reporter proteins can be utilized for PCA and thus provide several
readouts depending on the applicability, in facgt PCA serves as a toolkit from which an
appropriate assay can be developed for specific purposd3CA reporter proteinsare classified
into four categories concerning detection signal such asurvival (DHFR, cytosine deaminase),
colorimetric (3 -lactamase), fluorescent (GFP, CFPends, mCherry), and luminescent (RLuc,
FLuc, GLuc, NanoLuc) assaiBlaszczak et al., 2021)

The crucial feature ofthe PCA is that it mainly depends on protein folding and topologyl.hus,
the spatial distance and the mobility of individual fragments determine the reconstitution

efficiency of the reporter protein. Furthermore, N terminal, G terminal or internal fusions, and
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also the presence of linker sequences can influence the strength of the sigr{@hrétien et al.,
2018). However, fusing reportd O AEOACI AT 66 AAT Al OAO OEA
stabilization, or even localization (Ohmuro-Matsuyama et al., 2013)For this reason small
reporter proteins (~19 kDa) are engineered for opitmal size and stability of the split fragments
(Dixon et al., 2016) Another critical parameter for PCA is thedynamics of the reporter
reconstitution, which should be contactdependent, reversible,and havealow intrinsic affinity.
Among the PCAeporters, GFPfamily proteins are reported to have irreversible nature(Romei
& Boxer, 2019 Lindman et al.,, 2010. The availability of multiple PCA reporters with
complementary features and various outcomes enables researchers to select the bssited
approach concerning the research needs. Moreover, theconcilability of PCAs with other
biochemical and molecular approabes grants it the method of choice to build highquality
protein-interaction networks. Hence, comprehensive PCA studies can vail the genotype

phenotype relationship by resolving molecular interactionsat the proteomics level.

1.5 Aim of the Current Work

The ultimate goal of this thesis was to investigate the regulatory properties of the protein
translocation system and identify novel proteins that acted as mediatordn addition, we
wanted to know how the translocation system influences the downstream ntabolic pathways
involved in chloroplast biogenesis.To accomplish this goal, cuttingedge molecular biology
techniques such as proximity labeling and protein fragmentation complementation assays
were used.Therefore, the project was divided into three subsections: Firstlypptimization of
the enzymemediated proximity labeling procedure and application for the creation of the
interaction map for the selected proteins should be carried outSecondly, by comhining split
enzyme technology with protein fragmentation complementation, a new approach for
organelle-specific mutation-selection should be implementedThirdly, to better understand the
regulatory system in the outer chloroplast envelope, the kinetics o€hemical reactivity of
cysteines in the POTRA domain &tToc75-1ll should be studied.

PO
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals and Supplies

All common chemicals used during experimental procedures were purchased from Serva
(Heidelberg, Gemany), Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany) and Sigma
(Taufkirchen, Germany) unless stated otherwise. Enzymes were obtained from New England
Biolabs, NEB (Frankfurt am Main, Germany), Bioron (Ludwigshafen, Germany) and Thermo
Fisher Scienific (Braunschweig, Germany), protein molecular weight marker was ordered
from peQLab (VWR, Ismaning, Germany). DNA oligonucleotides were purchased from

Metabion AG (Martinsried, Germany).
2.1.2 Oligonucleotides

2.1.2.1 DNA Oligonucleotides for Golden Gate Cloning

Table 2: DNA Oligonucleotides for CloningRedletters indicate the mutated nucleotide in the plasmid.

Ou

Name 3ANOAT AA E£OiI i uvéd Ol o

Proximity Labeling

AtTic40 GD F1 ATG AAG ACT TTA CGG GTC TCA CAC CAT GGA GAA CCT TAC CCT AGT T

AtTic40 GD R1 TAG AAG ACAACAGTTCATAG CTGTTT GCATTG CAT

AtTic40 GD F2 TAG AAG ACA/ CGATGA TGA ACC AAATGAATAC

AtTic40 GD R2 TAG AAG ACA ATGIG ACT GGG ATT GAG ATT GG

AtTic40 GD F3 TAG AAG ACA@ CAG GTG CTACCGTTG A

AtTic40 GD R3 TAG AAG ACA AAAAT CTT CAA AGG CATAGT TCTTTT C

AtTic40 GD F4 TAG AAG ACATA TTT CAC CCG AGG AAACC

AtTic40 GD R4 ATG AAG ACT TCA GAG GTC TCA CCT TAC CCG TCATTC CTG GGA AGA

AtTrxF1 GD F ATG AAG ACT TTACGG GTC TCA CAC CATGCC TCT TTC TCT CCG TCT

AtTrxF1 GD R

ATG AAG ACT TCA GAG GTC TCA CCT TAG CTG GAT CTC CGG AAG CAG

AtTrxM2 GD F

ATG AAG ACT TTACGG GTC TCA CAC CAT GGC TGC TTT CACTTG TAC C

AtTrxM2 GD R

ATG AAG ACT TCA GAG GTC TCACCT TTG GCA AGA ACT TGT CGA GGC

Pic1CDS D F1 ATG AAG ACT TTA CGG GTC TCA CAC CAT GCAATC ACT ACTCTT GCC G
Picl1CDS éD R1 TAG AAG ACA AGEB ACG GAG AAG TCG GAT AT

Pic1CDS D F2 TAG AAG ACA@T CCG TTC CCG GTG ATAA

Pic1CDS D R2 TAG AAG ACA AAGT TCT CCAATC TCT TTG CAACC

Picl1CDS €D F3 TAG AAG ACAMA CTT CAA GGT ACT TTA AGA GAC

Pic1CDS D R3 TAG AAG ACA ATAMB AGA CAT CAAGAG CAAGAAC

Pic1CDS eD F4 TAG AAG ACATRC TAG TTC AGG CATCGG C
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Picl1CDS D R4

ATG AAG ACT TCA GAG GTC TCA CCT TAG CAA CCT TAG GAA CTACGA(

ATG AAG ACT TTA CGG GTC TCA AAG GGA GGA GGA GGA GGA TCG GGA

BlolD2DEF GGATCG TTC AAAAAC TTAATT TGG TTA AAA GAA

BiolD2 D-E R ATG AAG ACT TCA GAG GTC TCA GAT TCT AGC TTC GAC GCA AGG AGA
ATG AAG ACT TTA CGG GTC TCA AAG GGA GBE2GBAEGGA TCG GGAGGA G

TurbolD DEF GGA TCG AAG GAC AATACT GTG CCT TTG

TurbolD D-E R ATG AAG ACT TCAGAG GTC TCAGATTTTACT TTT CGG CCG ATC TCAA

LI-AtTrxM2 Mutation F

GCT CCG AGAMEGAATCG TATC

LI-AtTrxM2 Mutation R

GGA GAG AAATCG GAG GAC

DHFR*Dependent Protein Fragment Complementation Assay

NDHFR* €D F ATG AAG ACT TTA CGG GTC TCA CAC CAT GGT TCG ACC ATT GAACTG (@
NDHFR* GD R ATG AAG ACT TCA GAG GTC TCACCT TGG TAC CCAATT CCG GTT GTT
CDHFR @© F ATG AAG ACT TTA CGG GTC TCA CAC CAT GASGITAAGA CAT GGT

CDHFR* €D R ATG AAG ACT TCA GAG GTC TCACCT TGT CTT TCT TCT CGT AGA CTT

saGFP110 D-E F

ATG AAG ACT TTA CGG GTC TCA AAG GGA GGA GGA GGA GGA TCG GGA
GGA TCG ATG GGT GGC ACC AGT AGC AA

saGFP110 D-ER

ATG AAG ACT TCA GAG ATGA GAT TTT AGG TAC CCT TTT CGT TGG GAT

saGFP110 B-C F

ATG AAG ACT TTACGG GTC TCA TCT GAA CAATGG GTG GCA CCA GTA (

saGFP110 B-CR

ATG AAG ACT TCA GAG GTC TCA GGT GCC CGATCC TCC TCC TCC CGA
TCC TCC GGT ACCCTT TTC GTT GGG AT

saGFP11C IEF

ATG AAG ACT TTA CGG GTC TCA AAG GGA GGA GGA GGA GGA TCG GGA
GGA TCG ATG ACT AGT GGA TCC GAT GG

saGFP11CIER

ATG AAG ACT TCA GAG GTC TCA GAT TTT ATG TAATCC CAG CAG CAT T]

saGFP11N BC F

ATG AAG ACT TTACGG GTC TCA TCT GAA CAATGC GTRAGGATC TTC

saGFP11N BC R

ATG AAG ACT TCA GAG GTC TCA GGT GCC CGATCC TCC TCC TCC CGA
TCC TCC TCC GCC ACC AGACCCTCCAC

LHCA1TPBC F

ATG AAG ACT TTACGG GTC TCATCT GAACAATGG CGT CGA ACT CGC 1

LHCA1 TP BCR

ATG AAG ACT TCA GAG GTC TCA GGT GCC AGG CAT CCA GTG AGC AGC

TOC75 POTRA DomairRegul

atory Cysteines

Potra C256S F

CCG TTT TCGAG CAT CAACGT GGG C

Potra C256S R

TCC GCG CTC TGC CAG GTG

Potra C300S F

TGC GCG TCAG CCT GCT GCC

PotraC300S R

CGATCGATACGACGT TTGTAG TCCTTT TCC AGG

Potra C359S F

AGA AGT GGTAG CGA GGT GGT

Potra C359S R

TTG GTG TTC AGG TTG CCG

AtToc75lll Promoter A-C F1

ATG AAG ACT TTACGG GTC TCA GCG GTC ATT GAT ACG CCTTTG TCC (

AtToc75l1ll Promoter A-C R1

TAGAAG ACA ATGAM AGA CAA GGA AAG AGTGCAC

AtToc75lll Promoter A-C F2

TAG AAG ACATHF CAG ACGATTCTGTTACTATTG
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AtToc75lll Promoter A-C R2

TAG AAG ACA AAAGG ACC ATG ACT ATT TTA AGC

AtToc75lll Promoter A-C F3

TAG AAG ACAGC TTA TTG GAG AAG CBAA GGG AAGTA AAG TCT TG

AtToc75lll Promoter A-C R3

ATG AAG ACT TCA GAG GTC TCA GGT GCC GGG CGG AGA AGA TAA GGT|

AtToc75111 CDS €D F1

ATG AAG ACT TTA CGG GTC TCA CAC CAT GGC CGC CTT CTC CGT CAA

AtToc75Ill CDS €D R1

TAG AAG ACAACGEACCATCT CGXGA AGG AATC

AtToc75111 CDS €D F2

TAG AAG ACA/T CGATTC GTC CTG GTG G

AtToc75I11l CDS €D R2

TAG AAG ACA AGASG ACC TAT TAA GAC CCT GG

AtToc75Ill CDS €D F3

TAG AAG ACAG TCATGG GTT CAG TGAC

AtToc75I111 CDS €D R3

ATG AAG ACT TCA GAG GTC TCA TAT ACC TCT CTC CAAATC GGA A

LI-AtToc75 CDS C256S Gb

TAG GTT TAGAG TAT TAACGT TGG G

LI-AtToc75 CDS C256S GR

TCA GCA GAT TGC CAT GTAC

LI-AtToc75 CDS C300S Gb

GGC ACG GCEA@TTT GTT GCC

LI-AtToc75 CDS C300S e

CTATCAATTCTC CTC TTGATRCC TTC TCC

2.1.2.2 DNA Oligonucleotides for Genotyping

Table 3: DNA Oligonucleotides for Genotyping

Name

3ANGAT AA EOI i uvd O o6

Tic40 SALK057111 LP

CTTTTT GGG CAATGG AGA AGT G

Tic40 SALK057111 RP

GGT GAT AAA GAG GAATGA GTT GG

AtToc7511l SALK015928 LP

CCT TCAACC ACATTACCA AGC

AtToc7511l SALK015928 RP | CTC GCA TCT CCA CTC AAT CTC

AtToc75l1ll Genotype F

GCC TAAGCAGGTATGTTTCT

AtToc75lll Genotype R

TTC TCA CAT TAC CTT AAT AC

SALK LB

ATTTTG CCGATTTCG GAAC

RbCL F ATGTCA CCA CAA ACA GAG ACT AAAGC

RbCL R GAA ACG GTC TCT CCA ACG CAT

NDHFR* F ATG AAG ACT TTA CGG GTC TCA CAC CAT GGT TCG ACC ATT GAA
NDHFR* R ATG AAG ACT TCA GAG GTC TCA CCT TGG TAC CCAATT CCG GTT

2.1.3 Backbone Plasmids
Table 4: Backbone Pasmids

Name Application Antibiotic Resistance Source
BB02-pUC57 LI Plasmid Construction Gentamycin BB0O1-pUC57
BB20-LIIB F 1-2 LIl Plasmid Construction Spectinomycin Xpre2-S (pCAMBIA)
BB53-LIIIB A-B LIl Plasmid Construction Kanamycin Xpre2-K (pCAMBIA)
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2.1.4 Escherichia coli Strains

Table 5: Escherichia colBtrains

Name Genotype Application

TOP10 F-1 AO! 3jhsdRMEIQA O" #q Bymnl AA: 3- pu | Cloning
AOA$pow 3j AOAI AOQxoewx CAI 5 CAI

BL21 fhuA2[lon]T | B4 CAl1 |1 $%ocq ¢ AAI ¥ Y E g Protein Expression

(DE3) 1 $%c E 1 O"-ATENOqFjWAAR) ddoil AAS

2.1.5 Agrobacterium tumefaciens Strains

Table 6: Agrobacterium tumefacienstrains

Name Genotype Application
AGL1 C58 RecA (rif RtarbR) Ti pTiBo542DFDNA (strepR) Succinamopine Transient Plant Transformation
GV3101| C58 (rif R) Ti pMP90 (pTiC58DIDNA) (gentR/strepR) Nopaline Stable Plant Transformation

2.1.6 Medium Compositions, General Antibiotics and Herbicide

Table 7: Medium Compositions

Medium Composition Application
_ ) 1 % (w/v) bacto tryptone, 0.5 % (w/v) bacto yeast extract, 0.5 % (w/v) _
LB (Luria-Bertani Bacterial Cell
] NacCl,
medium) Culture

add 1.5 % (w/v) agar for plates

MS (Murashige and

Skoog medium)

0.5% (W/v) MES, 0.226% (wW/v)

Murashige and Skoog (MS) salt and vitamin mixture, 3% (w/v) sucrose,
pH 5.8 with KOH

add 0.75 % (w/v) agar for plates

Plant Growth

Culture

Table 8: General Antibiotics

Antibiotics Abbreviation | Final Concentration
Ampicillin Amp 100 pg/ml
Kanamycin Kan 50 pg/ml
Gentamycin Gent 10 pg/ml
Spectinomycin | Spec 100 pg/ml
Rifamycin Rif 50 pg/ml
Carbenicillin Carb 100 pg/ml
Cefotaxime Cef 50 pg/ml

Table 9: General Herbicide

Herbicide Abbreviation Final Concentration

BASTA

GlufosinatAmmonium

5 pg/ml
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2.1.7 General Buffers and Stock Solutions

Table 10: General Buffers and Stock Solutions

Name Composition Application

50x TAE 2 M Tris-base, 5.71 % (v/v) Acetic acid, 50 mM EDTA (pH 8.0) Agarose gel
electrophoresis

10x DNA loading| 30% (v/v) Glycerol, 0.25% (w/v) Bromophenol blue, 0.25% (w/v) | Agarose gel

buffer Xylene Cyanol FF, 0.35% (w/v) Orange G electrophoresis

10x SDS uwnning | 250 mM Tris, 1.92 M Glycine, 1% (w/v) SDS SDS PAGE

buffer

2x SDS loading buffer | 100 mM Tris/HCI pH 6.8, 20 % (v/v) Glycerol, 0.2 % (w/v) SDS PAGE

Bromophenol blue, 2 % (w/v) SDS, 80 mM Betamercaptoethanol

Non-reducing 2x SDS 100 mM Tris/HCI pH 6.8, 20 % (v/v) Glycerol, 0.2 % (w/v)| SDS PAGE

loading buffer Bromophenol blue, 2 % (w/v) SDS

Coomassie  staining| 50 % (v/v) Ethanol, 7 % (v/v) Acetic acid, 0.18 % (w/v) SDS PAGE

solution Coomassie Brilliant blue R250

1x Towbin Buffer

25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS, 20% Methanol

Western Blot

Ponceau Solution

5% Acetic acid, 0.3% Ponceau S

Western Blot

10x TBS

1 M Tris, 1.5 M NaCl

Immunodetection

2.1.8 Gene Accession Numbers

The gene accession numbers of the proteins us&uthis project are listed in Table 11.

Table 11: Gene Accession Numbers

Gene Name | Accession Number
Tic40 AT5g16620
Picl AT2g15290
TrxM2 AT4903520
Toc75ll AT3g46740

24



2.2 Methods
2.2.1 Molecular Biological Methods

2.2.1.1 Cloning Strategy

The GoldenGate modular assembly system was used to construct plasmids as described in
(Binder et al., 2014) The gene of interest for the respective cloning module was amplified with
the primers (Table 2). More than one primer pair was used in order to eliminate the
endogenous type IIS restriction azyme cutting sites. The overall scheme can be seen in Table
12,13,14. LI, LIl and LIII plasmids were constructed via enzyme digestidry Bsal and Bpiland

subsequent ligation as depicted in Binder et al, 2014.

Table 12: LIl Plasmid Assembly Overall Scheme for Proximity Labeling Constructs

Promoter | N-tag GOl Ctag Terminator | Misc
p35S LI-dy-B-C | LI-TrxF1 | LI-BiolD2* | T35S BASTA
p35S LI-dy-B-C | LI-TrxM2 | LI-BiolD2* | T35S BASTA
p35S LI-dy-B-C | LI-Tic40 | LI-BiolD2* | T35S BASTA
p35S LI-dy-B-C | LI-Picl LI-BiolD2* | T35S BASTA
p35S LI-dy-B-C | LI-TrxF1 | LI-TurbolD | T35S BASTA
p35S LI-dy-B-C | LI-TrxM2 | LI-TurbolD | T35S BASTA
p35S LI-dy-B-C | LI-Tic40 | LI-TurbolD | T35S BASTA
p35S LI-dy-B-C | LI-Picl LI-TurbolD | T35S BASTA
Table 13: LIl Plasmid Assembly Overall Scheme for EMS Constructs
Promoter | N-tag GOl Ctag Terminator | Misc
p35S LI-dy-B-C | NDHFR* saGFP110 | T35S LI-dy-F-G
p35S LI-dy-B-C | saGFP11 | CDHFR* T35S LI-dy-F-G
p35S LI-dy-B-C | saGFP110 | NDHFR* | T35S LI-dy-F-G
p35S LI-dy-B-C | CDHFR* saGFP11 | T35S LI-dy-F-G

Table 14: LIl Plasmid Assembly Overall Scheme for EMS Constructs

Lit1-2 LIl 2-3
LII-NDHFR*saGFP110 | Lll-ins-2-3
LII-saGFP110-NDHFR*| Lll-ins-2-3

LIl 3-4 LIl 4-5
LII-saGFP1i1CDHFR*| LIl-dy-4-6
LII-CDHFR#*saGFP11| LIl-dy-4-6

LIl 5-6
Lil-dy-4-6
Lil-dy-4-6

2.2.1.2 Polymerase chain reaction (PCR)
gDNA, cDNA or plasmid DNA was used as a template for PCR reactions. Phusion polymerase

was used for cloning purposes while DFS Taq Polymeraseas for genotyping purposes.
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Annealing temperature and elongation time were adapted respectively depending on the

properties of the oligonucleotides and the length of the PCR product. If necessary, PCR

products were extracted from the agarose gel and pured using NucleoSpin Gel and PCR
Cleanup kit (Macherey-. ACA1 @ AAAT OAET ¢ O OEA

for each polymerase are summarized in Table 15.

Table 15: PCR conditions according to polymerase. (*) sign indicates the variabldepending on the

primer and product properties

Phusion Polymerase (NEB)

Reaction Conditions

Template 1l 98°C 05:00

Forward Primer (10 uM) 1l 98°C 00:30

Reverse Primer (10 uM) 1u Annealing * 00:30 x35
5x Reaction Buffer 4 ul 72°C Extension*

MgCk (100 mM) 05u | 72°C 05:00

dNTPs (10mM each) 05u | 16°C H

Phusion Polymerase (2J/ul) 0.2 ul

Water 11.8 pl

TOTAL 20 ul

Q5 Polymerase (NEB) Reaction Conditions

Template 1l 98°C 05:00

Forward Primer (10 pM) 1pl 98°C 00:30

Reverse Primer (10 uM) 1u Annealing * 00:30 x35
5x Reaction Buffer 4 ul 72°C Extension*
dNTPs (10mM each) 0.4 | 72°C 02:00

Q5 Polymerase (2J/ul) 0.2 | 16°C H

Water 12 ul

TOTAL 20 ul

DFS Tag Polymerase (Bioron) Reaction Conditions

Template 2u 94°C 05:00

Forward Primer (10 uM) 1l 94°C 00:30

Reverse Primer (10 uM) 1u Annealing * 00:30 x35
10x Reaction Buffer 2ul 72°C Extension*

MgCk (100 mM) 0.5pul | 72°C 10:00

dNTPs (10mM each) 0.5pul | 16°C H

DFS Tag Polymerase (8/ul) 0.2 pl

Water 12.8 pl

TOTAL 20 ul

2.2.1.3 Sequencing

Approximately 100-200 ng of plasmid were applied to confirm the desired sequence via Sanger

sequencing (Faculty of Biology Sequencing Servidayjdwig-Maximilians Universitat Minchen,

Germany) with appropriate primers.
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2.2.1.4 Plasmid DNA Isolation from Escherichia coli

A single colony was inoculatedn 2 ml LB medium supplemented with appropriate antibiotics
overnight. Then, plasmid DNA was isolated using the NucleoSpin Plasmid EasyPure kit
(Macherey. ACAT Q@ AAAT OAET ¢ O OEA |1 AT OEAAOOOAOGO EI
2.2.1.5 Genomic DNA Isolation from Arabidopsis tha liana

One small leaf of each plant was cut and collected into 2.0 ml Eppendorf tubes containing a
001 COOAT AAOAEAA o 11 AAI1l AAAOEITG¢8 (111 CATE
extraction buffer (0.1 M Tris HCI pH 7.5, 0.05 M NaCl, 0.05 M EDTA pH, 8% (w/v) PVP) at
pognn OPI A O o | ETI OOAO OEA OEA OEOOOA 1 UOAC
potassium acetate (pH 5.8) were added and tubes were mixed well. Theathe tubes were
centrifuged for 15 minutes at 13200 rpm. The supernatant was trasferred into new tubes and

0.7 vol of isopropanol was added. Tubes were mixed by inverting several times and were
incubated on ice for 15 minutes. Then centrifugation for 15 minutes at 13200 rpm was done

AT A OEA OOBPAOT AOAT O x A O 70&Athdnd ieke addddaAdmDds wdles L 10
centrifuged for 5 minutes at 13200 rpm. Ethanol was discarded gently and the pellet was dried

at room temperature. 50 pl of water was used fothe resuspension of the pellet.

2.2.1.6 RNA Isolation from Arabidopsis tha liana

Up to 80 mgof leaf material was used for RNA extraction with the Reasy Plant Mini kit

i 1TEACAT @ AAAT OAET ¢ O1 OE ANasé digeshoEvds pédfarhed dutingE T O O
the RNA isolation procedure once. Afterward, the eluted RNA was submed to a second

DNase treatment with the Ambion Turbo DNase (Thermo Fischer Scientific) according to the

s~ A o~ X

2.2.1.7 cDNA Synthesis

Around 0.51.0 ug RNA was used for cDNA synthesis in 10 pl reaction volume withNILV
reversetral OAOEDOAOA j 001 1 ACAQq AAAT OAET C O OEA 1 AT
2.2.1.8 Site-Directed Mutagenesis

Site-directed mutagenesis primers were designed using the NEBaseChanger® version 1.3.0

tool (http://nebasechanger.neb.com/). Mutagenesis reaction was carried out using the Q5®
Site$ EOAAOAA - OOACAT AGEO +EO j . %" q AAAT OAET ¢ Ol
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2.2.2 Biochemical Methods

2.2.2.1 Agarose gel electrophoresis
DNA and RNAsamples were separated on 1% agarose gels supplemented with 0.5 pg/ml
ethidium bromide in 1x TAE bufferat 100 V for 30 minutes Samples were loaded onto the gel

after mixing with DNA loading kuffer.

2.2.2.2 Protein Overexpression from Escherichia coli
Transformed Escherichia colBL21 strain was inoculated in LB medium and was grown until

the cell density reach Okbo of 0.6-0.8 at 37°C. Protein expression was induced with 1 mM IPTG.

2.2.2.3 Protein Purification from Plants

200 mg leaf material was homogenized with 300 pl extraction buffer (0.05 M THEICI pH8, 2%
LDS, 0.1 mM PMSF) using an electronic micropestle. The suspension was incubated on ice for
30 min and then centrifuged for 15 minutes at 13200 rpm and 4°C. The soluble protein
containing supernatant was transferred to another tube and protein concentrationwas
determined via Bradford Assay. 50 mM EDTA and 10 mM DTT were added to purified proteins

and stored at-20°C for longterm storage.

2.2.2.4 Protein Purification from Inclusion Bodies

Proteins were expressed and purified as inclusion bodies. To this end, the cells were pelleted
by centrifugation for 15 minutes at 4000 rpm at 4°C. the pellet was resuspended in 8 x vol
resuspension bufer (1x PBS, 1 mM PMSF, 1 mM bet@ercaptoethanol, 10 pg/ml Dnase I).
Subsequently, the cells were disrupted by sonication and centrifuged for 20 minutes at 25000 g
at 4°C. The supernatant was discarded, and the pellet was washed with 1x PBS. The
supernatant was removed after centrifugation for 20 minutes at 25000 g rad 4°C.
Subsequently, the pellet was washed three times with wash buffer (1x PBS, 1% TritorlB0)

and collected via centrifugation for 10 minutes at 25000 grad 4°C. Afterwards, the pellet was
resuspended in urea buffer (1x PBS, 8 M urea) and centrifuged for 30 minutes at 25000rgla
4°C. The supernatant was used for dialysis to remove the urea from the sample. To this end,
the supernatant was transferred into a dialysis membrane wit a molecular weight cutoff of

14 kDa against 4 M, 2 M, 1 M and 0 M urea in 1x PBS subsequently each for 1 hour with
agitation in order to refold the protein. The volume of the dialysis buffer was adjusted to 100 x

the sample volume.
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2.2.2.5 SDS polyacrylamide gel electrophoresis (SDS -PAGE)

Proteins were separated via SDBAGE with a stacking gel (5% polyacrylamide) and a
separating gel (1615% polyacrylamide). Prior to loading, proteins were boiled for 5 minutes
at 95°C inan SDS loading buffer. Gels werrun in SDS running buffer and either stained with

coomassie staining solution or used for western blotting.

2.2.2.6 Wet Western Blot and Immunodetection of Proteins

Protein transfer from an SDS gel onto a PVDF membrane was done with the wet blotting
technique. The PVDF membrane was activated with 100% methanol and Whatman papers
were soaked in 1x Towbin Bufferbefore assembly. Blotting assembly was done accordingly: a
thin sponge, three Whatman papers on the bottom, activated PVDF membrane, gel, three
Whatman papers on the top and covered with a second thin sponge. The transfer was carried
out in the transfer tank filled with 1x Towbin Buffer at 400 mA either for 2 hours at room
temperature or overnight at 4°C. The protein transfer rate was checked by Rceau staining.
For immunodetection of proteins, the membrane was blocked for 1 hour with skimmed milk
(for biotin antibody, 3% BSA; other antibodies, 3% skimmed milk) in TBST (1 x TBS, 0.05%
Triton X-100). The first antibody was incubated overnight at 4°CAfterwards, the membrane
was washed three times with TBST for 10 minutes at room temperature. The secondary
antibody incubation was performed for 1 hour at room temperature. Then, the membrane was
subjected to a second wash step three times with TBST f&0 minutes at room temperature.
Equal volumes of development solution | (100 mM Tris pH 8.5, 1% luminol, 0.44% coumaric
acid) and 11 (100 mM Tris pH 8.5, 0.018% EO2) were mixed and the membrane was incubated
with the mixture for 1 minute. The signal wasdetected by chemiluminescence using the Image
Quant LAS 400 (GE Healthcare).

2.2.2.7 Protein Extraction for LS -MS/MS Analysis

Protein extraction was adapted from(Mair et al., 2019) Briefly, 2 weeks old plants, which were
grown in liquid cultures, were washed with ie-cold water 2-3 times. Plants were dried using
paper towels and grounded in liquid nitrogen. Approximately 3 ml of densely packed grounded
plant material was put in a 15 ml falcon tube and resuspended in 2 ml extraction buffer (50
mM Tris pH 7.5, 150 mMNaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% TritorlG0, 1 mM
EGTA, 1x complete protease inhibitor (Roche), 1 mM DDT, 1 mM PMSF). Tubes were incubated
on a rotor wheel for 10 minutes at 4°C. 1 ul of Lysonase (Millipore, Darmstadt, Germany) was

added to the suspension and the tubes were incubated on the rotor for 15 minutes at 4°C. The
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extracts were distributed into 1.5 ml Eppendorf tubes and sonicated in an ice bath 4 times for
30 seconds with 90second breaks on ice. The protehgontaining supernatant was collected via
centrifugation for 15 minutes at 15000 g ad 4°C. Protein samples were subjected to PID

Desalting Columns (GE Healthcare, VWR, Ismaning, Germagsgvity protocol according tothe

s~ A o~ N L A N AN~ A s oA

complete protease inhibitor and PMSF. Proteins were eluted from the column with3.5 ml ice

cold extraction buffer. Protein concentration was determined via Bradford assay.

2.2.2.8 Redox State Analysis and TCA Precipitation of Proteins

Around 0.1-0.2 mg/ml purified protein were either incubated with 50 uM CuC{ (oxidation) or

10 mM DTT (reduction) for 1 hour at 20°C. Afterwards, TCA (end concentration 5%) was
added to the samples and incubated on ice for 30 minutes. Samplesre centrifuged for 20
minutes ata max speedat 4°C and the supernatant was removed. 100 pl of 100% acetone were
added to each sample and mixed well. After 10 minutes of incubation on ice, proteins were
pelleted via centrifugation for 20 minutes at20000 g and 4°C. The supernatant was removed,

and thepellet was dried at room temperature.

2.2.2.9 AMS Labeling (Gel Shift Assay)
The TCA precipitated protein pellet was dissolved in AMS buffer (10 mM AMS, 2 mM EDTA, 0.1
M Tris-HCI pH 7.0) and incubated for 1 hour at room temperature. Samples wengxed with a

non-reducing SDS loading buffer and analyzed via SDS PAGE.

2.2.2.10 PEGylation of Proteins
TCA precipitated proteins were dissolved in PEGylation buffer (0.5% (w/v) SDS, 2 mM mPEG
24, 50 mM TrisHCI pH 7.0, 100 mM NaCl) and incubated for 3 huat room temperature.

Samples were loaded onto an SDS gel after mixing with a needucing SDS loading buffer.

2.2.2.11 Affinity Purification of Biotinylated Proteins

According to (Mair et al., 2019) the beads to the protein ratio vas adjusted to 1:80 (ul beads:
Hg protein) for optimum protein binding. Therefore, 10 ul of streptavidin magnetic beads
(Pierce, Thermo Fischer, Braunschweig, Germany) were washed with 1 ml4celd extraction
buffer without complete protease inhibitor and PMSF. Protein samples were addeto the
beads according to the determined ratio and incubated overnight at 4°C on a rotator. Beads
were collected via a magnetic rack and the supernatant was kept as an unbound fraction for

further analysis. Washing steps were done for 8 minutes on a rdta and the supernatant was
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removed via a magnetic rack each time. The beads were washed with 1 ml-@®d extraction
buffer two times, 1 ml icecold 1M KCI, 1 ml icecold 0.1 M NaCQ, 1 ml 2 M urea in 10 mM
Tris-HCI pH 8.0 at room temperature and 1 mice-cold extraction buffer without complete
protease inhibitor and PMSF two times. Beads were pelleted with a magnetic rack to remove

the last wash buffer and kept at80°C for further processing.

2.2.2.12 Sample Preparation for Mass Spectrometry Analysis

After the affinity purification, the beads were resuspended in 50 pl of 6M urea in 50M
ammonium bicarbonate. Later, 5 yl of 0.1 M DTT were added and the tubes were incubated for
1 hour at 37°C. Tubes were cooled down on the bench to room temperature abqul of 0.25 M
iodoacetamide was added. The tubes were incubated for 1 hour at room temperature in the
dark. Beads were diluted with 300 pl 50 mM ammonium bicarbonate (the pH should be
approximately 7.5-8.0) and 15 pl trypsin (0.1 pg/ul) wasadded. Tubes vere mixed gently and
incubated overnight at 37°C. Digested peptides were collected via magnetic separation. A
second washing step with 50 pl of 50 mM ammonium bicarbonate was done and the
supernatant was combined with the digested peptides. Subsequentlyeptide acidification was
achieved byadding 50% formic acid (the pH should be approx. -8) to a concentration of 1%.
Tubes were centrifuged for 10 minutes at max speed to remove the aggregations. Stage tips
(C18-Thermo Fischer Scientific)were used for further steps. Tips were activated with 100 pl of
100% methanol and equilibrated with 100 pl of 0.5% formic acid. Acidified samples were
loaded onto the tips and the flowthrough was reloaded again. Later, the tips were washed with
100 pl of 0.5% formic acid.Sample elution was done with 50 pl of 80% acetonitrileand 0.5%
formic acid into new Eppendorf tubes. The desalted peptides were then dried in a speed vac

and stored at-80°C until further processing.

2.2.2.13 LGCMS/MS

Proteomic analysis for TurbolD costructs was performed at the Protein Analysis Unit (ZfP) of
the Ludwig Maximilians University of Munich, a registered research infrastructure of the
Deutsche Forschungsgemeinschaft (DFG,-80089). Proteomic analysis forBiolD2 constructs
was performed at the MSBioLMU core facility (Department Biology I, Ludwillaximilians-

Universitat Minchen).
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2.2.3 Plant Biological Methods

2.2.3.1 Plant Growth Conditions

Arabidopsis thalianaWT Columbia ecotype (Ce0) and transformed plants were either grown
on soil or in halfstrength MS medium in a growth chamber (16 h light/ 8h dark22°C, 100

t I T 1 -2$1 inifluorescent light conditions). For plants grown in liquid culture, the hak
strength MS liquid medium was used and cultures were pleed on a shaker in a growth
chamber (16 h light/ 8h dark, ¢ ¢ J # h  p 1 r2s%id fiudresc#nt light conditions). Seeds
were surface sterilized by washing with 70% ethanol for 2 minutes followed by 5 minutes
incubation with 6% (w/v) NaOAc and 0.05% (w/v) Triton X-100 and washed three times with
sterile water for 1 minute. Later, the seeds were dried under the hood and homogeneously
distributed on the plate. The plates were sealed and vernalized af@ in the dark for 2 days.

The same vernalization approak was applied for seeds sown on the soil.

2.2.3.2 Agrobacterium tumefaciens Transformation by the Freeze -Thaw Method
CompetentAgrobacterium tumefaciens ' , p 1O ' 6cpmp AAIT O jpmm (1
o tC T A& PIlAOGIEA xAO AA kdgienty icellsAnere Brde@Aii IGuidA A1 |
T EOCOT CAT AT A OEAxAA ET A OEAOITAUATAO A O v I
and cells were incubated for 24 hours at 28°C. After incubation, tubes were centrifuged, and

the supernatant was removed. TheAl AET ET ¢ DPAI 1 A0 xAO OAOOODPAI

plated on LB plates with appropriate antibiotics. Plates were incubated for-2 days at 28°C.

2.2.3.3 Transient Transformation of Nicotiana benthamiana

Agrobacterium tumefaciensAGL1 cells were grown in 20 ml LB media with appropriate
antibiotics at 28°C until they reached an Oddo of 0.6. Cells were pelleted via centrifugation for
5 minutes at 4000 g and resuspended imn infiltration medium (10 mM MES pH 6, 10 mM

MgCkh, 150 pMAcetosyringon) such that Olbo was 1.0. The suspension was rotated for 2 hours
in a horizontal shaker in the dark. 34 weeks old Nicotiana benthamianaleaves were then

infiltrated from the abaxial surface. Plants were kept in the dark overnight and infilated

leaves were incubated 23 days at room temperature prior to further analysis.

The helper plasmid (phage p19) was also inoculatetb boost the plasmid expressionin that
case, the helper plasmid containing suspension was mixed with the intended plaghxcarrier

suspension in a ratio of 1:1 and leaves were infiltrated.
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2.2.3.4 Stable Transformation of Arabidopsis thaliana

Arabidopsis thalianaplants were grown until most of them started to bolt. Bolts were clipped
seven days prior to transformation. 10t { IAgroba@erium tumefaciensV3103 cells were
inoculated in a5 ml LB medium with antibiotics and grown for 2 days at 28°C. Then, the
precultures were transferred into a 500 ml LB medium with antibiotics and grown overnight at
28°C with 200 rpm shakng until the ODyoo reached 0.8. Agrobacterium cultures were
centrifuged for 20 minutes at 2000 g and resuspended in 500 ml 5% (w/v) sucrose, 0.03%
(v/v) silwet L -77. With gentle agitation, the flowers were dipped into the Agrobacterium
suspension for aboutl0 seconds Plants were covered with plastic a cover for two nights. After
seven days, plants were dipped again according to the same protocol to achieve high
transformation efficiency. Then, plants were dried out and seeds were collected for first
generaion selection either on MS plates supplemented with appropriate antibiotics or on soll

with herbicide spraying. Successful transformants were transferred to soil for further analysis.

2.2.3.5 Protoplast Isolation from Nicotiana benthamiana

Infiltrated Nicotiana benthamianaleaves were cut into approximately 0.3 x 1.0 cApieces and
incubated under vacuum in 10 ml enzyme solution (1% Cellulase R10, 0.3% Mazerozym R10 )
made in FPIN (5 mM KNG, 1.5 mM Ca@J 0.75 mM MgS@ 0.625 mM KHPQy, 20 MM NH:-
succinate, 120 g/l sucrose [550 Osm], MS medium R@amins [200 mg/l Myoinositol, 1 mg/I
thiamin-HCI, 2 mg/l Capantothenate, 2 mg/l nicotinic acid, 2 mg/l pyridoxin-HCI, 0.02 mg/I
biotin, 1 mg/l 6-AAT UUI AT ET T DPOOET -naphthaler@ reetic acipl (NAAQ]T After §
vacuum infiltration, the suspension containing leaves was incubated for 90 minutes at 40 rpm
in the dark. Protoplasts were released via 4ninute rotation at 80 rpm and the suspension was
filtered through a 100 uM nylon membrane intoa 15 ml glass round bottom centrifugation
tube. The filtered protoplasts were overlaid with 2 ml FPCN medium (FPIN, instead of
sucrose, 80 g/l glucose [550 Osm] was added) and centrifuged for 10 minutes at 70 g (with
slow deceleration and acceleration).Intact protoplasts, which were placed at the interface
between the FPIN and FPCN buffers, were transferred into a new tube. Protoplasts were then
carefully washed with 10 ml W5 buffer (125 mM NacCl, 125 mM CaCb mM KCI, 2 mM MES pH
5.7 [550 Osm]) andcentrifuged for 10 minutes at 50 g. Pellet was resuspended in 1 ml W5
buffer.
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2.2.3.6 EMS Mutagenesis

Since the EMS (Sigmaldrich) is carcinogenic and highly volatile, working conditions were
adjusted to this situation. For this reason, a half mask (M@EX 7000, Mercateo, Munich,
Germany), a gas filter (9400 EN14387 ABEK1, Mercateo, Munich, Germany) and long nitrile
gloves 0.28 (VWR) were usedThe cmmplete mutagenesis process was performed under the
fume hood. Required handling materials were incubatech 1M NaOH before usage. A 50 ml
falcon tube was filled with 35 ml of doubledistilled water and 70 ul of EMS was added to the
falcon. The solution was gently tilted until the EMS was homogenously dissolved.
Approximately 600 mgof seeds were added intolie falcon tube and incubated on a horizontal
shaker for 15 hours. The EMS solution was removed into an Erlenmeyer flask which contains
50 g of solid NaOH. Seeds were then washed 12 times with 50 ehidouble-distilled water and
each time the water was poued back into the Erlenmeyer flask. Seeds were dried on a

Whatman paper. Mutagenized seeds were distributenh 50 x 30 or 30 x 20sized pots.
2.2.4 Computational Analysis

2.2.4.1 General Computational Tools
Gene sequences foAtToc75- 111, AtTic40, AtTrxM2 and AtPicl from Arabidopsiswere obtained
from TAIR (https://www.arabidopsis.org ) and for BiolD2 and TurbolD from addgene

(https://www.addgene.org). in silico  cloning was done via SnapGene

(https://www.snapgene.com/ ).

In silico protein, 3D structure reconstruction for the Toc75-1l POTRA domain was generated

by using PyMol fttps://pymol.org/2 ). Secondary structure analysis for the membranéound

proteins was done viathe Protter tool (http://wlab.ethz.ch/protter/start ).

In silico protein network and gene expression profiles were generated via The Binalytic

Resource for Plant Biolog Platform (http://bar.utoronto.ca/eplant/ ).

Graphs and statistical analysis for proteomics data were generated by using Persdusrsion

1.6.12.0) (https://maxguant.net/perseus ). Protein identification for proteomics data was done

via using Uniprot Protein Database |fttps://www.uniprot.org/ ). Venn diagrams were

generated via the Venn Diagrams tool of Van de Peer Lab from \BGent

(http://bicinformatics.psb.ugent.be/webt ools/Venn/). Image analyses were done via the

software ImageJ littps://imagej.net ).
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Microsoft Office 365 software programs are used for writing, statiscal analyses, generation of

figures, graphs and presentationshttps://www.office.com/ ).

2.2.4.2 Data Analysis and Protein Enrichment of Mass Spectrometry Datasets

Protein identification and labelfree quantification of proteins were made by using MaxQuant.
Filtering and statistical analysis of the data sets for each experiment were generated by
Perseus. The data file from MaxQuant was imported into Perseus and the LFQ intensitiesev
OAO AO O- ABHHe pretedn®Bhiih Wieté marked as only identified by site, reverse and
potential contaminant were removed from the matrix. The LFQ values were log2 transformed.

Missing values were imputed from the normal distribution.

To identify proteins enriched in proximity labeling samples versus the WT control, unpaired
two-sided Students ttests were applied. The FDR was set to 0.05 according to the Benjamini
Hochberg approach for statistical analysis. Resulted data tables were used forrther

examination and identification.
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3 Results

3.1 Golden Gate Cloning Validation

The transgenic plants were generated via the Golden Gate cloning method (Secti@.1.1
Cloning Strategy). For this reason, each gene of interest was cloned into the Golden Gate
plasmid system. Plasmids were subsequently checked with respective restriction enzyme
digestion assays and validated by sequencing. Then, the plasmids were transformed to the
corresponding Arabidopsis thaliana background as described in Section2.2.3.4 Stable

Transformation of Arabidopsis thaliana .

3.2 In silico Protein Interaction Partner Analysis of Candidate Proteins

Within the scope of this thesis, candidate proteins were selectecbncerning the availability,
membrane anchoring properties, structural limitations, involved metabolic pathways and
mutant plant phenotypes.Due to the pale green phenotype dic40 null mutants, AtTic40 was
preferred as a suitable protein for complementation studies. Beside#tTic40 is encoded by
only one gene inArabidopsis thalianga making it an ideal model for avoiding functional
compensation. Thus, we could obtain accurate resulteegarding the effect of PL tagging.
Moreover, we wanted to examine AtTrxF1 and AtTrxM2 proteins because of he small size of
the proteins, their subcellular locations, and the potential associating partners However,the
generation of AtTrxF1 lines enabling PL failed data not shown); therefore, the AtTrxM2 lines
were further examined. Although there is a ongoing conflict about the molecular function of
AtPicl/ AtTic21, we have added it aghe negative control, accepting its function in iron
regulation and will hereafter be referred to as AtPicl for the sake of the simplicity.Together,
the interactome of three candidate proteins will broaden our knowledge about the components
of protein translocation in the inner envelope membrane of the chloroplast, possible regulatory

proteins and new players in several metabolic pathways.

Protein-protein interaction networks can improve the understanding of the biological
processes within the cell. Dependingn the published data and computer algorithms, a simple

protein interaction network can be formedin silico.4 EAOA &£l OAh OEA iAdilic)A EAAC
interaction partner analysis was performed as detailed in Section2.2.4.1 General
Computational Tools , and the results were summarized in Table 16 concerning experimental

evidence.
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Table 16: in silicoProtein Interaction Partner Analysis

Tic40 PPI Network

Gene Accession

Protein Annotation References
Number
AT1G06950 | Translocorat the inner envelope membrane g (Bédard etal., 2007; Chou et al.,
chloroplasts 110 (Tic110) 2003; Stahl et al., 1999)
AT3G48870 Clp ATPase component (Hsp98ILPC2) (Chou et al., 2003)
NAD(PYinding Rossmanfold superfamily
AT4G23430 o (Hormann et al., 2004)
protein (Tic32)
AT5G50920 CLPC homologue 1 (Hsp93V) (Kovacheva et al., 2005)
AT2G04030 Chaperone protein htpG family protein (Inoue et al., 2013)

(Hsp90C)

TrxM2 PPl Network

Gene Accession

Protein Annotation

References

Number
AT1G09420 | Glucoses-phosphate dehydrogenase 4 (BiBt) (Meyer et al., 2011)
AT5G35790 Plastidic glucosé-phosphate dehydrogenase (Meyer et al., 2011)
(GePn)
AT1G22640 Myb domain protein 3 (Myb3) (Dreze et al., 2011)
AT5G5090 Voltage dependent anion channel 3 (VDAC (Zhang et al., 2015)

The protein-protein interaction visualization was performed via The BieAnalytic Resource for

Plant Biology Platform (ttp://bar.utoronto.ca/eplant/ ). For each candidate proteinAtTic40,

AtTrxM2 and AtPicl, the numbers of interaction partners plotted were,seven (AT1G06950,
AT3G48870, ATA4G2348, AT5G50920, AT2G04030, AT5G19620, AT4G02510), five
(AT1G09420, AT5G35790, AT1G22640, AT5G15090, AT2G26830) amedo (SeeAppendices).

AtTic40 and AtTrxM2 associated proteins were sorted according to published data and

relevance (Table 16). Surprisinglythere was no proteinassociatingwith AtPicl.

The Tic40 protein was first found to be interacting with the Tic110 protein by crossinking

analysis subsequently followed by immunoprecipitation (Stahl et al., 1999)The Tic110-Tic40

interaction, later, was supported by biochemical crosdéinking experiments (Chou et al., 2003)

yeast two-hybrid and bimolecular fluorescence complementation (BiFC) assayB8édard et al.,

2007). Biochemical crosslinking has revealedthat Tic40 also interacts with Hsp93lll protein

(Chou et al., 2003) Interestingly, caimmunoprecipitation experiments have identified the

protein named Tic32, proposed to have an association with Tic4(H6rmann et al., 2004)
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Moreover, in vivo studies showed that Hsp93V works closely with protein import complex,
possibly suggesting an interaction with Tic40 (Kovacheva et al.,, 2005) Later, another
interaction partner, Hsp90C, was ceurified with the protein import components, including

Tic40 (Inoue et al., 2013)

The interaction partners of TrxM2, G®D1 and G&#D4 were identified via localization analyses
and confirmed by yeast twehybrid and BiFC experimental dataMeyer et al., 2011) From a
high-quality proteome-wide interactome mapping another protein, Myb3, was identified as an
associating partner of TrxM2(Dreze et al., 2011) Surprisingly, an interaction between TrxM2
and mitochondrial protein VDAC3 has been evidenced by yeast twiybrid, BiFC and puli
down experiments (Zhang et &, 2015).

3.3 In silico Secondary Structure Analysis of Candidate Proteins

Proteins are dynamic molecules; thus, various factors influence their activitiest has been
reported that protein tags can interferewith protein folding and alter biological activity (Booth
et al., 2018; Cabantous etl., 2005) Therefore, addtion of an N- or G terminal tag requires
deep investigation at the structural level. Since the TurbolD is a relatively big (~35 kDa)
protein (Branon et al., 2018) it is essential not to interfere with the native functionof the
target protein. Therefore, in silico analysis of AtTic40, AtTrxM2 and AtPicl proteins was

performed as described in Sectio.2.4.1 General Computational Tools .

Transit peptides were predicted using ChloroP software(Emanuelsson et al., 1999)and
excluded from the protein sequence for the membrandound structure prediction. It was
observed that the Tic40 protein spans the membrane with a single transmembrane domain
and possesses a hydrophilic domain facing the stroma (Figure 3Alhereas Picl protein
indicates four transmembrane domains (Figure 3B)Candidateproteins have their Gterminal
part facing the stroma (Figure 3). Therefore, the spatial location of the TurbolD tag was

confirmed to beon the stromal side of the inner chloroplast envelope.

The AtTrxM2 is a soluble plastidial protein with the size of ~12 kDaFernandezTrijueque et

al., 2019) Therefore, the TurbolD tag was fused to the proteisocAO T 1 O O1T ET OA O A&/
function. Next, the golden gatecloning strategy was designed according to the secondary
structure analysis. Each respective plasmid was cloned according to the scheme (Table,12)

and protein functionality was checked transiently and stably.

38



)] -t

oy
&)

&
03952
LA}
§2e%s

)

=)

&
g

FOSCEEREOREEEEERREEY
ogeeeoéasaaceoe

H

006D DEPEEEPEREEERREREEEERR

%aaeoaaea@aqenmanag@
a;éeeeeeeeegéa 2eEER05”
QQOQOQOGOOGGQO HER008E),
aﬂ@egaaeeeea@eqaeaaoge
@goeeeamoéaeaoéaaeuéﬂe
Geeﬁoeoaeeeaaaﬂoaaaeﬂe
geeeoogeeeeeas 208800,
a@eae@aéeosoeo CEER 9996
eegaoeeoeoeoeeeoeeeo%
aééaaeoneoeéac eCCCCo
aﬂaaeaeagaaeaaaaaaga%

GQOG@QGGOOQQGO GEED aa_ge

Figure 3: in silico secondary structure pre diction of the candidate proteins. Both proteins have
their C-terminal part in the stromal side. The location of the TurbolID tag will be within the stromaA)
Structure prediction for AtTic40 protein. While the Nterminal part faces the intermembrane spae, the
Cterminal part locates within the stroma. The predicted structure shows only one intermembrane
domain. (B) Structure prediction for AtPicl protein. Both G and N- terminal domains face the stroma.
There are four transmembrane domains within the defted structure. (C) Structure prediction for
AtTrxM2 protein. Accordingly, the AtTrxM2 protein appears to lack a membrane binding domain and
thus tend to behave as a soluble protein.

3.4 Establishment of the Proximity Dependent Labeling in Plant  Systems

Since the development of the BiolD system, it has been challenging to implement this
promising technologyin plants for several reasongArora et al., 2020)(Figure 4, 5). One is that
plants can produce biotin endogenously, creating background biotinylatiofArora et al., 2020)
Therefore, optimization of the reaction parameters was necessaryfwo biotin ligases,BiolD2
(Kim et al., 2016)and TurbolD (Branon et al., 2018) were used for proximity labeling and
incorporated into the candidate proteins by Golden Gate DNA assembly. The biotinylation
capacity of fusion proteinswere initially tested with transient expression system and followed
by stable expressionNicotiana benthamana leaves were used to check protein functionality
transiently (Figure 6 and Supplemental Figure 1)Subsequently it was indicated that the
fusion proteins were capable otatalyzing both self and proximity biotinylation. Following this
information, it is aimed to establish stable plant lines expressing the fusion proteins and
promote proximity labeling by adding excess biotin For this purpose, the WTCol0 and

homozygous Tic40 mutant (SALK_057111) seeds were transformed with respective plasmids.
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Transformants were selected according to antibiotic or herbicide resistancglasmid insertion
was confirmed concerningeachindependent insertion, resulting seeds wergpooled together,

and used for further analysis(Figure 7,8,9, 10 and Supplemental Figre 2).

Various methods were evaluated to ensure biotin intakeof the Arabidopsis thalianaplants.
First, thetransformed seeds were planted on soiand grown for at least four weeksand leaves
were collected and incubated with biotin solution in a tray.Subsequently, purified total
proteins were checked via western blotting which caused insufficient biotin uptake for
reaction initiation (Supplemental Figure 3\). Later, the biotin solution infiltrated the
Arabidopsis thalianaleaves, resulting in an inadegate biotinylation reaction (Supplemental
Figure 3B). These findings highlight that the sodgrown seeds cannot acquire excess biotin
from the environment. Liquid cultures were used to growArabidopsis thalianaseedlings to
overcome this barrier. Despite the hydrophobicity of biotin, growing plants were ale to intake
biotin from the liquid culture and utilize it for the biotinylation reaction. Thus, the
experimental setup for the biotinylation process was built on growth in the liquid culture of the
transformed seeds. Seeds were grown in the liquid culturtor 14 days before biotin addition.
The concentration of the biotin and the reaction timefor stably transformed lines were
determined as parallel to transient expression studies iNicotiana benthamiana(Figure 11,
12).

Total proteins were extracted asdescribed (Section2.2.2.7 Protein Extraction for LS -MS/MS
Analysis), excess biotin was removed using desalting columns and biotinylated proteins were
collected by streptavidin affinity purification. Since the biotinstreptavidin interaction is one of
the strongest known non-covalent bonding, the complete separation of the biotinylated
proteins is exceptionally challenging. Therefore, the proteins immobilized on streptavidin
beads were digested into peptides with trypsin. Collected peptides were sent to nes
spectrometry analysis and protein identification wasperformed as described (Sectior2.2.4.2

Data Analysis and Protein Enrichment of Mass Spectrometry Datasets ).
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Figure 4: Experimental setup for the proximity labeling in plants. The complete setup can be
divided into two subsections:Part 1-Transgenic plant generation andPart 2- Biochemical analysis of
the proteins. Each part consists of 4 distinct step®ART 1-(Step 1) Firstly, the sequenceof candidate
proteins are designated for cloning purposes and the primers are designed concerning the used plasmid
system. Here, we used Golden Gate DNA assembly to create TurbolD tagged protdiaep 2)
Confirmed plasmids are transformed into respective Arabidopsis thaliana plants, succesful
transformants were selected according to the antibiotic/herbicide resistance, and the resulting seeds
are pooled together for further analysis(Step 3) Seeds are grown in the liquid culture on a shaker in
the growth chamber under the 16 h lightt ShAAOEhRh ¢ ¢ J#h -2pirimfluarebcent light |
conditions for 14 days.(Step 4) The biotin solution is added to 14day-old plants in liquid culture.
Then, the plants are incubated on a shaker in the same growth chamber for 6 hours to acquire a
biotinyl ation reaction.
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Figure 5: Experimental setup for proximity labeling in plants.  PART 2-(Step 5) Total proteins are
extracted and desalted to remove excess biotin. Later, biotinylated proteins are purified using
streptavidin-coated magnetic beadgStep 6) The magnetic beads are subjected to trypsin digestion to
obtain a peptide mixture. This step contains information about the interaction partners(Step 7)
Peptides are prepared for mass spectroscopy analysis. Then, the resulting MS data is analyzed by
statistical tools to obtain a protein network. (Step 8) The protein network is subdivided into desired
sections to create a significant interaction protein mp.

3.4.1 Transient Protein Expression in Nicotiana benthamiana and Determination of
Biotinylation Reaction Parameters

The TurbolD enzyme exhibits great biotinylation outcome depending on the timéranon et

al., 2018) Therefore, enzymatic reaction peameter optimization is required. To determine the

optimal reaction time, Nicotiana benthamianaleaves were infiltrated with the Agrobacterium

carrying the TurbolD constructs. After two to three days of incubation, theNicotiana
benthamiana leaves were ag&1 E1 £E1 OOAOAA xEOE wuvnm t- AETC
solution, dissolved in 10% DMSO). The reaction was stopped when a sample was taken for

protein purification. Leaf samples were taken at 30 mins, 1 hour, 2 hours, 3 hours, 6 hours, and
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18 hours for each construct. As a negative control, leaves were infiltrated with only
ACOT AAAOGAOEOI AT A ET AOAAOCAA &I O Oxi O OEOAA
biotin and after 18 hours, samples were collected.

As a result, TurbolD tagged candidate preins indicate enough biotinylation compared to the
negative control (Figure 6). Each protein exhibited self biotinylation (autobiotinylation) and
proximity biotinylation. Autobiotinylation bands were visible near the candidate protein sizes
(TrxM2-TurbolD:~56 kDa, Tic40TurbolD:~85 kDa, Picl-TurbolD:~67 kDa) and the
biotinylated proteins have exhibited the smear like band formation (Figure 6). The time
needed for the reaction for TrxM2 and Tic40 fusion proteins was 30 mins (Figure 6AB),
whereas Picl protein required at least 2 hours of incubation for proper biotinylation (Figure
6C). The saturation time point for the reaction was identified as 6 hours for all three proteins.
Nicotiana benthamianaplants were infiltrated with non -transformed Agrobacteium and used
as a negative control for proximity labeling which resulted in almost zero biotinylation
compared to tagged proteins (Figure 6)The results were confirmed that both candidate and
TurbolD proteins were functional. Besides, the TurbolBenzyme could catalyze biotinylation
reaction by adding biotin molecules to the candidate protein and the proteins in close

proximity.

The transient expression of candidate proteins fused with a biotin ligase (either TurbolD or
BiolD2) was successful in the baakgound of Nicotiana benthamiana (Figure 6 and
Supplemental Figure 1). Proteins were able to add biotin moieties to themselves and the
neighboring proteins (Figure 6 and Supplemental Figure 1). Compared to TurbolBjolD2
tagged proteins required a more extended incubation period (18 hours) for efficient
biotinylation (Supplemental Figure 1). The overall results support that the Nicotiana

benthamiana plant model organism is suitable forin vivo proximity -dependent labelingstudies.
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Figure 6: TurbolD tagged proteins show biotinylation in  Nicotiana benthamiana . Plasmids were
transformed using Agrobacterium. Protein extracts were collected at the time points shown above the
immunoblots (30 mins, 1 hour, 2 hours, 3 hours, 6 hours and 18 hours). As a negative contvald type
plants were incubated with the non-transformed Agrobacterium. Biotinylated proteins were detected
with the anti-biotin antibody. Ponceau staining indicates the protein loading for each blot. Protein sizes
are TrxM2-TurbolD: ~56 kDa, Tic40TurbolD: ~85 kDa, Picl-TurbolD: ~67 kDa and selfbiotinylated
candidate proteins were irdicated with the red arrow. Neg: Negative Control(A) TrxM2 fused with
TurbolD construct exhibits biotinylation within 30 minutes. (B) The Tic40 protein tagged with TurbolD
shows greater biotinylation after two hours of incubation. (C) The biotinylation rate for the Picl-
TurbolD protein is relatively higher after 6 hours of incubation.




3.4.2 Generation of Arabidopsis thaliana Plant Lines Suitable for Proximity Dependent

Labeling

Generation of stable plant lines bearing the proximity labeling plasmids weregsformed by

using Arabidopsis thalianaWT Cot0 and SALK057111 lines. To check the possible metabolic

effects of the proximity labeling tag when fused to a protein, a homozygous mutant plant line
(SALKTTu X pppd xAO OOAA | A O OEA OAEA i & OBHDI EAE
4EA CATT1TEA OACEW) was depices A FigudeErA twhich was disrupted
between exon 8 and exon 9 by the-DNA insertion. The complementation was conducted using

the CDS oAtTic40 protein followed by either BiolD2 or TurbolD tag, under the control of 35S
promoter (Figure 7808 4 EOOh Oxi1 AEAEAOCAT O AT i DI Al AT-OAA |
BiolD2 Q 3 4 E A1 sT@kbIDA Transformation of the WT Col0 were performed with

plasmids containing AtTrxF1, AtTrxM2 CDSAtTic40 CDS andAtPicl CDS tagged witleither

BiolD2 or TurbolD protein, having 35S promoter in the upstream region (Figure9 and
Supplemental Figure 2. Plasmid insertion into WT Col0 genome was confirmed via PCR
product with appropriate primers designed to amplify CDS and biotin ligase region of each

fusion protein (Figure 9 and Supplemental Figure 2 The seeds of ach of the identified

independent insertion lineswere collectedindividually and used for proximity labeling assays.

Genotyping of the complemented> 4 E A-f-ytlines was performed against TDNA insertion
and the respective complementation constructs.T-DNA insertion for 3 4 E A ¥ 49t wap
confirmed by the presence of the PCR product &fB and RP primersand the existence wild
type allele was checked by LP and RP primefgigure 7C). Construct specific primers were
used to amplify the complementation plasmid (Primer F is designed to bind exon 1 region of
AtTic40 (AtTic40 GD F1) andPrimer R is to bind either the downstream region of BiolD2
(BiolD2 D-E R) or TurbolD (TurbolD DE R). The expected PCRproduct amplified by these

primers confirmed the insertion of the plasmid(Figure 7C).
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Figure 7: AtTic40 complementation studies for proximity labeling assay. (A) Diagram of the
genomic region encodingAtTic40 as gene scheme.-DNA insertion location of SALKD57111 line and
genotyping primer binding sites are represented. Exon regions are shown by boxes labeled from E1 to

E14. Introns are represated as spaces between neighboring exons. LB, RP and LP primers are listed in

the Materials and Methods section as genotyping primers foktTic40. (B) Schematic representation of
the complete gdasmid used for complementation studies. The coding sequence (CDS)AdTic40 fused
either with BiolD2 or TurbolD under the control of 35S promoter was inserted into the genome for
complementing the SALKD57111 line. The primers used to confirm the insertion aresshown as Insert F
and Insert R. N: Nlerminus, C: Gterminus. Thered asterisk (*) sigh was used to depict primer dimers.
(C) Genotyping PCR analysid.he presence of the wild type gengas checkedusing LP and RP primers.
T-DNA insertion was checked vid.B and RP primers. The presence of insertq@lasmid was confirmed
via genotyping primers Insert F and Insert R. The sizes of PCR products are as follows-RH: ~1000
bp, (LBRP): ~500 bp, (Insert FInsert R): ~1500 bp. (D) Immunoblot analysis of AtTic40
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complemented lines using the antibody against Tic40, four weeks old s@jtown plant sample.Col0 is

used as the control sample. Tic40 proteins fused witBiolD2/TurbolD were detectable near respective

sizes (Tic40BiolD2: ~77 kDa and Tic4QTurbolD:x v E$AQ8 4EA OAi/Dllides £OT |
exhibited no band formation. Around 40 kDa, the Tic40 band was visible in the control sample. Ponceau
staining shows the protein loading information.

Immunoblotting analysis was performed to confirm the prokin presence within four weeks of
soil-grown complemented lines. Total proteins were isolated and used for further research. WT
Cotox AO OOAA AO bl OEOEOGAQ A% A ® Ol ATgM Gt svasded 1 m
for the detection of Tic40 protein Native Tic40 protein was detected near 40 kDa in the WT
Cot0OAT BT Ah xEET A T1T1TA xAPDsarple FhdeDA TickoBi&ID2 and4 E AT 71
Tic40-TurbolD fusion proteins were detectable in the complemented lines at 77 kDa and 85

kDa, respectivey (Figure 7D). Additionally, native Tic40 protein was not visible within the
complemented lines (Figure 7D). Thus, the immunoblotting supports the successful

cd i bl Al AT OAOQET W-) WitlEthe cBMAEAAALTIC40jfollowed by either BiolD2 or

TurbolD under the control of 35S promoter.

In addition to biochemical analysis of the complemented plants, physiological observations
were carried out. For this reason, complemented lines were selected with related herbicide
selection and grown on soil for four weeks. Both WTok0OAT A 3 4/E)Alants were used as
positive and negative controls respectively Complemented plants exhibited faster growth
AT T DPAOAA OF-) plamseAdttirey Have reached a similar height as WTol0 plants
after four weeks of the growth period in the greenhou8d j & ECOOA Y@ plantsA 34
exhibited pale green leaf formation due to thebsenceof Tic40 protein (Chou et al., 2003 The
leaf color of the complemented lines wasexamined asdarker than 3 4 E A-t-)randjlighter than
WT Col0 (Figure 8B), indicating that theBiolD2/TurbolD tags did not dramatically affect the
function of the Tic40 protein. However, it was clear that the complementation was not
completely successful as the four weeks old plants did not exhibit the same phenogyps WT
displayed minor abnormalities such as light green lefacolor anddecreased number of leavem

comparison to WTCol0 plants (Figure 8).
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Col-0 ATic40 (-/-) ATic40+Tic40-BiolD2 ATic40+Tic40-TurbolD

4 weeks old

Col-0 ATic40 (-/-) ATic40+Tic40-BiolD2 ATic40+Tic40-TurbolD

4 weeks old

Figure 8: Representative pictures of plants grown for the soil -based phenotyping of AtTic40
complementation studies. The phenotyping was performed after the herbicide selection of
complemented lines. WTCol0 was used as control. Homozygoustd EAt . | OOATcd (-B)I)AT O j

AGEEAEOAA Oi 1T x CcOil xOE AT A PAIT A COAAT DPEATT OubAsg .
BiolD2Q 3 4 E A 1 sT@bblD)Agrew faster than the AtTic40 mutant but relatively slower than the

control. The pictures were taken of 4 weeks old plas. (A) Vertical depiction of the plants. Each pot

consists of 4 plants of the same genotypéB) Top view of the plants. One plant per genotype was

represented.

As the mutant phenotype was not rescued entirely aftethe four weeks of the growth period
(Figure 8), the possibility of obtaining false positive biotinylated proteins was estimatedo be
relatively increased Therefore,candidate proteins that had been fused with the appropriate
biotin ligases had been stably inserted into wiletype badkgrounds. The resulting mutant
seedlings were then gathered and subjected to herbicideased selection.Following, the
herbicide-resistant plants were allowed to seHpollinate and produce seeds, which were

gathered and used for the proximity labeling anaisis (Figure 9).
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—_ “
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N | 355 Promoter | AtPic1 CDS | TurbolD | c

B C

Col-0+TrxM2-TurbolD

Col-0+Tic40-TurbolD

bp 1 2 3 4 5 6 7 8

D Col-0+Pic1-TurbolD

Figure 9: Generation of Arabidopsis thaliana plants bearing the TurbolD transformed constructs

(A) Transformed plasmids were represented with schematic depiction. The coding sequence (CDS) of
the candidate genes fused with TurbolD under the control of 35S promoter was inserted into the
genome of WT CaD. The presence of the inserted plasmid was checketh primers indicated on the
plasmid scheme for each candidate gene. TurbolD R (TurbolBDEDR) is designed to bind downstream
region of the TurbolD. Independent insertion lines for each fusion plasmids were used for the analysis.
The red asterisk (*) sign was used to depict primer dimers.N: N-terminus, C: Gterminus. (B)
Genotyping analysis of TrxMZTurbolD insertion. TrxM2 F(AtTrxM2 GD F)binds to upstream region of
AtTrxM2 CDS. Expected PCR product (TrxM2 F + TurbolD R)1000 bp. (C) Genotyping analysis of
Tic40-TurbolD insertion. Tic40 F(AtTic40 GD F1)binds to upstream region ofAtTic40 CDSExpected
PCR product (Tic40 F + TurbolD R): 1500 bp.(D) Genotyping analysis of PicfTurbolD insertion. Picl

F (AtPic1 GD F1) binds to upstream region ofAtPicl CDS. Expected PCR product (Picl F + TurbolD R):
~ 1200 bp.
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Figure 10: Immunoblot analysis of stable plant lines transformed with Tic40 protein fused with

either BiolD2 or TurbolD. Plasmids carrying the Tic40 protein tagged withBiolD2/TurbolD were
transformed into WT Col0 Arabidopsis thalianaplants. Transformants were selected and grown in the
liquid culture for 14 days. Total proteins were extracted from the plants and analyzed by western blot.
I T OTTATT O AT Al UOGEO xTicdo aBiBooyRIVTTOH vas @édms$ dpntrdl.iLoaging
information was indicated by ponceau staining. Protein sizes are: Tic40: ~40 kDa, TicBolD2: ~77
kDa, Tic4GTurbolD: ~85 kDa.

For a more detailed biochemical analysis, the transformed WT G0l plants bearing Tic40
BiolD2 and Tic4GTurbolD plasmids weregrown in liquid culture for 14 days prior to protein
AdOOAAOGET T8 4EATh OEA O OAI DPOi OAET O -Ticd0OA
antibody. WT Col0 samples were used as control. The antibody detected the Tic40 band in
transformed lines identical to wild-type lines (Figure 10). Moreover, the tagged Tic40 protein
bands were visible at the respective sizes (Figure 10). This result, therefore, supports that the
wild -type transformation of plasmids containing proximity labeling tools is also suitablgor

further biotinylation experiments as the mutant background.

3.4.3 Determination of Biotinylation Reaction Parameters for Stable Transformed
Arabidopsis thaliana Plant Lines
The liquid culture approach was used to determine the optimum reaction conditizss for

Arabidopsis thalianaseeds carrying the proximity labeling plasmids. For this reason, selected

Al
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seeds were grown in liquid growth culture for 14 days. The biotin concentration and the
reaction time were determined concerning the data observed fronNicotiana benthamiana
biotinylation. First, the reaction was carried out for 30 mins, 1 hour, 2 hours, 3 hours and 6
hours using 500 uM biotin solution. Later, the reaction time was set to 6 hours and biotin
concentration waschanged to50 uM, 100 pM, 250 pMand 500 uM, respectively. As discussed
before, the seeds from the plasmids bearing TurbolD constructs, which were transformed into
WT Col0 background, were used for the proximity labeling experiments. The reaction
parameters were adjusted according to t TrxM2 and Tic40 biotinylation characteristics as
Picl reached the saturation parametersslower (Figure 6). As a control, WTCol0 seeds were
subjected to maximum reaction conditions by utilizing 500 puM biotin for 6 hours reaction

period.

Then, the reaction was terminated by washing the seedlings with ieeold water 2-3 times
prior to protein extraction. Extracted proteins were anaUUA A AU Ei i 011 A1 1T O0E
biotin antibody. TrxM2 exhibited biotinylation by using 250 uM and 500 pM biotin solution
(Figure 11A11B), while the reaction was initiated by 100 puM biotin for Tic40 (Figure
11C11D). In terms of reaction time, the TrxM2needed 6 hours for efficient biotinylation
(Figure 11A), whereas 2 hours was adequate fdsiotinylation initiation of Tic40 (Figure 11C).
However, thetotal amount of biotinylated proteins were significantly different between TrxM2

and Tic40 proteins.
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Figure 11: TurbolD fused TrxM2 and Tic40 proteins indicated different biotinylation patterns
depending on the biotin concentration and the reaction time. Stably transformed Arabidopsis
thaliana seeds were grown in the liquid culture for 14 days. The biotin solution at the concentration of
500 uM was added to the medium for the biotinylation reactionlmmunoblots were done by isolating
total protein from the plants grown in liquid cultures. Untransformed WT ColO plants were used as
AT T OOBRidtiB antibody was used to detect biotinylated proteins. The time parameter was
determined using various time points (30 mins, 1 hour, 2 hours, 3 hours, 6 hours) when the biotin
concentration was set to 500uM. The optimal biotin concentration was determined by checking 50 pM,
100 pM, 250 pM and 500 pM concentrations while the reaction was carried out for 6 hours. Control
groups were subjected to final parameters (e.g., 6 hours of reaction time using 500 phtin solution).
(A) Genotype: TrxM2TurbolD plasmid expressing in WTCol0 background, Investigated reaction
parameter: Reaction Time(B) Genotype: TrxM2TurbolD plasmid expressing in WTCol0 background,




Investigated reaction parameter: Biotin Concentrion. (C) Genotype: Tic40TurbolD plasmid
expressing in WTCol0 background, Investigated reaction parameter: Reaction TimgD) Genotype:
Tic40-TurbolD plasmid expressing in WTCol0 background, Investigated reaction parameter: Biotin
Concentration.

Different time points and biotin concentrations resulted in various labelling efficiencies.
Biotinylation reaction by using TrxM2 as bait protein was more efficient compared to Tic40
(Figure 11A, 11B. On the other hand, Tic40 guided biotinylation of adjacenproteins was
detectable on the immunoblots(Figure 11C, 11D. Concerning results, the parameters were
adjusted to the 500uM biotin usage for 6 hours of reaction period The reason forsetting the
samereaction parameters for each fusion protein waso prevent over biotinylation of the prey
proteins and thus avoid misidentification by mass spectrometry. Subsequentlghe proximity
labeling was performed with determined parameters for the candidate proteins, TrxM2, Tic40
and Picl. As predicted, the TrxM2achieved great biotinylation over time, as indicated in
immunoblotting results (Figure 12). Labeling of the interaction partners for Tic40 andPicl
was relatively lower than TrxM2 (Figure 12). The endogenous biotinylationwas neglected as
only some bands were distinguishable in WTol0 samples (Figure 2). It was concluded that
the optimal reaction parameters for biotin labeling were achieved, and they were reliable for

further protein identification steps.

Smilar approach was followed for catalyzation of BiolD2 mediated proximity labeling. The

reaction was carried out with 500 puM biotin solution and stopped after 18 hours.Extracted

total proteins were subjected to immunoblotting analysis, which was resulted in exhibitig
biotinylated proteins (Supplemental Figure 2). Surprisingly, there was no significant

AET OET UI AGETT DAOOAOT AEAEEAOAT AA ET AGIOAEAAC
(Supplemental Figure2). These data suggest thathe BiolD2 mediated biotinylation was not
achievedor the candidate proteinssomehow interrupted the activity of BiolD2. In any case, it

was shown that the TurbolD biotin ligase promotes proximity protein biotinylation more
efficiently than BiolD2, when the reaction was carried out at rom temperature. Thus,further

steps were adjusted and employed depending on TurbolD mediated proximity labeling.
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Figure 12: Stably transformed plant lines expressing candidate proteins tagged with TurbolD
exhibited great biotinylation over time.  The biotin concentration of the reaction was 500 uM and the
reaction was stopped after 6 hours of incubation. Total proteins were exicted and used for
immunoblotting. Biotinylated protein detection was achieved by using specific antibody to biotin.
Smear like bands indicated the interaction partners for the candidate proteins. WT G0lplants were
used as control. Ponceau staining sk the protein loading information.

Furthermore, the presence of candidate proteins tagged with TurbolD in stable plant lines was
AgAi ET AA AU EI i O 1-blolDi adtddsly Supdledrénial Fighre 4). TrxM2-
TurbolD was detected around 56 kDa clearlyfSupplemental Figure 4A). The Tic40rurbolD
and Picl-TurbolD bands were slightly visible, indicating the low protein abundance
(Supplemental Figure 4B). Overall, these data verify that the transformation of candidate
proteins tagged with proximity labeling tools was successful and expressed fusion proteins

were capable of biotinylation reaction initiation.

3.4.4 Identification of Interaction Partners by TurbolD Mediated Proximity Labeling

Following establishing the proper biotinylation conditions for Arabidopsis thalianaseeds, the
next step was to analyze the labeled proteins. For this reasdsiolD2 and TurbolD tagged lines
were utilized. BiolD2 mediated biotinylation did not generate a suitable dataset for further

statistical analyses Thus, protein interactome data produced by TurbolD biotinylation were
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used and subjected to statistical analyses. This result further confirms that the TurbolD

enzyme provides reliable outcomes concerning the application in plariiased studies.

Next, stably transformed plant lines were used to identify interaction partners for candidate
proteins. After 14 days of growth in the liquid culture, total proteins wereisolated and
subjected to affinity purification. Captured proteins were analyzed wusing liquid
chromatography coupled to tandem mass spectrometry (LMS/MS). Quantification was
carried out by labelree quantification by MaxQuant and Perseus was used foulssequent
filtering and subsequent data analysis of identified proteins. Proteins that were not
significantly enriched in the TurbolD samples compared to wild type were removed to
eliminate the background proteins. The dataset then resulted in 911, 890 ar883 significantly
enriched proteins for TrxM2, Tic40 andPicl, respectively. A second filtering step was applied
to select the chloroplast localized proteins within the enriched ones. This approach brought
high confidence candidates, 350, 332 and 125 preins for TrxM2, Tic40 andPicl, respectively
(Supplemental Table2, 3, 4). Proteins included in thePicl interactome were eliminated from
TrxM2 and Tic40 interaction list as the third filtering step. During the establishment of the
project, Picl protein was selected as the negative control group. As a result, 228 and 209
interacted proteins were identified for TrxM2 and Tic40, respectively (Figure 3A, 13B). The
comparison between TrxM2 and Tic40 interactome has revealed that these two proteins were
associded with 327 proteins in common (Figure 13C). The number of proteins interacting with

only TrxM2 and Tic40 counted as 23 and 5, respectively and summarized in Table 17.

According to the comparison of the interactomes of thdrxM2 and Tic40,the two proteins
have many associated proteins in common, however there are also proteins that are distinctive
to either TrxM2 or Tic40 (Table 16, 17 and see Appendices)Proteins involving in translation,
transcription, photosystem-I assembly, starch biosynthesis photo-oxidative stress response
and glycogen biosynthesis were found to be interacting with TrxM2 specifically (Table 17).
Tic40 wasshown to be specifically associating with the components of iron homeostasi$IC1,
FC1) ribosomal assembly factors(rpl20), carotenoid biosynthesis(LCY) and chaperone
system(BAG1)when compared to TrxM2 (Table 17)Hence, more biochemical analyses should
be carried out to understand the mentioned interactomes better. The datasets could be

considered an initial screening for a complex research project.
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Bait:Tic40 Bait:TrxM

Bait: Pic1

Bait: Pic1

Bait: TrxM

Bait: Tic40

Figure 13: Venn diagram comparison of identified chloroplastic interaction partners by
proximity labeling . Biotinylated proteins were identified using mass spectrometry and generated data
was modified using statistical analysis tools. Chloroplast destined enriched proteins were taken into
consideration for further filtering steps. Each Venn diagram depiction showed both individual and
mutual associating proteins of respective bait protein(A) Comparison betweenTic40 and Picl. (B)
Comparison betweenTrxM2 and Picl. (C) Comparison betweenTrxM2 and Tic40.
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Table 17: Specificproteins associating/interacting with TrxM2 and Tic40, respectively. Venn diagram

comparison was carried out between TrxM2 and Tic40 related proteinshloroplast located.

SpecificPreys for Gene Name Functional Annotation

TrxM2

AT1G08520 CHLD Magnesiumchelatase subunit ChID

AT5G03420 PTST Protein PTST homolog 3 (PROTEIN TARGETINCG
STARCH homolog 3)

AT4G11010 NDPK3 Nucleoside diphosphate kinase IlI

ATCGO00830 rpl2-A 50S ribosomal protein L2

AT2G34640 PTAC12 Protein PLASTIDRANSCRIPTIONALLY ACTIVE

AT2G40300 FER4 Ferritin-4

AT5G52520 OVAG Proline-tRNA ligase (Protein OVULE ABORTION

AT5G36790 PGLP1B Phosphoglycolate phosphatase 1B

AT5G19220 ADG2 Glucosel-phosphate adenylyltransferadarge
subunit 1

AT3G63190 RRF Ribosomerecycling factor

AT5G12040 NLP3 Omegaamidase (Nitrilasdike protein 3)

AT5G44650 Y3IP1 Ycf3interacting protein 1

AT5G30510 RPS1 30S ribosomal protein S1

ATCG00430 ndhK NAD(P)Fyuinoneoxidoreductase subunit K

ATCGO00170 rpoC2 DNAdirected RNA polymerase subunit beta

AT1G32900 GBSS1.8 Granulebound starch synthase 1

ATCGO00730 petD Cytochrome b& complex subunit 4

AT5G22630 ADT5 Arogenate dehydratase 5

AT2G36390 SBE2.1 1,4-alphaglucanrbranching enzyme-2

ATCGO00790 rpll6 50S ribosomal protein L16

ATCG00180 rpoC1 DNAdirected RNA polymerase subunit beta

AT4G39970 Haloaciddehalogenasdike hydrolase domain
containing protein

AT2G47390 GEP Probable glutamyl endopeptidase

SpecificPreys for Gene Name Functional Annotation

Tic40

AT3G10230 LYCB, LCY1 Putative lycopene betayclase

AT2G15290 TIC21PIC1 Protein TIC 21Permeasén Chloroplasts 1

ATCGO00660 rpl20 50S ribosomal protein L20

AT5G26030 FC1 Ferrochelatasel

AT3G29310 BAG1 BAG family molecular chaperone regulator 8
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Data visualization through Venn diagrams and scatter plots were performed by using the
chloroplast localized prey proteins (Figure 13, 14)or this reason, proteins were investigated
concerning log2 fold change andlog10 p-value for each bait protein independently from each
other. The proteinswhichEAOA 11 Cc¢ A&l 1 Aog® p-dalugxd 05we&ahigilighied
in the scatter plot visualization (Figure M), hence, the probability of these proteins being
partner proteins was relatively higher. Due to the autobiotinylation, the bait proteins were

found to behighly abundant intheir interactome datasets.

Ticl10 has appeared as a common interaction protein for all bait proteins, Tic40, TrxM2 and
Picl (Figure 14). Interestingly, Stic2, a potential suppressor of Tic40 proteir{Bédard et al.,
2017), was found to be interacting wih both Tic40 andPicl (Figure 14A-14C). It has been
debated for a long time that Hsp93lll and Hsp93V proteins play an essential role in protein
translocation by associating with Tic40(Chou et al., 2003; Kovacheva et al., 2005; Inoue et al.,
2013). Howe\er, the proteins Hsp93V and Hsp90C were identified as interaction partners for
Tic40 (Supplemental Table?), suggesting a complex interaction network. Moreover, the Tic40
interactome classifies Hsp70 as an associating protein of Tic40 and comprises ma@ipP

protease subunits (Supplemental Tabl@).

Interestingly, none of the previously characterized interacting proteins for TrxM2 (Table 16)
were detected by proximity labeling (Supplemental Table3). Instead, Tic62, a part of redox
regulon consisting of Tic32-Tic55-Tic62 (Balsera et al., 2007) was found to interact with
TrxM2 (Figure 14B). Furthermore, Tic40 was identified to be associatingwith TrxM2, implying

that they might involve in a similar biological process(Figure 14B).

There was not adequate experimental data available concerninBicl associating proteins.
Therefore, this protein was previously considered as not interacting with the TrxM2 and Tic40.
Proximity labeling revealed 125 prospective proteins associated withPicl (Supplemental
Table 4). Notably, TrxM2, Tic40 and Stic2 were atsinvolved in the Picl interactome (Figure
14C). These data suggest that more analyses were required to understand the function of the

Piclfully. However, our data would be a starting point for such detailed characterization.
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Figure 14: Scatter plot visualization of prey proteins for each candidate protein (Tic40, TrxM2

and Picl) identified by proximity labeling.  Chloroplast localized prey proteins were represented in
the graph as a node. The orange color was used when the preys hésle changel 1.5 and pvalue <
0.05. Significant interaction partners were exhibited by their protein name next to each nodgA)
Interactome for Tic40.(B) Interactome for TrxM2.(C) Interactome for Pic1l.

Within the scope of this thesis, it is further confirmed that the yield of TurbolD mediated biotin
labeling is more efficient than BiolD2. Besides, it was proven that membranéound proteins
(Tic40 and Picl) were suitable for proximity labeling by TurbolD, as only nuclear proteins
were previously used(Mair et al., 2019) Furthermore, our results indicated that the TurbolD
enzyme is applicable for organelldbased proximity labeling analysis. In conclusion, we have
constituted a proximity labeling protocol and generated interactomes of three chloroplast
localized proteins (TrxM2, Tic40 andPicl). Each generated data set coains the information of

the plant cell specific organellar proteome for corresponding candidate proteins.

3.5 Establishment of the Survival Selection DHFR* Reporter Protein -Fragment
Complementation Assay in Plant Species

The general route for chloroplastdestined proteins is known by the main players in the
pathway. However, the intermediate interacting proteins and regulating factors are not yet
identified. Thus, we aim to conduct a forward genetic screen with aArabidopsis thalianaline
suitable for organelle-specific selection. For this reason, the DHFR* based protein fragment
complementation assay (PCA) was coupled with a splEFP system. The two systems were
combined using the golden gate plasmid assembly technique and transformed into a wilghe
background. Therefore, the resulting transformants were selected concerning the plasmid
segregation rate and collected seeds. A forward genetic screen was conducted by using EMS
mutagenesis. The mutated seeds were further screened by survival rate in the pence of
MTX. Lastly, we intend to select survival plants that indicate chloroplast deficiency on an MS

medium containing plate with MTX selection.

Dihydrofolate reductase (DHFR) catalyzes the formation of tetrahydrofolate from
dihydrofolate, and its actvity is inhibited by methotrexate (MTX) (Michnick et al., 2010) A
mutated version, namely DHFR*, was investigated to be MTX resistant. Previously, it has been
shown that the Arabidopsis thalianalines expressing DHFR* can proliferate on MF&ontaining

MS plates (Primary data from PD. Dr. Serena Schwenkert). Therefore, we d@oncouple the
survival-selection ability of DHFR* with organellespecific targeting. For this reason, a split
version of DHFR* was attached by a split GFP that has the sedsemble ability; hence, the
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fragments of DHFR* were brought together by the inter@ion of two GFP parts. One fragment
was attached to a chloroplast transit peptide to give the organelspecific information, which
eventually will be located in the chloroplast. The MTX resistance will be visible only in two
parts close to the reconstitdion of the DHFR* activity (Figure B). Therefore, EMS mutagenesis
of the seeds expressing the split GF$plit DHFR* system will ultimately lead to a deficiency in
the chloroplast translocation system. This defect will lead to the accumulation of the
chloroplast destined fragment in the cytosl; hence, it triggers the MTX resistance by forming
the functional DHFR* enzyme. Finally, the survived plants will be further characterized by their

metabolic pathways and unidentified players of chloroplast biogenesis will be discovered.

_I_

Figure 15: Sdematic summary of the activity survival -selection based protein -fragment
complementation assay (PCA) depending on the DHFR* reporter. A split version of DHFR* was
coupled with a selfassemble split GFP fragment and cloned into a plasmid via golden gatagohid
assembly.Arabidopsis thalianaseeds were transformed with the plasmids bearing the constructs. The
resulted transformants were able to grow on MS medium containing MTX toxin.

To assembé such PCA, each fragment was subsequently cloned into the gmidgate plasmid
assembly system (Table 13, 14). The main question of this technique was how the fusion of
complementary reporter fragments (splitGFP and spltDHFR* fragments) could influence the
activity of the fusion protein. As a proof of principle the generated plasmids were first checked
using Nicotiana benthamianain terms of selfassembly. The hypothesis was that if the
constructs will find each other in space and promote functional protein recovery, we could
observe GFP signals in the stromand resistant plants to MTX. To validate the localization of
the plasmid carrying the respective constructsNicotiana benthamianaleaves were infiltrated
with Agrobacteria bearing the corresponding plasmids. Then, protoplasts weresolated, and
confocal microscopy was used to check the GFP and autofluorescence signals. Split constructs
were able to find each other and recover the protein function; thus, the GFP signal was visible
within the cytosol region of the protoplasts (Figure BA-16B). Transit peptide caused the

corresponding fragmentto translocate to the stromal side ofchloroplast; the two parts of the
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split-GFP could not find each other. Thus, the reconstruction of the GFP protein was inhibited

and the relevant signal was not detected (FigureGiC-16D).
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Figure 16: Plasmids bearing the fragments of DHFR* dependent PCA coupled with self -assemble
GFP could promote GFP signal. Constructs were transformed toNicotiana benthamianaleaves and
incubated for 2-3 days. Protoplasts were isolated and analyzed with confocal microscopy. The GFP
fluorescence was localized around the autofluorescence of chlorophyll from chloroplasts indicating its
localization in the cytosol. The addition oftransit peptide leads the corresponding part destined to the
chloroplast, leading to the loss of GFP signal. The successful two different plasmid combinations were
analyzed. The fragment information of each plasmid was represented above each figureDNFR*: N-
terminal part of DHFR* protein, saGFR10: selfassemble GFP protein with 410 domains, saGFP11:
Domain 11 of selfassembly GFP protein, ©OHFR*: Gterminal part of DHFR* protein, LHCA1 TP:
Transit peptide of LHCAL1 protein, BASTAGIufosinate Ammonium (A-B) Fragment combinations
without the transit peptide. (C-D) Fragment combinations with transit peptide.

Confocal microscopic analyses have revealed that the reconstruction of safsembly GFP was
successful. To check the functionality of the reconstited DHFR* protein, small pieces of
Nicotiana benthamiana infiltrated with DHFR* dependent PCA fragments, were put on MTX
containing MS plates. The plates were incubated in a growth chamber and the senescence rate
of the leaves was recorded. Wild typ&licotiana benthamianawas used as control, while DHFR*
FL plasmid expressingNicotiana benthamianawas taken as the positive control. A significant
difference between the leaves was observed after 14 days of incubation. Increasing MTX
concentration has accelerated the rate of senescence, as observed in wild type (Figum@.1

Fragments, including transt peptides, were deficient in DHFR*; hence, the respective leaves
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turned brown faster than the positive control DHFR* FL (Figure 7). The accomplished
reconstitution of DHFR* with the selfassembly GFP system has led leaves to ga@isistance to
MTX toxin, as their color was greener compared to wildype and transit peptide-containing
leaves (Figure ). As expected, DHFR* FL promoted resistance to the MTX, and the leaves

were observed as greener compared to the wild type (Figure7).
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Figure 17: Nicotian a benthamiana leaves infiltrated with DHFR* dependent PCA constructs could

resist MTX-dependent toxicity. Infiltrated leaves were disintegrated into small pieces after 2 days

of incubation. Two pieces were put together into a 60 mm x 15 mm petri dish et@ining MS medium
supplemented with increasing concentrations of MTX (0, 1 puM, 10 pM, 100 uM MTX). The Petri dishes
xAOA ET AOGAAOAA ET A CcOil xOE AEAI AAG2sil mguorescehtightE OF
conditions). The leaf senescence ddfence was observed after 14 days. Wild typeNicotiana.
benthamiana leaves were used as negative control and leaf pieces carrying the plasmid bearing DHFR*
full length were used as the positive control. All four fragment combinations were examined
individually. Comb 1: NDHFR*saGFP110 + saGFP1iACDHFR* Comb 2: saGFP110- NDHFR* +
CDHFR*saGFP11Comb 3: LHCA1 TPNDHFR*saGFP110 + saGFP11CDHFR*Comb 4: saGFP110-
NDHFR* + LHCA1 TPCDHFR#*saGFP11(A) Leaves before the incubation period on MTX containing
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MS medium. The color of the leaves was gregi®) The change of laf senescence was visible after 14
days of incubation. Transit peptidecontaining leaves were exhibited brownishcolor as compared to
DHFR* expressing ones. The increasing MTX concentrativas used.

Additionally, it was observed that thewild -type leaves exhibited greater sensitivity to MTX
compared to Agrobacterium transformed leaves. The plant immune system is the possible
explanation for this reaction. The infiltration of Agrobacterium might trigger the wound
response pathways as the grcess damages the leaf tissue; hence the rapid immune response
changes the structure of the plant cell wall by producing polysaccharides. Thus, it stabilizes the
structure (Voigt, 2014). This response possibly gave rise to a thicker cell wall that wouldtlit

the MTX diffusion through diving cells.

3.5.1 Generation of Arabidopsis thaliana Plant Lines Suitable for DHFR* Dependent PCA
Transient expression of the PCA fragments has proven the functional reconstitution of both
GFP and DHFR* enzymes. To furthepmfirm our DHFR* dependent PCA system hypothesis,
Arabidopsis thalianalines expressing corresponding plasmids were generated. For this reason,
the wild-type ColO plants were transformed with respective plasmids. Laterthe resulting
seeds were selected according to the herbicide selection atitk next generations were further
analyzed by survival/death rate calculation on the MS plate. Lastly, the successful

transformants were subjected to MTX toxin and observed throughout their development.

As a parallel to the outcome of transient expression studies, stably transformed lines were
resistant to MTX toxin; thus, they continued their development and maintained greeplant
color (Figure 18A and Supplemental Figure 5A). Transit peptide interrupted the reformation of
DHFR* enzymes; consequently, plants became vulnerable to MTX toxin and could not grow
(Figure 18B and Supplemental Figure 5B). The control group of eacmdi, grown on MTXfree

MS medium, maintained normal development (Figure8and Supplemental Figure 5).

Due to the nature of the TDNA insertion via Agrobacterium, various phenotypes will be
obtained (Valentine et al., 2012) Thus, two different DHFR* fragment combinations were
evaluated, and consequently, exhibited distinct growth behavior in the presence of MTX
(Figure 18 and Supplemental Figure 5). Therefore, the more MTF3ensitive line was considered

for further concentration determination studies.
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The optimal MTX concentration determination was needed to confirm the working principle
for DHFR* dependent PCA. For thigason, various amounts of MTX solution were added to the
MS medium concerning the end concentration (10 nm, 100 nm, 250 nm, 500 nm, 750 nnuM
and 100 uM). Wild typeCol0 and DHFR* FL expressing seeds were investigated; consequently,
it was observed thd the increasing MTX concentrations did not entirely disrupt the growth of
plants having additional DHFR* FL enzyme (Figure9R). On the other hand, any MTX addition
has heavily affected the development of wildype plants (Figure 19A). Therefore, a workirg

concentration of 100 nM was preferred, at which wildtype plants stopped their growth.

0 MTX 1uMm 100 pM

[ N-DHFR*I saGFP1-10 ] [ saGFP11 ][ C-DHFR*J
B
0 MTX 1um 100 uM
[ LHCA1 TP I N-DHFR* 158GFP1-10’ [ saGFP11 I C-DHFR* }

Figure 18: Reconstitution of DHFR* enzyme ensured proliferation of the stably transformed
Arabidopsis thaliana seeds on MTX containing MS plates. Respective seeds were initially grown on

MS plates containing Basta herbicide and transferred onto MTX containing Petri dishes (5 plants for
each plate). The growth phenotype was recorded after 14 days of incubation. Plants were fully
developed when therewas no MTX present, and these plates were considered control groups. 1 pM and
100 uM MTX concentrations were tested. Transit peptide restricted the formation of DHFR* enzyme;
OEOOh OEA AiTTOETC 1T &£ OEA DI Al 006 | eAdh phkitdtypd @a31 A A
depicted below the images(A) Plasmid combination without transit peptide.(B) Plasmid combination

with transit peptide.
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To confirm the correct MTX concentration, DHFR* based PCA fragmgnbntaining seeds were
further subjected to the MTX at 100 nM and 1uM concentrations. Previously, it has been

affrmed that the reconstitution of the DHFR* enzyme prevents plants from losing their

proliferation ability (Figure 1 8A and Supplemental Figure 5A). As expected, the DHFR* enzyme

reformation was adequate for the establisment of MTX resistance at even lower
concentrations such as 100 nM (Figure 9B). It is important to note that DHFR* FL expressing
plants exhibited greater resistance compared to reconstituted DHFR* containing lines (Figure

19). As discussed before, the low copy number of the DHFR* fragme(W¥&lentine et al., 2012)

could lead to inadequate DHFR* reassembly, consequently causing the delay in response to

MTX. According to a study, Arabidopsis thalianaDHFR proteins have dual localization in
mitochondria and cytosol (Gorelova et al., 2017)Therefore, the size of the reconstituted GFP
could also influence the toxin response by disturbing the protehprotein interaction and

transportation of the reassembed DHFR* to the pathwayspecific regions within the cell.

Previous sections have demonstrated the applicability of the DHFR* based protdmagment
complemented assay by organellspecific targeting: chloroplasts. Firstly, the functionality of
the PCA sgtem was confirmed without the transit peptide; later, the loss of DHFR* reassembly
approved the transit peptide functioning. Our ultimate goal is to create an organedgpecific
protein complementation assay, and transit peptidecontaining Arabidopsis thdiana seeds

were used for forthcoming analyses.
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Wild type DHFR* FL

eyl

0 MTX

10 nM

100 nM

250 nM

[N-DHFR* TsaGFPl-lO] | saGFP11 ] C-DHFR* }

Figure 19: Optimum MTX concentration was determined concerning the selection process.
Increasing concentrations of MTX were tested using DHFR* FL plasmid containing and wijghe
Arabidopsis thalianaseeds. DHFR* expressing plants survived while wiltype remained sensitive. The
growth phenotype was observed after 14 days of incubatior{A) Wild type and additional DHFR* FL
expressing plants have behaved differently under MTX stresPlants grown on MS plates without MTX

were considered a control group. Tested MTX concentrations: 10 nM, 100 nM, 250 nM, 500 nM, 750 nM,
1 pM and 100 pM(B) Seeds containing DHFR* based PCA fragments could grow under MTX stress. The

Control group was gown without MTX. 1 uM and 100 nM concentrations of MTX were analyzed.
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3.5.2 Insertion Line Selection for EMS Mutagenesis and MTX Plate -Based Screening

In order to check whether transit peptide expressing lines contain the respectivelasmid
insertion, total RNA from leaves of 14 days old plants were extractePCRanalyses were
performed subsequently after cDNA synthesis. The primers were designed to amplify the
NDHFR* fragment of the construct to check the correct insertionVarious lines for each
genotype were tested and several of them produced the expected PCR product with NDHFR*
primers (Figure 20). As a control, primers to amplify RbCLthe large subunit of the significantly

abundant protein RuBisCo in plant specieEllis, 1979), were used. The right transformant was

expected to produce PCR products with NBFR* F+R and RbCL F+R prime(Bigure 20).

A saGFP1-10-NDHFR* + LHCA1 TP-CDHFR*-saGFP11

NDHFR* F+R
1 2 3 4 67 8101315]

bp |
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B LHCA1 TP-NDHFR*-saGFP1-10-BASTA + saGFP11-CDHFR*
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Figure 20: PCRresults of DHFR* dependent PCA studies. Seeds transformed with transit peptide

RbCL F+R
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g

containing plasmids were grown on MS plates under BASTA selection. Leaves were taken from 14 days

old plants and subjected to RNA extractionPCR analysis was performed following cDNA synthesis.
Fragment combination was mentioned above the gel images. The location of the LHCA1 transit peptide
within the plasmid system was highlighted in red color. The presence of insertedplasmid was

confirmed via genotyping primers NDHFR* F and NDHFR* R. RbCL F and RbCL R primers were used as

control. Thered asterisk (*) sign was used to depict primer dimers. The sizes of PCR products are as
follows: (NDHFR* F + R): ~350 bp, (RbCL F + R): ~750 bfA) Plasmid @mbination: saGFP110-
NDHFR* + LHCA1 TPCDHFR#*saGFP11 (B) Plasmid combination: LHCA1 TIDHFR*saGFP110 +

saGFP11CDHFR*.
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Following PCR analysis, each independent line w&ept in the greenhouseto generate seeds,
and the resulting seeds were storedndividually . Approximately 600 mg of the seedf one
independent line were treated with EMS, an ethylating reagent, to introduce random point
mutations. Next, mutagenized seeds were distributed over soil and were grown in a
greenhouse research facility, where climate conditions are constantly regulated. Fully grown
mutagenized Arabidopsis thalianaplants were retained in the greenhouse to promote self
pollination. Selfbred seeds were merged to constitute a mixture of mutagenized progenies,

later subjected to MTX platebased screening.

To identify the mutant plants, sterilized mutagenized seeds were distributed on MS plates
supplemented with 100 nM MTX. Plants expressing DHFR* FL were used as the positive
control, whereas wild-type Col0 seeds were examined as negative. After 14 days of growth in a
growth chamber, wild-type seeds could not germinate; accompanying, positive control
demonstrated total growth (Figure 21A). The occurrence of acquiring phenotypically
distinctive mutants was calculated to be 1.5%, or roughly 34 mutants per 200 seeds
distributed on an MS plate cordgining MTX. Among mutagenized progenies, various
phenotypes were observed, such as growth retardation, light green and whitkeaf color
formation, leaf phenotypic structure abnormalities (Figure 21B). Significant plants were

selected over the plate and transferred either on another MS plate or soil.

Within the framework of this thesis, the main aim was to construct a molecular biology tool for
DHFR* reporterdependent protein fragment complementaton assay, which enables organele
specific selection. Thus, the corresponding plasmids were generated via golden gate DNA
assembly, providing a modular platform. It has been confirmed that the reassembled split
enzyme fragments function as the native protein. Later, the system was subjected to
mutagenesis andthe resulting mutants were analyzed throughout the selective markebased
plate screening. Mutants with specific phenotypic features were obtained and will be

investigated further phenotypically and bochemically.
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A Wild type DHFR* FL

Figure 21: Functional DHFR* enables the seed to grow directly on MTX containing MS plates.
Surface sterilized seeds were grown directly on 100 nM MTX containing MS platé-unctional DHFR*
enables seeds to resist toxicity and continue development under MTX stress. Pictures were taken after
14 days. (A) Wild type Arabidopsis thalianaCol0 seeds were used as negative control and seed
transformed with DHFR* FL plasmid were a positive control. (B) EMS mutagenized seeds were
distributed onto MS plates supplemented with 100 nM MTX. Various mutant plant phenotypes were
indicated with a red arrow.
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3.6 Analysis of Regulatory Cysteines

Although cysteine is the least abundant amino acid found in proteins, is usually located
within the functionally critical sites, mediating cofactor binding, catalytic activation,and
stability regulation. Thus, the presence of cysteine residues can bérattly correlated with
possible inter- or intra-protein interactions. AtToc75-1ll was chosen among four Toc75elated
proteins in Arabidopsis thaliang as it is an essential gene and part of the significant

translocation system in the outer envelope of doroplast (Barth et al., 2022)

3.6.1 In silico Remodeling of AtToc75-IIl POTRA Domain

AtToc751ll is a major component of the translocation system of the chloroplast outer
envelope, which acts as a translocation pore to allow the proteins to pass through the
membrane (Barth et al., 2022) Apart from its pore function, AtToc75-1ll possesses a unige

protein domain called POTRA. The crystal structure fohtToc75) ) ) xAO O1T 1 OAA AU
in 2017 and revealed that two adjacent cysteines within the structure suggest a possible
disulfide interaction. The computational remodeling ofAtToc75-11l POTRA was performed to
investigate this hypothesis further. For this reason, the original protein structure filej / 6 . AE1T A
al.,, 2017) was rearranged accordingly and the sites where cysteines were located were
visualized and distances were calculated (Fige 22). The structure of he POTRA domain
consists of three central parts (P1P2-P3) and the P2 part has three cysteines, which are C256,

C300 and C359, in close vicinity to form disulfide bridges (Figure 2}. Surprisingly, the
recreated protein structure exhibited two additional cysteine residues: C219 and C343, quite
distant from the other cysteine residues (Figure 2). However, due to their distance, these

cysteines will not be considered intermolecular interaction associates.

Beyond the significance dthe disulfide bridges, another important property of this interaction

is the length of the bond, which can vary from 2.05 A to 3.0 A depending on reversibil{§un et

al., 2017) Therefore, the distance measurement between the cysteines was performed (Figure

22D). Although the proposed interacing cysteines are C256 and C300/ 6 . AET A®We Al 8h
included the third cysteine, C359, in our analysis. Since various factors can influence the in vivo
protein function, we propose that the C359 has an intermediate rol&herefore, the cysteines

C256, C300 and C359 were selected to uncover further the structural and functional
properties of the AtToc75-1Il POTRA domain.
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Figure 22: Remodeling of the crystal structure of AtToc75-Ill POTRA domains. Three parts of the
POTRA domain were depictedA, B) Horizontal and vertical views of AtToc75-11l POTRAs with the N
terminal linker are shown in red. P1 is shown in green, P2 is shown in cyan and P3 is shown in yellow.
Cysteine residues are colored pink(C) Cysteine residues in the P2 domain. C219, C256, C300, C343,
C359, respectively (D) Cysteine residues are close to forming disulfide bridge€256, C300 and C359.
Distances between two thiol groups; C25¢ C359 = 4.2 A, C25@ C300 = 3.3 A, C309 C3% = 6.9 A.
Protein remodeling basedorj / 6. AET AO Al 8h ¢mnpxdq
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3.6.2 Overexpression Profile of Native and Mutated AtToc75-111l POTRA Domains

To check the importance of the cysteine residues (C256, C300, C359) within the POTRA
domain of AtToc75-1ll, site-directed mutagenesiscysteine to serineon the POTRA domainvas
performed (It is important to note that the in vivo experiments were carried out only with
POTRA domains, not with the fullength AtToc75-11l protein). The POTRA domairof AtToc75-

[l (codon-optimized, synthesized by Metabion AG (Martinsried, Germany)) was used as a
template that was lacking the channel domain ofAtToc751ll. Single and double cysteine
mutations were inserted into each plasmid, respectively. Mutated plasmids were validated for

the right mutagenesis by enzyme digestion and sequencing.

Five different mutations were introduced to each plasmid, respectiveNC256S,C300S, C359S,
C256S & C300S, C300S & C359S. Three single mutations and two double mutations were
further analyzed. The cysteine mutations aim to disturb the disulfide bridge formation within

the POTRA domainBiochemical protein characterization mainly rdies onin vitro expression of
candidate proteins. For this reason, the native and mutatedomains were overexpressedand
purified. Overexpression and purification were optimized and conducted for aldomains
identically (Figure 23A-F). Proteins were extiacted in inclusion bodies and subsequently
refolded into their native form. Then, immunoblotting was done using the Toc75 antibody

(Figure 23G), eventually detecting POTRA domains
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Figure 23: Overexpression and purification of native and mutated POTRA domains .
Overexpressednative and mutated POTRA domaingere pelleted and purified by increasing imidazole
concentration. In total, five different mutations were analyzed along with the nativ®@ OTRA domainM:
Marker, L: Lysate S: Supernatant, D1: Sample taken before dialysis, D2: Sample taken after dialysis, FT:
Flow through, E1: Elution with100 mM imidazole, E2: Elution with 500 mM imidazole, E3: Elution with

1 M imidazole, E4: Elution with 2 M imidazole.(A) Purification of native POTRA domain.(B)
Purification of POTRA domain bearing C256S mutatiorfC) Purification of POTRA domain bearing
C300S mutation(D) Purification of POTRA domain bearing C359S mutatio(E) Purification of POTRA
domain bearing C256Sand C300S mutations(F) Purification of POTRA domain bearing C256S and
C359S mutations(G) Purified native and mutated POTRA domaisamples were collected mainly from
the 500 mM imidazole purification step. Approx. 2Qug proteins were loaded onto the gellmmunoblot
AT AT UGEO xAO b A OmEc jakidody,OidliEdting théd POTRA domainsAmidoblack
staining shows the protein loading.

3.6.3 In vitro Examination of the Regulatory Function of the Cysteines -Oxidation and
Reduction Reactions

As hypothesized before, the distances of three cysteines (C256, C300, C359) are in range to
form intermolecular bonding. Since most cysteine residues are found withi the redoxactive
sites of the proteins(Klomsiri et al., 2011), we decided to investigate the redox potential of the
native and mutant purified POTRA domains. The purpose of this approach was to obtain
indirect information about disulfide bonding within the protein. To determine whether these
cysteines promote bonding under stimulating conditions reducing and oxidizing reagents

were used.

To examine the redox state of the purified proteins, ~0.2 mg/ml protein samples were
incubated either with an oxidizing reagent (CuG)) or a reducing reagent (DTT). Later, TCA
precipitated samples were alkylated either with AMS (~ 0.5 kDa) or mPE&4 (~ 2 kDa). Via
non-reducing SDS PAGE, the oxidized and reduced proteins were differentiated from each
other by their size(e.g., 2 cysteine residues in total have 2 free sulfhydryl groapthus reduced
protein will have a size shift of 1 kDa with AMS or 4 kDaith mPEG24 labeling). The complete

procedure is explained schematically in Figure £

It is known that the oxidation reaction facilitates the disulfide bridge formation, whereas the
reduction reaction prevents it. The AMS labeling and PEGylation reamtis were carried out to
confirm this change, and the gel shifts were observed. The nativg¢Toc75-1Il POTRA domain
was used as a control (Figure25A). The nontreated control sample and oxidized control
sample showed a similar size shift. The reduced comtk sample exhibited a significant size shift

in AMS labeling and PEGylation reactions. Interestingly, single cysteine mutations (C256S,
C300S and C359S) showed the same size shift as the control group (FigurB 5C, BD).
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Double mutations (C256S & C30B, C256S & C359S) continued to indicate similar size shifts as
compared with control and the single mutations (Figure 8E, 5F), which indicates that the
cysteine residues within the POTRA domain either do not interact with each other or the loss of

them could be compensated by other amino acids within the protein.

SH SH S S
Reduced Reduced
Alkylation with AMS Non-reducing SDS-PAGE 1 kDa
é é —
S—S s—S
Reduced Oxidized
Figure 24:3 AEAT AOEA OADPOAOGAT OAOETT 1 &£ AUOOAET AxideiBdrOEAOA

or reduction reaction will change the intraprotein state of the cysteine residues. As a result of this
reaction, the protein sample either have free cysteines or not. Via alkylation reaction, additional
suitable molecules (in this case, AMS) Wibe covalently attached to the free cysteine molecules. This
addition will eventually change the protein's molecular size, which will be visible by gel electrophoresis
(Scheme based oouturier et al., 2013; Klomsiri et al., 2011; Balsera et al., 20§)9

It is important to note that any technical difficulties encountered during or after labeling would
obstruct the analysis. As a result, the experiments were repeated at least three times, and the
results were accepted when at least two independent butlentical experiments produced the
same result Despite the fact that SDAGE analyses of the entire protein purification
procedure and immunoblotting analyses of purified proteins revealed no contamination
(Figure 23), analyses of labeled proteins demonsited some contaminationwhich might be
originated from co-purified proteins (Figure 25). As a result, we conclude that the

intermolecular bonding of these cysteines is not spatially favorable
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Figure 25: AMS labeling and PEGylation reactions lead to similar size shifts when compared
among native and mutated AtToc75-Ill POTRA domains. Oxidation and reduction reactions were
carried out in CuC} and DTT, respectively. Each gel picture shows two labeling reamts: AMS and
PEGylation. The first lane of each labeling shows a ntmreated protein sample subjected to labeling
The second line indicates the oxidized protein sample, while the third lane is the reduced protein
sample. The nativeAtToc75-11l POTRA dom#n has a size of ~ 35 kDa. Each free cysteine will add ~ 0.5
kDa (with AMS labeling) into the total protein size and add ~ 2 kDa (with PEGylationlred arrow
indicates the size of the nativéAtToc75-1ll POTRA domain(A) AtToc75 11l POTRA domaimative form.
Non-treated purified protein sample AtToc75-1ll POTRAdomain and bearing C256S mutation were
loaded into last two lines.(B) AtToc75-1Il POTRA domain C256S mutatiarNontreated purified protein
sample AtToc75-11l POTRAdomain bearing C300S ath C359S mutation were loaded into last two lines.
(C) AtToc751ll POTRA domain C300S mutatioiD) AtToc75-1ll POTRA domain C359S mutatioriE)
AtToc75 1l POTRA domain C256S & C300S mutatiofB) AtToc75-11l POTRA domain C256S and C359S
mutations.

3.6.4 In vivo Examination of the Regulatory Cysteines in the POTRADomain

It has been previously reported thatAtToc75l1ll is an essential gene in Arabidopsis. Thus, no
homozygous knock-out mutant plant line could be obtained for analysis. To study the
functional role of the regulatory cysteines in theAtToc75lll POTRA domain, the -DNA
insertion line (SALK-015928) was complemented with the fulllength AtToc75-Ill CDS and
additionally with the same construct carrying a single C256S and C300S POTRA domain
mutation (Figure 26B). Respective onstructs were transformed into heterozygous mutants to

create complementation lines by rescuing homozygoustToc75-11l mutants.

All complemented plants were genogped for the original T-DNA insertion and the presence of
the correct complementation construct (Figure BC). All the complementation lines were
heterozygous for the original FDNA insertion as the PCR products for both wiltype (LP+RP)
and T-DNA insertion (LB+RP) were amplified (Figure BC). To confirm the presence of the
complementation construct, constructspecific Toc75F+Toc75R primers were used. The
complementation construct was amplified using the primer set, Toc75F+Toc75R (Figuré@).
As no homozygus line could be isolated upon complementation of-DNA insertion lines using
native AtToc75-1ll protein under the control of the native promoter, the embryo lethality of
AtToc751ll could not be rescued(Figure 26C). Similarly, the mutated versions (C256S and
C300S) of theAtToc75 11l complementation construct could not rescue the homozygous lines
(Figure 26C).
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Figure 26: AtToc75-Ill complementation studies.

(A) Diagram of the genomic region encoding

AtToc751ll, gene scheme. IDNA insertion location of SALKD15928 line and genotyping primer
binding sites are represented. Boxes labeled from E1 to E7 show exon regions. Spaces between adjacent
exons are represented as introns. LESALK LB RP AtToc75I1l SALK015928 RP,LP: AtToc75IIl SALK

015928 LP (B) Schematic representation of the complete protein used for complementation studies.

The coding sequence (CDS) étToc75-1ll under the control of its native promoter was inserted into the
genomevia Agrobacterium for complementing the SALK015928 line. The primers used to confirm the

insertion are shown as Toc75F and Toc75R. N:tdrminus, C: Gterminus. (C) Genotyping PCR analysis.

WT PCR was performed using LP and RP primersDNA insertion was checked via LB and RRimers.

The presence of inseion was confirmed via genotyping primers Toc75F and Toc75R. The sizes of PCR

products are as follows: (LPRP): ~1000 bp, (LBRP): ~500 bp, (Toc75FToc75R): ~2000 bp.
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4 Discussion

4.1 Analysis of Interaction Partners Using Pr oximity Labeling

Protein-protein interaction analysis by proximity labeling waswidely applied in various model
organisms however, the application of PL inplanta gainedinsight recently with the following
advances in biotin ligase variants (Supplemental Table 1)The primary PL research was
establishedin rice (O. sativa protoplasts by using the BirAG enzyme, a version ofBiolD that
lacks the cryptic intron site (Lin et al., 2017) Later, BiolD-mediated PL was implemented to
study plant-pathogen interactions in Nicotiana benthamianatransiently (Das et al., 2019;
MacHaria et al., 2019Conlan et al., 2018 and Arabidopsis thalianastably (Khan et al., 2018)
Furthermore, recent studiesusing BiolD2based PLin stable Arabidopsis thalianalines have
revealed the multiple associating proteins of nuclear membrane and pormplex (Tang et al.,
2020), including transmembranespecific proteins as well as components of inner nuclear
membrane protein degradation machinery (Huang et al., 2020) The development of TurbolD
and miniTurbolD has accelerated the PL research iplanta, including Arabidopsis thaliana
Nicotiana benthamiangaand tomato root cultures(Xu et al., 2021 Arora et al., 2020; Mair et al.,
2019; Zhang et al., 2019)

Within the scope of this thesis two biotin ligase variants were used, BiolD2 and TurbolBy the
time of project initiation, the optimal PL conditions for TrxM2, Tic40 and Piclwere not
adjusted, thus, the reaction parameterdor both PL enzymeswere optimized as a first step.
Although the optimal reaction temperature for both BiolD and BiolD2 enzyme was
determined as 37°QKim et al., 2016; Roux et al., 2012)hich may cause heat stress in plants
the PL reaction was carried out at room temperature (225°C) as required for normal plant
growth. Adequate biotin concentration and incubation time were experimentally defined as
500 puM biotin and 18 hours for BiolD2 or 6 hours for TurbolD The attachment ofthe PL
enzyme can influence the nature of the candidate protein, thugausing aberrant function
(Ohmuro-Matsuyama et al., 2013) In parallel to this information, attempts of obtaining
biotinylation through AtTrxF1 protein tagged with BiolD2 were unsuccessful, however,
AtTrxM2, AtTic40, and AtPicl proteins exhibited biotinylation with both BiolD2 and TurbolD
fairly. Proximity labeling via biotin ligase relies on strong biotiravidin molecule interactions
and rigorous purification of biotinylated molecules by streptavidin. Next, trypsin digestion of
the peptides bound to the streptavidin molecules is followed by mass spectrometry for

identification. In line with this, the mass spectrometric anl/sis was carried out for each
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candidate protein-tagged either with BiolD2 or TurbolD PL enzymeDespite having the
Di OEOEOA EI 1 O 1 Al -bidin anthaiy) BiOID? tayged grétedEproduced an
insufficient amount of biotinylated proteins, that cannot be detected by mass spectrometry.
Reasons for that could be the decreased reaction temperature for optimal BiolD enzyme
function and elongated reaction time causingnegative results. Thus, identification of
associating partners of candidate proteins was achieved by using TurbolD as a biotin labeling
enzyme and interactome maps were created by statistical analysis of mass spectrometry

results.

The interactome data for each candidate protein was narrowed down based ohet subcellular
localization, explicitly to chloroplast localized proteins. Hence, this approach willeduce the
involvement of aberrant interactions that may be originated during the import process of
candidate proteins themselves. The detailed protein annotation and data visualization by
scatter plotting were carried out with chloroplastic prey proteins. The number of identified
proteins wasfound to be higherfor the candidate proteins with increased biotinylation signal

in immunoblotting analysis (Figure 12).

4.1.1 Interactome of AtTic40

The exact molecular function of he membrane anchoring chloroplast inner envelope
membrane protein Tic40 was debated over the years Cochaperoning of the import process
(Chou et al., 2006) protein reinsertion into the inner envelope membrane(Chiu & Li, 2008;
Tripp et al., 2007) and involvement in the thylakoid biogenesis(Bédard et al., 2017)are the
assigned functions of the Tic4Qill today. Strikingly, PL data has confirmed that Tic40 indeed
interacts directly with Tic110, Hsp70, Hsp90Hsp93V,ClpP,and Cpn60, supporting itsrole in
protein import (Figure 27). The two homologs of Hsp93 protein were encoded irthe
Arabidopsis thalianagenome; AtHsp93-Il, the null mutant exhibits a similar phenotype asthe
wild type, whereas the absence ofAtHsp93-V causes protein import defects by decreasing
thylakoid membrane abundancgConstan et al., 2004)Only Hsp93\Wvas detectable by PLas it
was found to be more abundant than Hsp93lli(Kovacheva et al., 2005)In contrast to the
proposed stromal chaperone system wheréHsp93 binds to incoming preproteins by direct
interaction with Tic40 (Huang et al., 2016)the Hsp70 and Hsp9Qoroteins were also found to
be directly linked to Tic40. Together, these dataupport the previous hypothesis of Hsp70
being the main motor protein in preprotein propulsion along the import process and ttat

Hsp93 is involved in the protein quality control at the later stages of the import process
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(Flores-Pérez et al., 2016) Besides, the outer envelope proteins Toc75 and Toc34 were
detected by PL, confirming that the preprotein form of Tic40 was recognized by the receptors
of TOC complex and delivered to the channel protein Toc75 for translocation procedshe
overall associating partners of Tic40, particularly within the chloroplast transloction system,

were visualized in the Figure Z.

Cytosol
Outer
Envelope
Intermembrane
Space
— — Inner
~ Envelope
Stroma

Quality Control

— - Protein Folding

Figure 27: The PL mapped Tic40 interaction network within the chloroplast translocation
system. TurbolD-mediated proximity labeling confirmed that the preprotein form of Tic40 interacts
with Toc34 and Toc75. Following the translocation and insertion tadhe inner envelope, Tic40was
found to be associatedwith Tic110, reassuring the current knowledge. Moreover, Hsp70 and Hsp90:
stromal chaperones were identified as direct interaction partners of Tic40Hsp93V,Clp protease, and
Cpn60 were in close proximity to get biotinylated by Tic40. Proteins within the Tic40 interaction
network were colored red; others were grey.

A link between Tic40 and thylakoid biogenesis was proposed as a result of the depiction of

suppressors of Tic40 (Sticl and Stic2) by a genetic screen, whereas Sticl corresponds to Alb4

and Stic2interacts with Alb3 and Alb4 in thylakoid protein targeting (Bédard et al., 2017) The

thylakoid membrane protein Alb3 mediates both the postranslational insertion and assembly

of the nuclear-encoded LHCP proteins into the thylakoid membrane and participates in the

biogenesis of the plastidencoded subunits of the photosynthetic cmplex (Dinschede et al.,
2011). Moreover, a novel protein, LTD (LHCP Targeting Deficientyas characterized as a

mediator in the transfer of the newly imported LHCP proteins from the TIC translocon tthe
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thylakoid membrane (Ouyang et al., 2011)Parallel to this information, Stic2 LTD and many
LHCP proteins were identified within the Tic40 interactomgSupplemental Table 2)

The interaction of Tic40 with redox regulon, despite the proposed protein Tic32H6rmann et
al., 2004), wasdetected by PLto be adieved through Tic62 protein (Supplemental Table 2)
which acts as a redox sensaio regulate the import process depending on the environmental
stimuli (Stengel et al., 2008) In addition, Ticec 8 O A OOT A E A QWHich catalyzes E
electron transport in photosynthesisrelated pathways (Benz et al., 2009) strengthens the
notion of Tic40 influencing thylakoid biogenesisby adjusting import pathway in response to
changing stromal redox capacity.Furthermore, the Tic40 interactome map includesPicl
protein, supporting the previous hypothesis about Tic40 mediating the membrane reinsertion
of the Tic21/Picl protein (Chiu & Li, 2008) It is known that plants have an additional need for
iron due to its function both in the electron transport chain during photosynthesis and
chlorophyll biosynthesis (Rout & Sahoo, 2015)Since iron is prone to be aggregated and excess
amounts lead to cytotoxicity, plants need a rapicighly efficient system for iron uptake (Briat

et al., 2010) These data suggest that, depending on the redox signaling, Tic40 might facilitate
the reorganization of thethylakoidal proteins by selectively importing photosynthesis-related
proteins and also promoting iron ugake by increasingthe number of Picl proteins in the inner
envelope membrane. Hence, it will alter the protein composition of the thylakoids and

eventually affecttheir biogenesis.

Recently, aDnadlike chaperone ORANGEwhich participates in the regulation of chloroplast
biogenesis and development as well as carotenoid biosynthesisgas shown to possess physical
interaction with Tic40, Ticll0 and Tic20 (Yuan et al., 2021) Despite the experimental
evidence, ORANGE protein was not present ithe Tic40 interactome. It can be implied that
ORANGE protein does not contain a free Lys residugthin the functional form of the protein,

thus, the biotin moiety addition by TurbolD did not take place.

Does the Tic40 protein participatein different pathways responsible for membrane reinsertion
and quality control apart from the general import pathwayor the import pathway indeed is
specific to the proteins responsible for thylakoid biogenesi® To tackle these questionsn in-
depth biochemical analysis of the single or multiple gene mutatiorbearing plants for each
respective protein should be carried out Moreover, partial complementation of the
prospective mutant lines and subsequent characterization will enhance the current

understanding of Tic40 function.




4.1.2 Interactome of AtTrxM2

Thioredoxins are a small group of proteinsOEAO AAT AEAT CA OAOCAO DO
disulfide bridges, thereby, modulating their function and stability.TrxM2 belongs to the Trxm

family and is shown to be interacting with proteins from several metabolic pathways. For
instance, TrxM2 was proposed to be responsible for redosensitive alternative targeting of

G6PD1 and G6PDt the peroxisomes(Meyer et al., 2011) Instead, PL dat@omprisesanother
glucose6-phosphate dehydrogenas€G6PD), termedplastidial-G6PD2(Supplemental Table 3,

which ET £1 OAT AAO DI AT 060 AAOAT EUAOAOA 1 AOGAAT 1T EOI
stresses through balancing the redox poise in chloroplasi®ebnam et al., 2004)Furthermore,

the nucleus localized Myb3 was determined in a&omputer-based interactome map as an
interaction partner of TrxM2 (Dreze et al., 201}, which was indetectable by PLMoreover, two
previously classifiedproteins destined for different organelles mitochondrial VDAC3(Zhang et

al., 2015)and plastidial ZE(Da et al., 2018) were present within the list of TrxM2 associating
proteins, supporting the multi-localization of the TrxM2.Trx family proteins may have multiple

target proteins in distinct cellular compartments, and because of their tiny size, they can easily

move along the cell

In addition to the experimentally validated TrxM2related proteins, many others were detected
by biotinylation (Supplemental Table 3) Surprisingly, components of the translocation
machinery, Tic110, Tic40, Tic62, Toc34and Toc75, were found to be included in the
interactome. Previous studies have demonstrated that Tic110 has redeactive cysteines that
are mostly regulated by Tns (Balsera et al., 2008). Srikingly , TrxM2 activity was identified to
influence the metabolic pathway that contained the Stic2 protein because PL datavealed
Stic2 as the most likely interaction partner(Supplemental Table 3). As was indicated above,
Tic40 may affect the ratio of photosynthetic proteins in the thylakoid membrane, and it has
been suggested that Stic2 functions as a suppressor of TicABédard et al., 2017)
Furthermore, TrxM2 activity has been linked to photosynthesiselated reactions on the
thylakoid membrane (Nikkanen & Rintamaki, 2019) Taken all together we propose that the
environmental cues that Tic40 uses to assist thylakoid reorganization were perceived by
TrxM2 and regulated by SticAFigure 28). Oxidative settings will cause the TrxM2 to generate
disulfide bonds, which will allow Stic2 to block Tic40.0n the othe hand, under normal

circumstances, TrxM2mediated disulfide bond formation will lower the activity of Stic2.
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Figure 28: Proposed regulation mechanism of Tic40. TrxM2 senses redoXluctuations (oxidative or
reducing) and modifies its redox status accordinglyintermolecular disulfide bridge formation on Stic2
protein will inhibit its interaction with Tic40, thereby promoting the import of thylakoidal
photosynthetic proteins. Underlight stress, the Stic2 will suppress the activity of Tic4Q enablingthe
plant actively respord to the changing conditions.

The TrxM2 does indeed have enormous flexibility owing to its ability to be present in multiple
locations as well as its relatively small sizewhich can promote unwanted biotinylation. As a
result, the related-protein list was reduced to chloroplastdestined proteins and aligned based
on the interaction frequency indicated by log2 fold change (Supplemental Table 3)Yhe
comparison of TrxM2 and Tc40 interactomes revealed alternative molecular pathways in
which TrxM2 patrticipates, such as chlorophyll biosynthesis, carbohydrate metabolism, plastid
gene expression, iron storage, and pathogen respongd@able 17). Taken together, these
findings highlight the importance of redox regulation throughout the cell and will serve as the
foundation for further research. To better understand environmental stimuli, Pl-compatible
plant lines will be subjected to various conditions such as fluctuating light/temperaure or
pathogen attack.As a result of the significant differences between the interactomes, our

current understanding of Trx-mediated redox signaling will be advanced.
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4.1.3 Interactome of AtPicl

Despite current disagreement about the Picl protein's exact molecular function, its
involvement in iron homeostasis as a permease in the inner envelope membrane was accepted
for the PL data analysis.Interestingly, Picl has yet to have an experimentally Vaated
interaction partner. The NiCo (Nickel-Cobalt transporter) was thought to interact with Picl,
forming a metal translocon(Duy et al., 2011) however,the expression analysis revealed that
NiCo is not involved in chloroplast iron uptake(Pham et al., 2020) Picl was chosen for the
project because of its location in the inner membrane and nemteraction with the TIC
complex, with the goal of ugg the PL data to identify background biotinylation caused by the
protein transport process itself. Furthermore, Picl was reported to associate with Stic2 and
Tic40 with a high degree of confidence (Supplemental Table 4), implying that Stic2 function
may influence cellular iron homeostasis viaaltering Picl abundance With the knowledge of
previous PL data of candidate proteins, an additional role for Tic40 by indirectly affecting
cellular iron homeostasis is suggestedrlic40 regulatesPicl insertion into the inner envelope
membrane, and its activity is regulated by Stic2, according to the proposed modé&ligure 29).
Furthermore, redox regulation occurs via the TrxM2Stic2 interaction, affecting the affinity of
Tic40 to Picl, and possibly may other photosynthetic proteins. Hence, the Tic4@mediated
thylakoid biogenesis will be halted in response to incoming environmental signals, allowing
plants to actively respond to stressful conditions and adapt their proteome accordinglyt has
long been established that the stromal iron level influences the photosynthetic capacity and the
composition of the thylakoid membranes(Clemens et al., 2009; Merchant et al., 2006Hee,
we present aphysical link between the protein import and the thylakoid biogenesis based on

the iron abundance in the stroma.
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Figure 29: The potential model of Picl insertion into the inner envelope membrane of the
chloroplast. Trx proteins detect environmental cues and inhibit Stic2, allowing Tic40 to mediate
proper Picl membrane insertion through the channel protein Tic110. As a matter of fact, the iron level
in the stroma decreases, causing a change in the photosynthetic apparatus. The normal function of
Tic40, on the other hand, will contribute toPiclinsertion on the membrane and, as a result, an increase
in stromal iron levels.

PL has ledto the identification of another protein, FC1 (Ferrochelatasel) involved in heme
biosynthesis, in both the Tic40 andPiclinteractomes. FC1 catalyzes heme biosynthesis in non
photosynthetic tissues and is induced by oxidative stress in photosynthetic tissues to increase
heme poduction (Espinas et al., 2016)This data supports the pasibility that Tic40 regulates
iron homeostasis via selective protein import across membranes. A general conclusion, on the
other hand, can be reached with the support of experimental evidence; thus, more research on
the subject is required.In any case, ontrary to popular belief, Tic40 not only acts as a co
chaperone during the import process but also actively participates in the selection of which

protein is imported into the stroma.

4.2 DHFR* Reporter Based Protein Fragment Complementation Assay

Protein-protein interactions in each cell contribute to the formation of a cellular network that
regulates nearly all biological processes.Thereupon, a deep understanding of these
mechanisms will advance our understanding of signal transduction, cellulastommunication,
enzymatic reactions, membrane transfer, and even disease formatioRCAs, one of the many
strategies for PPI detection, enable the elucidation of PPI networldepending on thespatial

distances, making them ideal for high throughput studies.Our one-of-a-kind contribution to
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PCA methodology development is to combine the power of contadependent reporter
reconstitution with an organelle-specific targeting strategy. As a result, we aimed to develop a
platform that enables EMSbased forward genetic screening, particularly for mutation

detection at theorganelle level.

Split GFP and split DHFR* proteins were used in conjunction with the chloroplast targeting
signal to create such @ CAsystem. Successful stable plant lines were then subjected EMS
mutagenesis to induce random point mutations, and prospective mutants witrspecific
phenotypes were chosen using theplate-based growth supplemented with MS medium
containing MTX Later, genome sequencing approaches will be used to characterize theaeix
genomic location of the mutation, and molecular biological methodologies will be used to
further analyze the biochemical properties of the prospective protein Consequently, we
demonstrated the feasibility of the DHFR* dependent PCA with chloroplaspecific targeting
and pointed out several prospective mutants that will be studied further. As a direct result,
new components of protein translocation systems, thylakoid biogenesis, photosynthetic
apparatus, as well as other systems will be identified, andur perception of the molecular

biology of chloroplast biogenesis will be expanded.

To summarize, survivatdependent DHFR* reporterbased PCA was effectively implemented in
the laboratory. The system was given organelspecific information via a transit peptide,

designed to allow one of the fragments to relocate to the organell€he organellar information

can be adapted by changing the sequence in the cloning system, and the method could be used

for a forward genetic screening. One critical point to corider before proceeding is whether
two fragments could spatially find each other in the respective subompartment to
reconstitute functional protein. For this reason we used splitGFP fragmentghat possesshigh
affinity for each other, to ensure proper fragment encounter. According to the study's design,
this part could be replaced by other split proteins, and whilst DHFR* fragments should remain
constant in an attempt for providing survival from MTX. Hence the method's power is
dependent on the flexibility and compatibility of the fragments, which haveven at thisearly-

stageenormous potential to characterize gendo-function relationships.
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4.3 Regulatory Cysteine Analysis

As incorporated into the proten, cysteine residues consist of a thiol group that is considered a
molecular switch due to its capacity of being postranslationally oxidized or alkylated
depending on the microenvironment of the surrounding protein This conversionchanges the
catalytic properties of the enzymes involved in metabolism, cell signaling and stress response
etc. (Leichert et al., 2008 Le Moan et al., 2006) Thus, a conplete understanding of the
regulatory properties of the cysteine residues within the protein will provide a comprehensive
overview of how enzymes sense environmental cues and reflect them in structural changes

that eventually influence cell signaling.

Toc75, the chloroplast outer envelope channel protein, contains a POTRA domain along with
three cysteine residues that have been proposed to form disulfide bridggs/ 6 . AET A O Al
These gsteine residues were studiedin vivo and in vitro due to the greater engagement
potency of the proteins during the translocation process along the membraneGel shift assays
were used to investigate the redox potential of cysteines under reducing and/or oxidizing
conditions. However, in gel shift assays, proteins with single or double cysteine mutations did
not show a noticeable difference between thehanging conditions.This information suggests
that the reactive cysteine sites within the Toc75 POTRA domain, if present, are either spatially
located within the entire Toc75 structure so that the formation of an intermolecular disulfide
bond is energetially favorable, or the mentioned cysteine residues interact with other cysteine
residues in the adjacent proteins. While we are still in the early stages of identifying reactive
cysteine residues, our findings could be considered preliminaryAs a next st@, instead of
focusing solely on the POTRA domain, the entire Toc75 protein could be subjected to a redox
sensitive assay, or computational analyses could be performed to better predict the protein's
native environment, yielding more accurate resultsAlthough attempts to complement the
embryo lethality of the homozygousAtToc75-1ll knock-out lineswith constructs containing
single cysteine mutations failed (Figure 24), thigxperiment can be repeated once the reactive
cysteines and possible molecular mechasms are identified. The biochemical characterization
of the complemented lines will then reveal the significance of cysteines in the maintenance of

cellular homeostasis.
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4.4 Conclusion & Future Perspectives

Evolution from a single cellinto a multicellular organism necessitated enormous adaptations,
which were typically prokaryotic in origin and improved by eukaryotic additions.One of these
was the development of a transport system for protein import into subkcompartments and
organelles including chloroplasts which is the main topic of this thesisEven thoughthe main
components of the translocation system have already been identified, we sought to explore
new proteins that act as regulators during the import processState-of-the-art molecular
biological techniques such as proximity labeling and protein fragment complementation assays
were used to accomplish this purposeGradually, we attempted to address the following

statements, which are listed below.

1 What is the role of the Toc75 protein inArabidopsis thalianaaside from its channel
properties, given that it contains a POTRA domain?

1 Can we develop a platform that enables forward genetic screening with the additional
benefit of organellespecific mutation-selection?

1 Are there any intermediata proteins that regulate the TIC complex and may even
activate additional protein sorting mechanisms?

Our findings indicate that the cysteine residues within the POTRA domain of Toc75 do not
exhibit putative redox-sensitive intermolecular disulfide bonding, implying that disulfide
bridges may form over the cysteine residues in between the incoming preproteiand the
POTRA domairduring the transport process.This interaction network may also include Tic22,
which aids preprotein passage fromlrOC to TIC across the intermembranous spa¢Budolf et
al., 2013) Based on this information,disulfide interactions might play an important role in
transport system regulation, preprotein stabilization, and further control of the translocation
system by receiving redox signals. Without a doubt, more research on this topic is required,
particularly computer-based prediction analysis of conserved cysteine residues, which will
provide an overview of how to proceed in the laboratory environmentAs a result, interactions
between cysteine residues might be studied, and the reactive cysteines could be further

characterized.

We used the MTXsurvival feature of the DHFR* enzyme and the high sedffinity of the split-
GFP protein to develop a platform based on PCA; thus, when these two proteins are combined
in split form, the possibility of an encounter is increasedThe organellespecific information

was attached to one of the split fragments via a transit peptide at the-tdrminus. Incubation
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with EMS introduced random mutations, and organellespecific mutants were obtained based
on phenotype selection under MTX dectivity. In other words, defects in chloroplast import
machinery will cause plants to reconstitute a functional DHFR* enzyme and promote survival,
eventually, the screening will detect abnormal plant development. To summarize, we
demonstrated that the rformation of active enzymes using our PCA approach is successful and
capable of providing a platform for mutant selectionThis platform could be used to identify
several novel proteins that play important roles in organelle biogenesis, thereby improvinguo
understanding of organelle molecular biology. As a result, we can attain a more accurate
conclusion about the origin of organelles and develop solutions for metabolic disturbances that

cause a variety of anomalies during the development of any organism.

Interactome studies will demonstrate the candidate protein's molecular network, resulting in
the identification of severalpathway involvements.In this study, AtTic40, AtTrxM2, and AtPicl
were chosen to reveal the TIC apparatus's interaction network, aralbiotin ligase-mediated
proximity labeling approach was used to discover the associating proteinghe data from the
molecular interaction maps revealed additional functions for each protein, forcing the current

hypotheses to be reconsidered.

1 What exacty is the Tic40's role: a cochaperone during the import process, a component
to mediate preprotein quality control or a protein that actively participates in thylakoid
biogenesis by selecting which proteins to import?

1 Given that the inner envelope membraneontains two channel proteins, Tic110 and
Tic20, could one of those proteins be specialized in the translocation of specific
proteins, and the other serves as the main import channel?

1 Is there a connection between the thylakoid and inner envelope membrasen sensing
and responding to redox signalingzia Trx family proteins?

1 Is the Trx-basedredox system combined with the interaction of Tic40 andPicl proteins
involved in the regulation of stromal iron levels?

More research is clearly required to addresshese issuesabove Overall, this information may
significantly improve the current understanding of the translocation process in the
chloroplast's inner envelope membrane. In the future, determining the exact roles of the

system's components will be a toulg challenge.
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5 Supplemental Figures
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Supplemental Figure 1: BiolD2 tagged candidate proteins exhibit biotinylation after 18 hours of
the incubation period. Plasmids were transformed toNicotiana benthamianausing Agrobacterium
mediated gene transfer. Plants were incubated for two to three days prior to biotin infiltration. ~500

MM biotin solution was infiltrated to the leaves on the same spots that were used for plasmid intake.

After 18 hours of the reaction period protein samples were extracted from the leaves and subjected to
Ei T O1T1T AT T OOEbidin aAtiGodE Nardansformed Agrobacterium infiltrated leaves were
used as the negative control. Protein sizes are: TrxFiolD2: ~47 kDa, TrxM2BiolD2: ~48 kDa, Tic40-
BiolD2: ~77 kDa,Picl-BiolD2: ~59 kDa. Neg: Negative Control.
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Supplemental Figure 2: Generation of stable plant lines expressing candidate proteins tagged
with BiolD2. Candidate proteins were transformed to WTCol0 Arabidopsis thaliana plants as
described in the materials and methods section. Successful transformants were selected against
herbicide selection checked concerning the plasmid insertiomnd grown in liquid culture for 14 days.
The biotinylation reaction was initiated by adding a 500 uM biotin solution to the medium. The reaction
was stopped after 18 hours by incubation of the plants in iceold water. WT Col0 seeds were used as
the control group. Total proAET O x AOA AGBOOAAOGAA AT A OOAEBAOAA
Candidate proteins: TrxF1, TrxM2, Tic40 fused wittBiolD2. N: N-terminus, C: Germinus. The red
asterisk (*) sign was used to depict primer dimers(A) Transformed plasmids were represated with
schematic depiction.The coding sequence (CDS) ¢iie candidate genedused with BiolD2 under the
control of 35S promoter was inserted into the genomeof WT Col0. The presence of the inserted
plasmid was checked via primers indicated on the plasid scheme for each candidate gene. BiolD2 R
(BiolD2 D-E R)is designed to bind downstream region of the BiolD2. Independent insertion lines for
each fusion plasmids were used for the analysi¢B) Genotyping analysis of TrxFiBiolD2 insertion.
TrxF1 F (AtTrxF1 GD B binds to upstream region ofAtTrxF1 CDS. Expected PCR product (TrxF1 F +
BiolD2 R): ~ 1000 bp. (C) Genotyping analysis of TrxMZ2BiolD2 insertion. TrxM2 F(AtTrxM2 GD B
binds to upstream region of AtTrxM2 CDS. Expected PCR product (TrxM2 F + BiolD2 R)}1000 bp. (D)
Genotyping analysis of Tic4eBiolD2 insertion. Tic40 F(AtTic40 GD F1) binds to upstream region of
AtTic40 CDS. Expected PCR product (Tic40 F + BiolD2 RX500 bp. (E) Immunoblot analysis of stable
plant lines to detect biotinylation with J-biotin antibody. Protein sizes are: TrxFiBiolD2: ~47 kDa,
TrxM2-BiolD2: ~48 kDa, Tic4GBiolD2: ~77 kDa.

93



Da & & & &

116-
66,2-

45- —

35- "

25-

18,4-

14,4-

a-Biotin (1:1000)

kDa & & & NS ¥ &

116-
66,2- '

45-
35-

25-

18,4-

14,4-

a-Biotin (1:1000)

Supplemental Figure 3: Immunoblot analysis of stable plant lines bearing BiolD2  tag, subjected
to different biotin uptake strategies. Approximately 4 weeks old soil grown plants weretested
against biotin uptakeeither by directly incubating the leaves with biotin solution in a tray or infiltration
into the leaves. Total proteins were isolated after 2 days of the biotin treatment. Immunoblotting was
done against/ -biotin. WT Col0 plants were used as the control groupCandidae proteins: TrxF1,
TrxM2, Tic40 fused with BiolD2.(A) Leaves were incubated into a tray containing biotin solution(B)
Leaves were infiltrated with the biotin solution.
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Supplemental Figure 4: Immunoblot analysis of stable plant lines suitable for proximity labeling

by TurbolD. 417 OAT DBOT OAET O xAOA EOI T AOAA &£01 i OEA pr
biolD antibody was used for the detection. Ponceau stairgnshows the protein loading information.
Expected protein sizes are TrxMZTurbolD: ~56 kDa, Tic4GTurbolD: ~85 kDa, Pic1l-TurbolD: ~67 kDa.
WT Col0 plants were used as control(A) The loaded plant genotype was: TrxMZurbolD. (B) Loaded
plant genotypes wee: Tic40-TurbolD, Pic1l-TurbolD and WTColO0.
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0 MTX 1puM 100 pM

{saGFPl-lOI N-DHFR*I [ C-DHFR* I saGFP11 1

oMTX 1M 100 uM

[saGFPl-lOI N-DHFR*] [LHCAITP [ C-DHFR* I saGFP11 J

Supplemental Figure 5: Stable transformation of wild type  Arabidopsis thaliana plants with
DHFR* dependent PCA constructs could escape the toxicity of MTX. As increasing concentrations of
the MTX inhibits plant growth, DHFR* enables plants to proliferate and develop furthefA) Stable lines
expressing DHFR* fragments without the trasit peptide. Fragment combinations were depicted under
each figure.(B) Transit peptide mediates the attached fragments be subjected to the chloroplast, hence,
inhibiting the DHFR* reformation. Therefore, the plants were sensitive to MTX.
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Supplemental Table 1: The detailed list of PL and splHPL enzymes used for PPl mapping

. . Tempe | Labelin e
- Size | Labeling P .I g Substrate/ Modification .
Enzyme Origin . rature Radius . ) Organisms References
(kDa) Time . Cytotoxicity Sites
(°C) (nm)
. . (Hung et al., 2014;
+ Tyr, Trp,
APEX Ped Soybean 28 1 min 37 <20 Biotin pher‘OI y p Mamma'han Martell et al.,
H.O; (toxic) Cys, His cells, flies
2012)
Mammalian
. Biotin phenol+ |  Tyr, Trp, .
APEX?2 Soybean 28 1 min 37 <20 otin p ef‘o y p cells, bacteria, | (Lam et al., 2014)
H20; (toxic) Cys, His -
yeast,Chlamydia
Horseradish . Biotin phenol+ Tyr, Trp, Human, chicken (Kotani et al.,
HRP . 44 -2h 7 200- . . ,
Peroxidase S min 3 00-300 H>Q;, (toxic) Cys, His cell lines 2008)
Mammalian
cells, yeast,
. _ . Bioti - T
BiolD Escherichiacoli | 35 | 16-24h | 37 ~10 lotin (non Lys YPanosoma | poix et al., 2012)
toxic) brucei,
Dictyostelium,
plant cells
. . . Bioti - M l :
BiolD2 Aquifex aeolicus| 27 | 16-24h | 37 ~10 lotin (non Lys ammalan - im et al., 2016)
toxic) cells,plant cells
BASU Bacillus subtilis 29 12h 37 ~10 Biotin .(non— Lys Mammalian cells (Ramanathan et
toxic) al., 2018)
Mammalian
_ . Biotin (non- cells, flies, (Branon et al.,
T ID Esch h I | | 2 ~1 .
urbo scherichia coli | 35 p T 5 0 toxic) Lys worms, yeast, 2018)
plant cells
Mammalian
. e . Biotin (non- cells, flies, (Branon et al.,
T ID Esch h I 2 | | 2 ~1 .
miniTurbo scherichia coli 8 p T 5 0 toxic) Lys worms, yeast, 2018)
plant cells
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Mammalian

. . Bioti - .
AirlD Synthetic 35 3-6 h 26 ~10 |ot(|)r)1(i(cr;on Lys cells, wheat cell | (Kido et al., 2020)
free systems
EXCELL Staphylococeus |, | ol g7 Not Biotin-LPETG | - N-terminal |\ - malian cells (Ge et al., 2019)
aureus available (non-toxic) Gly
teri Not P . .
pupiT | Corynebacterium| o, 24 h 37 © up (nor- Lys Mammalian cells| (Liu et al., 2018)
glutamicum available toxic)
. Direct NEDD . .
NEDDlyation | HumanUbcl2 | 21 | 24-36h | 37 rec 8 (non Lys Mammalian cells| (Hill et al., 2016)
contact toxic)
. . Not Biotin (non- . (Zhao et al.,
ID BiolD2 19.7 | E 25 . . L M I I .
micro 0 P available toxic) ys ammaiian cetis 2021)-preprint
. Not Biotin (non- . (Zhao et al.,
ItralD BiolD2 19.7 | | 2 . . M | Il .
ultra 0 9 P ° available toxic) Lys ammafian cefis 2021)-preprint
split-HRP | p10 Biotin phenol+ Tyr, Trp, _ (Martell et al.,
HRP . 37 200-300 . . M I I
(G213/N214) min H20; (toxic) Cys, His | ammalan cels 2016)
split-APEX2 Biotin phenol+ Tyr, Trp, .
< .
(G201/L202) APEX2 lp 1| 37 20 H,0» (toxic) Cys, His Mammalian cells| (Xue et al., 2017)
split-APEX2 Biotin phenol+ |  Tyr, Trp, .
APEX2 I | 37 <20 . . Mammalian cell Han et al., 2019
(E200/G201) P H20; (toxic) Cys His lan cells| ( )
split-BiolD . Biotin (non- . (De Munter et al.,
BiolD I 37 ~10 : L M I Il
(E140/Q141) 0 Pe toxic) ys ammaiian cetis 2017)
split-BiolD : Biotin (non- : (Schopp et al.,
BiolD I 7 ~1 . M I Il
(E256/G257) 0 ¢n 3 0 toxic) Lys ammatian cefls 2017)
ContactlD : Biotin (non- : (Kwak et al.,
BiolD I 7 ~1 . M I |
(G78/G79) 0 Pe 3 0 toxic) Lys ammalian cels 2020)
lit-TurbolD Bioti - .
SI[()LI73 /g72) TurbolD | p4h 25 ~10 |ot(|)r:(i(cr;on Lys Mammalian cells| (Cho et al., 2020)
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Supplemental Table 2: Complete list of potential chloroplast localized AtTic40
interacting/associating proteins. Proteins were identified by proximity labeling with TurbolD. Both
control (WT-Col0) and overexpression (Tic40TurbolD) groups were analyzed in three biological
replicates.Bait: Candidate protein,Prey: Interaction partner proteins identified by TurbolD.

No Bait Prey Log2 Fold | Gene Functional Annotation
Change Name
1 Tic40 AT5G16620 11.89 TIC40 Protein TIC 40 (Translocanthe inner
envelope membrane of chloroplasts 40)
2 Tic40 AT2G24020 10.54 STIC2 Nucleoidassociated protein (Suppressor
tic40 protein 2)
3 Tic40 AT1G48850 8.31 EMB1144 | Chorismate synthase
4 Tic40 AT3G55250 8.28 PSA3 Photosystem | assembly factor PSA3,

chloroplastic (Protein PHOTOSYSTEM |
ASSEMBLY 3) (Protein PIGMENT DEFE

329)

5 Tic40 AT2G44650 7.42 CPN1e 10 kDa chaperonin 2

6 Tic40 AT2G01140 7.09 FBA3 Fructosebisphosphate aldolase 3 (Proteir
PIGMENDEFECTIVE 345)

7 Tic40 AT1G73060 7.02 LPA3 Protein LPA3 (Protein LOW PSII
ACCUMULATION 3)

8 Tic40 AT5G45390 6.78 CLPP4 ATRdependent Clp protease proteolytic
subunit 4

9 Tic40 AT5G66120 6.60 DHQS 3-dehydroquinate synthase

10 Tic40 AT5G53460 6.56 GLT1 Glutamate synthase 1 [NADH]

11 Tic40 AT1G06950 6.50 TIC110 Protein TIC110 (Translocon at the inner
envelope membrane of chloroplasts 110)

12 Tic40 AT5G03900 6.50 Uncharacterized protein

13 Tic40 AT5G23010 6.45 MAM1 Methylthioalkylmalate synthase 1

14 Tic40 AT1G21600 6.21 PTAC6 PLASTID TRANSCRIPTIONALLY ACTI\
protein 6

15 Tic40 AT3G60210 6.18 CPN1aL 10 kDa chaperonin 1

16 Tic40 AT1G43800 6.10 SACP Stearoy[acytcarrierprotein] 9

DES6 desaturase 6

17 Tic40 AT1G50320 5.84 ATHX Thioredoxin X

18 Tic40 AT3G05350 5.84 APP2 Aminopeptidase P2

19 Tic40 AT1G22410 5.77 DHS3 Putative 3deoxyD-arabincheptulosonate
7-phosphate synthase

20 Tic40 AT1G06680 5.65 PSBP1 Oxygenrevolving enhancer protein-2 (23

kDa subunit of oxygen evolving system o
photosystem 1)

21 Tic40 AT2G43750 5.61 OASB Cysteine synthase

22 Tic40 AT5G10920 5.56 Argininosuccinate lyase

23 Tic40 AT5G54810 5.54 TSB1 Tryptophan synthase beta chain 1
24 Tic40 AT4G38970 5.49 FBA2 Fructosebisphosphate aldolase 2
25 Tic40 AT3G12930 5.41 1J Protein lojap

26 Tic40 AT2G04030 5.35 HSP9&b Heat shock protein 98

27 Tic40 AT4G30620 5.33 Nucleoidassociated protein
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28 Tic40 AT4G33680 5.30 DAP LL-diaminopimelate aminotransferase

29 Tic40 AT5G50920 5.24 CLPC1 Chaperone protein CIpC1

30 Tic40 AT1G67280 5.21 Probable lactoylglutathione lyase

31 Tic40 AT3G17810 5.21 PYD1 Dihydropyrimidine dehydrogenase
(NADP(+))

32 Tic40 AT4G29840 5.13 TS1 Threonine synthase 1

33 Tic40 AT5G20720 5.10 CPN20 20 kDa chaperonin

34 Tic40 AT3G11630 5.08 BAS1 2-Cys peroxiredoxin BAS1

35 Tic40 AT1G67090 5.01 RBCYA Ribulosebisphosphate carboxylase small
subunit 1A

36 Tic40 AT2G38040 4.84 CAC3 Acetylcoenzyme A carboxylase carboxyl
transferase subunit alpha

37 Tic40 AT5G13110 4.83 G6PD2 Glucoses-phosphate idehydrogenase 2

38 Tic40 AT2G04400 4.83 IGPS Indole-3-glycerol phosphate synthase

39 Tic40 AT1G31330 4.81 PSAF Photosystem | reaction center subunit 111

40 Tic40 AT2G38550 4.81 FAX3 Protein FATTY ACID EXPORT 3

41 Tic40 AT2G47730 4.79 GSTF8 Glutathione Sransferase F8

42 Tic40 AT2G37860 4.79 RE, LCD1 | Protein RETICULATA (Protein LOWER (
DENSITY 1)

43 Tic40 AT5G55220 4.78 TIG Trigger factotlike protein TIG

44 Tic40 AT3G01120 4.77 CGs1 Cystathionine gammaynthase 1

45 Tic40 AT5G54770 4.77 THI1 Thiamine thiazolsynthase

46 Tic40 AT5G04590 4.76 SIR Assimilatory sulfite reductase (ferredoxin

47 Tic40 AT4G21860 4.75 MSRB2 Peptide methionine sulfoxide reductase E

48 Tic40 AT3G04790 4.74 RPI3 Probable riboséb-phosphate isomerase 3

49 Tic40 AT1G50900 4.72 LTD, GDC1 Protein LHCP TRANSLOCATION DEFE(
(Protein GRANBEFICIENT CHLOROPL/
1)

50 Tic40 AT5G11880 4.70 LYSA2 Diaminopimelate decarboxylase 2

51 Tic40 AT1G29910 4.69 LHCB1.2 | Chlorophyll & binding protein 3

52 Tic40 AT1G18500 4.67 IPMS1 2-isopropylmalate synthase 1

53 Tic40 AT1G15500 4.66 AATP2 ADP,ATP carrier protein 2

54 Tic40 AT5G22830 4.61 MRS211 Magnesium transporter MRSPL

55 Tic40 AT5G16440 4.59 IPP1 Isopentenyldiphosphate Deltasomerase |

56 Tic40 AT2G37220 4.59 CP29B RNAbinding protein CP29B

57 Tic40 AT1G63940 4.59 MDARS Monodehydroascorbate reductase

58 Tic40 AT3G58610 4.56 Ketolacid reductoisomerase

59 Tic40 AT1G08490 455 NFS2 Cysteine desulfurase 1

60 Tic40 AT5G15450 4.55 CLPB3 Chaperoneprotein ClpB3

61 Tic40 ATCG00280 | 4.51 psbC Photosystem Il CP43 reaction center
protein

62 Tic40 AT3G20320 4.50 TGD2 Protein TRIGALACTOSYLDIACYLGLYC

63 Tic40 AT1G55480 4.49 MET1 Protein MET1 (PDZ domairbix domain,
and TPR regiocontaining protein)

64 Tic40 AT4G13200 4.48 Uncharacterized protein

65 Tic40 AT3G59890 4.43 DAPB2 4-hydroxytetrahydrodipicolinate
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reductase 2

66 Tic40 AT5G38410 4.41 RBCSB Ribulose bisphosphate carboxylase smal
subunit 3B

67 Tic40 AT3G46780 4.41 PTAC16 Protein PLASTID TRANSCRIPTIONALL
ACTIVE 16

68 Tic40 AT5G04740 4.41 ACR12 ACT domaktontaining protein ACR12
(Protein ACT DOMAIN REPEATS 12)

69 Tic40 AT4G14070 4.39 AAE15 Longchainfatty-acid-[acytcarrier
protein] ligase AEE15

70 Tic40 AT3G18890 4.33 TIC62 Protein TIC 62 (Translocon at the inner
envelope membrane of chloroplasts 62)

71 Tic40 AT4G39980 4.33 DHS1 Phosphe2-dehydro-3-deoxyheptonate
aldolase 1

72 Tic40 AT4G17040 4.31 CLPR4 ATRdependent Clp protease proteolytic
subunitrelated protein 4

73 Tic40 AT5G23020 4.30 MAM3 Methylthioalkylmalate synthase 3

74 Tic40 AT3G44890 4.30 RPL9 50Sribosomal protein L9

75 Tic40 AT2G34590 4.29 ELBETA2 | Pyruvate dehydrogenase E1 component
subunit beta3

76 Tic40 AT1G53670 4.29 MSRB1 Peptide methionine sulfoxide reductase E

77 Tic40 AT4G33030 4.28 SQD1 UDRsulfoquinovose synthase

78 Tic40 AT1G76080 4.27 CDSP32 | Thioredoxinlike protein CDSP32

79 Tic40 AT5G23310 4.26 FSD3 Superoxide dismutase [Fe] 3

80 Tic40 AT4G33580 4.25 BCA5 Beta carbonic anhydrase 5

81 Tic40 AT4G39120 4.24 HISN7 Bifunctional phosphatase IMPL2
(Histidinotphosphatase)

82 Tic40 AT3G29320 4.23 PHS1 Alphaglucan phosphorylase 1

83 Tic40 AT3G47470 4.19 LHCA4 Chlorophyll & binding protein 4

84 Tic40 AT4G36810 4.19 GGPPS1 | Heterodimeric geranylgeranyl
pyrophosphate synthase large subunit 1

85 Tic40 AT1G31230 4.17 AKHSDHL1 | Bifunctional aspartokinase/homoserine
dehydrogenase 1

86 Tic40 AT2G39730 4.16 RCA Ribulose bisphosphate
carboxylase/oxygenase activase

87 Tic40 ATCG01120 | 4.16 rpsls 30S ribosomal protein S15

88 Tic40 AT1G55670 4.10 PSAG Photosystem | reaction center subunit V

89 Tic40 ATCGO00680 | 4.08 psbB Photosystem Il CP47 reaction center
protein

90 Tic40 AT4G13430 4.06 L1 3-isopropylmalate dehydratase large
subunit

91 Tic40 AT3G06200 4.03 GK3 Guanylate kinase 3

92 Tic40 AT1G67700 4.03 HHL1 Protein HHL1 (Hypersensitive to high ligh
1)

93 Tic40 AT4G25130 3.98 MSRA4 Peptide methionine sulfoxide reductase 4

94 Tic40 AT2G47450 3.97 CPSRP43 | Signal recognition particle 43 kDa proteir]

95 Tic40 AT2G05990 3.97 MOD1, Enoy}acytcarrierprotein] reductase

ENRA [NADH] (Protein MOSAIC DEATH 1)
96 Tic40 AT4G09650 3.96 ATPD ATP synthase subunit delta
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97 Tic40 ATCGO00800 | 3.94 rps3 30S ribosomal protein S3

98 Tic40 AT5G08280 3.92 HEMC Porphobilinogen deaminase

99 Tic40 AT5G03650 3.92 SBE2.2 1,4-alphaglucanbranching enzyme-2

100 | Tic40 AT3G58990 3.88 SSuU3 3-isopropylmalate dehydratase small
subunit 3 (Isopropylmalate isomerase 1)
(Isopropylmalatésomerase small subunit
3) (IPMI SSU3) (Methylthioalkylmalate
isomerase small subunit) (MANS)

101 | Tic40 AT1G13270 3.88 MAP1B Methionine aminopeptidase 1B

102 | Tic40 AT4G16390 3.85 P67, SVR7 | Pentatricopeptide repeatontaining
protein (ProteinSUPPRESSOR OF
VARIEGATION 7)

103 | Tic40 AT3G23940 3.85 DHAD Dihydroxyacid dehydratase

104 | Tic40 AT3G58140 3.84 PhenylalaninetRNA ligase

105 | Tic40 AT1G68260 3.84 ALT3 Acylacyl carrier protein thioesterase ATL

106 | Tic40 AT5G49910 3.82 HSP7&/ Heat shock 70 kDa protein 7

107 | Tic40 AT4G34120 3.81 CBSX2 CBS domatkgontaining protein CBSX2

108 | Tic40 AT5G07020 3.77 MPH1 Protein MAINTENANCE OF PSII UNDER
HIGH LIGHT 1

109 | Tic40 AT2G14750 3.77 APK1 Adenylytsulfate kinase 1

110 | Tic40 AT1G62750 3.76 CPEFG Elongation factor G (Elongation factor EF
G/SCO1)

111 | Tic40 AT3G59400 3.75 GUN4 Tetrapyrrolebinding protein

112 | Tic40 AT5G01220 3.75 SQD2 Sulfoquinovosyiransferase SQD2 (Protei
SULFOQUINOVOSYLDIACYLGLYCERC(

113 | Tic40 AT3G22890 3.75 APS1 ATP sulfurylase 1

114 | Tic40 AT2G31810 3.75 Acetolactate synthase small subunit 2

115 | Tic40 AT1G02560 3.75 CLPP5 ATRdependent Clgprotease proteolytic
subunit 5

116 | Tic40 AT2G37660 3.73 Uncharacterized protein

117 | Tic40 AT5G26742 3.72 RH3 DEADBbox ATRlependent RNA helicase 3

118 | Tic40 AT3G53460 3.71 CP29A 29 kDa ribonucleoprotein

119 | Tic40 AT1G15820 3.70 Lhcb6 Chlorophyll & binding protein

120 | Tic40 AT3G61470 3.68 LHCAZ2 Photosystem | chlorophyll afbinding
protein 2

121 | Tic40 AT2G22360 3.68 DJA6 Chaperone protein dnaJ A6

122 | Tic40 AT4G35630 3.68 PSAT1 Phosphoserine aminotransferase 1

123 | Tic40 AT5G26030 3.67 FC1 Ferrochelatasd

124 | Tic40 AT3G27850 3.66 RPL12C 50S ribosomal protein L12

125 | Tic40 AT3G53580 3.65 DAPF Diaminopimelate epimerase

126 | Tic40 AT1G80300 3.61 AATP1 ADP,ATP carrier protein 1

127 | Tic40 AT5G48300 3.59 APS1 Glucosel-phosphate adenylyltransferase
small subunit

128 | Tic40 AT5G64940 3.59 ABC1K8 Protein ACTIVITY OF BC1 COMPLEX K
8

129 | Tic40 AT4G03520 3.59 TRXM2 Thioredoxin M2

130 | Tic40 AT5G13650 3.57 SVR3 Putative elongation factor Typlike SVR3
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131 | Tic40 ATCGO00780 | 3.56 rpll4 50S ribosomal protein L14

132 | Tic40 AT3G10050 3.56 OMR1 Threonine dehydratase biosynthetic

133 | Tic40 AT4G15560 3.55 DXS 1-deoxyD-xylulose5-phosphate synthase

134 | Tic40 AT4G36910 3.55 CBSX1 CBS domaigontaining protein CBSX1

135 | Tic40 AT1G54630 3.52 ACP3 Acyl carrier protein 3

136 | Tic40 AT3G63410 3.52 VTE3 2-methyt6-phytyl1,4-hydroquinone
methyltransferase

137 | Tic40 AT3G08640 3.51 RER3 Protein RETICULARELATED 3

138 | Tic40 AT4G01690 3.50 PPOX1 Protoporphyrinogen oxidase 1

139 | Tic40 AT3G06350 3.50 EMB3004 | Bifunctional 3dehydroquinate
dehydratase/shikimate dehydrogenase

140 | Tic40 AT5G11520 3.50 ASP3 Aspartate aminotransferase 3

141 | Tic40 AT2G29630 3.48 THIC Phosphomethylpyrimidine synthase

142 | Tic40 AT1G01090 3.48 PDHE1 Pyruvate dehydrogenase E1 component

ALPHA subunit alpha3

143 | Tic40 AT5G38430 3.47 RBC4B Ribulose bisphosphate carboxylase smal
subunit 1B

144 | Tic40 AT3G01180 3.45 SS2 Starch synthase 2

145 | Tic40 AT1G69740 3.45 HEMB1 Deltaaminolevulinicacid dehydratase 1

146 | Tic40 AT1G49970 3.44 CLPR1 ATRdependent Clp protease proteolytic
subunitrelated protein 1

147 | Tic40 AT2G20890 3.44 THF1 Protein THYLAKOID FORMATION 1

148 | Tic40 AT5G42650 3.43 CYP74A | Alleneoxide synthase (Cytochrome P450
74A)

149 | Tic40 AT2G33800 3.41 rpss 30S ribosomal protein S5

150 | Tic40 AT1G74470 3.40 CHLP Geranylgeranyl diphosphate reductase

151 | Tic40 AT2G22480 3.40 PFK5 ATRdependent 6phosphofructokinase 5
(Phosphohexokinase 5)

152 | Tic40 AT4G28750 3.39 PSAE1l Photosystem | reaction center subunit IV

153 | Tic40 AT1G04620 3.38 HCAR 7-hydroxymethyl chlorophyll a reductase

154 | Tic40 AT4G33510 3.36 DHS2 Phosphe2-dehydro-3-deoxyheptonate
aldolase 2

155 | Tic40 AT1G15390 3.36 PDF1A Peptide deformylase 1A

156 | Tic40 AT3G48560 3.36 ALS Acetolactate synthase

157 | Tic40 AT3G44720 3.35 ADT4 Arogenate dehydratase 4

158 | Tic40 AT4G35250 3.33 HCF244 Protein HIGH CHLOROPHYLL
FLUORESCENCE PHENOTYPE 244

159 | Tic40 AT3G04550 3.32 RAF1.2 Rubisco accumulation factor 1.2

160 | Tic40 AT1G55490 3.31 CPN60B1 | Chaperonin 60 subunit beta 1

161 | Tic40 AT2G27820 3.30 ADT3 Arogenate dehydratase 3

162 | Tic40 AT4G23100 3.27 GSH1 Glutamate-cysteine ligase

163 | Tic40 AT1G44575 3.26 PSBS Photosystem Il 22 kDa protein

164 | Tic40 AT4G04020 3.23 PAP1 Probable plastidipid-associated protein 1

165 | Tic40 AT1G12900 3.22 GAPA2 Glyceraldehyde3-phosphate
dehydrogenase GAPA2

166 | Tic40 AT2G15620 3.22 NIR1 Ferredoxin-nitrite reductase

167 | Tic40 AT3G52960 3.21 PRXIIE Peroxiredoxir2E (Glutaredoxiulependent
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peroxiredoxin)

168 | Tic40 AT5G64300 3.21 RIBA1 Bifunctionalriboflavin biosynthesis protein
RIBA 1
169 | Tic40 AT5G51070 3.20 CLPD Chaperone protein ClpD
170 | Tic40 AT1G52230 3.20 PSAH2 Photosystem | reaction center subunit/I
171 | Tic40 AT5G42270 3.19 FTSH5 ATRdependent zinc metalloprotease FTS
5
172 | Tic40 AT2G43100 3.17 SSuU2 3-isopropylmalate dehydratase small
subunit 2
173 | Tic40 AT5G01600 3.17 FER1 Ferritin-1
174 | Tic40 AT5G67030 3.13 ZEP, ABA1| Zeaxanthin epoxidase (Protein ABA
DEFICIENT 1)
175 | Tic40 ATCG00480 | 3.12 atpB ATP synthassubunit beta
176 | Tic40 AT5G50100 3.11 Uncharacterized protein
177 | Tic40 AT4G20360 3.10 TUFA Elongation factor Tu (Raslated protein
RAB8D Rab8D)
178 | Tic40 AT2G43030 3.07 RPL3A 50S ribosomal protein LB
179 | Tic40 AT1G09830 3.06 PUR2 Phosphoribosylamineglycine ligase
180 | Tic40 AT5G22510 3.06 INVE Alkaline/neutral invertase E
181 | Tic40 AT3G23400 3.05 PAP6 Plastidlipid-associated protein 6
182 | Tic40 AT1G77060 3.04 Carboxyvinytarboxyphosphonate
phosphorylmutase
183 | Tic40 AT2G02740 3.04 WHYS3, Singlestranded DNAvinding protein
PTAC11 WHY3 (Protein PLASTID
TRANSCRIPTIONALLY ACTIVE 11)
184 | Tic40 AT2G20260 3.03 PSAE2 Photosystem | reaction center subunit IV
185 | Tic40 AT3G54660 3.02 EMB2360 | Glutathione reductaséProtein EMBRYO
DEFECTIVE 2360)
186 | Tic40 AT3G02630 3.01 SACP Stearoyl[acytcarrierprotein] 9
DES5 desaturase 5
187 | Tic40 AT4G24280 3.00 HSP76&6 Heat shock 70 kDa protein 6
188 | Tic40 AT3G47520 2.99 Malate dehydrogenase
189 | Tic40 AT3G25660 2.98 GATA GlutamyhRNA(GIn) amidotransferase
subunit A
190 | Tic40 AT1G62640 2.97 3-oxoacyi[acytcarrierprotein] synthase Il
191 | Tic40 ATCGO00500 | 2.97 acch Acetylcoenzyme A carboxylase carboxyl
transferase subunit beta
192 | Tic40 ATCG00160 | 2.96 rps2 30S ribosomal protein S2
193 | Tic40 ATCGO00770 | 2.96 rps8 30S ribosomal protein S8
194 | Tic40 AT3G45140 2.95 LOX2 Lipoxygenase 2
195 | Tic40 AT2G22450 2.95 RIBA2 Monofunctional riboflavin biosynthesis
protein RIBA 2
196 | Tic40 AT1G03130 2.93 PSAD2 Photosystem | reaction center subuni2l
197 | Tic40 AT3G25860 2.92 LTA2 Dihydrolipoyllysineresidue
acetyltransferase component 4 of pyruva
dehydrogenase complex
198 | Tic40 ATCGO00740 | 2.92 rpoA DNAdirected RNA polymerase subunit

alpha
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199 | Tic40 AT5G52920 2.92 PKP2 Plastidial pyruvate kinase 2

200 | Tic40 AT5G16290 2.89 VAT1 Acetolactate synthase small subunit 1

201 | Tic40 AT4G26900 2.89 HISN4 Imidazole glycerol phosphate synthase
hisHF

202 | Tic40 AT4G34730 2.89 Probable ribosomdvinding factor A

203 | Tic40 AT3G63140 2.89 CSP41A Chloroplast sterioop binding protein of
41 kDa a

204 | Tic40 AT1G79750 2.88 NADPME4 | NADPdependent malienzyme 4

205 | Tic40 ATCGO00490 | 2.87 rbcL Ribulose bisphosphate carboxylase large
chain

206 | Tic40 AT3G08940 2.86 LHCB4.2 | Chlorophyll & binding protein CP29.2
(LHCII protein 4.2)

207 | Tic40 AT5G36880 2.85 ACS Acetylcoenzyme A synthetase

208 | Tic40 AT1G75350 2.85 RPL31 50S ribosomal protein L31

209 | Tic40 AT3G04870 2.83 ZDS1 Zetacarotene desaturase

210 | Tic40 AT1G14030 2.83 LSMTL [Fructosebisphosphate aldolasdysine N
methyltransferase

211 | Tic40 AT5G24020 2.80 MIND1 Putative septum sit@etermining protein
minD homolog

212 | Tic40 ATCG00130 | 2.80 atpF ATP synthase subunit b

213 | Tic40 AT3G16950 2.79 LPD1 Dihydrolipoyl dehydrogenase 1

214 | Tic40 AT1G19800 2.79 TGD1 ProteinTRIGALACTOSYLDIACYLGLYCE

215 | Tic40 AT5G47870 2.78 RAD522 DNA repair RADS5Ilike protein 2

216 | Tic40 AT1G03680 2.77 TRXM1 Thioredoxin M1

217 | Tic40 AT4G10340 2.76 LHCB5 Chlorophyll & binding protein CP26
(Lightharvesting complex Hrotein 5)

218 | Tic40 AT4G04640 2.75 ATPC1 ATP synthase gamma chain 1

219 | Tic40 AT4G29060 2.74 PETs Polyprotein of EH's (150 kDa prprotein)

220 | Tic40 AT4G22240 2.73 PAP2 Probable plastidipid-associated protein 2

221 | Tic40 AT2G35490 2.73 PAP3 Probable plastidipid-associated protein 3

222 | Tic40 AT5G23060 2.72 CAS Calcium sensing receptor

223 | Tic40 AT4G21990 2.72 APR3, 5'-adenylylsulfate reductase 3

PRH26 (Thioredoxirindependent APS reductase

3

224 | Tic40 AT5G14200 2.72 IMDH1 S?isopropylmalate dehydrogenase 1

225 | Tic40 AT5G24300 2.70 SS1 Starch synthase 1

226 | Tic40 AT1G68720 2.70 TADA tRNA(adenine(34)) deaminase (tRNA
adenosine deaminase arginine)

227 | Tic40 AT5G04140 2.70 GLU1 Ferredoxindependent glutamatesynthase
1

228 | Tic40 AT4G18480 2.68 CHLI1 Magnesiumchelatase subunit Chll

229 | Tic40 AT5G27380 2.67 GSH2 Glutathione synthetase

230 | Tic40 AT2G40490 2.67 HEME2 Uroporphyrinogen decarboxylase 2

231 | Tic40 AT1G05190 2.65 RPL6 50S ribosomaprotein L6

232 | Tic40 AT3G48110 2.64 EDD1 Glycine-tRNA ligase

233 | Tic40 AT3G20330 2.64 PYRB Aspartate carbamoyltransferase

234 | Tic40 AT1G61520 2.64 LHCAS Photosystem | chlorophyll afbinding
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protein 3-1

235 | Tic40 AT4G34350 2.63 ISPH, CLB{ 4-hydroxy3-methylbut-2-enyl diphosphate
reductase (Protein CHLOROPLAST
BIOGENESIS 6)

236 | Tic40 AT4G18240 2.62 SS4 Probable starch synthase 4

237 | Tic40 AT1G32200 2.62 ATS1 Glycerol3-phosphate acyltransferase

238 | Tic40 AT1G17745 2.61 PGDH2 D-3-phosphoglycerate dehydrogenase 2

239 | Tic40 AT3G48500 2.60 PTAC10 Protein PLASTID TRANSCRIPTIONALL
ACTIVE 10

240 | Tic40 AT3G54900 2.60 GRXS14 | Monothiol glutaredoxirS14

241 | Tic40 AT4G04770 2.60 ABCI8 UPF0051 protein ABCI8 (ABC transporte
family member 8)

242 | Tic40 AT2G21330 2.59 FBAL Fructosebisphosphate aldolase 1

243 | Tic40 AT3G46740 2.58 TOC783 Protein TOC73

244 | Tic40 AT2G28900 2.54 OEP16L Outer envelope pore protein 16

245 | Tic40 AT3G10940 2.53 LSF2 Phosphoglucan phosphatase LSF2

246 | Tic40 AT5G35630 2.53 GLN2 Glutamine synthetase

247 | Tic40 AT1G79530 2.52 GAPCP1 | Glyceraldehyde-phosphate
dehydrogenase GAPCP1

248 | Tic40 AT5G28500 2.52 RAF1.1 Rubiscaaccumulation factor 1.1

249 | Tic40 ATCGO00020 | 2.52 psbA Photosystem Il protein D1

250 | Tic40 AT5G54270 2.51 LHCB3 Chlorophyll &b binding protein 3(Light
harvesting chlorophyll Binding protein 3)

251 | Tic40 AT1G29900 2.51 CARB Carbamoybhosphate synthase large cha

252 | Tic40 AT2G21590 2.51 Probable glucosé-phosphate
adenylyltransferase large subunit

253 | Tic40 AT3G57610 2.50 PURA Adenylosuccinate synthetase

254 | Tic40 AT1G74030 2.49 ENO1 Enolase 1

255 | Tic40 ATCGO00580 | 2.47 psbE Cytochrome b559 subunit alpha (PSII
reaction center subunit V)

256 | Tic40 AT1G10760 2.46 GwD1 Alphaglucan water dikinase 1

257 | Tic40 AT3G54640 2.46 TSAl Tryptophan synthase alpha chain

258 | Tic40 AT4G39210 2.45 APL3 Glucosel-phosphate adenylyltransferase
large subunit 3

259 | Tic40 AT3G48730 2.42 GSA2 Glutamatel-semialdehyde 21
aminomutase 2

260 | Tic40 AT3G54050 241 CFBP1 Fructosel,6-bisphosphatase 1

261 | Tic40 AT3G27740 2.41 CARA Carbamoybhosphate synthase small cha

262 | Tic40 AT1G24360 2.40 3-oxoacyd[acylcarrier-protein] reductase

263 | Tic40 AT5G03940 2.39 CPSRP54 | Signal recognition particle 54 kDa proteir]

264 | Tic40 AT2G47400 2.37 CP121 Calvin cycle protein CP112

265 | Tic40 AT5G41670 2.34 PGD3 6-phosphogluconate dehydrogenase

266 | Tic40 ATCG00120 | 2.33 atpA ATP synthase subunit alpha

267 | Tic40 AT5G12470 2.33 RER4 Protein RETICULARELATED 4

268 | Tic40 AT5G64290 2.33 DIT21 Dicarboxylate transporter 2.1

269 | Tic40 AT2G46820 2.30 CURT1B | Protein CURVATURE THYLAKOID 1B

(Thylakoid membrane phosphoprotein 14
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kDa)

270 | Tic40 AT5G35360 2.30 CAC2 Biotin carboxylase

271 | Tic40 AT3G52150 2.29 PSRP2 30S ribosomal protein 2 (Chloroplastic
small ribosomal subunit protein cS22)

272 | Tic40 ATCGO00570 | 2.28 psbF Cytochrome b559 subunit beta (PSlI
reaction center subunit VI)

273 | Tic40 AT4G05180 2.27 PSBQ2 Oxygenrevolving enhancer protein-3

274 | Tic40 AT4G23890 2.26 ndhS NAD(P)kyuinone oxidoreductase subunit
S

275 | Tic40 AT3G63170 2.25 FAP1 Fatty-acid-binding protein 1

276 | Tic40 AT3G22960 2.25 PKP1 Plastidial pyruvate kinase 1

277 | Tic40 AT4G34200 2.24 PGDH1 D-3-phosphoglycerate dehydrogenase 1

278 | Tic40 AT1G42970 2.23 GAPB Glyceraldehyde-phosphate
dehydrogenase GAPB

279 | Tic40 AT5G64050 2.23 OVA3 Glutamate-tRNA ligase

280 | Tic40 ATCG01060 | 2.20 psaC Photosystem | irorsulfur center

281 | Tic40 AT1G03475 2.20 CPX1 Coproporphyrinogesll oxidase 1

282 | Tic40 AT5G16715 2.20 EMB2247 | Valine-tRNA ligase (Protein EMBRYO
DEFECTIVE 2247)

283 | Tic40 ATCGO00330 | 2.16 rpsl4 30S ribosomal protein S14

284 | Tic40 AT1G34430 2.15 EMB3003 | Dihydrolipoyllysineesidue
acetyltransferase component 5 of pyruva
dehydrogenase complex

285 | Tic40 AT3G26650 2.15 GAPA1 Glyceraldehyde-phosphate
dehydrogenase GAPAl

286 | Tic40 AT3G57560 2.14 NAGK Acetylglutamate kinase

287 | Tic40 AT4G17600 2.14 LIL3.1 Lightharvesting compledike protein 3
isotype 1

288 | Tic40 AT1G32440 2.13 PKP3 Plastidial pyruvate kinase 3

289 | Tic40 AT4G21210 2.12 RP1 Pyruvate, phosphate dikinase regulatory
protein 1

290 | Tic40 AT4G34740 2.12 ASE2 Amidophosphoribosyltransferase 2

291 | Tic40 AT1G11430 211 MORF9, Multiple organellar RNA editing factor 9

RIP9 (RNA editingnteracting protein 9)

292 | Tic40 AT1G31190 2.10 IMPL1 Phosphatase IMPL1

293 | Tic40 AT3G10230 2.10 LYCB, LCY| Putativelycopene betecyclase

294 | Tic40 ATCG00270 | 2.10 psbD Photosystem Il D2 protein

295 | Tic40 AT4G27070 2.09 TSB2 Tryptophan synthase beta chain 2

296 | Tic40 AT5G26570 2.05 GWD3 Phosphoglucan, water dikinase

297 | Tic40 AT3G26710 2.02 CcCB1 ProteinCOFACTOR ASSEMBLY OF
COMPLEX C SUBUNIT B CCB1

298 | Tic40 ATCGO00660 | 2.02 rpl20 50S ribosomal protein L20

299 | Tic40 AT4G19710 2.00 AKHSDH?2 | Bifunctional aspartokinase/homoserine
dehydrogenase 2

300 | Tic40 AT2G44040 1.96 DAPB1 4-hydroxytetrahydrodipicolinate
reductase 1

301 | Tic40 AT2G15290 1.96 TIC21, Protein TIC 21 (Translocon at the inner

CIA5PIC1 | envelope membrane of chloroplasts 21)
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(PERMEASE IN CHLOROPLASTS 1)

302 | Tic40 AT1G74960 1.95 KAS2 3-oxoacyl[acytcarrierprotein] synthase Il

303 | Tic40 AT1G02910 1.94 LPAl Protein LOW PSIl ACCUMULATION 1

304 | Tic40 AT5G47190 1.92 50S ribosomal protein L1B

305 | Tic40 AT5G01530 1.92 LHCB4.1 | Chlorophyll & binding protein CP29.1

306 | Tic40 AT3G29310 1.92 BAG1 BAG family molecular chaperone regulat
8

307 | Tic40 AT1G66430 1.92 Probable fructokinasé

308 | Tic40 AT1G32060 1.92 Phosphoribulokinase

309 | Tic40 AT5G06290 1.89 2-Cys Prx | Thioredoxindependent peroxiredoxin

310 | Tic40 AT3G12780 1.89 PGK1 Phosphoglycerate kinase 1

311 | Tic40 ATCGO00750 | 1.88 rpsil 30S ribosomal protein S11

312 | Tic40 AT2G28000 1.86 CPNG60A1 | Chaperonin 60 subunit alpha 1

313 | Tic40 AT5G63420 1.86 RNJ Ribonuclease J (RNase J)

314 | Tic40 AT4G27440 1.85 PORB Protochlorophyllide reductase B

315 | Tic40 AT4G04850 1.82 KEA3 K(+) efflux antiporter 3

316 | Tic40 ATCGO00350 1.81 psaA Photosystem | P700 chlorophyll a
apoprotein A1 (EC 1.97.1.12) (A$(PsaA)

317 | Tic40 AT1G64190 1.81 PGD1 6-phosphogluconate dehydrogenase

318 | Tic40 AT5G13280 1.80 AK1 Aspartate kinase 1

319 | Tic40 AT5G05000 1.80 TOC34 Translocase of chloroplast 34

320 | Tic40 AT2G34420 1.78 Chlorophyll & binding protein

321 | Tic40 AT1G14410 1.73 WHY1 Singlestranded DNAinding protein
WHY1

322 | Tic40 AT3G55800 1.72 Sedoheptulosdl, 7-bisphosphatase

323 | Tic40 AT4G11980 1.71 NUDT14 | Nudix hydrolase 14

324 | Tic40 ATCG00340 1.70 psaB Photosystem | P700 chlorophyll a
apoprotein A2

325 | Tic40 ATCGO01110 1.62 ndhH NAD(P)kyuinone oxidoreductase subunit
H

326 | Tic40 AT4G04610 1.60 APR1, 5'-adenylylsulfate reductase 1

PRH19 (Thioredoxirindependent APS reductase

1

327 | Tic40 AT5G01920 1.57 STNS8 S)erine/threonineprotein kinase STN8

328 | Tic40 AT4G37925 1.57 ndhM NAD(P)kyuinone oxidoreductase subunit
M

329 | Tic40 AT3G56090 1.56 FER3 Ferritin-3

330 | Tic40 AT4G32520 1.56 SHM3 Serinehydroxymethyltransferase 3

331 | Tic40 AT2G05100 1.55 LHCB2.1 | Chlorophyll & binding protein 2.1

332 | Tic40 AT3G06730 1.54 CITRX, TR) Thioredoxinlike protein CITRX

Z (Thioredoxin Z)
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Supplemental Table 3: Complete list of potential chloroplast localized AtTrxM2
interacting/associating proteins. Proteins were identified by proximity labeling with TurbolD. Both
control (WT-Col0) and overexpression (TrxM2TurbolD) groups were analyzed in three biological
replicates.Bait: Candidate protein,Prey: Interaction partner proteins identified by TurbolD.

No Bait Prey Log2 Fold | Gene Functional Annotation
Change Name

1 TrxM2 | AT4G03520 9.93 TRXM2 Thioredoxin M2

2 TrxM2 | AT2G24020 9.56 STIC2 Nucleoidassociated protein (Suppressor ¢
tic40 protein 2)

3 TrxM2 AT3G01120 9.54 CGS1 Cystathionine gammaynthase 1

4 TrxM2 | AT2G44650 9.41 CPN1@ | 10 kDa chaperonin 2

5 TrxM2 | AT2G37660 | 9.15 Uncharacterized protein

6 TrxM2 | AT1G67280 9.03 Probable lactoylglutathione lyase

7 TrxM2 | AT2G01140 9.00 FBA3 Fructosebisphosphate aldolase 3

8 TrxM2 | AT5G20720 8.79 CPN20 20 kDa chaperonin

9 TrxM2 | AT4G38970 8.78 FBA2 Fructosebisphosphate aldolase 2

10 TrxM2 | AT3G05350 8.35 APP2 Aminopeptidase P2

11 TrxM2 | AT3G46780 | 8.29 PTAC16 | Protein PLASTID TRANSCRIPTIONALLY
ACTIVE 16

12 TrxM2 | AT5G07020 | 8.28 MPH1 Protein MAINTENANCE OF PSII UNDER
HIGH LIGHT 1

13 TrxM2 | AT2G43750 8.11 OASB Cysteine synthase (@cetylserine
sulfhydrylase)

14 TrxM2 | AT3G11630 8.06 BAS1 2-Cys peroxiredoxin BAS1

15 TrxM2 | AT1G48850 8.00 EMB1144 | Chorismate synthase

16 TrxM2 | AT3G18890 7.97 TIC62 Protein TIC 62 (Translocanthe inner
envelope membrane of chloroplasts 62)

17 TrxM2 | AT3G25860 7.95 LTA2 Dihydrolipoyllysineresidue

acetyltransferase component 4 of pyruvat
dehydrogenase complex

18 TrxM2 | AT5G23010 7.92 MAM1 Methylthioalkylmalate synthase 1

19 TrxM2 | AT4G33680 7.88 DAP LL-diaminopimelate aminotransferase

20 TrxM2 AT2G37220 7.86 CP29B RNAbinding protein CP29B

21 TrxM2 | AT1G73060 | 7.65 LPA3 Protein LPA3 (Protein LOW PSII
ACCUMULATION 3)

22 TrxM2 | AT1G34430 7.64 EMB3003 | Dihydrolipoyllysingesidue

acetyltransferase component 5 of pyruvat
dehydrogenase complex

23 TrxM2 | AT5G55220 7.63 TIG Trigger factoilike protein TIG

24 TrxM2 | AT4G21860 7.61 MSRB2 Peptide methionine sulfoxide reductase B

25 TrxM2 | AT5G53460 | 7.61 GLT1 Glutamate synthase 1 [NADH]

26 TrxM2 | AT2G39730 7.52 RCA Ribulose bisphosphate
carboxylase/oxygenase activase

27 TrxM2 | AT1G76080 7.47 CDSP32 | Thioredoxinlike protein CDSP32

28 TrxM2 | AT3G55250 7.26 PSA3 Photosystem | assembly factor PSAS3,

chloroplastic (Protein PHOTOSYSTEM |
ASSEMBLY 3) (Protein PIGMENT DEFE
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329)

29 TrxM2 | AT5G66120 7.24 DHQS 3-dehydroquinate synthase

30 TrxM2 | AT5G15450 7.08 CLPB3 Chaperone protein ClpB3 (At@iEpendent
Clp protease ATBinding subunit ClpB
homolog 3)

31 TrxM2 | AT1G22410 7.04 DHS3 Putative 3deoxyD-arabincheptulosonate
7-phosphate synthase

32 TrxM2 | AT5G54810 7.04 TSB1 Tryptophan synthase beta chain 1

33 TrxM2 | AT2G29630 7.02 THIC Phosphomethylpyrimidine synthase

34 TrxM2 | AT4G29060 7.00 PETs Polyprotein of EA's (150 kDa prprotein)

35 TrxM2 | AT2G38040 6.99 CAC3 Acetylcoenzyme A carboxylase carboxyl
transferase subunit alpha

36 TrxM2 | AT1G44575 6.96 PSBS, Photosystem Il 22 kDa protein (Protein

NPQ4 NONPHOTOCHEMICAL QUENCHING 4

37 TrxM2 | AT5G13110 6.88 G6PD2 Glucose6-phosphate idehydrogenase 2

38 TrxM2 | AT1G67090 6.85 RBCSA | Ribulose bisphosphate carboxylase small
subunit 1A

39 TrxM2 | AT5G23020 6.83 MAM3 Methylthioalkylmalate synthase 3

40 TrxM2 | AT5G01600 | 6.71 FER1 Ferritin-1

41 TrxM2 | AT2G04030 6.68 HSP9&%b Heat shock protein 96

42 TrxM2 | AT2G47400 6.66 CP121 Calvin cycle protein CP12

43 TrxM2 | AT5G08280 6.64 HEMC Porphobilinogen deaminase

44 TrxM2 | AT2G31810 6.63 Acetolactate synthase small subunit 2

45 TrxM2 | AT3G12930 6.61 1J Protein lojap

46 TrxM2 | AT2G04400 6.60 IGPS Indole-3-glycerol phosphate synthase

47 TrxM2 | AT3G48560 6.59 ALS Acetolactatesynthase

48 TrxM2 | AT5G10920 | 6.58 Argininosuccinate lyase, chloroplastic (E(
4.3.2.1) (Arginosuccinase)

49 TrxM2 | AT4G25130 | 6.57 MSRA4, Peptide methionine sulfoxide reductase A

PMSR4

50 TrxM2 | AT3G29320 | 6.54 PHS1 Alphaglucan phosphorylase 1

51 TrxM2 | AT1G17745 6.52 PGDH2 D-3-phosphoglycerate dehydrogenase 2

52 TrxM2 | AT1G50900 | 6.50 LTD, GDC| Protein LHCP TRANSLOCATION DEFE(
(Protein GRANBEFICIENT CHLOROPLA
1)

53 TrxM2 | AT5G16290 6.50 VAT1 Acetolactate synthase small subunit 1

54 TrxM2 | AT1G08490 6.49 NFS2 Cysteine desulfurase 1

55 TrxM2 | AT2G20890 | 6.48 THF1 Protein THYLAKOID FORMATION 1

56 TrxM2 | AT5G23310 6.47 FSD3 Superoxide dismutase [Fe] 3

57 TrxM2 | AT4G34120 6.47 CBSX2 CBS domatgontaining protein CBSX2

58 TrxM2 | AT3G17810 6.47 PYD1 Dihydropyrimidine dehydrogenase
(NADP(+))

59 TrxM2 | AT4G29840 6.42 TS1 Threonine synthase 1

60 TrxM2 | AT5G38410 6.40 RBCSB | Ribulose bisphosphate carboxylase small
subunit 3B

61 TrxM2 | AT1G13270 6.37 MAP1B Methionineaminopeptidase 1B

62 TrxM2 | AT3G08940 6.37 LHCB4.2 | Chlorophyll & binding protein CP29.2
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(LHCII protein 4.2)

63 TrxM2 | AT3G60210 | 6.36 CPN1alL | 10 kDa chaperonin 1

64 TrxM2 | AT4G39120 6.36 HISN7 Bifunctional phosphatase IMPL2

65 TrxM2 | AT3G04790 6.35 RPI3 Probable ribosé-phosphate isomerase 3

66 TrxM2 AT5G04740 6.34 ACR12 ACT domaitontaining protein ACR12
(Protein ACT DOMAIN REPEATS 12)

67 TrxM2 | ATCG01120 | 6.33 rpsls 30S ribosomal protein S15

68 TrxM2 | AT2G22480 6.21 PFK5 ATRdependent 6phosphofructokinase 5
(Phosphohexokinase 5)

69 TrxM2 | AT2G27820 6.17 ADT3 Arogenate dehydratase 3

70 TrxM2 | AT4G33580 6.16 BCA5 Beta carbonic anhydrase 5

71 TrxM2 | AT1G06680 6.16 PSBP1 Oxygenrevolving enhancer protein-2

72 TrxM2 | AT1G55670 6.15 PSAG Photosystem | reaction center subunit V

73 TrxM2 | AT4G04020 6.07 PAP1 Probable plastidipid-associated protein 1

74 TrxM2 | AT5G45390 6.06 CLPP4 ATRdependent Clp protease proteolytic
subunit 4

75 TrxM2 | AT3G16950 6.04 LPD1 Dihydrolipoyl dehydrogenase 1

76 TrxM2 | AT4AG13200 | 6.04 Uncharacterized protein

77 TrxM2 | AT5G22510 6.03 INVE Alkaline/neutral invertase E

78 TrxM2 | AT5G48300 5.99 APS1 Glucosel-phosphate adenylyltransferase
small subunit

79 TrxM2 | AT5G03900 | 5.98 Uncharacterized protein

80 TrxM2 | AT3G56090 | 5.96 FER3 Ferritin-3

81 TrxM2 AT1G55480 5.94 MET1 Protein MET1 (PDZ domainbkx domain,
and TPR region containing protein)

82 TrxM2 | AT5G50920 | 5.93 CLPC1 Chaperone protein ClpC1

83 TrxM2 | AT4G33030 5.92 SQD1 UDRsulfoquinovose synthase

84 TrxM2 | AT3G59890 5.92 DAPB2 4-hydroxytetrahydrodipicolinate reductase
2

85 TrxM2 | AT1G50320 | 5.92 ATHX Thioredoxin X

86 TrxM2 | AT3G25660 5.91 GATA GlutamytRNA(GIn) amidotransferase
subunit A

87 TrxM2 | ATCG00490 |5.91 rbcL Ribulose bisphosphate carboxylase large
chain

88 TrxM2 | AT4G28750 5.90 PSAE1l Photosystem | reaction center subunit IV

89 TrxM2 | AT5G11880 5.90 LYSA2 Diaminopimelate decarboxylase 2

90 TrxM2 | AT4G01690 5.87 PPOX1 Protoporphyrinogen oxidase 1

91 TrxM2 | AT3G44720 5.86 ADT4 Arogenate dehydratase 4

92 TrxM2 | AT5G47870 5.86 RAD522 | DNA repair RADS5Ike protein 2

93 TrxM2 | AT1G68260 5.84 ALT3 Acylacyl carrier protein thioesterase ATL

94 TrxM2 | ATCGO0500 | 5.83 acch Acetylcoenzyme A carboxylase carboxyl
transferase subunit beta

95 TrxM2 | AT1G03130 5.83 PSAD2 Photosystem | reaction center subuni®l

96 TrxM2 | AT1G79750 5.83 NADP NADPdependent malic enzyme 4

ME4
97 TrxM2 | AT1G54630 5.78 ACP3 Acylcarrier protein 3
98 TrxM2 | AT2G02740 5.78 WHY3 Singlestranded DNAvinding protein WHY 3
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99 TrxM2 | AT5G51070 5.76 CLPD Chaperone protein ClpD

100 TrxM2 | AT5G03650 5.71 SBE2.2 1,4-alphaglucanbranching enzyme-2

101 TrxM2 | AT2G47450 5.70 CPSRP43| Signal recognition particle 43 kDa protein

102 TrxM2 | AT2G14750 5.69 APK1 Adenylyisulfate kinase 1

103 TrxM2 AT1G03475 5.69 CPX1 Coproporphyrinogesll oxidase 1

104 TrxM2 | AT2G21330 5.69 FBAL Fructosebisphosphate aldolase 1

105 TrxM2 | ATCG00280 | 5.68 psbC Photosystem Il CP43 reaction center
protein (PSII 43 kDa protein)

106 TrxM2 | AT2G20260 5.67 PSAE2 Photosystem | reaction center subunit IV

107 TrxM2 | AT5G16620 5.53 TIC40 Protein TIC 40 (Translocanthe inner
envelope membrane of chloroplasts 40)

108 TrxM2 | ATCGO00740 | 5.53 rpoA DNAdirected RNA polymerase subunit
alpha (PEP)

109 TrxM2 | AT1G06950 5.50 TIC110 Protein TIC110 (Translocon at the inner
envelope membrane of chloroplasts 110)

110 TrxM2 AT1G52230 5.45 PSAH2 Photosystem | reaction center subunit/I
chloroplastic (PSH1)

111 TrxM2 | AT1G18500 5.43 IPMS1 2-isopropylmalate synthase 1

112 TrxM2 | AT4G15560 5.41 DXS 1-deoxyD-xylulose5-phosphate synthase

113 TrxM2 | AT4G39980 5.35 DHS1 Phosphe2-dehydro-3-deoxyheptonate
aldolase 1

114 TrxM2 | ATCG00480 | 5.35 atpB ATP synthase subunit beta

115 TrxM2 | AT1G43800 5.34 SACP Stearoyd[acykcarrier-protein] 9-desaturase

DES6 6

116 TrxM2 | AT3G04550 |5.34 RAF1.2 Rubisco accumulation factor 1.2

117 TrxM2 AT1G03680 5.31 TRXM1 Thioredoxin M1

118 TrxM2 | AT3G53460 5.29 CP29A 29 kDa ribonucleoprotein (RN#inding
protein CP29A)

119 TrxM2 | AT5G04590 5.28 SIR Assimilatory sulfite reductase (ferredoxin)

120 TrxM2 AT5G54770 5.24 THI1 Thiamine thiazole synthase

121 TrxM2 | ATCG00800 | 5.23 rps3 30S ribosomal protein S3

122 TrxM2 | ATCGO00780 | 5.21 rpll4 50S ribosomal protein L14

123 TrxM2 | AT3G59400 5.16 GUN4 Tetrapyrrolebinding protein

124 TrxM2 | AT1G75350 5.15 RPL31 50S ribosomal protein L31

125 TrxM2 | AT4G13430 5.14 L1 3-isopropylmalate dehydratase large
subunit

126 TrxM2 | AT1G32200 5.14 ATS1 Glycerol3-phosphate acyltransferase

127 TrxM2 AT4G09650 5.12 ATPD ATP synthase subunit delta

128 TrxM2 | ATCG00680 | 5.11 psbB Photosystem Il CP47 reaction center
protein (PSII 47 kDa protein)

129 TrxM2 | AT3G53580 5.05 DAPF Diaminopimelate epimerase

130 TrxM2 | AT3G47470 5.02 LHCA4 Chlorophyll & binding protein 4

131 TrxM2 AT2G36390 4.99 SBE2.1 1,4-alphaglucanbranching enzyme-2

132 TrxM2 | AT2G40490 |4.94 HEME2 Uroporphyrinogen decarboxylase 2

133 TrxM2 | AT1G62750 | 4.91 CPEFG Elongation factor G (Elongation factor EF
G/SCO01)

134 TrxM2 | AT1G31330 | 4.89 PSAF Photosystem | reaction centsubunit Il|
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135 TrxM2 | AT1G31230 | 4.87 AKHSDHL1| Bifunctional aspartokinase/homoserine
dehydrogenase 1
136 TrxM2 AT1G63940 4.87 MDARS5, | Monodehydroascorbate reductase
MDARG
137 TrxM2 | AT4G30620 | 4.86 Nucleoidassociated protein
138 TrxM2 | AT3G58610 | 4.86 Ketolacid reductoisomerase
139 TrxM2 | AT4G17040 | 4.85 CLPR4 ATRdependent Clp protease proteolytic
subunitrelated protein 4
140 TrxM2 | AT3G06200 |4.84 GK3 Guanylate kinase 3
141 TrxM2 | AT1G53670 |4.81 MSRB1 Peptide methionine sulfoxide reductase B
142 TrxM2 AT4G05180 4.79 PSBQ2 Oxygenevolving enhancer protein-3
143 TrxM2 | AT4G21990 | 4.79 APR3, 5'-adenylylsulfate reductase 3
PRH26 (Thioredoxirindependent APS reductase
144 TrxM2 | AT5G64300 | 4.77 RIBA1 Bifunctional riboflavirbiosynthesis protein
RIBA 1
145 | TrxM2 | AT3G22890 | 4.77 APS1 ATP sulfurylase 1
146 | TrxM2 | AT4G35250 | 4.75 HCF244 | Protein HIGH CHLOROPHYLL
FLUORESCENCE PHENOTYPE 244
147 TrxM2 | AT5G63420 | 4.72 RNJ Ribonuclease J (RNase J)
148 TrxM2 | AT2G34590 | 4.72 ELBETA2 | Pyruvate dehydrogenase E1 component
subunit beta3
149 TrxM2 | AT5G49910 | 4.69 HSP7&/ Heat shock 70 kDa protein 7
150 TrxM2 | AT2G47730 | 4.65 GSTF8 Glutathione Sransferase F8
151 TrxM2 | AT1G15820 | 4.62 Lhch6 Chlorophyll &b bindingprotein
152 | TrxM2 | AT4AG34350 | 4.61 ISPH 4-hydroxy-3-methylbut-2-enyl diphosphate
reductase
153 TrxM2 AT4G04770 4.60 ABCI8 UPF0051 protein ABCI8
154 TrxM2 AT5G22830 4.58 MRS211 | Magnesium transporter MRSPL
155 TrxM2 | AT1G14410 | 4.56 WHY1 Singlestranded DNAinding protein WHY1
156 TrxM2 | AT4G36810 | 4.51 GGPPS1 | Heterodimeric geranylgeranyl
pyrophosphate synthase large subunit 1
157 TrxM2 | AT3G55800 | 4.48 Sedoheptulosel, 7-bisphosphatase
158 TrxM2 AT4G18480 4.47 CHLI1 Magnesiumchelatase subunit Chll
159 TrxM2 | AT4G18240 | 4.47 SS4 Probable starch synthase 4
160 | TrxM2 | AT4G11980 | 4.46 NUDT14, | Nudix hydrolase 14 (ARsugar
ASPP diphosphatase)
161 TrxM2 | ATCGO00340 | 4.43 psaB Photosystem | P700 chlorophyll a
apoprotein A2
162 TrxM2 | AT1G02560 | 4.40 CLPP5 ATRdependent Clp protease proteolytic
subunit 5
163 TrxM2 | AT1G69740 | 4.40 HEMB1 Deltaaminolevulinic acid dehydratase 1
164 TrxM2 AT4G36910 4.35 CBSX1, CBSJlomaincontaining protein CBSX1(CB
CDCP2 domain-containing protein 2)
165 TrxM2 | AT2G05990 |4.34 MOD1, Enoy}[acytcarrierprotein] reductase
ENRA [NADH] (Protein MOSAIC DEATH 1)
166 TrxM2 | ATCG01110 |4.34 ndhH NAD(P)Hyuinone oxidoreductase subunit
H
167 TrxM2 | AT5G26570 | 4.33 GWD3 Phosphoglucan, water dikinase
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168 TrxM2 | AT1G29910 | 4.32 LHCB1.2 | Chlorophyll & binding protein 3
169 TrxM2 | AT2G38550 | 4.32 FAX3 Protein FATTY ACID EXPORT 3
170 TrxM2 | AT4G27440 | 4.31 PORB Protochlorophyllide reductase B
171 TrxM2 | AT3G06350 | 4.30 EMB3004 | Bifunctional 3dehydroquinate
dehydratase/shikimate dehydrogenase
172 TrxM2 | AT3G48500 | 4.27 PTAC10 | Protein PLASTID TRANSCRIPTIONALLY,
ACTIVE 10
173 TrxM2 AT5G28500 4.25 RAF1.1 Rubisco accumulation factor 1.1
174 TrxM2 | AT4G16390 | 4.25 P67,SVR7| Pentatricopeptide repeatontaining
protein (Protein SUPPRESSOR OF
VARIEGATION 7)
175 TrxM2 AT1G80300 4.21 AATP1 ADP,ATP carrier protein 1
176 TrxM2 | ATCG00130 | 4.20 atpF ATP synthase subunit b
177 TrxM2 | AT3G01180 | 4.19 SS2 Starch synthase 2
178 TrxM2 | AT5G01220 | 4.19 SQD2 Sulfoquinovosyl transferase SQD2 (Prote
SULFOQUINOVOSYLDIACYLGLYCER(Q
179 TrxM2 | AT1G01090 | 4.18 PDHE1 Pyruvate dehydrogenase E1 component
ALPHA subunit alpha3
180 | TrxM2 | AT2G46820 | 4.16 CURT1B | Protein CURVATURE THYLAKOID 1B
181 TrxM2 | AT5G35360 | 4.15 CAC2 Biotin carboxylase
182 TrxM2 | AT3G61470 | 4.09 LHCA2 Photosystem | chlorophyll a/binding
protein 2
183 TrxM2 | AT2G35490 | 4.08 PAP3, Probable plastidipid-associated protein 3
PGL40 (Plastoglobulin 40)
184 TrxM2 | ATCG00120 | 4.06 atpA ATP synthase subunit alpha
185 TrxM2 | AT5G38430 | 4.05 RBCSB | Ribulose bisphosphate carboxylase small
subunit 1B
186 TrxM2 | AT1G29900 | 4.05 CARB Carbamoybhosphate synthase large chai
187 TrxM2 | AT3G63410 |4.04 VTE3, IE3] 2-methyt6-phytyt1,4-hydroquinone
methyltransferase (37 kDianer envelope
membrane protein) (Protein VITAMIN E
DEFECTIVE 3)
188 TrxM2 | AT4G23890 | 4.03 ndhS NAD(P)Hyuinone oxidoreductase subunit
189 TrxM2 AT3G45140 4.03 LOX2 Lipoxygenase 2
190 TrxM2 | AT3G58990 | 4.02 SSuU3 3-isopropylmalate dehydratase small
subunit 3
191 TrxM2 | ATCG00270 | 4.02 psbD Photosystem Il D2 protein
192 TrxM2 | ATCGO00170 |4.01 rpoC2 DNAdirected RNA polymerase subunit
beta
193 TrxM2 | AT3G54050 | 4.00 CFBP1 Fructosel,6-bisphosphatase 1
194 TrxM2 | AT1G09830 3.99 PUR2 Phosphoribosylamineglycine ligase
195 TrxM2 | AT5G23060 3.96 CAS Calcium sensing receptor
196 TrxM2 | AT3G23400 3.96 PAPG, Plastidlipid-associated protein 6b
PGL30.4 | (Plastoglobulin 30.4)
197 TrxM2 | AT1G74470 3.95 CHLP Geranylgeranyl diphosphate reductase
198 TrxM2 | AT5G42650 3.93 CYP74A | Allene oxide synthase (Cytochrome P450
74A)
199 TrxM2 AT2G21590 3.93 Probable glucosé-phosphate
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adenylyltransferase large subunit

200 TrxM2 | ATCGO00020 | 3.92 psbA Photosystem Il protein D1

201 TrxM2 | AT2G34640 | 3.90 PTAC12 | Protein PLASTID TRANSCRIPTIONALLY,
ACTIVE 12

202 TrxM2 | AT4G33510 3.90 DHS2 Phosphe2-dehydro-3-deoxyheptonate
aldolase 2

203 TrxM2 | AT5G36880 3.89 ACS Acetylcoenzyme A synthetase

204 TrxM2 AT5G13650 3.87 SVR3 Putative elongation factor Typlike SVR3

205 | TrxM2 | AT5G24300 | 3.86 SS1 Starch synthase 1

206 TrxM2 | AT4G26900 3.84 HISN4 Imidazole glycerol phosphate synthase
hisHF

207 TrxM2 | ATCG00160 | 3.81 rps2 30S ribosomal protein S2

208 TrxM2 | AT1G55490 3.78 CPN60B1 | Chaperonin 60 subunit beta 1

209 TrxM2 | AT4G35630 3.77 PSAT1 Phosphoserineaminotransferase 1

210 TrxM2 | AT5G42270 3.77 FTSH5 ATRdependent zinc metalloprotease FTS
5

211 TrxM2 AT5G54270 3.77 LHCB3 Chlorophyll & binding protein 3

212 TrxM2 | AT1G67700 3.76 HHL1 Protein HHL1 (Hypersensitive to high ligh
1)

213 TrxM2 | AT4G04640 3.76 ATPC1 ATP synthase gamma chain 1

214 TrxM2 AT2G37860 3.76 RE, LCD1 | Protein RETICULATA, chloroplastic (Prot
LOWER CELL DENSITY 1)

215 TrxM2 | AT5G03940 3.75 CPSRP54 | Signal recognition particle 54 kDa protein

216 TrxM2 AT3G20320 3.75 TGD2 Protein TRIGALACTOSYLDIACYLGLYCI

217 TrxM2 | AT5G06290 3.73 2-Cys Prx | Thioredoxindependent peroxiredoxin

218 TrxM2 | AT2G43100 3.72 SSuU2 3-isopropylmalate dehydratase small
subunit 2

219 TrxM2 | ATCGO00570 | 3.71 psbF Cytochrome b558ubunit beta (PSII
reaction center subunit VI)

220 TrxM2 | AT5G11520 3.71 ASP3 Aspartate aminotransferase 3

221 TrxM2 | AT3G57610 3.71 PURA Adenylosuccinate synthetase

222 TrxM2 | AT1G42970 3.70 GAPB Glyceraldehyde3-phosphate
dehydrogenase GAPB

223 | TrxM2 | AT1G62640 | 3.68 3-oxoacyl[acytcarrier-protein] synthase |l

224 | TrxM2 | AT2G40300 | 3.67 FER4 Ferritin-4

225 TrxM2 | AT3G52960 3.66 PRXIIE Peroxiredoxir2E (GlutaredoxHulependent
peroxiredoxin)

226 | TrxM2 | AT3G44890 | 3.66 RPL9 50S ribosomaprotein L9

227 TrxM2 | AT5G67030 3.64 ZEP, ABA] Zeaxanthin epoxidase (Protein ABA
DEFICIENT 1)

228 TrxM2 | AT4G34730 3.64 Probable ribosomdoinding factor A

229 TrxM2 | AT1G32900 3.63 GBSS1.8 | Granulebound starch synthase 1

230 TrxM2 | AT3G54660 3.61 EMB2360 | Glutathione reductase (Protein EMBRYO
DEFECTIVE 2360)

231 TrxM2 | AT5G12470 | 3.59 RER4 Protein RETICULARELATED 4

232 TrxM2 | AT5G16440 3.59 IPP1 Isopentenyldiphosphate Deltasomerase |

233 TrxM2 | AT1G61520 3.57 LHCAS Photosystem thlorophyll a/bbinding

protein 3-1
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234 | TrxM2 | AT1G02910 | 3.53 LPAl Protein LOW PSII ACCUMULATION 1

235 | TrxM2 | ATCG00180 | 3.53 rpoC1 DNAdirected RNA polymerase subunit
beta

236 TrxM2 | AT3G63140 3.50 CSP41A | Chloroplast stemoop binding protein of 41
kDa a

237 TrxM2 | AT3G48110 | 3.49 EDD1 Glycine-tRNA ligase

238 TrxM2 | AT3G23940 | 3.46 DHAD Dihydroxyacid dehydratase

239 TrxM2 | AT4G22240 | 3.45 PAP2 Probable plastidipid-associated protein 2

240 TrxM2 | AT4AG34200 | 3.44 PGDH1 D-3-phosphoglycerate dehydrogenase 1

241 TrxM2 | AT4G20360 3.43 TUFA, Elongation factor Tu (Raslated protein

RAB8D Rab8D)

242 TrxM2 | AT3G58140 3.42 PhenylalaninetRNA ligase

243 TrxM2 AT4G17600 3.42 LIL3.1 Lightharvesting compleXike protein 3
isotype 1

244 TrxM2 | AT1G12900 3.41 GAPA2 Glyceraldehyde3-phosphate
dehydrogenase GAPA2

245 | TrxM2 | AT3G22960 | 3.40 PKP1 Plastidial pyruvate kinase 1

246 | TrxM2 | AT3G26710 | 3.39 CCB1 Protein COFACTOR ASSEMBIOXOMPLE
C SUBUNIT B CCB1

247 TrxM2 | AT5G12040 3.38 NLP3 Omegaamidase (Nitrilasdike protein 3)

248 | TrxM2 | AT3G10940 | 3.38 LSF2 Phosphoglucan phosphatase LSF2

249 TrxM2 | AT5G22630 3.35 ADT5 Arogenate dehydratase 5

250 TrxM2 | AT1G77060 3.34 Carboxyvinytarboxyphosphonate
phosphorylmutase

251 TrxM2 | AT5G35630 3.34 GLN2 Glutamine synthetase

252 TrxM2 AT4G10340 3.33 LHCB5S Chlorophyll & binding protein CP26

253 TrxM2 | AT3G52150 3.32 PSRP2 30S ribosomal protein 2

254 TrxM2 | AT5G01530 3.31 LHCB4.1 | Chlorophyll & binding protein CP29.1
(LHCII protein 4.1)

255 TrxM2 | AT4G04610 3.31 APR1, 5'-adenylylsulfate reductase 1¢3'

PRH19 phosphoadenosin®’-phosphosulfate

reductase homolog 19)

256 | TrxM2 | AT3G12780 | 3.30 PGK1 Phosphoglycerate kinase 1

257 TrxM2 | ATCGO00350 | 3.30 psaA Photosystem | P700 chlorophyll a
apoprotein Al

258 TrxM2 | AT4G24280 3.29 HSP76&6 Heat shock 70 kDa protein 6

259 TrxM2 | AT1G32440 3.27 PKP3 Plastidial pyruvate kinase 3

260 TrxM2 | AT3G27850 3.24 RPL12C | 50S ribosomal protein L12

261 TrxM2 AT5G64940 3.23 ABC1K8 | Protein ACTIVITY OF BC1 COMPLEX KiI
8 (Oxidative streseelated ABCAike
protein 1)

262 TrxM2 | AT3G26650 3.22 GAPA1 Glyceraldehyde3-phosphate
dehydrogenase

263 | TrxM2 | AT4G14070 |3.21 AAE15 Longchainfatty-acid-[acytcarrierprotein]
ligase AEE15

264 TrxM2 | AT4G04850 3.19 KEA3 K(+) efflux antiporter 3

265 | TrxM2 | AT3G08640 | 3.17 RER3 ProteinRETICULATRELATED 3

266 TrxM2 | AT5G01920 3.15 STNS8 Serine/threonineprotein kinase STN8
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267 TrxM2 | AT2G44040 3.13 DAPB1 4-hydroxytetrahydrodipicolinate reductase
1

268 TrxM2 | AT1G31190 3.13 IMPL1 Phosphatase IMPL1

269 TrxM2 AT3G04870 3.12 ZDS1 Zetacarotene desaturase

270 TrxM2 | AT1G10760 3.06 GwWD1 Alphaglucan water dikinase 1

271 TrxM2 | AT2G28000 3.06 CPNB60A1 | Chaperonin 60 subunit alpha 1

272 TrxM2 | AT2G22360 3.05 DJA6 Chaperone protein dnaJ A6

273 TrxM2 | AT5G04140 3.05 GLU1 Ferredoxindependent glutamate synthase
1

274 TrxM2 | ATCGO00770 | 3.03 rps8 30S ribosomal protein S8

275 TrxM2 AT1G15500 3.00 AATP2 ADP,ATP carrier protein 2

276 TrxM2 | AT5G27380 2.99 GSH2 Glutathione synthetase

277 TrxM2 | AT1G04620 2.97 HCAR 7-hydroxymethyl chlorophyll a reductase

278 TrxM2 | AT5G13280 2.97 AK1 Aspartate kinase 1

279 TrxM2 | AT2G47390 2.96 GEP Probable glutamyl endopeptidase

280 | TrxM2 | AT4G34740 | 2.96 ASE2 Amidophosphoribosyltransferase 2

281 TrxM2 | AT3G54900 2.94 GRXS14 | Monothiol glutaredoxinS14

282 TrxM2 | AT1G49970 2.92 CLPR1 ATRdependent Clp protease proteolytic
subunitrelated protein 1

283 TrxM2 AT3G06730 2.91 CITRX, Thioredoxinlike protein CITRX (Thioredox

TRX Z Z)

284 | TrxM2 | AT3G48730 | 2.89 GSA2 Glutamatel-semialdehyde 21
aminomutase 2

285 TrxM2 | AT1G11430 2.89 MORF9, | Multiple organellar RNA editing factor 9

RIP9 (RNA editingnteracting protein 9)

286 | TrxM2 | AT3G63190 | 2.88 RRF Ribosomerecycling factor

287 TrxM2 | AT4G11010 2.87 NDPK3 Nucleoside diphosphate kinase llI

288 TrxM2 | AT2G22450 2.86 RIBA2 Monofunctional riboflavin biosynthesis
protein RIBA 2

289 TrxM2 | ATCG00580 | 2.84 psbE Cytochrome b559 subunit alpha (PSII
reaction center subunit V)

290 | TrxM2 | AT2G43030 | 2.84 RPL3A 50Sribosomal protein L&

291 TrxM2 | AT4G39210 2.83 APL3 Glucosel-phosphate adenylyltransferase
large subunit 3

292 TrxM2 | AT5G64050 2.81 OVA3 Glutamate-tRNA ligase (Protein OVULE
ABORTION 3)

293 TrxM2 | AT1G15390 2.80 PDF1A Peptide deformylase 1A

294 TrxM2 | AT2G34420 2.79 Chlorophyll & binding protein

295 TrxM2 | AT4G21210 2.79 RP1 Pyruvate, phosphate dikinase regulatory
protein 1

296 TrxM2 | AT1G32060 2.78 Phosphoribulokinase

297 TrxM2 | AT5G50100 2.78 Uncharacterized protein

298 | TrxM2 | AT3G54640 | 2.76 TSAl Tryptophan synthase alpha chain

299 TrxM2 | ATCGO0730 | 2.75 petD Cytochrome b& complex subunit 4

300 TrxM2 | AT2G28900 2.73 OEP16L | Outer envelope pore protein 16

301 TrxM2 | AT5G44650 2.72 Y3IP1 Ycf3interacting protein 1

302 TrxM2 | AT5G26742 2.71 RH3 DEABbox ATRlependent RNA helicase 3
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303 TrxM2 | AT1G74960 2.66 KAS2 3-oxoacyl[acytcarrier-protein] synthase Il

304 TrxM2 | AT5G52920 2.65 PKP2 Plastidial pyruvate kinase 2

305 TrxM2 | AT5G47190 2.64 50S ribosomal proteih192

306 TrxM2 | AT3G47520 2.62 Malate dehydrogenase

307 TrxM2 | AT5G03420 | 2.60 PTST Protein PTST homolog 3 (PROTEIN
TARGETING TO STARCH homolog 3)

308 | TrxM2 | AT5G05000 | 2.59 TOC34 Translocase of chloroplast 34

309 TrxM2 | AT4G32520 2.59 SHM3 Serine hydroxymethyltransferase 3

310 TrxM2 | AT3G27740 2.54 CARA Carbamoybhosphate synthase small cha

311 TrxM2 | AT2G33800 2.53 rpss 30S ribosomal protein S5

312 TrxM2 | AT1G74030 | 2.52 ENO1 Enolase 1

313 TrxM2 | AT4G23100 2.49 GSH1 Glutamate-cysteine ligase

314 | TrxM2 | AT1G21600 | 2.48 PTAC6 PLASTID TRANSCRIPTIONALLY ACTIV
protein 6

315 TrxM2 | AT2G15620 2.48 NIR1 Ferredoxin-nitrite reductase

316 TrxM2 | AT4G39970 2.47 Haloaciddehalogenasdike hydrolase
domaincontaining protein

317 TrxM2 | AT1G08520 2.45 CHLD Magnesiumchelatase subunit ChID

318 TrxM2 | AT4G37925 2.44 ndhM NAD(P)Hyuinone oxidoreductase subunit
M

319 TrxM2 | ATCGO00830 | 2.44 rpl2-A 50S ribosomal protein L2

320 TrxM2 | AT1G64190 2.39 PGD1 6-phosphogluconate dehydrogenase

321 TrxM2 | AT3G02630 2.34 SACP Stearoyd[acykcarrierprotein] 9-desaturase

DES5 5

322 TrxM2 | AT3G10050 2.33 OMR1 Threonine dehydratase biosynthetic

323 TrxM2 | AT2G05100 2.31 LHCB2.1 | Chlorophyll & binding protein 2.1

324 | TrxM2 | AT5G36790 | 2.29 PGLP1B | Phosphoglycolate phosphatase 1B

325 TrxM2 | ATCG01060 | 2.27 psaC Photosystem | irorsulfur center

326 | TrxM2 | AT4G27070 | 2.24 TSB2 Tryptophan synthase beta chain 2

327 TrxM2 | ATCGO00750 | 2.19 rpsll 30S ribosomal protein S11

328 | TrxM2 | AT5G24020 | 2.14 MIND1 Putative septum sit@letermining protein
minD homolog

329 TrxM2 | AT3G57560 2.14 NAGK Acetylglutamate kinase

330 | TrxM2 | AT5G52520 | 2.13 OVAG6 Proline-tRNA ligas¢Protein OVULE
ABORTION 6)

331 TrxM2 | AT1G79530 2.09 GAPCP1 | Glyceraldehyd&-phosphate
dehydrogenase GAPCP1

332 TrxM2 | AT5G14200 2.08 IMDH1 3-isopropylmalate dehydrogenase 1

333 TrxM2 AT1G19800 2.04 TGD1 ProteinTRIGALACTOSYLDIACYLGLYCEH

334 | TrxM2 | AT1G05190 | 2.03 RPL6 50S ribosomal protein L6

335 TrxM2 | AT1G68720 2.02 TADA tRNA(adenine(34)) deaminase,
chloroplastic (TADA)

336 TrxM2 | AT1G14030 2.00 LSMTL [Fructosebisphosphatealdolasejlysine N
methyltransferase

337 TrxM2 | AT5G41670 1.97 PGD3 6-phosphogluconate dehydrogenase

338 TrxM2 | ATCGO00430 | 1.96 ndhK NAD(P)Hyuinone oxidoreductase subunit

339 TrxM2 | ATCGO00330 | 1.95 rpsl4 30S ribosomal protein S14
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340 TrxM2 | AT5G30510 1.92 RPS1 30S ribosomal protein S1

341 TrxM2 | AT3G46740 1.87 TOC78 | Protein TOC73

342 TrxM2 | AT3G63170 1.87 FAP1 Fatty-acid-binding protein 1 (

343 TrxM2 | AT5G16715 1.82 EMB2247 | Valine-tRNA ligase (Protein EMBRYO
DEFECTIVE 2247)

344 TrxM2 | AT5G19220 1.80 ADG2 Glucosel-phosphate adenylyltransferase
large subunit 1

345 TrxM2 | AT5G64290 1.80 DIT21 Dicarboxylate transporter 2.1

346 TrxM2 | AT1G66430 1.74 Probablefructokinase6

347 TrxM2 | AT3G20330 1.74 PYRB Aspartate carbamoyltransferase

348 TrxM2 | AT4G19710 1.70 AKHSDH2| Bifunctional aspartokinase/homoserine
dehydrogenase 2

349 TrxM2 | ATCG00790 | 1.61 rpll6 50S ribosomal protein L16

350 TrxM2 | AT1G24360 1.54 3-oxoacyl[acykcarrier-protein] reductase
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Supplemental Table 4: Complete list of potentialchloroplast localized AtPicl interacting/associating
proteins. Proteins were identified by proximity labeling with TurbolD. Both control (WTCol0) and
overexpression (Picl-TurbolD) groups were analyzed in three biological replicatesBait: Candidate
protein, Prey: Interaction partner proteins identified by TurbolD.

No | Bait Prey Log2 Fold | Gene Name | Functional Annotation
Change

1 Picl AT2G24020 7.54 STIC2 Nucleoidassociated protein (Suppressor
of tic40 protein 2)

2 Picl AT5G16620 6.83 TIC40 Protein TIC 4QTranslocorat the inner
envelope membrane of chloroplasts 40)

3 Picl AT2G15290 6.09 TIC21, CIAS5, | Protein TIC 21 (Translocanthe inner

PIC1 envelope membrane of chloroplasts 21)
(PERMEASE IN CHLOROPLASTS 1)
4 Picl AT2G44650 5.64 CPN1er, 10 kDa chaperonin 2 (Chloroplast
CPN10 chaperonin 10)

5 Picl AT1G48850 5.61 EMB1144 Chorismate synthase {5
enolpyruvylshikimate8-phosphate
phospholyase)

6 Picl AT3G55250 5.31 PSA3 Photosystem | assembly factor PSA3
(Protein PIGMENT DEFECTIVE 329)

7 Picl AT2G01140 4.66 FBA3 Fructosebisphosphate aldolase 3 (Prote
PIGMENT DEFECTIVE 345)

8 Picl AT3G60210 4.54 CPNl1a 10 kDachaperonin 1

9 Picl AT5G53460 4.48 GLT1 Glutamate synthase 1 [NADH] (NADH
dependent glutamate synthase 1)

10 | Picl AT5G03900 4.48 Uncharacterized protein

11 | Picl AT1G22410 4.21 DHS3 Putative3-deoxy-D-arabinc
heptulosonate 7phosphate synthase

12 | Picl AT1G73060 4.13 LPA3 Protein LPA3 (Protein LOW PSII
ACCUMULATION 3)

13 | Picl AT4G21860 3.93 MSRB2 Peptide methionine sulfoxide reductase
B2 (Peptidemethionine (RSoxide
reductase)

14 | Picl AT3G46780 3.89 PTAC16 Protein PLASTID TRANSCRIPTIONALL
ACTIVE 16

15 | Picl AT3G17810 3.87 PYD1 Dihydropyrimidine dehydrogenase
(Protein PYRIMIDINE 1)

16 | Picl AT1G06950 3.87 TIC110 Protein TIC110 (Translocahthe inner
envelope membrane of chloroplasts 110

17 | Picl AT5G23010 3.78 MAM1 Methylthioalkylmalate synthase 142
isopropylmalate synthase 3)

18 | Picl AT3G05350 3.63 APP2 Aminopeptidase P2

19 | Picl AT2G38550 3.57 FAX3 Protein FATTY ACEXPORT 3

20 | Picl AT5G13110 3.56 G6PD2 Glucoses-phosphate idehydrogenase 2

21 | Picl AT5G54810 3.45 TSB1 Tryptophan synthase beta chain 1

22 | Picl AT5G50920 3.40 CLPC1 Chaperone protein CIpC1 (Adi@pendent
Clpprotease AThinding subunit ClpC
homolog 1)

23 | Picl AT2G37220 3.30 CP29B RNAbinding protein CP29B
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24 | Picl AT3G20320 3.29 TGD2 Protein TRIGALACTOSYLDIACYLGLY(
2 (ABC transporter | family member 15)

25 | Picl AT5G20720 3.27 CPN20 20 kDa chaperonin

26 | Picl AT1G43800 3.21 SACPDES6 | Stearoyl[acykcarrierprotein] 9-
desaturase 6 (StearaplCP desaturase 6

27 | Picl AT1G80300 3.18 AATP1 ADP,ATP carrier protein 1 (ADP/ATP
translocase 1)

28 | Picl AT1G06680 3.17 PSBP1 Oxygerevolving enhancer protein-2(23
kDa subunit of oxygen evahg system of
photosystem 1)

29 | Picl ATCG00280 | 3.17 psbC Photosystem Il CP43 reaction center
protein (PSIl 43 kDa protein)

30 | Picl AT1G53670 3.05 MSRB1 Peptide methionine sulfoxide reductase
B1 (Peptidemethionine (R}Soxide
reductase)

31 | Picl AT2G37660 3.02 Uncharacterized protein

32 | Picl AT5G54770 3.02 THI1 Thiamine thiazole synthase (Thiazole
biosynthetic enzyme)

33 | Picl AT2G04030 3.02 HSP9&%b Heat shock protein 98

34 | Picl AT2G47730 2.93 GSTF8 Glutathione Sransferase F8

35 | Picl AT5G07020 2.90 MPH1 Protein MAINTENANCE OF PSII UNDE
HIGH LIGHT 1

36 | Picl AT1G63940 2.89 MDARS5 Monodehydroascorbate reductase

37 | Picl AT1G67090 2.89 RBCSA Ribulose bisphosphate carboxylase smé
subunit 1A

38 | Picl ATA4G01690 2.88 PPOX1 Protoporphyrinogen oxidase 1

39 | Picl AT2G43750 2.84 OASB Cysteine synthase

40 | Picl AT5G66120 2.83 DHQS 3-dehydroquinate synthase

41 | Picl AT3G58610 2.82 Ketolacid reductoisomerase

42 | Picl AT2G38040 2.79 CAC3 Acetylcoenzyme A carboxylase carboxy
transferase subunit alpha

43 | Picl AT4G39980 2.78 DHS1 Phosphe2-dehydro-3-deoxyheptonate
aldolase 1

44 | Picl AT5G11880 2.76 LYSA2 Diaminopimelate decarboxylase 2

45 | Picl AT5G38410 2.76 RBCSB Ribulose bisphosphate carboxylase smg
subunit 3B

46 | Picl AT2G37860 2.75 RE, LCD1 Protein RETICULATA, chloroplastic
(Protein LOWER CELL DENSITY 1)

47 | Picl AT3G11630 2.74 BAS1 2-Cysperoxiredoxin BAS1 (Thioredoxin
dependent peroxiredoxin BAS1)

48 | Picl AT4G38970 2.71 FBA2 Fructosebisphosphate aldolase 2

49 | Picl AT5G26742 2.71 RH3 DEADBbox ATRlependent RNA helicase

50 | Picl AT5G42270 2.71 FTSH5 ATRdependent zinenetalloprotease
FTSH5

51 | Picl AT1G31330 2.67 PSAF Photosystem | reaction center subunit Il
(Lightharvesting complex | 17 kDa
protein)

52 | Picl AT5G04740 2.66 ACR12 ACT domaitontaining protein ACR12

(Protein ACT DOMAIN REPEATS 12)
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53 | Picl AT5G49910 2.65 HSP7&¢ Heat shock 70 kDa protein 7

54 | Picl AT2G39730 2.63 RCA Ribulose bisphosphate
carboxylase/oxygenase activase

55 | Picl AT1G15500 2.61 AATP2 ADP,ATP carrier protein 2

56 | Picl AT1G15820 2.61 Lhch6 Chlorophyll & bindingprotein

57 | Picl AT1G50900 2.61 LTD, GDC1 | Protein LHCP TRANSLOCATION DEFE
(Protein GRANEFICIENT CHLOROPL
1)

58 | Picl AT3G06200 2.57 GK3 Guanylate kinase 3

59 | Picl AT1G50320 2.56 ATHX Thioredoxin X

60 | Picl AT4G30620 2.50 Nucleoidassociated protein

61 | Picl AT1G68720 2.44 TADA tRNA(adenine(34)) deaminase (tRNA
adenosine deaminase arginine)

62 | Picl AT1G18500 2.44 IPMS1 2-isopropylmalate synthase 1
(Methylthioalkylmalate synthaskke 4)

63 | Picl AT3G47470 241 LHCA4 Chlorophyll & binding protein 4

64 | Picl AT4G33680 2.40 DAP LL-diaminopimelate aminotransferase

65 | Picl AT4G15560 2.40 DXS 1-deoxyD-xylulose5-phosphate synthase

66 | Picl AT5G04590 2.37 SIR Assimilatory sulfite reductagéerredoxin)

67 | Picl AT4G25130 2.37 MSR4 Peptide methionine sulfoxide reductase
Ad

68 | Picl AT3G12930 2.30 1J Protein lojap

69 | Picl AT2G33800 2.29 rpss 30S ribosomal protein S5

70 | Picl AT4G14070 2.26 AAE15 Longchainfatty-acid-[acylcarrier
protein] ligase

71 | Picl ATCGO01120 | 2.25 rpsl1s 30S ribosomal protein S15, chloroplastiq

72 | Picl AT2G34590 2.25 ELBETA? Pyruvate dehydrogenase E1 componen
subunit beta3

73 | Picl AT1G55670 2.21 PSAG Photosystem | reaction center subunit V

74 | Picl AT4G33580 2.19 BCAS5 Beta carbonic anhydrase 5

75 | Picl AT4G11010 2.17 NDPK3 Nucleoside diphosphate kinase IlI

76 | Picl AT3G63410 2.16 VTE3, APG1, | 2-methyl6-phytyl-1,4-hydroquinone

IE37 methyltransferase (37 kDa inner enveloj

membrane protein)

77 | Picl AT3G04790 2.14 RPI3 Probable riboséb-phosphate isomerase 3

78 | Picl AT1G54630 2.13 ACP3 Acyl carrier protein 3

79 | Picl AT2G05990 2.11 MOD1, ENR, | Enoy}acytcarrierprotein] reductase

ENR1 [NADH]

80 | Picl AT4G29840 2.10 TS1 Threonine synthase 1

81 | Picl AT3G08940 2.09 LHCBA4.2 Chlorophyll & binding protein CP29.2

82 | Picl AT1G52230 2.07 PSAH2 Photosystem | reaction center subunitV
2

83 | Picl AT5G08280 2.05 HEMC, RUG1| Porphobilinogen deaminase

84 | Picl AT5G10920 2.05 Argininosuccinate lyase

85 | Picl AT5G64940 2.01 ABC1K8 Protein ACTIVITY OF BC1 COMPLEX
KINASE 8

86 | Picl ATCGO00800 | 2.01 rps3 30S ribosomal protein S3
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87 | Picl AT5G22830 2.01 MRS211 Magnesium transporter MRSPL

88 | Picl ATCGO00330 | 2.00 rpsl4 30S ribosomal protein S14

89 | Picl AT4G13430 2.00 liL1 3-isopropylmalate dehydratase large
subunit

90 | Picl ATCGO00680 1.97 psbB Photosystem Il CP47 reaction center
protein

91 | Picl AT4G17040 1.97 CLPR4 ATRdependent Clgprotease proteolytic
subunitrelated protein 4

92 | Picl ATCGO00750 1.97 rpsll 30S ribosomal protein S11

93 | Picl ATCG00830 1.96 rpl2-A 50S ribosomal protein L2

94 | Picl AT1G55490 1.96 CPN60B1 Chaperonin 60 subunit beta 1

95 | Picl AT5G45390 1.92 CLPP4 ATRdependent Clp protease proteolytic
subunit 4

96 | Picl AT3G48560 1.89 ALS, AHAS Acetolactate synthase

97 | Picl AT3G29310 1.89 BAG1 BAG family molecular chaperone
regulator 8

98 | Picl AT4G09650 1.87 ATPD ATP synthase subunit delta

99 | Picl AT5G26030 1.86 FC1, FC Ferrochelatasel

100 | Picl AT4G33510 1.83 DHS2 Phosphe2-dehydra-3-deoxyheptonate
aldolase 2

101 | Picl AT3G53580 1.83 DAPF Diaminopimelate epimerase

102 | Picl ATCG00270 1.81 psbD Photosystem Il D2 protein

103 | Picl AT3G01120 1.80 CGSs1 Cystathionine gammaynthase 1

104 | Picl AT2G31810 1.78 Acetolactate synthase small subunit 2

105 | Picl AT1G21600 1.75 PTAC6 PLASTID TRANSCRIPTIONALLY ACTI
protein 6

106 | Picl AT2G43030 1.73 RPL3A 50S ribosomal protein EB

107 | Picl AT3G53460 1.71 CP29A, RBP2{ 29 kDa ribonucleoprotein

108 | Picl AT3G47520 1.67 Malate dehydrogenase

109 | Picl AT1G08490 1.66 NFS2 Cysteine desulfurase 1

110 | Picl AT5G05000 1.66 TOC34 Translocase of chloroplast 34

111 | Picl AT3G27740 1.64 CARAYENG6 | Carbamoybhosphate synthase small
chain

112 | Picl AT5G41670 1.63 PGD3 6-phosphogluconate dehydrogenase

113 | Picl AT4G28750 1.62 PSAE1l Photosystem | reaction center subunit I\
A

114 | Picl AT1G31230 1.61 AKHSDH1 Bifunctional aspartokinageomoserine
dehydrogenase 1

115 | Picl AT1G79530 1.61 GAPCP1 Glyceraldehyde3-phosphate
dehydrogenase GAPCP1

116 | Picl AT4G17600 1.59 LIL3.1 Lightharvesting compledike protein 3
isotype 1

117 | Picl AT1G42970 1.58 GAPB Glyceraldehyde3-phosphate
dehydrogenase GAPB

118 | Picl AT5G55220 1.57 TIG Trigger factotlike protein TIG

119 | Picl AT3G58990 1.56 SSuU3 3-isopropylmalate dehydratase small
subunit 3

120 | Picl AT4G03520 1.55 TRXM2 Thioredoxin M2
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121 | Picl AT1G01090 1.54 PDHE1 Pyruvate dehydrogenase E1 componen
subunit alpha3

122 | Picl AT3G52960 1.54 PRXIIE PeroxiredoxiRRE

123 | Picl ATCG00500 151 accD Acetylcoenzyme A carboxylase carboxy
transferase subunit beta

124 | Picl AT3G48500 1.51 PTAC10,TAC1 Protein PLASTID TRANSCRIPTIONALL
ACTIVE 10 (pTAC10)

125 | Picl ATCG00490 1.50 rbcL Ribulose bisphosphate carboxylase larg

chain
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7 Appendices

7.1 Gene Expression Profile, Protein Interaction Network and Sequence Similarity
Across Plant Species
1 AtToc75-Ill:

AtGenExpress eFP; ,;3(3467 @MAR1, TOC75, TOC75-I
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I Masked (2100% RSE) Thic image was generated with the AtGenExpress eFP at bar.utoronto.ca/eplant by Waese et al. 2017

Interaction viewer: AT3G46740 / MAR1, TOC75, TOCT75-II

<AT283855[] ATIG16620 AT3G61130

AT4G35450

ATSG05000 AT5G49990

This image was generated with the Interaction Viewer at bar.utoronto.ca/eplant by Waese et al. 2017
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Navigator viewer: AT3G46740 / MAR1, TOC75, TOC75-Il

SEQUENCE EXPRESSION
AT3G46740 ARABIDOPSIS NN womm €5 3% Q@ X o
POTRI.001G072800.1 POPLAR EEEES  mmies F CoGE Gramene
POTRI.003G158100.1 POPLAR W = N CoGE Gramene
POTRI.003G158100.2 POPLAR EEEEEW @ CoGE Gramene
VIT_0650004G05150 GRAPE HIEEEN % CoGE Gramene
SOLYC05G076360 - @ CoGE Gramene
PGSC0003DMP400052840 POTATO EEEEE = N CoGE Gramens
PGSC0003DMP400052841 POTATO I N CoGE Gramene
GLYMA 13G338700 SOYBEAN NN = N CoGE Gramene
GLYMA 15G035600 SOYBEAN N @ CoGE Gramene
LOC_0S11G02460.1 RICE NEENSS  SSSms @ CoGE Gramene
GRMZM2G001918_T01 [T A CoGE Gramene
¢ MLOC_18714.1 —— = A CoGE Gramene
LOC_0S03G16440.1 RICE NN A CoGE Gramene
GRMZM5GS20904_TO1 —— = oA CoGE Gramene
GRMZM5GS820904_T02 —— @ CoGE Gramene
MEDTR4G064780.1 M. TRUNCATULA  EEEEES = fﬁ COoGE Gramens
MEDTR4G064780.2 M. TRUNCATULA  EEm A CoGE Gramene
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I Masked (2100% RSE) This image was generated with the AtGenExpress eFP at bar utoronto_caleplant by Waese et al. 2017

Interaction viewer: AT5G16620 / ATTIC40, PDE120, TIC40

AT1G06950 AT2G04030

AT3IG488T0

AT4G02510
AT5G 19620

AT5GS50920

AT4G23430

.

This image was generated with the Interaction Viewer at bar.utoronto.ca/eplant by Waese et al. 2017
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