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Summary

Summary

Molecular chaperones are involved in a broad range of different processes, like protein folding,
trafficking or degradation. Furthermore, many chaperones also play an important role during the
response to different stresseSince plants are sessile orgams, they need to be able to quickly adapt

to different conditions. To do so, plants possess a complex chaperone machinery, composed of HSP70,
HSP90J}proteinsandother factors. How the different chaperones cooperate, and in which processes
they are invdved in is so far not well understooB®.JC31 and DJC62 are twardteins inArabidopsis
thaliana and have previously beerdescribed to be located inside the chloroplast. Using GFP
localization studies and splitGFP, the actual localization could be detednd be the cytosolic side

of the endoplasmic reticulum membrane, which could be confirmed by sucrose density centrifugation
using isolated microsomedloreover, they were found to be attached to the membrane, which is
presumably mediated by the-términal halvesBoth proteins are composed of a long, disordered N
terminal part followed by several TPR repeats, forming two TPR domains, addnaath at the
Gterminus. This domain composition hints towards a function ash@perones of both HSP70 and
HSP9. An interaction with cytosolic HSP70 and HSP90 could be shohimbiecular fluorescence
complementation Additionally, performing a yeast twloybrid library screening, potential client
proteins of DJC31 could be identified. Knockout of eibWC3br DJC62ausel only a mild phenotype,
whichwasoverall comparable to wild type. However, the double mutant exhibited severe defects in
growth and development, which affestl almost all organs. Furthermore, it could be shown that the
double mutant is more gesitive to osmotic stress and treatment with abscisic acid, but surprisingly
exhibitedenhanced tolerance to drought. On the molecular level, apdownregulation oDJC3Dbr
DJC62zould not be observed undetifferent stress conditiondy qPCRHowever salt treatment of
protoplasts expressindghe respective Nerminus of DJC31 or DJC62 fused to GFP, revealed that both
proteins are released from the ER membrane into the cytosol under salt stress conditioioh
indicatesa regulation of DJC31 and DJ@82the protein levelTranscriptome analysis could show,
that under nonstress conditions expression levels of factors involved in biotic or abiotic stress
response, as well as hormonal signaling are altered in the mutants. Taken togbsmse, findings
indicate that DJC31 and DJC62 might be regulators of different signaling pathways involved in

development and stress response.



Zusammenfassung

Zusammenfassung

Molekulare Chaperone sind an einer Viélzainterschiedlicher Prozesse beteiligt, wie zd&r
Proteinfaltung,dem Proteintransport in Organeteoder dem Abbau von Proteine®ariiber hinaus
spielen viele Chaperone auch eine wichtige Rolle bei der Reaktion auf unterschiedliche
StressbedingungerDa Pflanzen sessile Organismen sail] sie darauf angewiesen sisthnell an
unterschiedliche Bedingungen anpasgetkonnen. Zu diesem Zweck besitzen Pflanzen ein kormeple
ChaperonrSystem welchesaus HSP70, HSP9Rrdteinen und anderen Faktoren besteht. Wie die
verschiedenerChaperonezusammenarbeiten und an welchen Prozessen sie beteiligt sind, ist bisher
nicht genau bekannt. DJC31 und DJC62 sind Zwreitdine inArabidopsis thalianaind wurden zuvor
als Chloroplasteproteine beschriebenDurchGFPLokalisierungsstudien und splitGFP konjetoch
gezeigt werden, dass DJC31 und DJC62 atytteolisch@ Seite des endoplasmatischen Retikulusn
lokalisiert sind was biochemisch nochmals bestatigt werden konntBariber hinaus wurde
festgestellt, dass sie atie Membranangeheftet sindwasvermutlich durch die Merminalen Halften
der Proteinevermittelt wird. Beide Protein®estehen aus einem langen, ungeordneteitekininalen
Teil, gefolgt von mehrerehPRRepeatsdiejeweilszwei TPEDomanen bilden, und eingkDomainam
GTerminus. Diese Doméanenzusammensetzung deutet auf eine Funktion-@lsa@eroe von HSP70
und HSP90 hin. Einateraktion mit cytosolischem HSP7Ahd HSP90 konnte durch bimolekulare
Fluoreszenzkomplemeation gezeigt werden. Zusatzlich konnten dudib DurchfiihrungeinesYeast
Twa-Hybrid library screeningstentielle Klientproteineszon DJC31 identifiziert werdeDieDJC31ind
DJC62Einzelmutantenwiesen nur einen milden Phanoty@uf, der insgesamt mit dem Wildtyp
vergleichbar ist. Die Doppelmutante zeigte jedoch schwere WachstumasEntwicklungsstérungen,
wobei fast alle Organe betrofferwaren Dariliber hinaus konnte gezeigt werdedass die
Doppelmutante sensitiver gegentiberosmotischen Stress und ér Behandlung mit Abscisinséure
reagiert, jedoclwies sidiberraschenderweise eine erhéhi@ockenheitstoleranauf. Auf molekularer
Ebene konntamittels gPCRinter verschiedenen Stresstdingungerkeinevermehrte oder reduzierte
Expressiovon DJC3Dbder DJC6Ddeobachtet werdenDe SalzBehandlungron Protoplasten, diein
Fusionskonstrukt bestehend aus demédminus von DJC31 bzi®JC62 und GFP exprimierteaigte
dass beide Proteinenter Salzstress von der 8/ embran ins Cytosol entlassen werdevas auf eine
Regulerung von DJC31 und DJC62 auf Proteinebene hinweist. Eine Transkriptomaraiyse k
zeigen, dasslie Expressiowvon Faktorender biotischen oder abiotischen Stressantiyaowie der
hormonellen Signaliibertragung unter normalen Bedingungen in den Mutanten verdndert ist
Zusammefassenddeuten diese Ergebnisse darauf hin, dass DJC31 und BACe2 Reguilerung

verschiedeneEntwicklungsund StressSignalwegdeteiligt sind.
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Introduction

1. Introduction

1.1 Protein folding and proteostasis

In order to function, proteins must fold into their native threémensional structure. With
approximately 27416 protein coding gen@sabidopsis thalian& challenged with the production and
regulation of several thousand proteins, different in sizeyature and stability. Since a polypeptide

chain can adopt a multitude of different conformations, protein folding is an error prone process and
relies on cooperation of many weak, neovalent interactiongHartl et al., 2011)First insights into

how proteins attain their functional structure, were gained in the5@98. In vitro experiments on
chemically denatured proteinsould show that upon removal of the denaturant, some proteins were
able to refold withoutthe help of additional factors. This demonstrated that the amino acid sequence
itself contains all informtion necessary for correct foldi@gnfinsen, 1973)Decades of research later,

it became evident, that some proteins, especially large proteins, require help of molecularchepe

in order to fold correctly and efficienti§Balchin et al., 2016)

In contrast toin vitro conditions, complete polypeptide chaiirs vivobarely move freely inside the
cytosol. Synthesis of new proteins occurs at ribosomes aadmbles a rather slow process with a
speed of~4 amino acids per second. As a consequence, the polypeptide leaves the ribosome step by
step, which restricts productive folding, especially in formation of damge interactions and
assembly of larger muttomain proteins. Compared to the speed of translation, protein folding is a
rather fast process. After emerging from the ribosomal exit tunnel, the nascent chain is exposed in an
unfolded, aggregation prone state for several seconds, in which it migiht famnative intra or
intermolecular interactiongKim et al., 2013)To prevent misfolding, molecular chaperones interact
with nascent chains, but also the ribosome is suggested to prevent aberrant interactions and might
contribute to proper foldingdKaiser et al., 2011)

Another difference tdn vitro conditions is that the cellular enviroment contains a large number of
different macromolecules, which constitute -30% of the total volume. This macromolecular
crowding makes proper protein folding even more challenging and increases the risk of accumulation
of partially folded intermediate®r misfolded proteingBalchin et al., 2016; Ellis & Minton, 2006)
These intermediates or misfolded states often expose features, like hydrophobic residues, which are
usualy buried within the protein because they might promote aggregation in a concentration
dependent manner. Since presence of aggregates can be toxic, maintenance of proteome homeostasis
OFrfaz2z GSNXYSR LINRGOS2aidlaAraod A a anif. ThelelSr€ & tomplek Y L2 NI |
network, consisting of molecular chaperones, regulatory proteins, the ubigoitteasome system
FYR GKS | dzi2 LKl 38 aedadSyz 3FdzAiRSa (HafetaNPRUL)S2 YS (0 K
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1.2 Chaperones and thein-chaperones

Molecular chaperones are defined as proteins which interact with, stabilize or help other proteins to
attain their functional structure, without being part of the final structure. They act in many different
cellular processes, likie novofolding and reféding, assembly of oligomers, protein trafficking and
protein degradation. Since some of these proteins were observed to be upregulated during stress, they
are also called heat shock proteins. These proteins can be grouped into several structurallyednrelat
classes, which were named after the molecular weight of their typical men{Batshin et al., 2016;

Hartl et al., 2011)Among them HSP70, HSP90 and HSP40, which are described in more detail in the

following.

1.2.1 The HSP70 chaperone family

Chaperones of the HSP70 protéamily are central players in protein folding and protein homeostasis
and are therefore involved in a wide range of different cellular proced$adl! et al., 2011)Members

of this protein family can be found in different organisms, from eubacteria to eukaryotes and also in
some archaea and share at least two of tberfstructural features of the bacterial HSP70, D(aK

et al., 2001; Young, 2010pnaK is composed of ant&minal nucleotide binding domain (NBD)

45kDa in size, a 15 kDa substrate binding domain i(gBfdntaining a hydrophobic groove for
polypeptide binding, with a 10 kDa helical lid domain (SBD | y R | -Rrn@a igds, WEBcR  /
contains, at least in the cytosolic and nuclear HSP70 family members, the conserved chai@hd Glu
ValAsp (EEVD) moiBalchin et al., 2016; Rosenzweig et al., 2019; Young, ZDAONBD consists of

two lobes, which candasubdivided into the subdomains 1a and 1b on one sidan@&b on the other

side. Subdomains l1a and 2a form the bottom of the nucleotide pocket, to which the nucleotides bind
(Young, 2010NBD and SBD are connected by a hydrophobic linker, which is essential for coupling ATP
binding ar hydrolysis at the NBD to substrate binding to the @Bdlchin et &, 2016; Rosenzweig et

al., 2019) This interplay between nucleotide binding and client binding czas¢ must be tightly
regulated to ensure rapid association and timely release to prevent client protein aggregation, but also
to ensure proper folding. In the ABW®und state, the SBD tightly binds a five amino acid long
hydrophobic segment of the client@ein with high affinity but very low association and dissociation
rates. Binding of ATP weakens the interaction between client protein and SBD, by increasing the
association rate 10fbld and the dissociation rate 10601d (Kampinga & Craig, 2010; Rosenzweig et

al., 2019) HSP70 cycles between these two statemagh ATP hydrolysis and a nucleotide exchange
reaction. However, the basal HSP70 ATPase activity is rather low and nucleotides stably bind to the
NBD. Therefore, additional factors are needegrateins stimulate the HSP70 ATPase activity, which

leads b hydrolysis from ATP to ADP thus inducing client binding. Subsequent dissociation of ADP,
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stimulated by a nucleotide exchange factor (NEF), induces client release and recycling of HSP70 for

another cycle of client binding and releg@@mpinga & Craig, 201@igurel).

)

J-Protein

\

ATP

ADP

SBDa

Figurel: The HSP70 cycle of tHe.coliHSP70 homolog DnakKiSP70/DnaK consists of a nucleotide binding domain (NBD,
green), which is connected via a flexible linker (yellow) with the substrate binding domain, (SBD) and the lid domain

(SBD, blue). A <protein delivers the client to HSP70 in the Addind open conformation (PDB: 4B9(Xityk et al., 2013)

The ddomain activates the ATPase activity of HSP70, which leads to client binding and transition to the ADP bound closed
conformation (PDB: 2KH@Bertelsen et al., 200R)A nucleotide exchange factor (NEF) induces release of ADP. After binding

of ATP, the client protein is released.

HSP70 is known to bind a broad range of different client proteins, including newly synthesized proteins
at the ribosome, folding intermediates and misfolded proteins as well as aggregates and complexes
that need to be correctly assembled. This multitudedifferent clients and conformations raises the
question of how HSP70 chooses its clients. Studies ok &t@iHSP70, DnakK, using celluldsrind

peptide libraries revealed, that DnaK prefers peptides composed of a hydrophobic core, especially
enriched i Leu, lle, Val, Phe, and Tyr, flanked by regions with predominantly basic residues. These
motifs are abundant in different protein sequences, but mostly not accessible in correctly folded
proteins (Rudiger et al., 1997Although the structure of the SBD is conserved, HSP70 proteins from

different organisms and cellular compartments show preferences for different peptide compositions.
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Whereas the cytosolic HSP70 prefers peptides enriched in leucine, the ER resident HSP70 family

protein, BiP, rather binds to peptides with aromatic resid(lResenzweig et al., 2019)

Besides proteins of the HSP70/DnaK type, orthologs of the cytosolic mammalian HSP110, the yeast SSE
proteins and the ER localized orthologs of the mammaliB#@0 proteins are part of the HSP70
superfamily because of structural and functional similarities. Arabidopsisgenome contains 18
members of the HSP70 superfamily, whereas 14 of them belong to the HSP70/DnaK type and four to
the HSP110/SSE subfamily. From the HSP70/DnaK subfamily proteins, AtHZRASP72,
AtHSP76B, AtHSP7@ and AtHSP7B contain the @erminal EEVD motif and were predicted to be
located in the cytosol. Additionally, AtHSPTY@&nd AtHSP7B carry consensus nuclear localization
signals. AtHSP7® AtHSP7d and AtHSP78 contain predicted chloroplast transit peptides.
Mitochondrial transit pgtides could be found in AtHSR®0and AtHSP7@0. In the endoplasmic
reticulum, three HSP70 family proteins can be found. AtHBE&hows highest similarity to the cytosolic
members of the HSP70/DnaK subfamily but lacks the EEVD motif atéhaiGus. Sice it could not

be detected so far, it might be a pseudogene. For the HSP110/SSE subfamily, three proteins
(AtHSP7a4, AtHSPTQ5, AtHSP7Q6) could be identified in thérabidopsisgenome and were
predicted to be located in the cytosol, whereAgHSP7014 and-15 additionally possess a nuclear
localization signal. As a representative of the GRP170 subfamily, Ati%Rad0Id be identifieqLin

et al., 2001)

The ER resident HSP70 proteins BiP1, 2 and 3 play an important role in the unfolded protein response
and gametogenesis. The chloroplast located HSP&ilmers maintain the chloroplast structure and

are important for plant development. Furthermore, plastidal and mitochondrial HSP70 are involved in
translocation of proteins into the organel{eeng et al., 2017Because of the high sequence identity

of over 80%, knowledge about precise roles of the cytosolic HSP70s is limited and indicates high
functional redundancylLeng et al., 2017; Lin et alQ@L) Two studies have examined the expression
pattern of the individual HSP70 proteins but came to different results. Lin et al. detected all cytosolic
HSP70s to be widely expressed wd&8rold seedlings and-8-week old plants, whereas Sung et al
found HSPG-1, -2, -3 to be expressed in roots, leaves, stems, flowers and siliques, HSP70
predominantly expressed in roots and leaves and HSRauld not be detected at all. Both reported

that the different HSP70s are expressed differentially in response twogmeental stimuli(Lin et al.,

2001; Sung et al., 2001Knockout of only one HSP70 gene does not exhibit a mutant phenotype,
supporting the idea of overlapping functions and functional redundancy between the different HSP70s.
However, the double and triple knockouisp7061/4 and hsp732/4/5 exhibit a pleiotropic phenotype,
demonstrating the importance of HSP70 in growth and development and furthermore, that the

individual HSP70 proteins must have specialized functions. Another argument for specialized functions,

4
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comes from gPCRxperiments under stress conditions. Treatment of plants with different stress
agents or hormones leads to up and downregulation of different HSP70 genes, indicating a specific role

in stress responsf@.eng et al., @17).

1.2.2 The HSP40 chaperone family

Proteins of the HSP40 chaperone family, also knownpaistdins, are a large group of multidomain
proteins, which contain the highly conservedamain. The-@lomain is approximately 70 amino acids

in length and consists of four-helices, with the functinally important His, Pro, Asp (HPD) motif
between helix Il and Ill, which stimulates the ATPase domain of H8R#tpinga &Craig, 201Q)
Jproteins can be divided according to their domain composition into three groups. Class A contains
Jproteins harboring domains and motifs, whicheamost similar tothe E.coliDnaJ, the founding
member of ths protein family. These proteins carry theldmain at the Nerminus, followed by a
glycine/phenylalanine (G/F) rich region and twee@ninal domains (CTD), of which ClT&ntains a

zinc finge like region(ZFLR)Additionally, they contain a dimerization domain at the vesgi@inal

end. Class Bploteins are similar in structure and domain composition to claspitéins. They also
contain the domain at the Nerminus with the adjacenglycine/phenylalanine rich region, the CTD
and a @erminal dimerization domain, but they lack the zinc finger like domain. Class C is the most
diverse groupMembers of this groupnly have the-#lomain in common, which can be locatedadd

well as @erminally. Besides the-domain, class Cproteins can contain additional domains, like
tetratricopeptide repeat (TPR) domains, thioredoxin domains or kinase dom@aspinga & Craig,
2010; Rosenzweig et al., 20XB)gure2).

A B

-7 ZFLR+CTD-| CTD-II

Class A

CTD-I CTD-II Class B

Figure2: Domain composition of-proteins.

A.) dproteins can be divided into three groups according to their domain composition. Clgset&ids are composedf an
N-terminal Jdomain, a G/F rich linker, a Zinc finger like region (ZFLRhwithGterminal domain | (CTD, followed by CTD
II'and a dimerization domain (DD). ClasspBofeins exhibit an Merminal Jdomain with an adjacent G/F rich linkewd
Gterminal domains and a-terminal dimerization domain. Class-@rdteins only have the-domain in common, which can
be located either Nor Gterminally. Additionally, class €pdoteins can contain various other domains.

B.) Structural Model of th&.coli HSP70 homolog DnaK (NBD green, $fdh, SBD blue) with a bound -domain (red)
(PDB:5NRXityk et al., 2018)
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So far, 118-froteins could be identified idrabidopsis Some of them exhibit a broad or unspecific
client range like atDjAl, which is required for correct folding of a vast number of proteins synthesized
in the cytosol. @hers havea morespecialized function and bind only a few clientike atDjC3, an
auxilinlike Jdprotein, which catalyzes the coat disassembly of clathrin coated vesMlest of the
HSP70 proteins interact with multiple differenptbteins, which enable HSP70 to functiom a
multitude of cellular processes, like protein folding, regulation of multimeric protein complexes or
translocation of proteins across membran€&raig & Marszalek, 2017; Rajan & D'Silva, 2@layling

of clients by <proteins was observed to increase the number of HSP70 binding sites, éngubing
conformational changes or preselecting proteins in a conformation, which is best accessible for HSP70
but how Jproteins choose their clients is not fully understood yet. Screening experiments using a
peptide library with theE.coliDnaJ showedhat class A-proteins prefer binding of linear sequence
motifs of eight amino acids in length, enriched in predominantly hydrophobic, aromatic residues
(Rudiger et al., 2001A similar finding was obtained for classf@Bateins. Yeast Sis1 was also observed

to bind peptides composed of predominantly hydrophobic and aromatic residues, but in a different
composition(Fan et al., 2004)Besides the CTD, also the G/F rich region couldribate to client
binding. Whereas binding of unfolded client proteins appeared to be unaffected, deletion of the G/F
rich region in the class Apdotein DnaJ fronk.colireduced affinity to folded or partially unfolded client
proteins (PeralesCalvo et al.,, 2010)Since members of thepiotein class C are very diverin
structure and function, no general pattern for client recognition could be determined so far.
Additionally, theyare often specialized on a certain subset of client proteins and might have special
client binding domains. Once a client is bound, it is transferred to HSP70, which binds the client upon

activation of the ATPase by theldmain(Kampinga & Craig, 2010; Rosenzweig et al., 2019)

1.2.3 The HSP90 chaperone family

HSP90 is a highly conserved member of the gyrase, HSP90, His kinase and MutL (GHKL) superfamily of
split ATPases. As many chaperones, HSP90 was discovered as a specific and upregulated factor during
the heat shock response. Besides a role in response th R&P90 was also observed to be involved

in numerous cellular processes, like protein maturation, stability, activity and degradation, under
stressed and nostressed conditiongdi Donato & Geisler, 2019; Schopf et al., 20Whereas in

bacteria only one HSP90 can be found, yeast and higher eukaryotes posseshanoome HSP90
homolog but only in higher eukaryotes, HSP90 can also be found in organelles like mitochondria,
chloroplasts and the endoplasmic reticulum. HSP90 is composed of an-temmaal domain (NTD),

which mediates ATP binding, the middle domaim{lVimportant for ATP hydrolysis and client binding,

and the carboxyterminal domain (CTD), mediating homodimerization, which is essential for HSP90
function (Schopf et al., 2017)n cytosolic HSP90 proteins, the CT4d aontains the MeGIu-Glu-Vat

Asp (MEEVD) motif, which allows binding to TPR domain containicigaperones. NTD and MD are
6
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connected by a long, flexible and charged linker that modulates HSP90 function -@hdpsrone

binding. This linker can be fodrin cytosolic and ER resident HSP90 proteins of eukaryotes but is
lacking in bacteria and the mitochondrial HSPG@nest et al., 2019)n an ATHree state, the HSP90
homodimer has an ggn, \“shaped conformation. Binding of ATP leads to structural rearrangements.
The NTDs rotate and dimerize, leading to atefhinally closed statgFigure3). HSP90 has low
enzymatic activity and low affinity to ATP. For ATP hydrolysis the NTD must interact with the MD. To
do so, large conformational changes are required, which involve all three domains and interaction
between the two NTDs. When ATP Bndearrangements take place in the NTD and the lid, which is
composed of a loop containing several conserved amino acids, closes over the ATP bound NTD. This
represents the intermediate state. Dimerization of the NTD and association to the MDs induce the
closed state, which is crucial for ATP hydrolysis. After ATP hydrolysis, the NTDs dissociate, ADP is
released and HSP90 changes back into the open conform@&iemest et al., 2019; Schopf et al., 2017)

Figure3:Structure and domain composition of HSPFSP90 forms a dimer, with each monomer congjsbf a @erminal
domain (CTD, blue/cyan), a middle domain (MD, green/dark green) keeminaldomain (ND, red/orange). In the ATP
free state, the HSP90 dimer exhibits sshaped conformation (PDB: 210Q, HSP90/HtpG fEowolj (Shiau et al., 2006)
Binding of ATP leads to a closed conformation by dimerization and rotation of the NTD (PDB: 2CG9, HSR&f énasine
(Ali et al., 2006)

Whereas HSP70 appears to interact with all unfolded proteins, the number of HSP9O0 clients seems to
be limited to several hundred proteins involved in e.g. stress regulation, préakimg, DNA repair

and development. The interaction with clients occurs in three different wagdlitating the formation

of a specific active conformation, supporting assembly of multiprotein complexes and promoting
binding of ligands to proteins byatiilizing a binding competent conformation. Therefore, HSP90 acts
as a central conformational regulator, which impacts a multitude of different signaling processes
(Schopf et al., 2017)n contrast to HSP70, it is s&r hot understood how HSP90 identifies its clients,

especially because cliertSP90 complexes are rather dynamic and transient. Consistent with the fact,
7
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that HSP90 acts downstream of HSP70, the hydrophobicity of the client interaction site is less
hydrophobic compared to HSP70 clients and contains a higher fraction of positively charged residues.
However, for some clients an overall negatively charged binding region was deter(itaeltl &
Rudiger, 2018)Since HSP90 clients are structurally and sequentially unrelated, different studies
suggest that the overall structural stability determines the dependency to HSP90 rather than distinct
structural motifs(Genest et al., 2019; Schopf et al., 201&gditionally , different clients seem to bind

to different regions and at different nucleotide states of HSE®@nest et al., 2019)

HSP90 can be regulated in many ways, including trgmiemal regulation, postranslational
modifications, cechaperones and regulation by its clients. On the transcriptional level, HSP90 is
regulated by heat shock factor 1 (HSF1), which is at the same time a HSP90 client. Urslerssexdl
conditions, HB90 and HSP70 bind to HSF1 to keep it in an inactive state. Under stress conditions,
HSP70 and HSP90 are no longer available for keeping HSF1 inactive. Therefore, HSF1 is released and
increases the expression of stress related genes, like genes for H&P6har chaperone¢Schopf

et al., 2017)Besides regulation on the transcriptional level, pwahslational modifications play a role

in the modification of HSP90 activity. HSP90 is phosphorylated predominantlyfeatmnlti serine
residues, but it also occurs at threonine and tyrosine residues. Many of these residues are conserved
between the different HSP9OO proteins, but some are also isoform spéSifita & Richter, 2018)
Phosphorylation slows down the conformational HSP90 cych: \eas observed to affect the
interaction with cechaperones, as well as client maturation. Also acetylation is an important regulator
of the HSP9&o-chaperone interaction. Whereas acetylation was described to promote complex
formation between HSP90 andsitcachaperones, hyperacetylation was found to interfere with
co-chaperone interaction and consequently leads to a loss of chaperone activity and disturbed client
activation(Schopf et al., 2017; Sima & Richtéd18) Furthermore, HSP90 can baiBosylated at its
Gterminal domain, which affects the ATPase activity, as well as its chaperone d&#tityaff et al.,

2009) Further modifications that adapt and regulate the HSP90 activity include SUMOylation and
methylation (Sima & Richter, 2018 Another mode of regulation cdve mediated by ca&haperones,

which either bind to the MEEVD maotif in the CTD via their tetratricopepégeat(TPR) domain or, if
lacking a TPR domain, to different regions on H$B&opf et al., 2017)

TheArabidopsis thaliangenome harbors seven HSP90 isoforms, of which HSP90.1, Hsp90.2, HSP90.3
and HSP90.4 are located in the cytosol, HSP90.5 in the chloroplast, HSP90.6 in mitochondria and
HSRO0.7 in the endoplasmic reticulum. The cytosolic HSP90 proteins share a very high amino acid
sequence identity and single knockout mutants exhibit only mild phenotypes, which hints to a high
degree of functional redundancy. RNAi mediated silencing ajwlli$oforms is lethal, underlining the

importance of HSP9O0 for plant viability. HSP90.1 is thought to be heat shock induced, whereas the
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other three isoforms are constitutively expressed in high amouydisDonato & Geisler, 2019)
However, expression of HSP90.1 and HSP90.3 was found to be elevated in embryo development

(Prasinos et al., 2005)

1.2.4 Cochaperones of HSP90

Many of the HSP90 ethaperones are tetratricopeptide repeat (TPR) containing proteins. These
proteins are involved in many different processes and act as interaction modules or mediators for
multiprotein canplexes. A TPR domain consists of several TPR repeats, which consist of 34 amino acids,
sharing a degenerate consensus seque@eytuni &arivach, 2012)Although different TPR domains

do not share a high degree of similarity, they exhibit some residues which are highly conserved, among
them A/G, Ao and A7 The consensus residues 4, 7, 11 and 24 predominantly exhibit hydrophobic
residues. Furthermore, position 32 contains a hddneaking amino acid like prolingd'Andrea &
Regan, 2003)The TPR motif adopts a basic halisn-helix fold. Due to their antiparallel packing,
adjacent TPR repeats form repeating antiparafleielices, which creates an overall sujbelix
structure. This supehelix fold forms concave and convex surfaces, which provide a binding groove for
different peptides. The ligands usually do not exhibit similarity in structure or sequence. However,
binding of ligands to TPR containing proteins is usually highly sp@utfiopf et al., 2017; Zeytuni &
Zarivach, 2012)

Among the proteins, which carry TPR domains, severahaperones can be found, which may
influence the HSP90 ATPase activity, select client proteins and recruit additional factors. One of them
is HOP, a AR containing protein, composed of two TPR domains, which mediate interaction with
HSP70 and HSP90Gi Donato & Geisler, 2019; Genest et al.,, 20I&)e first TPR domain, TPR1,
specifically recognizes thet@minal heptapeptide of HSP70, wherghge TPR2A domain binds the
pentapeptide of the HSP90tE€rminus(Figure4). Both HSP70 and HSP90 possess the conserved EEVD
motif at their Gterminus, which mediates binding to the TPR domalierefore, i was thought that

HOP has the role as an adaptor for the two chaperones. Studies on the yeast HOP homolog Stil
revealed, that it stabilizes the weak interactions between HSP70 and HSP90 and facilitates functional
collaboration between the two chaperones by keeping HSP90 in an open conforrf@donst et al.,

2019; Schopf et al., 2017n Arabidopsisthree HOP homologs could be identified, which play a role

in heat stress and acclimation to high temperatu(EsrnandeBautista et al., 2018)Another group

of cochaperones are the TPR domain containing immuniloys. Besides the TPR domain, they possess
peptidylprolytisomerase activity and were described to be involved in regulation of steroid receptor
action, transcriptional activity, protein conformation and many more procegagajnar et al., 2019)

In plants immunophilins are represented bive genes. Four of them belong to the FKBP family and

are involved in stress response and hormone related processes. The fifth gene is the cyclophilin 40
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(CYP40) homolog Squint (SQN), important for shoot development and Clavata signaling. A co
chaperonenvolved in degradation of proteins is the Carboxyl terminus of Hst@@acting protein
(CHIP). CHIP is a TéRtaining Ubox ubiquitin ligase, which acts in the quality control of protein
folding in the HSP70/HSP90 pathway and targets client proteinprateasomal degradatior{di
Donato & Geisler, 2019)

Not all HSP90 echaperones contain TPR domains, e.g. p23 and Activator of HSP90 ATPase (Ahal).
The cechaperone p23 is known for stabilizing the progesteemeptorHSP90 complex in animals
(Figured). InArabidopsigwo homologs could be identified, which play a role in root development and
auxin signalingD'Alessandro et al., 2015)ctivator of HSP90 ATPase (Ahal), which binds to the HSP90
N-terminus and regulates ATPase activity, might be representedrabidopsisby the so far

uncharacterized protein AT3G120&1) Donato & Geisler, 2019)

A B

/\

Figure4: Interaction of cechaperones with HSP90

A.) The TPR domain of the human HOP (TPR2A, cyan) binds to the H&R8AaCMEEVD peptide (green) (PDB: 1ELR,
(Scleufler et al., 2000)

B.) The cechaperone p23 (yellow) binds to the NBD of yeast HBI8@/light blue)in a closed conformation (PDB: 2CG9,
(Ali et al., 2006)

Many more cechaperones, already known from the yeast and mammalian system, were predicted in
Arabidopsis which play important roles in different developmental and stress related processes.
However, for some already described-cmaperones, no orthologuesould be identified so far in
Arabidopsis indicating that plants have evolved different functionally analogous mechanidms
Donato & Geisler, 2019)
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1.3 Aim of the study

As sessile organisms, plants neeccbpe with a fasthanging environmerénd different conditions
Therefore, a versatile chaperone machinery is essential for the response and adaptation to various
stresses, like heat, drought and soil salinitprdteins, as determinators of HSP70 fuoat play an
important role during this process. Additional to theiddmain, DJC31 and DJC62 carry several TPR
repeats, which form two TPR domains and might mediate binding to HEP&8ad et al., 20107
previous study hadeterminedthe two proteins to be located in the chloropldst chloroplast imprt
experimentgChiu et al., 2013However, since the import efficiency was very low araterthan one
mature form was observed after the import, doubts remained regarding a plastidal localization.
Therefore, the subcellular localization should be confirmed in this study by a different method.
Furthermore, single and double knockout mutants sldobe analyzed to find out more about the
function of DJC31 and DJCBR2generalco-chaperones were reported to be involvedtire response

to different stressesTherefore a potential role of DJC31 and DJC62 in stress response should be
analyzed on th phenotypic and molecular level under different conditions. According to their domain
composition, DJC31 and DJC62 might act ashaperones of HSP70 and HSP90. This interaction
should be confirmed and a screening for potential client proteins and additifactors should be

performed.
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2. Material

2.1 Chemicals

Chemicals were purchased from SigAddrich (Taufkirchen, Germany), Roth (Karlsruhe, Germany),
Merck (Darmstadt, Germany), New EnglamBioLabs (NEB, Frankfurt am Main, Germany),
ThermoFisher Scientific (Braunschweig, Germany) and Serva (Heidelberg, Germany) in high quality.

Exceptions are stated in the respective sections.

2.2 Molecular weight markers and DNA standards

For agaroseyel electrophoresis, Hindlll/EcoRI digeste?hage DNA (NEB, Frankfurt am Main,
Germany) was used as DNA marker for molecular size estimation. FOARES the PageRUléPlus
Prestained Protein Ladder (ThermoFisher Scientific, Braunschweig, Germany) was used as a molecular

size marker.

2.3 Plant andacterialstrains

2.3.1 Plant material
Arabidopsis thalianaecotype Columbia (C&l) was used as wild type strain. Tligc31djc62
Arabidopsis double mutant was generated by crossing dfc31 (SALK_034886and djc62

(SALK_0509)3For transient gene expressiblicotiana benthamianavas used.

2.3.2 Plant lines generated in this study
The following plant lines were either gea¢ed by crossing or by stable agrobacteria mediated

transformation.

Tablel: Plant lines generated in this study

Name Genotype Description

djc31djc62 djc31xdjc62 Double mutant

35S:DJC31 djc31djc6235S:DJC31 Complementation line

35S:DJC62 djc31djc6235S:DJC62 Complementation line

DJC31 H1052Q djc31djc6235S:DJC3H1052Q | DJIC31 with mutated HPD
motif

DJC62 H1006Q djc31djc6235S:DIC6H1006Q | DIC62 with mutated HPD
motif

GFPDJC31+S djc31djc6235S:GAP-DJC31 DJC31 with Merminal GFP

GFPDJC62+S djc31 djc6235S:GFPDJC62 DJC62 with Merminal GFP
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2.3.2 Bacterial strains

For molecular cloning and plasmid propagatiBmroliTopl0 andE.coliNEB stable cells were used.
Protein overexpression was performed usiBgeoliBL21CodonPlus(DERIPL. For transient gene
expression in tobaccdgrobacterium tumefacienstrains AGL1 or GV3101 were used. GV3101 was

also used for stable transformation Afabidopsis thaliandy floral dipping

2.4, Accessiomumbers
Sequences and information for the genes and proteins used in this study can be found under the

accession numbers givenTable2.

Table2: Accession numbers of genes and proteins used in this study

Name Organism Identifier

DJC31 Arabidopsis thaliana AT5G12430
DJC62 Arabidopsis thaliana AT2G41520
TPR2 Homo sapiens NP_003306
DnalJ Escherichia coli NP_414556
BiP2 Arabidopsis thaliana AT5G42020
HSP70.1 Arabidopsis thaliana AT5G02500
HSP90.2 Arabidopsis thaliana AT5G56030
HOP3 Arabidopsis thaliana AT4G12400
ABI5 Arabidopsis thaliana AT2G36270
RD29a Arabidopsis thaliana AT5G52310
CaM4 Arabidopsis thaliana AT1G66410
IQD11 Arabidopsis thaliana AT5G13460
ENO2 Arabidopsis thaliana AT2G36530
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2.5. Oligonucleotides

Oligonucleotides were purchased from Metabion (Martinsried, Germany), desalted and in standard

quality. Sequences and applications can be founthainle3.

Table3: Primer sequences used in this study

Material

Name { Slj dzS yaB0 6 p Q Application

LBbl1.3 ATTTTG CCGATTTCG GAAC Genotyping
DJC31Intron_rev ATT TAA ATG CAT AGA AAT AGC AG| Genotyping
DJC32-for GCAGAATTT GAATTC TAGCT Genotyping
DJC32XhoHor égi Z%T gGA GAT GAG CAAGTT Cf Genotyping
DJC31InBlptrev gcéi LCI';AC\: TCAGCC TAT GCT TCT TC Genotyping
DJC62-for CTAACG GTACTG TGT AGA AG Genotyping
DJC62-rev CCA GCT TCC GTT AAC AAC AC Genotyping
DJIC62XhokHor é(é(; 'IC';CT CGAGAT GTCTCCTGC G Genotyping
DJC62InBlptrev ?g; §$T CAG CCT AGA CAT CAG G Genotyping
35SPromfor CAATTT ACTATT CTAGTCg Sequencing
35STermrev TGC GGA CTC TAG CAT GGC CG Sequencing
M13_for GTA AAACGA CGG CCAGT Sequencing
M13_rev GGA AAC AGC TAT GAC CAT G Sequencing
T7_Prom TAATAC GACTCACTATAG G Sequencing
T7 _Term GCT AGT TATTGC TCAGCG G Sequencing
pDONR207_for TCG CGT TAA CGC TAG CAT GGA T( Sequencing
pDONR207_rev GTA ACA T@RAG ATT TTG AGA CAC | Sequencing
GFP_rev CTC GCC GGA CAC GCT GAA CTT G| Sequencing
GFP_for_pB7WGF2 TGA ACT TCA AGA TCC GCC ACA A({ Sequencing
pAUL2_for GAG AGG GGC GCG CCA AGC TA | Sequencing
35S_for_BIiFC GAC GCACAATCC CACTATCC Sequencing
NosT_BiFC CAT CTC ATA AAT AAC GTC ATG CA| Sequencing
o0 Q5-B0O_Seq_rev TTTTCG TTT TAA AAC CTA AGA GT( Sequencing
Djc31seq_for TTA ACT GGT GTG CAG TCACA Sequencing
Djc31seq_rev TGT GTA GAC GAG TAA GCG Sequencing
Djc62seq_for GAT GTC TGT GAG GGG Sequencing
Djc62seq_rev GTG TGT AAC ATT CCT CAG CT Sequencing
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DJC31pDONR207_for

GGG GAC AAG TTT GTA CAA AAA A(
AGG CTT CAT GAG CAA

Gateway Cloning

DJC31pDONR207_rev

GGG GAC CAC TTT GTA CAA GAA A
TGG GTC CGG GTATCT

Gateway Cloning

DJC62pONR207_for

GGG GAC AAG TTT GTA CAA AAA A(
AGG CTT CAT GTC TCC

Gateway Cloning

DJC62pDONR207_rev

GGG GAC CAC TTT GTA CAA GAA A
TGG GTC CCA CCA AGA

Gateway Cloning

DJC31_mut_for

CAA ACA GAT ACC CGT AAG ACC C4
TC

Site directed mutagenesis

DJGB1_mut_rev

CGG GTATCT GTTTGATCG GTT TG

Site directed mutagenesis

62neb_for TAG GAC CCAGCT TTC TTG TAC AA Site directed mutagenesis
62neb_rev CCA CCA AGAAGG CGT GTT Site directed mutagenesis
DJC3480AArev GGA AAA AGA TCC ACG GAAGTG | TOPCCloning
DJC34rOPGfor CAC CAT GAG GTT CGG CGA ATT G| TOPO Cloning
DJC6BOAArev AAA AGAAGG TTTTTT CACCTC TOPO Cloning
DJC62rOPGor CAC CAT GTC TCC TGC GGC GGT G TOPO Cloning

DJC31Int_rev

GGG GAC CAC TTT GTA CAA GAA A(
TGG GTC TGC TTCCBG TGC ATT AG

Gateway Cloning

DJC62Int_rev

GGG GAC CAC TTT GTA CAA GAA A(
TGG GTC GAC ATC AGG CAT CAT C

Gateway Cloning

31TPR+J GWfor

GGG GAC AAG TTT GTA CAA AAA A(
AGG CTT CTC TCC GTT AAC TGG T(
G

Gateway Cloning

31TPR+J GWrev

GGG GAC CATT GTA CAA GAA AGC
TGG GTC TTACGG GTATCT GTT TG
GTT

Gateway Cloning

62TPR+J GWfor

GGG GAC AAG TTT GTA CAA AAA A(
AGG CTT CCA AGC TGT AAA GAA Al
GAG

Gateway Cloning

62TPR+J GWrev

GGG GAC CACTTT GTA CAA GAA A
TGG GTC CTA CCA CCA AGEGEGT

Gateway Cloning

DJC31 AK Nhel for

CGATGC TAG CAT GTC ATC TCA T(Q
TAA ATT GC

Cloning into pET21a

DJC31 AK Xhol rev

CGA TCT CGA GAG CAT CTG TATAT
AAA GGG

Cloning into pET21a

DJC62 AK Nhel for

CGA TGC TAG CAT GGC TAG TGG G
CAG TTC TGG

Cloning into pET21a

DJC62 AK Xhol rev

CGATCT CGAGGACAT CAGGCAT
ATG

Cloning into pET21a

GGG GAC AAG TTT GTA CAA AAA A(

GFPGW_for AGG CTT CAT GGT GAG CAA GGG ( Gateway Cloning
GGA
GGG GAC CAC TTT GTA CAA GAA A
GFPGW_rev TGG GTC TTAT GTA CAG CTC GTC { Gateway Cloning
GCC G
DJC3HPDSf TCA AAC ATC AAC CCG ACA AGG | Site directed mutagenesis
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DJC3HPDr GTG CGG CCT TCC TAT ATG Site directed mutagenesis
62HPDIlong_f ;TA GAC ATC AAC CAG ACAAAG C Site directed mutagenesis
62HPDIong_r GAG CTG CTT TGC GGT ATG CCT T1 Site directed mutagenesis

Y2H_DJC31 for

GGC CGA ATT CCC GGG GAT GAG ¢
GTT CGG CGAATT GAAT

Cloning into pGBKT7

Y2H_DJC31 rev

GCC GCT GCAGGT CGACTT ACG G
TGT TTGATC GGT T

Cloning into pGBKT7

Y2H_DJC62_for

GGC CGA ATT CCC GGG GAT GTC T
GGC GGT GGAGAT T

Cloning into pGBKT7

Y2H_DJC62_rev

GCC GCT GCA GGT CGA CCT ACC A
AAG GCG TGTTTT G

Cloning into pGBKT7

4 CTATTC GAT GAT GAA GAT ACC C(Q

| = A 4 . .
pQ !'5 { ONXB{ AAC CC Y2H Libranpcreening
- = 4 GTG AAC TTG CGG GGT TTT TCA G] . .
| [§
0Q !'5 { ONXES ACG ATT Y2H Library Screening
GGG GAC AAG TTT GTA CAA AAA A(
CaM4_for AGG CTT CAT GGC GGA TCA GCT Al Gateway Cloning
TG
GGG GAC CAC TTT GTA CAA GAA A(
CaM4_rev TGG GTC TCA CTT AGEBARAT CTT Gateway Cloning
GAC A
GGG GAC AAG TTT GTA CAA AAA A(
IQD11_for AGG CTT CAT GGC TAA GAA GAA G{ Gateway Cloning
CTTG
GGG GAC CAC TTT GTA CAA GAA A(
IQD11_rev TGG GTC TCA TCT CAA GCT GCT C1 Gateway Cloning
G
GGG GAC AAG TGTA CAA AAA AGC
ENO2_for AGG CTT CAT GGC TAC TAT CAC C( Gateway Cloning
TAA G
GGG GAC CAC TTT GTA CAA GAA A
ENO2_rev TGG GTC TTA GTA GGG TTC CAC A( Gateway Cloning
GC
qDJC31_for GCA TAT AGG AAG GCC GCACT | gPCR
qDJC31_rev GAG AAC GCT TTG CAG GGT CT | gPCR
qDJIC62_for AAC TAA AGC AGG CCC GTC AA | gPCR
qDJIC62_rev GTG CAG CTT TGT CTG GGT GA | gPCR
qBiP1/2_for GGT GAC ACT CAC TTG GGA GGT G gPCRSchott et al., 2010)
qBiP1/2_rev CTC ACA TTCT TCG GAG CTTA | gPCRSchott et al., 2010)
HOP3 gPCR for TGA GGG CAT ATA GCA ACA GAG | dP CRFernandeBautista
et al., 2018)
HOP3 §CR rev CAC GGC TCG CTT TGT TTATCT gtP;F(;grl%"’)‘”de*Ba““Sta
(OEP24. for ;TT TTACTA CTA ATT GGA CTCAC] oo
qOEP24_rev GGG ACT TTG CGA TTT CT gPCR
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gABI5for GAC AGA GGA GGA TGA TCA AGA Al gPCRPark & Kim, 2014)
gABI5rev CAT CTT CCT ATT GTT TGT TTA GA( gPCRPark & Kim, 2014)
gRD29dor CTTGGC TCCACT GTTGTT CC gPCRClément etal., 2011)
gRD29aev CAT CAA AGA CGT CAA ACA AAA CA gPCRClément et al., 2011

2.6. Vectas and DNAonstructs

Vectors and DNA&onstructs used in this work are givenTiable4.

Table4: Constructs used in this study

DJC62+S pDONR207

Entry vector for Gateway cloning

Name Application Source
DJC31 pDONR207 Entry vector for Gateway cloning | This work
DJC62 pDONR207 Entry vector foiGateway cloning | This work
DJC31+S pDONR207 Entry vector for Gateway cloning | This work
This work

DJC62TP pENTR/dTOPO

First 80 amino acids of DJC62, Er
vector for Gateway cloning

This work

DJC31TP pENTR/dTOPO

First 80 amino acids of DJC31, Er
vector for Gateway cloning

This work

DJC31Int pDONR207

DJC31 Merminus, Entry vector fo
Gateway cloning

This work

DJC62Int pPDONR207

DJC62 Merminus; Entry vector fo
Gateway cloning

This work

31TPR+J+S pDONR207

TPR domains andddmain of DJC3
with stop codon; Entry vector fg
Gateway cloning

This work

62TPR+J+S pDONR207

TPR domains andddmain of DJC6
with stop codon; Entry vector fg
Gateway cloning

This work

DJC31AK pET21a

Antigen for atibody production

This work

DJC62AK pET21a

Antigen for antibody production

This work

DJC31TP pK7FWG2

First 80 amino acids of DJC31 fug
to GFP (€erm)

This work

DJC62TP pK7FWG2

First 80 amino acids of DJC62 fug
to GFP (@€erm)

This work

31TPR+J+S pB7WGF2

with N-terminal GFP

DJC31+S pK7WGF2 DJC31 with Nerminal GFP This work
DJC62+S pK7WGF2 DJC62 with Nerminal GFP This work
DJC31+S pB7WGF2 DJC31 with Merminal GFP; BASTA This work
DJC62+S pB7WGF2 DJC62 with Merminal GFP; BASTA This work
DJC31Int pK7FWG2 DJC3N-terminus fused to GFP | This work
DJC62Int pK7FWG2 DJC62 Nerminus fused to GFP | This work

TPR domains anaddmain of DJC3] This work
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62TPR+J+S pB7WGF2

TPR domains and -dbmain of
DJC362 with ferminal GFP

This work

ER marker

(Nelson et al., 2007)

Golgi marker

(Nelson et al., 2007)

DJC31+S pB7FWG2

Complementation construct

This work

DJC62+S pB7TFWG2 Complementation construct This work
DJC31Int pGVBFP11 DJC35plit GFP construct This work
This work

DJC62Int pGWEFP11

DJC62 split GFP construct

HSP70.1 pDONR207

HSP70.1 without ATG; Entry vec
for Gateway cloning

Regina Schweiger

HSP90.2 oATG pDONR207

HSP90.2 without ATG; Entry vec
for Gatewaycloning

Regina Schweiger

BiP2 pDONR207

Entry vector for Gateway cloning

Regina Schweiger

BiP2 pGWGFP11

BiP2 split GFP construct

This work

HSP70.1 pGFPQW

HSP70.1 split GFP construct

This work

GFP110 Split GFP, cytosolic (Xie et al., 2017)
SRGFP110-HDEL Split GFP, ER luminal (Xie et al., 2017)
GFP pDONR207 Entry vector for Gateway cloning | This work
GFP pAUL2 GFP only; Localization control This work

The Gterminal part of sSCFPN- | This work

DJC31+S pDeSCYCE(R) GW,

terminally fused to DJC31; BiFC

DJC62+S pDeSCYCE(R) GW

The Gterminal part of sCFP -N
terminally fused to DJC62; BiFC

This work

HSP70.1 pDeatYNE(R) GW

The Nterminal part of Venus N
terminally fused to HSP70.1; BiFC

This work

HSP90.2 pDeatYNE(R) GW

The Nterminal part of Venus N
terminally fused to HSP90.2; BiFC

This work

BiP2 pDesVYNE(R) GW

The Nterminal part of Venus N
terminally fused to BiP2; BiFC

This work

DJC31+S H/Q pDONR207 DJC31 H1052Q; Entry vector | This work
Gateway cloning

DJC62+S H/Q pDONR207 DJC62 H10Q6Q; Entry vector | This work
Gateway cloning

DJC31+S H/Q pB7TFWG2 DJC31 H1052Q complementatii This work
construct

DJC62+S HIQ pB7TFWG2 DJC62 H1006Q complementati{ This work
construct

DJC31 pCRIlunt

DJC31 for restriction/ligatiechased
cloning

This work

DJC62 pCRIunt

DJC62 for restriction/ligatiechased
cloning

This work

DJC31 pGBKT7 DJC31 Y2H bait construct This work
DJC62 pGBKT7 DJC62 Y2H bait construct This work
This work

ENO2 pDONR207

Entryvector for Gateway cloning
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CAM4 pDONR207

Entry vector for Gateway cloning | This work

IQD11 pDONR207

Entry vector for Gateway cloning | This work

ENO2 pDesVYNE(R) GW

The Nterminal part of Venus was-N This work
terminally fused to ENO2; BiFC

CAM4 pDesVYNE(R) GW

The Nterminal part of Venus was-N This work
terminally fused to CAM4; BiFC

IQD11 pDesVYNE(R) GW

The Nterminal part of Venus was-N This work
terminally fused to IQD11; BiFC

2.7. Antibodies

Primary antisera against DJC31 dndiC62 were generated for this study by Eurogentec (Seraing,

Belgium). Fragments of the DJC31 and DJCG@&2nNnus were used as antigens. Antigen expression

and purification conditions can be foundsections3.4.1 and 3.4.2The DJC31 antiserum was used i

a 1:500 dilution, the DJC62 antiserum was purified, as descril®d.Band the purified antibody was

used in a 1:500 dilution. Other antibodies used in this study can be fourabie5.

Table5: Antibodies used in this study

Name Dilution Source

Anti-DJC31 1:500 AG Soll, LMU

Anti-DJC62 1:500 AG Soll, LMU

Anti-BiP 1:2000 Agrisera (Vannas, Schweden
Anti-FNR 1:1000 AG Soll, LMU

Anti-c-mye 1:1000 Santa Cruz Biotechnolog

(Dallas, USA)
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The following media were usedter autoclavindor cultivation of bacteria, yeast and plants

Table6: Composition of media used foultivation of bacteria, yeast and plants.

YPDA
(without Adenine sulfate = YPD)

10 g/L Bacto yeast extract
20 g/L Bacto peptone

20 g/L Glucose Monohydrate
40 mg/L Adenia sulfate

(20 g/L Bacto agar for plates)

10x Dropout Mix

20 g EAlanine

20 g EArginine

20 g EAsparagine

20 g EAspartic Acid

20 g ECysteine

20 g EGlutamine

20 g EGlutamic acid

20 g Glycine

20 g Myainositol

20 g Hisoleucine

20 g ELysine

20 g EMethionine

2 g ParaAminobenzoic acid
20 g EPhenylalanine

20 g EProline

20 gL-Serine

20 g EThreonine

20 g ETyrosine

20 g kValine

36,2 g of the basic mix are supplemented w
the following amino acids, depending on t
resistance gene used:

0.5 g Alanine

2 g LHistidine

4 g kLeucine

2 g Uracil

2 g LTryptophan

SD medium

6.7 dL Yeats nitrogen base w/o amino acids
2 g/L Dropout Mix

20 g/L Glucose monohydrate

(20 g/L Bacto agar for plates)

5 MSmedium

0.05% MES

0.237% MS salts

adjusted to pH 5.8 with KOH

For plates the medium was supplemented w
either 0.6% Gelrite 00.8% agar

LB medium

10 g/L Tryptone

5 g/L Yeast extract

10 g/L NaCl

(15 g/L Agar for plates)
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2.9. Bioinformatictools andsoftware
2.9.1 Onlinetools
5b! YR LINRPGSAY &aSljdSy0Sa 6SNB 2060 AySR FTNRY

www.arabidopsis.org (Lamesch et al., 20IR2)or aramemnon (Schwacke et al.,, 20Q3)

http://aramemnon.unikoeln.de. Primers for qPCR were generated using NCBI Primer BLAST

(https://www.ncbi.nlm.nih.gov/tools/primerblasy). Primers for sitalirected mutagenesis were

designed using NEBaseChanddaipf//nebasechanger.neb.coi Annealing temperatures for PCR

were @lculated with the NEB Tm Calculatbittp://tmcalculator.neb.con). Identification of genes

found in the yeast twehybrid screening was performed using NCBI BLAS{Eqhul et al., 1997)

https://blast.ncbi.nim.nih.goy. Prediction of potential signal peptides was performed using TargetP1.1

and 2.0(Almagro Armenteros et al., 2019; Emanuelsson et al., 200® cdmain composition was
determined by using the NCBI Conserved Domain se¢actiiLu et al., 2020)The PHYREZ2 web portal
was used for structure predictiofKelley et al., 2015)Prediction of disorder was performed using
IUPred2A(Mészaros et al., 2018J-or visualization of publicly available gene expression data, the
AtGenExpress eFP viewer was u@ahese et al., 2017Functional annotation was performed using
the Database for Annotation, Visualiat an Integrated Discovery Version 6.8 (DAVID(Biang da

et al., 2009). For KEGGaghway analysis g:Profiler was us@ghudvere et al., 2019)

2.9.2 Software

For generation of sequence alignments, the sequence alignment editor B{btatlit1999Wwas used.
Multiple sequence alignments, using default settings, and analysis of protein hydrophobicity using the
Kyte-Dooltle scale with a window size of 21, were performed using CLC Main Workbench Version 7.7
(Qiagen Digital Insights). Structural models were generated with UCSF Ctitetéeesen et al., 2004)

Image analysis of western blots and root length measurements were performed using ImageJ (National

Institutes of Health, Bethesda, USA).
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3. Methods
3.1 Plantphysiologicaimethods

3.1.1 Growth conditions

Arabidopsisseeds were either put out on soil (Stender substrate A210, Stender AG, Schermbeck,
Germany) or on sterile solid %2 MS medium. For selection of transformed @a8fisagar containing

% MS medium was supplemented with either 25 pg/ml hygromycin or 50 pglaibsinate
ammonium (BASTA). For chemical stress treatment, %2 MS medihr.8% agawas supplemented

with the respective stress inducing agent. To the sstnessed control plates, the respective solvent

was added.

Before sowing on sterile media, seaslere surface sterilized with 0.05% TritorlB0 in 70% ethanol
for 10 min on a rotor, followed by several washing steps with ethanol. Seeds on either soil or sterile
plates were kept in the dark at 4°C for one to three days, to synchronize germinatidmabidopsis
plants were grown under long day conditions (Day: 16 h 100 pmol photots!,n21°C; Night: 8 h

dark, 16°C) in climate chambers or the greenhouse.

Nicotiana benthamianavas grown under long day conditio®ay: 16 h 100 umol photonss?,

21°C; Night: 8 h dark, 16°@)the greenhouse.

3.1.2 Stable transformation dkrabidopsis thalianhy floral dipping

Stably transformedArabidopsisplants were generated using the floral dip methdsgrobacterium
tumefaciensstrain GV3101, carrying the desired vector construct, was cultivated under the conditions
described in3.3.1 Cells were harvested by centrifugation at 3500 g, 4°QGni20 The pellet was
resuspended in Silwet medium (5% sucrose, 0.05% Sikf/é} and agusted to a final OB of 0.8.
Flowering plants were dipped into tregrobacteriasuspension for several seconds. After seven days,
the dipping was repeated. After seed harvesting, seeds were either grown on soil for selection by
ammonium glufosinate (BA®) spraying or grown on sterile ¥ Miates supplemented with the
respective selection antibiotic, as described 3rl.1 After selection on plates, seedlings were

transferred to soil.

3.1.3 Transient gene expressionNiicotiana benthamiana

For transiem transformation of Nicotiana benthamianaAgrobacteriumstrain AGL1 or GV3101,
carrying the respective construct of interest, were cultivated under the conditions descril38.in
The cells were harvested by centrifugation at 3225 g, 4°C, 15 min. élle¢ \pas resuspended in
infiltration medium (10 mM MES pH 5.7, 1 mM MgT50 pM acetosyringone) and adjusted to a final

ODxooof 1. The agrobacteria suspension was incubated at room temperature, covered, on a tube roller

22



Methods

for two hours The tobacco leagewere infiltrated with the bacterial suspension at the abaxial side,
using a Iml syringe. Subsequently, the infiltrated tobacco plants were covered and used for the
respective experiment after two to three days. In case ofrfittration of different castructs, the

respective agrobacteria suspensions were mixed 1:1 prior to infiltration.

3.1.4 In vitropollen germination assay

Pollen germination was examined according to a modified method from Boavida and McCormick and
JohnsorBrousseau and McCorma(Roavida & McCormick, 2007; Johnddmusseau & McCormick,
2004) Open flowers from Cdl anddjc31djc62were dipped onto solid germination medium (0.01%
boric acid, 5mM CaGl 5 mM KG 1 mM MgSQ 10% sucrose pH 7.5, Hgarosg on a microscope

slide. The slides were placed in a garation box, made of an empty tip box, filled with water and a
moistened tissue placed on the grid. The prepared glass slides were placed on the moistened tissue,

the box was closed and incubated for @unsat room temperature.

3.1.5 Phenotypic analysiegarding growth and development

To compare growth and development between wild type, single and double mutants, the approach
suggested by Boyes et al. was used with modificat{@uyes et al., 2001Plate based phenotyping
was performed on horizontal %2 MS plates under standhnalate chamber conditions, considering the
following developmental stages: Seed Imbibition, radicle emergence, hypocotyl and cotyledon

emergence, cotyledons fully opened, two rosette leaves >1 mm, four rosette leaves >1 mm.

For phenotyping on so#ingle seeds were placed in individual pots and grown under standard climate
chamber conditions. When first flowers appeared, the experiment was continued in the greenhouse.
The following growth stages were used for observation: Four rosette leaves >&ixmosette leaves,

ten rosette leaves >1 mm, first flower buds visible, first flower open, flowering complete.

3.2 Molecular biological methods

3.2.1 Isolation of DNA and RNA

3.2.1.1Isolation of plasmid DNA

For small scale isolation of plasmid DNAnNPrep) fromE.colithe NucleoSpin Plasmid EasyPure Kit
(Macherey and Nagel, Duren, Germany) was used. Larger scale plasmid isolatieRrélidivas
performed using the NucleoBond PC 100 Kit (Macherey and Nagel, Duren, Germany). Both kits were

used acording to the instructions of the manufacturer.
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3.2.1.2Isolation of RNA

For isolation of RNA, plant material was either ground in liquid nitrogen or homogenized using an
electronic pestle. Isolation of RNA was performed with the RNeasy Plant Mini &itliagcto the

YIydzFl OGdZNBNDRa AyadNdHzOGAzyazr AyOfdRAy3d (G4KS NBO2

Mannheim, Germany)

3.2.1.3 cDNA Synthesis

For synthesis of cDNA for RCR, 1 ug RNA was reverse transcribed using théLW reverse
transcriptase (Promega, Mannheim, Germany). For qgPCR, cDNA was synthesized by reverse
transcription of 1 pg RNA, using the iScH@DNA Synthesis Kit (BRad, Feldkirchen, Germany). For

both enzymes, the recommendations of the manufacturer were followed.

3.2.1.4Iolation of gDNA from Arabidopsis

Leaf material was homogenized in 500 pl High Purity Extraction Buffer (0.1-MCngH 7.5, 0.05 M

NaCl, 0.05 M EDTA pH 8, 1% (w/v) PVP 40) using either an electronic pestle or a TissueLyser
(Retsch/Qiagen) at maximum sk for 3 min. After homogenization, 66 pl 10% (w/v) SDS and 166 pl
Potassium Acetate Buffer (5 pbtassiumacetate, 11.5% (v/vacetic acid, pH 5.8) were added. After
centrifugation at 16000 g for 15 min, the supernatant was transferred into new tubemaret! with

500 ul isopropanol. After incubation a20°C for at least 15 min, the samples were centrifuged at
16000g for 15 min. The supernatant was discarded and the pellet washed with 500 pl 70% (v/v)
ethanol by centrifugation at 16000 g for 5 min. Bupernatant was discarded and the pellet dried at

50°C. The gDNA was reconstituted in 50 plxiH

3.2.2 Polymerasehainreaction (PCR)

For cloning, sitelirected mutagenesis and FPICR, the respective fragment was amplified using the
Phusion polymeraseith HFBuffer (NEB, Frankfurt am Main, Germany). Genotyping and colony PCR
were performed using the Taq polymerase (Bioron, Ludwigshafen, Germany). Annealing temperatures
were adapted for each primer pair and the elongation time was chosen according terthth of the

desired PCR product. Subsequently, PCR products were mixed with DNA loading dyhec88%2.5

mg/ml bromphenol blue) and loaded onto an 1% agarose gel in TAE Buffer (40 mM Tris, 2.5 mM EDTA,

1% acetic acid) containing ethidium bromide.

3.2.3 Quantitativepolymerasechainreaction (qPCR)

For gPCR, seven days old seedlings, grown on vertical ptatds with 6% Gelrite, were transferred
into liquid ¥2 MS medium and cultivated under standard growth chamber conditions far4 I©n

the next day, the medium was removed and replaced by fresh Imétium with or without a stress
agent. After incubation under standard growth chamber conditions for an appropriate time period,

RNA was extracted and cDNA was synthesized as gi@eh 1.
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For gPCR, the cDNA was diluted 1:10 and 2 pl were added to a master mix as described in the manual
of the FastStart Essential DNA Green Master kit (Roche Diagnostics GmbH, Mannheim, Germany). The

following Lightcycler program was used:

I Preincubation 1x 95°C, 600 s

1 3-Step Amplification 45x  95°C, 10 s; 60°C, 10's; 72°C, 10 s
1 Melting 1x 95°C, 10 s; 65°C, 60 s; 97°C, 1 s
1 Cooling Hold

As reaction control, the gPCR product was loaded onto a 2% agarose gel containing ethidium bromide.
For gPCR three biologicreplicates with each three technical replicates were used. The resulting data

were analyzed using the €t method.

3.2.4 Cloning
Different cloning strategies were performed, depending on the experiment and design of the
respective vectors. All cloning products were transforme#.icolias described i18.3.3 screened by

colony PCR and sequenced prior to use.

3.2.4.1 Restriction djestion and ligation

For cloning via restriction digest and ligation, the gene of interest was amplified via PCR, with primers
harboring the desired restriction sites, using the Phusion polymerase. The PCR product was loaded

onto an agarose gel with ethigin bromide. Subsequently, the bands were excised and extracted from

the gel using the NucleoSpin Gel and PCR aipdgit (MachereyNagel, Duren, Deutschland). 1 pg of

plasmid DNA or purified PCR product was digested with the respective restriction enagoasing

G2 GKS YI ydzZFlI OGdzZNENRaA NBO2YYSYyRIGAZ2yad ¢KS NBAGN
electrophoresis and the respective DNA bands were excised and extracted. For ligation with the
T4ligase, insert and vector were mixed in a maktio of 3:1 (insert : vector) and the reaction was set

dzLJ | OO0O2NRAY3I (2 GKS YIydzFI OGdzZNBENRA Ay EédNdzOG0 A2y ad

Some PCR products were ligated into the pBR®t Vector prior to restriction digest, using the der

Blunt® PCR Cloning,Kdllowing the instructions of the manu@hvitrogen, Darmstadt, Germany).

3.2.4.2 Gatewaycloning

For cloning with the GATEWAY system (Invitrogen, Darmstadt, Germany), PCR products carrying

attB sites were generated using the Phusion polymerase (NEB, Frankfurt am Main, Germany). The PCR

product was loaded onto an agarose gel. Afterwards, the bands were excised and purified using the

NucleoSpin Gel and PCR Claarkit (MachereyNagel, Diren, Deuttiland). The following BP reaction

and subcloning into GATEWAY destination vectors by LR reaction were performed according to the

YIydzFl OGdzNBENDA AyadNHOGA2yad EealiS NBFOGAZ2Y LINE R dzC
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3.2.4.3 TOPQloning

As an alternative to genetian of GATEWAY entry vectors by BP reaction, BaR@ing was used

withthe pENTR/B ht h /£ 2y Ay 3 (Al OLY@BAGNRISYIZ 5FNYadlR(Z
overhang, were generated using the Phusion polymerase (NEB, Frankfurt am Main, Gerngany) an

were excised and extracted after agarose gel electrophoresis. The TOPO® reaction was set up as

described by the manufacturer. The resulting product was transformé&ddali

3.2.5 Sitedirectedmutagenesis

For exchange of amino acids, the Q5-Biteeded Mutagenesis Kit (NEB, Frankfurt am Main, Germany)
was used. For amplification of the respective construct, either the Q5 Master Mix provided by the kit,
or the Phusion polymerase (NEB, Frankfurt am Main, Germany) was used. The following steps were
performed as recommended by the manufacturer and the mutagenesis product was transformed into
E.colias described i8.3.3.

3.2.6 Sequencing

Sequencing of plasmids and DNA fragments was performed by the Sequencing Service of the Genomics
Service Unit (Ludwilylaximilians University, Munich, Germany). For plasmids;3@ng DNA was

used. For sequencing of DNA fragments of-2000 bp in length, 50 ng DNA was used. The DNA was

mixed with appropriate primers in a total volume of 7 pl in 10 mM-H@ pH 8.5.

3.2.7. RNA sequencing (RNAseq) and data analysis

RNAseq was performed in cooperation with PD Dr. Tatjana Kleine (:Mdwimilians University

Munich).

Plants grown on soil at the fodeaves stage were ground in liquid nitrog&@iotal RNA from plants was

isolated using Trizol (Invitrogen, Carlsbad, USA) and purified using-Difeétx  wb ! aAyAt NBI
columnsd %8 Y2 wSaSkNOKI LNBAYySs ! {!0 IO0O02NRAYy3 G2 @K
guality were assessed with an Agilent 2100 BioanalyZagilént, Santa Clara, USA). Messenger RNA
enrichment, generation of mMRN3eq libraries and 150p pairedend sequencing on an lllumina HiSeq

2500 system (lllumina, San Diego, USA) were conducted at Novogene Biotech (Beijing, China) with
standard lllumina tocols. Three independent biological replicates were used per genotype.

RNASeq reads were analyzed on the Galaxy platf¢hfgan et al., 2016&)ssentially as describgXu

et al., 2019)with one exception: reads were mapped to the Arabidopsis TAIR10 genome with the
gappedread mapper RNA STABobin et al., 2013)sing standard settings.
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3.3 Microbiologicamethods

3.3.1 Growthconditions
E.coliandA.tumefaciensvere cultivated in LB medium on a shaker or oragBr plates, supplemented

with antibiotics, as requiredt.coliwas cultivated at 37°@\.tumefaciensat 28°C.

S.cerevisiawas grown in YPDA or on YPDA plates at 30°C. For plasmid selectioediB8mD wittout
the respective amino acids, used as selection markers, was used in liquid culturagarSidates at
30°C.

3.3.2 Generation of competent cells

3.3.2.1 Generation of competent E.coli

E.coliwas grown in 5 ml LB medium (with antibiotics, if requirad}7°C over night on a shaker. The
pre-culture was transferred into fresh 100 ml LB medium (with antibiotics, if required) and incubated
at 37°C on a shaker until an g#bf 0.40.6 was reached. Bacteria were harvested by centrifugation
at 3000 g, 5 min4°C. Subsequently, the pellet was resuspended in Buffer 1 (30 mM5RA0M,
MnCp*2 H0, 100 mM KCI, 10 mM CaQlH.0, 15%glycerol; sterile). After 5 min incubation on ice,
the cells were again centrifuged at 3000 g, 5min, 4°C. The pellet was radaspim 4 ml Buffer 2
(10mM MOPS, 10 mM KCI, 73 mM GSCH,O, 15%glyceroal; sterile). Cells were aliquoted, frozen in

liquid nitrogen and stored aB0°C.

3.3.2.2 Generation of competent Agrobacteria

Agrobacteria were grown in 20 ml LB medium with thepective antibiotics at 28°C for two days.
10ml of the preculture were transferred into 500 ml LB medium with appropriate antibiotics and
grown at 28°C for four hours. Cells were pelleted at 3000 g for 15 min. The pellet was resuspended in

10 ml sterié 10 mM Caél,. Cells were aliquoted, frozen in liquid nitrogen and storeeB@tC.

3.3.2.3 Generation of competent yeast cells

Cells were grown in 50 ml YPD at 30°C until apd@D0.50.6 was reached. After centrifugation at

700 g, 5min, 4°C, the pellet was resuspended in 50 ml sterileQldHd again centrifuged at 700 g,
5min, 4°C. The cells were resuspended in 12.5 ml LiSorb (100 mM lithium acetate, 10 mM Tris pH 8,
1 mM EDTAH 8, 1 Msorbitol; sterile). After centrifugation at 700 g,nsin, 4°C, the supernatant was
discarded and the pellet resuspended in 300 ul LiSorb. GérhNe (2 mg/ml) was denatured by heat
treatment and syringe shearing. 42 ul denatured carbd®A wee added to the yeast suspension.

Cells were aliquoted, frozen in liquid nitrogen and storeeBaFfC.
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3.3.3 Transformation of competent cells

3.3.3.1 Transformation of E.coli

1 pl plasmid DNA was added to 50 pul competéroliand mixed by tapping. Afte30 min incubation

on ice, the cells were heat shocked at 42°C for 90 s. After addition of 450 pl LB medium, the cells were
incubated at 37°C foone hour in a thermomixer. Cells were plated on-aar plates, containing

appropriate antibiotics for seleitin.

In case of transformation after cloning, the whole cloning product was added to cometeritand

prior to plating, the cells were centrifuged for 2 min at 1500 g and resuspended in 200 ul LB medium.
The plates were incubated at 37°C over night.

3.3.3.2 Transformation of Agrobacteria

5 pl plasmid DNA were added to 100 pl competartumefaciensAfter 5 min incubation on ice, the

cells were frozen in liquid nitrogen for 5min. Subsequently, heat shock was performed at 37°C for
5min. After additionof 800 ul LB medium, thkeacteria were incubated at 28°C for42hours. Cells

were harvested by centrifugation for 2 min at 1500 g, resuspended in 200 pl LB medium and spread

on LBagar plates containing appropriate antibiotics. The plates were incubdt28°€ for 23 days.

3.3.3.3 Transformation of yeast

5 ul plasmid DNA were added to 50 pl competent yeast cells and mixed by tapping. 300 pl LIPEG
(100mM lithium acetate, 10 mM Tris pH 8, 1 mM EDTA pH 8, 40% PEG3500; sterile) was added and
mixed by vort&ing. The cells were incubated for 20 min at room temperature. After addition of 35 pl
DMSO, heat shock was performed at 42°C for 15 min. Cells were centrifuged at 700 g for 1.5 min. The
supernatant was discarded and the pellet resuspended in 150 plesteBPo NaCl. Cells were spread

on SD medium plates without the amino acid used for selection. The plates were incubated at 30°C.

3.3.4 Long term storage
E.coliand A.tumefaciensvere grown over night in 5 ml LB medium with appropriate antibiotics under
standard conditions described above. 300 pl sterile glycerol were added to 700 pl of the over night

culture and mixed by vortexing. The cells were frozen in liquid nitrogen anedsé-80°C.

3.3.5 Yeast Twalybrid library screening

3.3.5.1 Test experiments for bait expression, autoactivation and toxicity
For testing toxicity of the bait construct, 100 ng DJC31+S pGBKT7, DJC62+S pGBKT7 or empty pGBKT7
were transformed intacompetent Y2HGold cells. The cells were plated in a 1:10 and 1:100 dilution on

SDTrp plates and incubated at 30°C for three days.
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For testing autoactivation of the reporter genes by the bait construct, 100 ng DJC31+S pGBKT7 and
DJC62+S pGBKT7 were transid into competent Y2HGold cells and plated in a 1:10 and 1:100
dilution on SBTrp plates containing 40 pg/mHXGal (Clontech, Mountain View, USA) andT8D

plates with 40 pg/ml X -Gal and 200 ng/ml Aureobasidin A (Clontech, Mountain View, USA). The

plates were incubated at 30°C and evaluated after three days.

For testing expression of the bait proteins, DJC31+S pGBKT7, DJC62+S pGBKT7 and empty pGBKT7 were
inoculated in 5 ml SIrp medium and incubated over night at 3@Ca shakerOn the next day he

over night culture was used to inoculate 50 mFBP medium with an Ofg of 0.150. The cultures

were incubated at 30°C until they reached ans@@Df 0.4 ¢ 0.6. The cells were harvested by
centrifugation at 1000 g for 5 min at 4°C. The pellets wesespended in cold dd& and centrifuged

again at 100@, 5 min, 4°C. 1 ml cracking buffer (8 M Urea, 5% SDS, 40 mM Tris/HCI pH 6.8, 0.1 mM
EDTA, 0.4 mg/mbromphenolblue) was mixed with 10 pl-mercaptoethanol, 70 ul 10x protease
inhibitor (cOmplete EDF&ee Protease Inhibitor; Roche, Mannheim, Germany) and 50 pl 100 mM
PMSF and heated to 60°C. 100 ul warm cracking buffer with supplements was added pegod.5 OD
units. Additionally, 3 pl 2100 mM PMSF were added from time to time during protein extrattien.
cracking bufferg cell suspension was transferred into a 1.5 ml reaction tube with glass beads and
heated to 70°C for 10 min. Cells were vortexed for 1 min and subsequently centrifuged at 18400 g for
5 min at 4°C. The supernatants were transferred imtav tubes and placed on ice. The pellets were
heated to 95°C for 5 min and vortexed for 1 min. After centrifugation at 18400 g for 5 min at 4°C, the
supernatants were combined with the supernatants from the previous step. The samples were mixed
with 5x SI3 loading buffer and loaded onto a 10% SDS gel. After gelelectrophoresis, the proteins were

transferred onto a PVDF membrane via a wet blot system and probed with acagt antibody.

3.3.5.2 Librarymating

DJC31+S pGBKT7 or DJC62+S pGBKT7 was riradsiftio competent Y2HGold cells, as described
above, and plated onto SDrp plates (=bait strain). 50 ml Sp were inoculated with a colony of the

bait strain and incubated at 30°C until andf 0.8 was reached. The cells were centrifugetiaitOg

for 5 min, resuspended in SDp medium and adjusted to a cell density of >Bdis/ml. 5 ml of the

bait strain were combined with 1 ml library strain (Mate & Plate libraiyniversal Arabidopsis,
normalized; Takara Bio USA) in 45 mYBDA medium wit50 pg/ml kanamycin in a 2 L flask. The cells
were incubated at 30°C under slow shaking. After220hours, the culture was checked for the
presence of zygotes under the microscope. The cells were centrifuged at 1000 g for 10 min. The 2 L
flask was rinseavith 50 ml 0.5x YPDA with 50 pg/ml kanamycin and the rinsing fluid was used to
resuspend the pellet. The cells were centrifuged again at 1000 g for 10 min and the pellet resuspended
in 10 ml 0.5%YPDA with 50 pg/ml kanamycin. The mating culture was plate@&DBLeuTrp plates

containing 200 ng/ml Aureobasidin A and 40 pg/ml-%al. As a control, 100 pl oflD, 1100, 11000
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and 110000 dilutions were spread on Sp, SELeu and SBrp-Leu plates, to check viability of the
bait strain, the libranstrain and the diploids. All plates were incubated at 30°C foidays.

All blue colonies from the mating plates were streaked out orL&8BTrp-Ade-His plates containing

200 ng/ml Aureobasidin A and 40 pg/mbh>Gal. The plates were incubated at 30°Ctfoee days.

3.3.5.2 Screening

After the library mating, blue colonies from the -8BuTrp-Ade-His plates with Aureobasidin A and
X-h-Gal were tested via colony PCR to identify the prey peptide. For this, single colonies were
transferred into 15 pl ddk© and 15 pl PCR master mix were added. The fragment was amplified using
the Tagpolymerase with the respective screening primers. 3 pl of the PCR product wesd witk

2.5yl loading dye and loaded onto an 1% agarose gel with ethidium bromide. The réx@Raroduct

was purified using the NucleoSpin Gel and PCR Qle#it (MachereyNagel, Diren, Germany) with

the following modifications: 100 ul NTI were mixed with the PCR product and loaded onto the column.
After centrifugation at 11000 g for 30 s, 683ONT3 were added and the columns centrifuged at 11§00

for 2:30 min. The columns were transferred to 1.5 ml reaction tubes and 20 yl NE was pipetted onto
the membrane. After 5 min incubation at room temperature the PCR product was eluted via
centrifugaton at 11000 g for 5 min. 50 ng purified PCR product were used for sequencing and the

sequences were identified using NCBI BLAST.

3.4. Biochemicainethods

3.4.1 Protein expression i.coli

A preculture of 10 ml LB, containing appropriate antibiotiags set up withE.coliharboring the
plasmid encoding the gene of interest and was incubated at 37°C over night on a shaker. This pre
culture was used on the following day to inoculate 1 L LB, containing antibiotics, with gasno®D
0.0125. The cells weigrown at 37°C until an QB of 0.6¢ 0.8 was reached. Protein expression was
induced by addition of 1 mM IPTG and carried out at 18°C over night. On the next day, cells were
harvested by centrifugation at 3500 g, 20 min, 4°C. The pellets were eithenfioZiquid nitrogen

and stored at80°C or used immediately for protein purification.

3.4.2 Protein purification

For purification of Hisagged protein, the pellet was resuspended in 30 ml lysis buffer (20 mM Tris/HCI
pH 7.5, 200 mM NacCl, 20 milhidazok) and the cells were disrupted by passing the suspension two
times through a microfluidizer (Microfluidics, Westwood, USA). After centrifugation at 20000 g for
30min at 4°C, the supernatant was transferred into a 50 ml reaction tube and mixed with RBNTA
agarose beads (Macherdyagel, Diren, Germany). After incubation at 4°C on a roller over night, the
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suspension was transferred onto a gravity flow column (Edeac; BieRad, Munich, Germany). The
beads were washed three times with 5 ml wash buffer (20 mM Tris/HCL pH 7.5, 200 mM NaCl, 40 mM
Imidazole). For elution 300 pl elution buffer (20 mM Tris/HCT 1200 mM NacCl, 200 mixhidazole)

were added onto the beads and incubated for 5 min. This step was repeated three times. Purity of the
isolated protein was checked via SBSGE. The proteins were frozen in liquid nitrogen and stored at
-80°C.

3.4.3 Antibody purification

For purification of antibodies from serum, the respective purified antigen was loaded onto a 12% SDS
gel and subsequently blotted onto a PVDF membrane using adsgrhiot system at 100 mA fame

hour. The membrane was stained with m&au staining solution and the antigen region was cut out.
The membrane strip was transferred into a 15 ml reaction tube and blocked with 5% milk powder in
PBS (0.14 M NaCl,72mM KCI, 10 mM NHPQ*2H;O, 18 mM KHPQ) for 30 min at room
temperature. Thestrip was washed three times with 10 ml PBS. Afterwards, 10 ml serum were added
and incubated at 4°C on a roller over night. On the next day, the serum was removed, and the strip
washed with PBS (PBS + 0.05% Tween20). The antibody was eluted from timraee by addition

of 800 ul 100 mM glycine pH 2¢&.5 for 30 min at room temperature. The eluate was neutralized by
addition of 50 ul 100 mM Tris/HCI pH 8. The antibody was aliquoted, frozen in liquid nitrogen and
stored at-80°C

3.4.4 Small scale chioplast isolation

For small scale isolation of chloroplasts frAnabidopsisleaves were transferred into a petri dish with

1 ml isolation buffer (50 mM Tris/HCI pH 8, 330 mM sorbitol, 0.1 mM EDTA, 0.1% BSA, 1 mM PMSF) on
ice. Using a razor blade, the & were cut in small pieces. The suspension was filtered through one
layer of gauze, rinsed with 1 ml isolation medium and centrifuged at 1000 g for 5 min at 4°C. The

supernatant was removed, and the pellet resuspended in an appropriate volume of indbafir.

3.4.5 Isolation of microsomes

Leaves were homogenized with approximately 20 ml MF buffer (0.05 M Tris/HCI pH 7.5, 0.5 M sucrose,
0.001 M EDTA) using a polytron homogenizer. After filtration through one layer of gauze, the
suspension wasentrifuged at 4200 g for 10 min at 4°C. The supernatant was transferred into new
centrifuge tubes and centrifuged at 10000 g for 10 min at 4°C. The supernatant was again transferred
into new centrifuge tubes and microsomal membranes were pelleted viaadtitrifugation at
100000g for one hour at 4°C. The pellet was resuspended either in MF buffer or other buffers suitable

for the subsequent experiment. The sample was frozen in liquid nitrogen and stor@d°at.
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3.4.6 Sucrose density centrifugation

Microsomal membranes were isolated in either Mt buffer (0.05 M Tris/HCI pH 7.5, 0.5 M sucrose,

5 mM MgCJ) or EDTAVIF buffer (0.05 M Tris/HCI pH 7.5, 0.5 M sucrose, 5 mM EDTA) as described in
3.4.5. Afterultracentrifugation, the pellets were resuspendedl ml MgMF2 (0.01 MTris/HCI pH 7.5,

0.25 M sucrose, 0.5 mM Mgtor EDTAVMF2 (0.01 M Tris/HCI pH 7.5, 0.25 M sucrose, 0.5 mM EDTA),
respectively. Isolated microsomes were loaded onto linear gradients ranging from 15% to 50% sucrose
in MgMF2 or EDTMF2buffer. The samples were separated on the gradient by ultracentrifugation at
166900 g in a swing out rotor for two hours at 4°C. After ultracentrifugation, the gradient was divided
into fractions from top to bottom. 35 ul of each fractioreve loaded ontoan 8% SD&el. After wet

blotting, the membranes were probed with antibodies against DJC31, DJC62 and BiP as ER control.

3.4.7. Membrane attachment
80 pg microsomal membranes were pelleted at 100000 g for one hour at 4°C. The pellets were

resuspended inifferent buffers and incubated on ice for 30 min.

1) 50 mM Tris/HCI pH 7.5 (Control)

2) 0.1 M NaCQ (~ pH 11)

3) 1M NaClin 50 mM Tris/HCI pH 7.5
4) 6 M Ureain 50 mM Tris/HCI pH 7.5
5) 1% SDS in 50 mM Tris/HCI pH 7.5

The samples were centrifuged at 100000 g, #t@ne hour. Pellet and soluble fractions were loaded
onto a 10% SDS Gel. After wiotting, the membranes were probed with antibodies against DJC31
and DJC62.

3.4.8 Bradford protein assay

For determination of the protein concentration according to Boad (Bradford, 1976) 200 ul
5xBradford reagent (0.01% Brilliant Blue G250, 5% ethanol p.a., 8.5% phosphoric acid) were added to
799 pl ddHO and 1 pl sample. After vortexing, the mixture was incubated at reemperature for

10min and photometrically measured at 595 nm. 1 ul sample buffer instead of sample was used as

control. For generation of a calibration curve BSA was used in a concentration rangerag/tl.

3.4.9 SD&Polyacryladmidgelelectrophores
SD$polyacrylamide gelelectrophoresis was performed as described by Ladimaeimmli, 1970)

Depending on the size of the protein of interest, 8%, 10% or 12% acrylamide were used. The stacking
gel contained 5% acrylamide. Samples were mixed with SDS loading buffer (62.5 mM Tri§SHBCI| pH
2.25% SDS, 108kycerin, 5% -mercaptoethanol, 0.004%romphenol blue) and separated on the gel

in SDS running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) at 30 mA/gel.
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3.4.1Q Westernblot

Proteins, separated via SIPAGE, wertransferred onto PVDF membranes via either sdmiblotting
(small proteins) or weblotting (proteins >100 kDa). For both methods the blot was assembled as
follows (from anode to cathode): Three filter papers (Blotitgper, MachereyNagel, Diren,
Germany) were soaked in Towbin buffer (25 mM Tris, 192 mM glycine, 0.001% SPiBpI0ethanol).

A PVDF membrane (Immobiléh Millipore, Darmstadt, Germany) was activated in methanol and
placed on the filter papers. The SB& was placed onto the PVDF memleand covered by three

filter papers soaked in Towbin buffer.

For semidry blotting, the transfer was performed at 0.8 mA/€for one hour at room temperature.

Wet blotting was performed at 400 mA, for two hours at 4°C or at 50 mA, over night at 4°C.

For mmunodetection, the membranes were blocked with 588k powderin TBST (20 mM Tris,
135mM NaCl, pH 7.5, 0.05% Tween20) for 30 min at room temperature. Incubation with the primary
antibody was either carried out at room temperature for two hours or ateV& night. The antibodies
were diluted in 1%mnilk powderin TBST as given iffable5. After washing in TBBfor 3 x 10 min, the
membrane was treated with an apprdpte secondary antibody, coupled to a horseradish peroxidase,
for two hours at room temperature. After washing in TB®r 3 x 10 min, the membrane was covered
with a 1:1 mixture of ECL1 solution (100 mM Trid/pt 8.5, 1% luminol, 0.44% coumaric acig) a
ECL2 solution (100 mM Tris pH 8.5, 0.018%»)HThe luminescence signal was recorded using an
ImageQuant LAS 4000 (GE Healthcare).

3.4.11 Protein staining

To visualize proteins in SIP8Is or on a membrane, gels or membranes were incubated in Cotmass
solution (45% (v/v) methanol, 9% (v/v) acetic acid, 0.2% (w/v) Brilliant Bd&®)Ror 20 min at room
temperature. To destain the background, gels or membranes were incubated in Coomassie destain
solution (45% (v/v) methanol, 9% (v/v) acetic acid%®.@Qv/v)) until the band pattern was clearly

visible.

For reversible staining of western blot membranes, Ponceau staining solution (5% (v/v) acetic acid,
0.3% (w/v) Ponceau S) was used. The membranes were incubated in staining solution and destained

in ddHO until the band pattern was clearly visible.
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3.5. Cellbiologicaiethods

3.5.1 Protoplast isolation fromArabidopsis thaliana

Leaves were placed in a petri dish with 10 ml enzyme solution (1% cellvlase R10, 0.3% (w/v)
macerozyme R10, 400 mM mannitol, 20 mM KCI, 20 mM MES pH 5.7, 10 mMQ&&C(w/v) BSA),
cut in small pieces and incubated in the dark at room temperafore90 min. Protoplasts were
released by gently swirling the petri dish. The protoplasts were filtered through a nylon mesh and
pelleted at 100 g for 4 miflow brake) The pellet was resuspended in MMg buffer (0.4 M mannitol,
15 mM MgCl 4 mM MES pH 5.7pubsequently, the protoplasts were layered onto a step gradient
consisting of 9 ml MSC buffer (10 mM MES, 20 mM M@0 g/L sucrose, adjusted to 550 mOsm)
and 2 ml MMg. After centrifugation at 70 g for 10 min, intact protoplasts were transferrechinew
tube and diluted with 5 ml W5 buffer (2 mM MES pH 5.7, 154 mM NacCl, 125 mi &a®ll KCI).
After centrifugation at 100 g for 4 min, the pellet was resuspended in 500 pl MMg.

3.5.2 Transfection oArabidopsigprotoplast

Transfection ofArabidopsisprotoplasts was performed as described Yoo et al. 2007with
modifications(Yoo et al., 2007)L0 pg plasmid DNA were transferred into a 2 ml reaction tube. 100 pl
protoplasts in MMg buffer were added and mixed by tapping. 110 pl PEG solution (40% PEG4000,
0.2M mannitol, 100 mM Cag}lwere added and mixed higpping. The protoplasts were incubated at
room temperature for 15 min. The transfection was stopped by addition of 440 ul W5 buffer followed
by gentle inversion of the tube. The samples were centrifuged at 100 g for 2 min, the supernatant was
removed, andthe protoplasts resuspended in 1 ml WI buffer (4 mM MES pH 5.7, 0.5 M mannitol,
20mM KCI). The transfected protoplasts were transferred into a-plete and incubated at room
temperature over night in the dariSubsequent analysis by confocal microsoepg performed using

the following setting: &ica, TCS SP5; objective lens: HCX PL APO CS, magnificattpmuG8&ical

aperture: 1.3; imaging medium: glycerol.

3.5.3 Protoplast isolation fromlicotiana benthamiana

The following buffers were used fooiation of protoplasts from tobacco
2 M NH succinate: 2 M succinic acid, 2 M /H adjusted to pH 5.8 with KOH

Macro MS (modified): 10 mM KNG mM CaGix 2 HO, 1.5 mM MgSf&x 7 HO, 1.25 mM KHPQ,
0.02 M NHsuccinate, 2 mM MES

Micro MS (1000x): 8. mM KI, 109 mM EDTe(lIl) sodium salt, 48.5 mMB{}, 59.16 mM MnSEx
H.O, 7 mM ZnS£x 7 HO, 753 pM NgMoO, x 7 HO, 100 pM CuSax 5 HO, 105 uM Cogk 6 HO

F-PIN: Macro MS (modified), 1x Micro MS, adjusted to 550 mOsm with sucrose
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FPCNMacro MS, 1x Micro MS, adjusted to 550 mOsm with glucose, adjusted to pH 5.8 with KOH
W5 buffer: 150 mM NacCl, 125 mM CaGImM KCI, 2 mM MES pH 5.7

The tobacco leaf was immersed in enzyme solution (1% cellulase R10, @c8fbayi@e R10, 0.19BSA

in FPINDbuffer) and cut in pieces of approximately 1 x 1 cm using a razor blade. Leaf pieces were
infiltrated with the enzyme solution by applying vacuum for 30 s. The infiltrated leaf pieces were
incubated in the dark under gentle shaking for 90 min. The prasiplwere released by shaking at
80rpm for 1 min and filtrated through a nylon mesh into a centrifuge tube. The protoplast suspension
was overlayed with 2 mI-FCN and centrifuged at 70 g (low brakes) for 10 min. Intact protoplasts
accumulated at the intdace between enzyme solution anedPlEN and were transferred into a fresh
tube. Protoplasts were washed with 10 ml W5 buffer by centrifugation at 50 g for 10 min. The
protoplast pellet was carefully resuspended in 500 pl W5 buffeibsequent analysis byrfocal
microscopy was performed using the following settirgjch, TCS SP5; objective lens: HCX PL APO CS,

magnification: 638, numerical aperture: 1.3; imaging medium: glycerol.
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4, Results

4.1 In silicaanalysis andtructure prediction

DJC31 (TPR16, AT5G12430) and OJEE2L5, AT2G41520) were first identified imasilicoscreening

for carboxylate clamp type TPR proteinAirabidopsidy Prasad et al., as two of 24 newly identified
carboxylate clamytype TPR prieins and therefore potential cohaperones of HSP70 and HSP9O.
Using different localization prediction software tools, DJC31 and DI@@2predictedto be located
either in the chloroplast or in the nucle(Brasad et al., 2010Based on this study, Chiu et al. included
DJC31 and DJC62 in their experiments regarding evolution and function of chloroplastaH&RZ0
putative cachaperones. In this study, they have performed chloroplast import experiments to verify
the predicted plastidal localization of 19ibteins. For DJC31 and DJQB2,import ratesof the fulk
length proteinsinto the chloroplastwere rather low, but using a truncated form, they could
demonstrate, that both fragments were imported and processed in the chlorgplaséreas more

than one mature form was visible after the imp@@hiu et al., 2013)

4.1.1 Domain composition and structure

DJC31 is composed of 1165 amino acids, willeulated molecular weight of 129 kDa. DJC62 is 1108
amino acids in length and has a calculated molecular weight of 123 kDa. Furthermore, there are two
predicted splice variants for DJC62. DJC31 and DJC62 share 34% identity and 50% similarity, with a high

degree of conservation especially in thee@minal part Eigureb).

200 400 600 800 1.000 1.200
| | I I I I

DJC31 — - 1165
DJCe2 1108

0% 100%

Figure5: Alignment of DJC31 and DJC62.
Protein sequaces of DJC31 and DJC62 were alighbkd.graph below indicates the degree of conservation as given in the

black/white scale.

The NCBI conserved domains search tool was used to get an overview of predicted structural motifs
(Lu et al., 2020)For DJC31, seven TPR repeats could be detected intéhmi@al half of the protein.
Additionally, it contains adomain at the very @rminal end, ranging from amino acid 1024 to 1106.

For DJC62, six TPR repeats andlandain from anmmo acid 979 to 1059 could be identified in the
Gterminal part The TPR repeats of DJC31 and DJC62 cluster into two regions of three TPR repeats
each,which formtwo TPR domainspanninghe region from amino acid 608714 and 882 976 for

DJC31. In DBE the two domains can be found in the region of amino acid-58® and 83%; 932
36



Results

(Figure6). The two TPR domains of DJC31 and DJC62, respectivelaligred with the TPR domains
of the closest homolog in humans TPR2, which has been proven to behaperone of HSP70 and
HSP9({Brychzy et al., 2003The alignment shows th@resenceof the conservedconsensus residues
KsNo-Ns-KoRs, responsible for the interaction with the MEEVD motif of cytosolic HSR@ich is
consistent with the findings of Prasad et(Rrasad et al., 201@Gcheufler et al., 2000Besides the
KsNs-Ns-KzRs motif, the TPR domainadditionally share some highly conserved residues, which are
important for their structural integrity. Among them A{GAo and Az, which are also present in the
TPR domains of DJC31 anlT62(Zeytuni & Zarivach, 2018jigure?). This indicates, that DJC31 and
DJC62 could act like TPR2 as potentiai@aperones of HSP70 and HSP9O0.

A
DJC31
N C
608 Tl 714 882 Tz 976 1024 1106
((2*}’,‘3"""‘ 49171
¥y ¢ - /AN o
\ 4 ') LN % N
(yl(“ S:"b‘v" )\“ﬁ\"i N\
e P A . A,
t?‘ WO < \’\f ) 2 (o
L BN e e
%
(\;;ji w S \\‘\&Q)
B DJC62

Figure6: Domaincomposition

DJC3XA)and DJC62B)are composed of seven and six TPR repeats (btespectively, and a-@rminal Jdomain (gay).

Both proteins contain a long-dérminal part of unknown structureStructural models were generated using Phyre2, based

on the structure of the humano-chaperore p58IPK. Predicted DJC31 and DJC62 domains are highlighted in blue (TPR repeat)
and gay (3domain).
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TPR2 T1 AETFKEQGN|AYYAXKDYNEAYN YTKA | P
TPR2 T2 LKAKKIEDGN[KAF K- GNYKLAYE L YTEALG | DP
DJC31 T1 CEKWR|LRGN[NAYK GDLSRAEE-YTQG I P
DJC31 T2 LLRL[K|AAGNEAFQ-GRHTEAVE I YTAALACNV
DJC62 T1 CEVWR|LRGNQAYK /GYMSKAEECYTHG | P
DJC62 T2 LLRY[KNAGN|EAVR ORKYMEAVE OYTAALSRNV
TPR2 T1 - - -YGNRAATLVMMLGRFREALGDAQQSVRL
TPR2 T2 AKLYCNRGTVNSKLRKLDDATEDCTNAVKL
DJC31 T1 MLCYSNRAATRMALGRMREATADCTMASS |
DJC31 T2 AVCFCNRAAAYKALGQF SDATADCS LA AL
DJC62 T1 ALCYGNRAAAR | SLGRLREAISDCEMAASL
DJC62 T2 AICFCNRAAANQALVQ | ADATADCS L AMAL
TPR2T1 DDSFVR/GHLREGKCHLSLGNAMAACRSF - - - -
TPR2T2 DDTY I[KAYLRRAQCYMDTEQYEEAVRDYEK YQTEK
DJC31T1 DSNFLIKVOVRAANCYLSLGE I EDASRYFKK LQSGS
DJC31T2 DONYS|KA | SRRATLFEMIRDYGOAASDMER LTK- -
DJC62T1 DPSY I|KAYMRAANCHLVLGE LGS AVQYFNK MKS TS
DJC62T2 DENYTKAVSRRATLHEMIRDYDOAASDLOR LVKOS
T
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Figure7: Alignment of potential TPRarboxylateclamp domainsof DJC31 and DJC62 witie TPR domains of the human
TPR2.

The sequences of the predicted TPR domains of DJC31 and DJC62 were aligned with the TRRfdtmaamuman
HSP70/HSP90 @haperone TPR2. Conserved residues of #My-Ks-KoRs motif, involved in formation of the carboxy&

clamp, are highlighted with blue boxes. The black/white scale indicates the degree of conservation.

The ddomain of DnaJ fronk.colj the founding member of the HSP40 protein family, was used to
confirm the presence of adbmain in DJC31 arldJC62. Thedbmain sequence alignment of the in
general well conserveddbmains shows 35% identity between DnaJ and DJC31, and 30% identity
between DnaJ and DJC62. Also the functigresisential HPD motif, responsible for activation of the
HSP70 ATPaglemain, can be found in all sequences analy@&inpinga & Craig, 2010)

DnaJ J-domain ODYYEILGVSKTAEEREIRKAYKRLAMKYHPD|- - - - - - -RNQ
DJC31 J-domain -DMYLVLGVVPSCSASDIRKAYRKAALKHHPDKAGQSLTRNE
DJC62 J-domain -FFLIMGVETSDSAADIKKAYRKAALRHHPDKAAQILVRSE

DnaJ J-domain - ------- -KEAEAKFKEIKEAYEVLTDSOKRAAYD

DJC31 J-domain LWKEIGEEVRKDTDKLFKMIGEAYAVLSDP AKRSQYD
DJC62 J-domain L-KEILEEVHKGADRLFKMIGEAYSVLSDP TKRSDYE

_ T
0% 100%

Figure8: Alignment of the DJC34nd DJC62-domains with the Jdomain of E.coliDnaJ.
Sequences of the predicteeddmains of DJC31 and DJC62 were aligned with-dloendin ofE.coliDnaJ. The conserved HPD
motif, which activates the HSP70 ATPase domain, is highlighted with a blue box. The black/white scale indicates the degree

of conservaibn.
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Both DJC31 and DJC62 contain a lortgridinal part of unknown structure, which encompasses
approximately half of the proteins. IUPred2A was used to gain more information about the folding
state of the Nterminus. This tool is based on an energy eation model, which uses a leresolution
statistical potential to estimate the tendency of amino acids to form contacts, as observed in proteins
of globular structurgMészaros et al., 2018)he resulting plot indicates a high degree of disorder in
the Nterminal part of DJC31 and DJC62, whereas tlerr@inal part of the protein, where the

predicted domains are located in, is predicted to be predomiryawill structuredFigure9).
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Figure9: Disorder prediction
IUPred2 was used to predict disordered regions of DJ&gAnd DJC62B) Both proteins exhibit a high degree of disorder
within the N-terminal half of the proteins, whereas the values of thée@ninal half, containing the predictedomains

indicate a predominantly folded state.
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Using the Kytdoolittle hydrophobicity scale, the hydrophobicity of the proteins and tlius
probability of existing transmembrane segmentsasmanalyzed. In this scale, regions composed of
hydrophobic amino acids, exhibit a positive value in the graph. Using a window size of 21, regions with
a calculated value of >1.6 dikelyto be transmenbrane segments, which was not reached for neither

of the two proteins(Kyte & Doolittle, 1982)Figurel10). Also the overall hydrophobicity is rather low,
which indicates DJC31 and DJC62 to be soluble proteins.
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Figure10: Hydrophobicity plot according to the Kyt®oolittle scale
TheKyteDoolittle scale of hydrophobicitwas used to analyze the hydrophobicity of DJC31 (A) and DCah&hreshold
value of 1.6 for the presence of transmembrane domains is marked wil &rre. The graphs do not provide evidence for

the presence of transmembrane segments.
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4.1.2 Gene expression profile

Toobtaininformation about the expression levels DIC3hnd DJC62n different organs and tissues,

the AtGenExpress eFiewer was used from the Bidnalytic Resource for Plant Biology (BAR). This
tool uses publicly available gene expression data generated with an Affymetrix ATH1 array, normalized
by the GeneChip Operating Software (GCOS) method and a target intensitydlt@T)f 100. Most
tissues were sampled in triplicat@dakabayashi et al., 2005; Schmid et al., 2005; Waese et al.,.2017)
The overview schemes fXJC3AndDJC6hdicate that both genes amxpressed in almost all organs,
tissues and developmental stages with slight differences regarding expression levels between the two
genes(Figurell). DJC3keems to be more expressed in leaves, with maximum expression levels in
pollen, wherea$JC62eems to be predominantly expressed in the shoot apex and flower stade 9

The highest expression levdty DJC62an be found in dry seeds.
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Figurell: Expression profile oDJC3kand DJC62
Overview of gene expression in different organs, tissues and developmental SlE@E&[A) andDJC6ZB) are expressed in

almost all organs and developmental stages. Images generated with the AtGenExpress eFP Viewer.
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4.1.3 Prediction othe subcellular localization

In a previous study, conducted by Prasad et al, different bioinformatic toolthéoprediction of
subcellular localizatiswere used foiin silicocharacterization of newly identified TPR proteins. They
found DJC31 and DJC62 to be located in the chilasbpr the nucleugPrasad et al., 2010J o confirm

this result, TargetP was used. Version 1.1 is a neetalork-based tool, which analys¢éhe N-terminal

amino acid sequence for presence of targeting signals leading proteins to the chloroplast,
mitochondria and the secretory pathw@xlimagro Armenteros et al., 2019; Emanuelsson et al., 2000)
Using the plant network without a cutoffalug TargetP 1.1 predictedoth proteins to be located in

the chloroplast with a transit peptide of 48 amino acids in length for DJC31, supportedtinng
reliability class of Janda very short chloroplast transit peptide fifur amino acids in length, with a

weak reliability @dss of 4or DJC62.

A new version of TargetP was released in 2019. Using TaPgetmo targeting signals could be

predicted for neither DJC31, nor DJC62.

A
Length cTP mTP SP other Loc RC TPlen
DIC31 1165 0.980 0.031 0.004 0.063 C 1 48
DIC62 1108 0.725 0.027 0.040 0.367 C 4 4
B
C
Other Signalpeptide | Mitochondria | Chloroplast Thylakoid
DIC31 0.9988 0 0.0001 0.0011 0
DIC62 0.9998 0 0 0.0001 0

Figurel2: Prediction of the subcellular localization of DJC31 dldiC62 using TargefP1 and 2.0.

A) Localization of DJC31 and DJC62 was analyzed using Target P 1.1 régapdesgnce of chloroplast transit peptides
(cTP), mitochondrial transit peptides (mTP) or signal peptides for proteins of the secretory pg®R)ayto predict the
subcellular localization (Loc), considering the reliability class (RC) and the length of the transit peptide (TPlenjiciée pre
localization of DJC31 and DJC62 was chloroplast.

B ¢ C) Subcellular localization predictiaith TargetP 2.0. According to the graphical output for DJC31 (B, upper panel) and

DJC62 (B, lower panel) and the calculated values in C, no targeting signal could be detected.
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4.2 Characterization of single and double knockout mutant lines

4.2.1 Phenotypiccharacterization

To analyze the function of DJC31 and DJC62, two knockout lines withb@ckground were used,
carrying TDNA insertions within the first exon 81C31djc31) or the second exon dJC6Zdjc62),
respectively Figurel3).

DJC31 v
- e e —

DJC62 v
2 HE s

Figurel3: Gene models obJC3Band DJC62

Exons are illustrated as blue boxes. The sites of th&lAinsertions are marked with black triangles

Knockout of only one gene resulted in a very mild phenotype, which is overall comparable to wild type.
Therefore, a double mutant was generated by crossingljo81 with djc62 The resulting double
mutant djc31djc62 shows a severe phenotype with strong defects in growth and development. To
confirm, that these defects are exclusively caused by the knoctbthe two genesthe double
mutant was complemented with eithddJC3br DJC62inder control of a 35S promoteAll mutant

lines were checked for homozygosity of th®WMA insertion, as well as for presence and absence of
the respective genes or complementation constructs by genotyping. For that, gDNA was isolated from
leaf material and tested by PCR using appaip primers. For verification ofDNA presence, primers
binding within the gene and within theDNA insertion were chosen. To confirm homozygosity of the
T-DNA, a primer pair spanning the region before and after the site of D&A insertion was used

For testing of the complementation lines, an additional primer pair, with one primer binding within an
intron, was designed to discriminate between the endogenous gene and the complementation
construct, which was cloned from cDNA. Additionally, all linese tested on the protein level via
western bloting, usingspecificantibodies against the #&rminal part of DJC31 or DJC62, respectively,

to verify absence and presence of the respective gene prodhigti(el4).
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Figurel4: Mutant phenotypes and mutant confirmation by gengping and western blot.

A) Photographs of four weeks old wild type (Gpldouble mutant djc31djc62), single mutantsdjc31and djc62 and
complementation linesdjc31djc6235S:DJB1anddjc31djc6235S:DJC6R Thedjc31djc62mutant has short, thingrumpled

leaves, whereas the single mutants and complementation lines show a phenotype comparable to wild type.

B-D) Wild type, mutant lines and complementation lines were genotyped to confirm the presence and homozygosity of the
T-DNA insertion and successfulngenic integration of the complementation construct.

E) Presence and absence of the respective proteins were analyzed via westeusibipantisera against the-fdrminus of

DJC31 and DJC62, respectively.

The double mutant exhikéd a strong leaf phengfpe, with extremely shortened petioles and
shortened, thin, crumpled leaf blades. The rosette leaf shape of single mutants and complementation

lines looked comparable to wild type.

Looking at later growth stages, it became apparent, that the single msitslndw a slight growth
retardation, whereas the double mutant showed a strong defect in growth and development. In

addition to the slow growthdjc31djc62grew bushy with thinner stems and less side branchegure
15).
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Col-0 djc31 djc62 djc31 djc62 djc31 djc62

Figurel5: Mutant phenotypes at later growth stages.
A) Six weeks old wild type (€| single mutantsdjc31, djc62 and double mutantdjc31djc62). Thesingle mutants exhibéd
a slight growth retardation, whereas the double mutant steale strong growth defect.

B) The double mutant shad bushy growth with thin stems and less branching.

The growth defects ofljc31 djc62were not only visible in later growth stages, but already at the
cotyledon stage. Here, mainly four different cotyledon morphologies could be observed. In most cases,
the cotyledons oftljc31djc62looked similar to wild type with minor differences. In secases, heait
shaped cotyledondriple cotyledons or fused cotyledons could be obser(eidurel6). These altered
morphologies were mostly observed only oneside of the cotyledonQuantification of these altered
cotyledon morphologies by counting more than 100 seedlings eD@ijt31, djc62and djc31djc62
revealed, that 12% of thdjc31djc62seedlings exhibitd this defect, whereas for wild typand single

mutantsdifferencesin cotyledon shape and number couldt be observedTable7).

Col-0 djc31 djc62 djc31 djc62

Figurel6: djc31djc62showed an altered cotyledon morphology.

Photographs of eight days old seedlings of wild type-Qalouble mutant ljc31djc62 and single mutantsl{c31anddjc62).

The double mutant shoed variouscotyledon defects.
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Table7: Quantification of cotyledon defect occurrencélore than 100 seedlings per genotype were scored. 12% of the
djc31 djc6Xeedlings showed an altered cotyledon morphology.

Total Altered morphology %
Colt0 131 0 0%
djc31djc62 178 22 12%
djc31 104 0 0%
djc62 117 0 0%

Another striking feature of the double mutamasthe strong decrease in seed yield. Plants were grown

in parallel and were bagged, whemost of the siliques were ready to be harvested. After harvesting,
seed yield was scored according to the weight of the individual seed batches. The seed yield of
djc31djc62was strongly decreased by 89%, wherdg8landdjc62were decreased by 29% and 25%
compared to wild type, respective(fFigurel?7). The reduction in seed yield of the single mutants was

not significant compared to wild type but indicates a clear trend.

The siliques afljic31djc62showed an altered morphology. They weneich shorter compared to wild
type and manysiliqueshad a bent or curled appearance. Siliques of the single mutants were slightly

shorter than wild type siliques, which fits to the slightly decreased seed yield, but aenalboked
normal Figurel?).

Seed Yield

djc31 djc62

djc31
djc62

<
©
o

i

Col-0 djc31djc62  djc31

Figurel7: Mutants showed a decrease in seed yield and an altered silique morphology.
A) The amount of seeds in tlgc31djc62mutant was tremendously decreased, whereas the31and djc62mutants were

not significantly decreased in seed yield {Cai=10,djc31djc62n=7,djc3l n=9, djc62 n= 10). Error bars represent the
standard deviation

B) Siliques of thdjc31djc62mutant were shortened andn some casebent or curled
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Reasons for a decrease in seed yield can be an impaired flower development or defective pollen, and
since, according to public gene expression dBX&C3Ehows highest expression in pollen, DJC31 might

be of special importance for reproduction apallen viability. Therefore, flowers and pollen were
inspected in more detail. Flowers of the single mutatit81anddjc62were normal in size and shape
compared to wild type. However, flowers of the double mutant showed several different defects. The
number of petals, which is typically four for Brassicaceae, was increased or decreased, with petals
showing abnormal shapes dtissions. In some flowers, petals were absent completely. Sepals were
also affected and showed differergim size and shape. Furthermore, they did not enclose the flower,

as it can be seen the wild type, but rather sickout to different directionsStamina were shortened

or even absent at all. Pistils were bent or had a spiral skfaigerel8).

A

Col-0 djc31 djc62 djc31 djc62

Figurel8: Thedjc31djc62mutant showed an abnormal flower development.

A) Thedjc31djc62mutant showed vast defects in flower development. Number and shape of petai® altered or absent.
Staminawere shortened or absent. Pistilgere bent or curled. Flower morphology dfc31and djc62was comparable to
wild type (CoD).

B) For analysis of pollen viability, flowers wesblded onto solid pollen germination medium. After six hours, the samples

were scored for pollen tube development. Although flower developnveasimpaired indjc31djc62 the pollenwasviable.

These severe defects in flower morphology raised the question, whether pollen is actually generated
within the anthers. Analysis of pollen content in the anther by staining was not possible, since the
deformations made identification of the right floweragje for staining and sample preparation
impossible. Instead, pollen tube formation was analyzed. For that, open flowers froix &ual
djc31djc62were dapped onto solid pollen germination medium on a microscope slide and placed into
an incubation chambamade of an empty tighox with a wet tissue to prevent the samples to dry out.

After six hours at room temperature, germinated pollen was imaged under the microscope. Since
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pollen germination depends on density of the pollen grains, regions of approximejabl density
were used to compare pollen tube formation between wild type and double mu(Botvida &
McCormick, 2007)in both samples, pollen was viable and comparable regarding pollen tube number

and length(Figurel8).

Besides leaveflowersand siliquesalso the roots were affected by the lack of DJC31 and DJC62. Roots
of djc31djc62were extremely shortened and barely showed lateral root growth. The single mutants
djc31and djc62 were not significantly reduced in root growtehowed a normal morphology and

lateral root formation.

10,00

9,00

8,00
7,00
6,00
5,00
4,00
3,00
2,00
1,00
0,00

Col-0 djc31 djc62 djc31 djc62

Length in cm

Figure19: Root morphologyand length.

A) The root morphology afjc31and djc62wascomparable to wild type (Cdl), whereas roots of thejc31djc62mutant
were extremely shortened and barely shedlateral root growth.

B) Quantification ofhe root length. The root length afjc31and djc62did not significantly differ from wild type. Roots of
djc31djc62showed a strong decrease in length. @h=18,djc31djc62n=17, djc31and djc62n=19. Error bars represent

the standard deviation.

4.2.2 gPCR Analysis djc31anddjc62

According to their structure and domain composition, it was conceivable that DJC31 and DJC62 have
overlapping functions. Phenotypic analysis of single and double mutant lines revealatjcBkand

djc62 are barely affectedoy the knockout of one gene. This has raised the question, whether
upregulation ofDJC31n djc62and DJC62n djc31occurs to compensate for the loss of one gene. To
answer ths question, RNA was isolatedim seven days old seedlings, reverse transcribed into cDNA
and analyzed via gPCR, usigP24s reference gene. A significant change in gene expression could
neither be observed fobJC31n djc62or DJC62n djc31in comparison to wild typéFigure20).
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Figure20: Singlemutant analysis via gPCR.

To analyze whethddJC3br DJC62re upregulated imljc31anddjc62 respectively, to compensate for the loss of the other
gene, RNA was isolated from seven days old wild type and single mutant seedlings. A gPCR was perfor@E®24ing
reference gene. No significant 4pr downregulation could be observed foxJC62n djc31and DJC31n djc62 Error bars

represent the standard deviation.

4.2.3 Growth and development of single and double mutants

Since the double mutant exhibited several defects, and the single mutants showed a tendency to
slightly retarded growth, development of wild type and mutant lines was tracked in detail, using the
plate-based and scibased phenotyping approach by BoyeslEBoyes et al., 2001THs method uses

the BASF, Bayer, Ciigy, Hoechst (BBCH) scale to define diffedrabidopsisgrowth stages
throughout the whole life span, from seed imbibition to seed maturation. The filated approach

has a focus on early development, encompassjagnination and the early vegetative phase. 100
seeds per genotype of CG0) djc3], djc62and djc31djc62were put out on ¥z M®lates and scored
regarding reaching the growth stages of seed imbibition, radicle emergence, hypocotyl and cotyledon
emergence,cotyledons fully opened, two rosette leaves >1 mm and four rosette leaves >1 mm.
Because of the strong root phenotype of the double mutant, root development was excluded from the
analysis. The plates were discarded on day 21, sine®,@m31, anddjc62had reached all growth
stages to be analyzed and no progression of growth could be observed anymdje3bdjc62

Table8: Platebased phenotyping. Mean values indicate the average duration of reaching the indicated gtagth with

standard deviatioa (SD)

Seed Radicle RYEREE] Cotyledons 2 Rosette 4 Rosette
Cotyledon

imbibition emergence fully open leaves leaves
emergence

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Colo 1.00 | 0.00 2.92 0.54 | 3.97 0.49 5.12 0.56 | 10.03 | 0.86 | 13.35| 1.23

djc31

djc62 1.00 0.00 3.24 1.18 4.49 1.21 8.45 3.04 | 1237 | 211 | 1555 | 2.13

djc31 1.00 0.00 2.57 0.49 3.65 0.48 5.18 1.18 | 10.13 | 0.63 | 13.62 | 0.78

djc62 1.00 0.00 2.77 0.42 3.84 0.37 5.13 0.70 | 10.34| 0.85 | 14.18 | 1.22
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Based on the platbased phenotyping, the single mutants grew comparable to wild type. However,
growth of thedjc31djc62seedlings was severely retarded and showed a high degree obiigyia
(Table8). Inspection of the plates on day 21 showed a uniform appearance for wild type and single
mutants, whereashe djc31djc62mutant grewvery heterogenouand exhibitedseedlings in different
growth stages Kigure21). Therefore, seedlings were quantified regarding reaching the different
growth stages. For GOl djc31anddjc62more than 90% of the seedlings reached all growth stages
analyzed. Fadjc31djc62 a growth arrest after opening of the cotyledons was observed and only 68%
of the djc31djc62seedlings continued to grow and 64% reachedfthe rosette leavestagein this

experiment Figure21).

The soibased phenotyping covers later growth stages from leaf development, over flowering to seed
maturation (Boyes et al., 2001for this experiment the growth stages four rosette leaves >1 mm, six
rosette leaves >Inm, ten rosette leaves >hm, first flower buds visible, first flower open and
flowering complete were chosen and 25 plants per genotype were analyzed individualifo Aaity

to Col0, single and double mutants, also the complementation lines B363hnd 35SDJC62vere
included in this experiment, to verify full complementation of the phenotype. Plants were discarded
when most of the siliques were ready to be hasted. djc31 djc62exhibited slower growth in all
analyzed growth stages. Especially the flowering period was tremendously elongated with high
variability between the different plant§Table9). Rosette leaes growth of djc31 and djc62 was
comparable to wild type. Appearance of the first flower buds was slightly delayed, but further flower
development, silique formation and ripeningeve comparable to wild type. Furtherme, the
complementation lines did not show a strong growth retardation or any defects in development. That
confirms that transformation ofljic31 djc62with either djc31or djc62did not only complement the

morphologicalphenotype, but also restored normgtowth and developmengFigure21).
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Figure21: Plate-based and soibased phenotyping.

A) Plate basegdhenotyping for observation of early development from seed imbibition to early leaf development of wild type
(Cot0) double mutantdjc31djc62 and single mutantsl{c31anddjc62; n=100/genotype. The analyzed growth stages were
chosen as suggested by Boyes et al.2001. The experiment was stopped at day 21. Progression of development was
comparable between wild type anithe single mutants. The double mutant showed a developmengyl in all growth

stages.

B) Photograph of the seedlings used for plhtsed phenotyping at day 21. @pldjc31and djc62 showed synchronous

growth, whereas fodjc31djc62seedlings in different growth stages could be observed.

C) Quantification of s&llings which have reached the respective growth stages. Most seedlings-0f dje81 and djc62

have reached all growth stages observed within the experimental periodlj€2tdjc62 approximately 20% of the seedlings
showed a growth arresit the cotyledon stage. Error bars represent the standard deviation.

D) Soil based phenotyping encompassing leaf development, flower development and silique ripening for wild t@pe (Col
double mutant ¢jc31djc62), single mutantsdjc31anddjc62 and complementatin lines (35SDJC3135SDJC6R Growth

stages were chosen according to Boyes et al 2001. The experiment was stopped when the siliques were ready to be harvested.
Wild type, single mutants and complementation lines showed an overall comparable developijp8hdjc62plants showed

a developmental delay in all growth stages and a tremendously elongated flowering period
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Table9: Soitbased phenotyping. Mean values indicate the average duration of reaching the indicated growthvathge,

standard deviatios(SD)

4 Rosette 6 Rosette 10 Rosette First flower First flower Flowering

leaves leaves leaves buds open complete
Mean SD | Mean SD | Mean SD Mean SD | Mean SD | Mean SD
Colo 11.56 | 0.57 | 13.96 | 0.82 | 1796 | 0.66 | 25.56 | 1.20 | 30.68 | 1.38 | 59.92 | 2.00

djc31

djc62 14.04| 1.20 | 16.17 | 1.09 | 21.57| 1.91 | 28.30| 5.67 | 33.91| 5.95 | 88.50| 2.60
djc31 11.68| 0.79 | 13.76 | 0.86 | 18.12| 0.91 | 26.96 | 1.14 | 31.92| 1.57 | 59.60 | 1.96
djc62 1244 | 1.20 | 14.80| 155 | 1956 | 2.42 | 28.00| 2.02 | 31.35| 2.06 | 61.36 | 1.47
35S:bJC31| 13.15| 1.19 | 15.05| 1.36 | 19.70| 158 | 25,50 | 143 | 31.35| 1.74 | 60.20 | 1.99
35S:DJC62| 12.00 | 0.69 | 1429 | 0.88 | 18.48 | 1.10 | 26.14| 1.46 | 31.24| 1.23 | 61.05| 1.70
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4.3 Determination othe subcellular localization

4.3.1 Analysis of potential targeting signals

Targeting of newly synthesized proteins to their destined place of action is crucial for proper function
of different cellular processes. To find the right destination, proteins of the endoplasmic reticulum,
chloropasts and mitochondria carry special targeting sequences at therminus to facilitate

transport to the right organelle and translocation across the membi#&umze & Berger, 2015)

In a previousn silicostudy onArabidopsisTPR proteins, in which different prediction tools were used,
DJC31 an®JC62 have been predicted to localize either to the nucleus or the chlor¢plasiad et

al., 2010) This result has been experimentally verified by chloroplast import experiments, whereas
import rates for the fullength proteins were rather low.rtlincated forns of DJC31 and DJC62 could

be successfully importetut yielded more than one mature forfChiu et al., 2013)TargetP1.1
predicted DJC31 and DJC62 todamated in the chloroplast, with a transit peptide of 48 amino acids in
length for DJC31 and a transit peptide of only four amino acids for DJC62. However, the most recent
version of TargetP does not detect any signal sequences in neither of the two grdfeinalidate the
presence of a chloroplast transit peptide, the first 80 amino acids of DJC31 {DBGEP) and DJC62
(DIJC6ZRGFP) were fused to GFP angre transiently expressed in tobacco via agrobacteria
mediated transformation. Protoplasts wergolated from transformed leaves and imaged by confocal
fluorescent microscopyFor both constructs, localization to the chloroplasts could not be observed.
DJC3ITRGFP was visible as spots in the cytosol and the nucleus. DRGFP localized mainly the
nucleus(Figure22). Therefore, it can be concluded, that DJC31 and DJC62 do not contain a chloroplast
transit peptide.

DJC31-TP-GFP DJC62-TP-GFP

Figure22: DJC31 and DJC62 do not contain a chloroplast transit peptide.
The first 80 amino acids of DJC31 and DJC62 wemen@ally tagged withGFP and transiently expressed in tobacco. GFP
was imaged in protoplasts. DJCBRGFP waslwserved to be distributed in the cytosol atite nucleus, whereas DJGGR

GFP was mainly visible in the nucleus. Scate= 10 um
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4.3.2 DJC31 and DJC62 localize toailmoplasmic reticulum

Since the presence of a chloroplast transit peptide could not be confirmed, GFP localization studies
were again performed with DJC31 and DJC62 to determine the precise subcellular localization.
Unfortunately, a fusion construct of either DJC31 or DJCG2 @fP at the-@rminus, could not be
expressed in tobacco leaves Arabidopsigrotoplasts. Therefore, only the-términal half of either
DJC31 (DJC31iG#P) and DJC62 (DJC6AHRP) was -@rminally fused to GFP. In a first test
expression, GFP was milgi observed surrounding the nucleus with dige structures extending
towards the plasma membrang@ata not shown). Since this pattern indicated localization to the
secretory pathway, DJC3LGHP and DJC62IGFP were cexpressed with compartment markefor

the endoplasmic reticulum and th@olgi apparatus irrabidopsigrotoplasts by transient protoplast
transfection. The ER marker consists of the signal peptide ofAtabidopsisWALEASSOCIATED
KINASE 2 fused to mCherry, carrying-ter@inal HDELER retention signal. Th@olgi marker is
composed of the first 49 amino acids of the soybeah2 mannosidase | fused to mChefiRelson et

al., 2007; SainforeDupas et al., 2006)-or analyzing elmcalization with chloroplastshe chlorophyll

autofluorescence was used.

An overlay between the GFP signal of DJCZARKR or DJC62i@FP and the chlorophyll
autofluorescence could not be observed, confirming thewvious result, that DJC31 and DJC62 do not
contain a chloroplast transit peptide. Comparing the localization pattern of the ER marker with the GFP
signal of DJC31k@&FP and DJC62/6FP shoed, that both fluorescent signals match each other,
indicating hat DJC31 and DJC62 localize to the endoplasmic retic(fignre 23). However,
comparing theGolgi marker with DIJC31h@GFP and DJC62IGFP @l not shav an overlay of the GFP

and mCherry signals. From that, it can be concluded that DJC31 and DJC62 localize to the endoplasmic

reticulum but are not further transported along the secretory pathway to e.g. the Golgi apparatus.
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Figure23: DJC31 and DJC62 localize to grmaloplasmic reticulum (ER)

A-B) For determination athe subcellular localization, the-términal part of DJC31 and DJC62 wdsr@inally fused to GFP
and ceexpressed with either a mCherry based ER marker (A) lgi @arker (B). The GFP distribution pattern of DJC31Int
GFP and DJC#2-GFP was comparable with the pattern of the ER marker. Scale bar = 10 um.

C) Schematic overview of the constructs used for determination of subcellular localization.
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To biochemicdy confirm this observation, a western blot was performed with isolated chloroplasts
and microsomal membranes. The samples were separated vieSOBE and after western blotting
probed with antibodies directed against thetdfminus of DJC31 or DJC62. HiR resident HSP70
family protein BiP was used as ER control and FNR, located in the chloroplast stromataad
thylakoid membranes, was used as chloroplast control. As it can be seen from the FNR bands,
microsomes contained contaminations from plastidaembranes but DJC31 and DJC62 were
exclusively detected in microsomal membranes and not in the chloroplast sample, which fits to

previous resultsKigure24). Therefore, localization to the chloroplast can finally be excluded.
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Figure24: Biochemical confirmation ofhe ER localization.

A) Isolated chloroplasts and microsomal membranes were probed with antibodies against DJC31 and DJC62 @ exclude
plastidal localization and confirthe localization to the endoplasmic reticulum. BiP was used as microsomal control and FNR
as chloroplastantrol.

B) Microsomal membranes were isolated with either3vigr EDTA. Subsequentiyicrosomes were loaded onto a linear
1550% sucrose gradient. Fractions were loaded onto an 8%g&Dé&hd after western blotting probed withpecific
antibodies against DJC31, DJC62 and BiP as endoplasmic reticulum control. The |&tinah®guffer leads to a shift of

the ERmembranes to lighter fractions due to removal of ER associated ribosomes. This shift is an indicator for ER resident

proteins and was observed for both DJC31 and DJC62.

Microsomal membranes do not only contain membranes derived from the endoplasmic reticulum, but
also from theGolgi apparatus, plasma membrane and the outer mitochondrial memb¢&ngki et al.,

1982) To distinguish between ER membranes and other membranes, a microsomal shift assay can be
performed. This experiment is based the biological feature, that ribosomes are attached to the ER
membrane in presence of My If the membranes are treated with EDTA, to remove Migposomes

detach from the ER and isolated membranes exhibit a shift to lighter density fractions withgaa
sucrose gradien{Schweiger et al., 2012Jo analyze DJC31 and DJC62 regarding a shifiuicrose
gradient, to validate the ER localization, microsomal membranes were isolated with buffer either
containing Mg* or EDTA. Isolated microsomes were loaded onto a linear sucrade&gt containing

either Mg?* or EDTA, with a sucrose concentration ranging fror50%. After ultracentrifugation, the
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gradient was divided in different fractions. The fractions were loaded ontegeBS blotted and
probed with specificantibodies againsDJC31, DJC62 and BiP as ER luminal control. BiP exhibited a
pattern, typical for ER resident protein&ccumulation in dense fractiongas observedn presence of

Mg?*, and a shift to lighter density fractions upon treatment with EDTA. A similar behaeisr
observed for both DJC31 and DJC62, which were detected in higher density fractions if isolated with
Mg?* and a shift to lighter fractions in presence of EOFigure24). This result clearly confirms a

localization of DJC31 and DJC62 to the endoplasmic reticulum

Usually, proteins located in the endoplasmic reticulum carry aeridinal signal peptide whichigkcts

them to the right organelle, enables translocation across the membrane and is clefiviadtte ER
lumen (Kunze & Berger, 2015Additionally, many soluble ER resident proteins contairteri@inal
K/HDEL retention motif, which prevents them from being secrgi@dbinson & Aniento, 2020)
Neither a predictable signal pdde, nor an ER retention motif could be found in the amino acid
sequences of DJC31 and DJC62, which raises the question, whether these proteins are located inside
the ER lumen or localize to the endoplasmic reticulum from the cytosolic side. To ansvgeiettion,

a splitGFP approach was chosen, based on the-§bP vector system developed by Xie et al., which
was originally designed for topology stud@msmembrane proteins. GFP consists of elevesheets.

If the first teni -sheets (GFR10) andi -sheet eleven (GFP11) are separated anekrpressed, they

are able to selassemble into a functional fluorescent protein. This biochemical feature of GFP is used
in this experiment with modified constructs of GFR1, which localize to different cellular
compartments. GFR10 without modifications is located in the cytosol. The ER luminal GFP 1
(SPGFP110-HDEL) contains the signal peptide of PATHOGERESISTED GENE 1-{PRt the N
terminus and the HDEL retention motif at thet€Eminus (Xie et al., 2017)Ceexpression with a
protein fused to GFP11 should only show a GFP signal, if X SPFGFP110-HDEL and the protein

of interest are present in the same compartment. To validate this experiment, G&Rdnd
SRPGFP110-HDEL were transiently eexpressed in tobacco leaves with either GRPEP70.1, one of

the cytosolic HSP70 family proteins, or BPR2P11, a HSP#nily protein located in the ER lumen. As
expected, only ceexpression of cytosolic GFRQ with GFP1-HSP70.1 and luminal €FP110-HDEL

with BiP2GFP11 showed a green fluorescent signal, confirming that the system is suitable to
distinguish between cyisol and ER lumen. In a next step GE@Xand SFKGFP110-HDEL were co
expressed in tobacco leaves with thed¥minal half of either DJC31 or DJC62, carrying GFP11 at the
Gterminus (DJC31IrBFP11, DJC6216HFP11). A GFP signal was exclusively obsefvBdC31Int
GFP11 or DJC621G6#FP11 were cexpressed withlthe cytosolic GFR10, indicating that DJC31 and
DJC62 localize to the cytosolic side of the ER meml{Fagere25).
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GFP 1-10 SP-GFP 1-10-HDEL
(cytosolic) (ER-luminal)

GFP11-HSP70.1

BiP2-GFP11

DJC31Int-GFP11

DJC62Int-GFP11

Figure25: DJC31 and DJC62 are located on the cytosolic side of the ER membrane
For discrimination between cytosol and ER lumen, Din€&dd DJCAat were Gterminally fused to GFP11 and-egpressed
in tobacco leaves either with GFRQ (cytosolic) o6RGFP110-HDEL (ERiminal). Cytosolic HSP70.1 and luminal BiP fused

to GFP11 were used as controls

58



Results

4.3.3 DJC31 and DJC62 are associated to the ER membrane

Previous predictions of hydrophobicity using the KRwmolittle scale have indicated, that DJC31 and
DJC62 do not contain transmembrane domains or hydrophobic regions that might mediate peripheral
attachment to membranes. However, DJC31 and DJC62 could only be detected via western blot in
isolated microsomal membranes. Together with the subcellular distribution pattern, which looks
identical to the localization of the ER marker, this finding hints to attesit of DJC31 and DJC62 to

the ER membrane. To analyze this in more detail isolated microsomes were treated with different
buffers for 30 min on ice. N&Q for alkaline pH conditions, 1 M NaCl for high salt conditions, 6 M urea
for denaturing conditions1% SDS to extract integral membrane proteins and Tris buffer as control.
The samples were separated into pelletd soluble fraction via ultracentrifugation and analyzed via

western blot.

50 mM Tris/Cl pH 7.5 0.1 M NayCO3 50 mM Tris/Cl pH 7.5 50 mM Tris/Cl pH 7.5 50 mM Tris/Cl pH 7.5
1M Nacl 6 M Urea 1% SDS

P S P S P S P S P S
DIC31 | P b * s

o -— -— -y ‘

B . —

Figure26: DJC31 and DJC62 are attachedhe ER membrane.

DJC62 ———

Isolated microsomal membranes were incubated in buffer, 0.1 MO8a 1 M NaCl, 6 M Urea and 1% SDS for 30 min on ice.
After ultracentrifugation, pellet (P) and soluble (S) fractions were loaded an&lx&yel and after western blotting probed
with antibodies against DJC31 and DJC62. Both proteins could be washed off the membrane under alkaline and denaturing

conditions.

Isolated microsomes treated with carbonate are known to transform from vesicles mpen
membrane sheets, releasing proteins which are contained in the vesicle lumen. Furthermore, it was
observed that carbonate can be used to remove ribosomes from rough ER membranes, indicating that
peripherally attached proteins can also be removedgsiarbonate(Fujiki et al., 1982)Carbonate
treatment of microsomes showedhat bothDJC31 and DJC62n partialy be removed from th&R
membrane and can be found in the supernatant after ultracentrifugation. A similar result could be
obtained under denaturing conditions after treatment with 6 M urea. Applying 1% SDS, a strong
detergent, solubilized the membranesdareleased most of DJC31 and DJC62 into the soluble fraction

(Figure26). From this result it can be concluded, that DJC31 and DJC62 attach to thenbRanee

Since for the determination of subcellular localization only theiinal halves of DJC31 and DJC62
were used, the localization experiment was repeated using theer@inal halves of DJC31
(GFRP31TPR+J) and DJC62 (GEPPR+J), which contain thi@Rand Jdomains, to see, whether the

N-terminus alone determines localization to the ER membrane. FrexrNinus was replaced by GFP

59



Results

and the constructs were ecexpressed with an ERarker in Arabidopsisprotoplasts via transient
protoplast transfectionCompared to the previous experiment, in which the DJC31/DJ@éarihus
fused to GFP perfectly matched the pattern of the ER marker, tieen@nal part of DJC31 or DJC62,
with a GFP on its drminal side, appeared to be more distributed in the cytosalnfirming that
mainly the Nterminal part of the proteins is responsible for targeting and tethering of DJC31 and
DJC62 to the ER membraftégure27).

Overlay
GFP/ER marker

A GFP ER marker

GFP-31TPR+J

GFP-62TPR+J

o)

GFP-31TPR+)
GFP TPR-TPR-TPR——TPR TPR-TPR-TPR— J-domain——

GFP-62TPR+)
GFP

TPR———————TPR-TPR-TPR—J-domain—

Figure27: Attachment to the ER membrane is mediated by thet&minus.

A) The @erminal part of DJC31 and DJC62, containing the TPR repedtseahdbomain was Nterminally fused to GFP and
co-expressed with an ER markerArabidopsigprotoplasts. The GFP signad dot overlgp properly with the ER marker and
showeda more distributed pattern in the cytosol.

B) Schematic overview of the constructs used. Scale bar = 10 pm.

In addition to the experiments using truncated versoof DJC31 and DJC62, the localization
experiments should be repeated with the fildhgth proteins, but previous experiments, fusing GFP to

the Gterminus of DJC31 and DJC62 did not show expression of the fusion constructs in tobacco leaves.
Since the dpsolic localization was clearly demonstratdde risk of proteolytic cleavage at the-N
terminus due tahe removal of a signal peptide could be excluded. ThereforetexriNinal GFP fusion

to the full length DJC31 and DJC62 was generated to confirmytbsatic localization to the ER
membrane Surprisingly, expression of GBBC31 and GHBRIC62 inArabidopsisprotoplast by
transfection, exhibited a similar result as observed for- GEFPR+J and GBRTPR+J. The GFP pattern
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did not properly overlpwith the ER marker and GERC31 and GHRIC62 seemed to be more spread
in the cytosolFigure28). This result indicates, that the GFP at théeNminus disturbs attachment to

the ER membrane.

Overlay Overlay
GFP ER marker Chlorophyll GFP/Chlorophyll GFP/ER marker

GFP-DJC31

GFP-DJC62

Figure28: N-terminal GFP disturbs membrandtachment.
DJC31 and DJC62 were fusetkiinally to GFP and were @xpressed with an ER markerAnabidopsigprotoplasts. The
GFP signalid not perfectly match with the pattern of the ER marker, indicating that thtemhinal GFP might disturb

membrane attachment. Scale bar = 10 um

To analyzewhether attachment to the membrane is crucial for protein function, 35BBDJC3Dbr
35S:GFPDJC62vastransformedinto djc31djc62via stable agrobacteria mediated transformation.
After selection, successful transformation was tested viaPRR. Furthermore, microsomes were
isolated from seedlings to confirm the presence of the -&fgjged proteins byvestern blotting, using
antibodies against DJC31, DJC62 and BiP as a lcadingl (Figure29). Althoughthe whole protein
sequence was present, GBBC31 and GHRIC62 could not rescue the mutant phenotypdich
indicatesthat the Nterminal GFP interferes with functional processes, e.g. membrane attachment, as
it couldalreadybe seen in the fluoresceemicroscopic analysis of transfected protoplasts, expressing
GFPDJC31 or GHPIC62
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A djc31 djc62 djc31 djc62
Col-0 35S::GFP-DJC31 35S::GFP-DJC62

djc31 djc62 djc31 djc62

C djc31 djc62 djc31 djc62
35S::GFP-DJC31 35S::GFP-DJC62

35S::GFP-DJC31  35S::GFP-DJC62 Col-0

B Col-0  djc31 djc62

DJC31
e — oFP

DJC62
! '
HSP70

|"--‘ BiP

Figure29: Stabletransformation ofdjc31djc62with GFRDJC31 or GFBJC62

A) djc31djc62plantswere stably transformed with eigtr GFPDJC31 or GHPJC62. Th&FPfusion constructs could not
rescue the mutant phenotype.

B) A western blot using microsomal membranelated from Cot0, djc31 djc62 djc31djc6235S:GFPDJC31and
djc31djc6235S:GFPDJC62vas used to confirm the presce of theGFPtagged proteins. BiP was used as loading control
C) To confirm successful stable transformatiodjo81djc62with 35S:GFPDJC3br 35S:GFPDJC62RTFPCR was performed
using a primer pair against the Gtlg andHSP7@&s control.

4.4. DJC31 and DJCG2 potential cytosolic cehaperones

DJC31 and DJC62 were predicted to contain several TPR repeats, which form two carboxylate clamp
type TPR domains. Additionally, both protejpossesa Jdomain at the @erminus, which acts as the
activator of the HSP70 ATPg@ampinga & Craig, 201@rom these two features it can be assumed

that DJC31 and DJC62 may act as cytosclithaperones of either HSP70 and/or HSR9@bidopsis
contains 18 HSP70 proteins, located in differegltular compartments, from which 14 belong to the
Dnaktype HSP70 protes Five of them could be detected in the cytoflah et al., 201). For HSP90,

seven proteins can be found in teabidopsiggenome, of which four HSP9O0 proteins are located in

the cytosol(Krishna & Gloor, 2001)

4.4.1. DJC31 and DJC62 interact with HSP70 and HSP90

To find out, whether DJC31 and DJCG62 interact with cytosolic chaperones, bimolecular fluorescence
complementation (BiFC) was performed with HSP70.1 and HSP90.2. This method is based on the
assembly of two separately expressedadd CGterminal fragments ofiifferent fluorescent proteins,

which are fused to the proteins to be tested for interaction. The two fluorescent protein fragments are
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not functional and not able to spontaneously assemble into a functional fluorophore. If the profeins
interestinteract, the contact between the two fluorophore fragments is close enough to assemble and

refold into a functional fluorescent proteifisehl et al., 2009)

DJC31 and DJC62 wergakiminally fused to the @erminal part of the cyan fluorescent protein SCFP3a
(SCFRDJC31, SCFBPJC62); HSP70.1 aH®P90.2vere fusedto the Nterminal part of the yellow
fluorescent protein Venus (VYNBSP70.1, VYNESP90.2). SCHPJC31 or SCFBPJC62 were co
transfected inArabidopsisprotoplasts with either VYNEHSP70.1 or VYNESP90.2, respectively.
DJC31 as ell as DJC62 were observed to interact with HSP70.1 and HSP90.2, which supports, that
DJC31 and DJC62 might act asttaperones in cooperation with different cytosolic members of the

HSP70 and HSP90 protein fami(igigure30).

scrpC-DJC31 scrpC-DJC31 scrpC-DIC62 scrpC-DIC62
+ + + +
VYNEN-HSP70.1 VYNEN-HSP90.2 VYNEN-HSP70.1 VYNEN-HSP90.2

Figure30: DJC31 and DJC62 interact with cytosolic HSP70 and HSP90.

DJC31 and DJC62 were fused to tHer@inal part of SCFP. HSP70.1 and HSP90.2 were fused tdehaiNal half of VYNE.
DJC31 and DJC62 Bde@structs were ceexpressed ilrabidopsigprotoplasts with either the HSP70 or HSP90 BiFC construct
respectivey. Scale bar = 10 pm

4.4.2 Activation of the HSP70 ATPase domain is essentiakfunction ofDJC31 and DJC62

The main function of the-domain is activating the ATPase domain of HSP70, thus inducing the
chaperone to bind a client protein. Essenti@ activation is the highly conserved HPD motif, which is
located between helix Il and IlI of th&ldmain(Kampinga & Craig, 20L0utating this motif inhibits
ATPase activation and creates an inactivecltaperone. Besides their function as-cdwaperones of
HSP70, -proteins can have adddnal functions, which are independent of theldmain and the
interaction with HSP70 but mediated by additional domains or regions outside-dlbendin (Ajit
Tamadaddi & Sahi, 20168Fonsidering that DJC31 and DJC62 contain several TPR repeats and were
shown to interact with HSP9O0, it might be possible that their maiiction might be dependent on the
interaction with HSP90. To analyze, whether the activation of HSP70 is important for the function of
DJC31 and DJC62, loss of function mutants were generated by exchanging the histidine of the HPD
motif, to glutamine (D331 H1052Q, DJC62 H1006Q). Subsequelityl djc62 plants were stably
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transformed with either 3592JC3MH1052Qor 35S:DJC62H1006Q The loss of function variants of
DJC31 and DJC62 could not complement the mutant phenotygiefdjc62 confirming that DJC31

and DJC62 act as-chaperones of HSP70 and activation of the HSP70 ATPase domain is essential for
the yet unknown process #y are involved in. To confirm the presence of the mutant proteins a
western blot was performed with isolated microsomes, using antibodies against DJC31 or DJC62 and

BiP as loading contr@Figure31).

djc31 djc62 djc31 djc62
355:DJC31 H1052Q  355::DJC62 H1006Q

Col-0

B

djc31 djc62 djc31 djc62
35S::DJC31 Col-0 35S::DJC62 Col-0
H1052Q H1006Q

DJC31

.«.] &—.J DJC62
e —

BiP

| ————— ———

Figure31: Interaction with HSP70 is essential ftre function of DJC31 and DJC62

A) The conserved HPD motif of DJC31 and DJC62 was mutated to QPD to inhibit activation of the HSP70 ATPase domain.
Transformation ofljc31djc62with HPD mutant constructs could not complement the mutant phenotype.

B) Presence of the HPD mutant proteinssveanfirmed via western blot. Microsomal membranes isolated from 14 dlaly

Col0 anddjc31djc6235S:DJC3H1052Q 0djc31djc6235S:DIC62H1006Q were separated om&DS gel and probed with
antibodies against DJC31 and DJC62. BiP was used as |laadiol c
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4.5. Yeast Twalybridlibraryscreening

Jproteins are known for being mediators between client proteins and HSP70, thereby assisting in
protein folding and preventing aggregation by binding to the respective client. Additiorphyteins

are also involved in protein degradation and remodgliDifferent Jroteins can have different client
spectra, which can be broad or very specialized, depending on-phetein structure and domain
composition in addition to the-domain(Kampinga & Craig, 2010)o find out more about potential
clients and othe interacting factors of DJC31 and DJC6gasttwo-hybrid (Y2H) library screening

was performed, using a normalizédabidopsisfragmented cDNA library.

The method is based on a bait protein, fused to the DNA binding domain of GAL4ARBAlahd a
library corsisting ofprey proteins fused to the GAL4 activation domain (GADZ. If bait and prey
proteins interact, the GAL4 binding and activation domains are brought in proximity and attigate
transcription of different reporter gene@-ields & Song, 1989Fhe Clonteceasttwo-hybrid system
uses four reporter genes under control of three unrelated promoters.
1 AURZCunder control ofa M1 promoter encodes a mutant version of tA&JR1gene, which
encodes an inositol phosphoryl ceramide synthase, that confers resistance to Aureobasidin A.
9 His3under control of a G1 promoter enables biosynthesis of histidine and promotes growth of
yeast ells on mediuniacking histidine
1 ADE2nder control of a G2 promoter enables growth on medium lacking adenine
1 MEL1is controlled by a Mpromoter and encodes ah-galactosidase, which is secreted and

turns colonies blue in the presence cf »Gal inthe medium.

4.5.1 Test experiments

To generate the Y2H bait constructs, the two gebd€3Jand DJC62vere cloned into the vector
pGBKT7, which adds the amino aciels4¥ of the GAL4 DNA binding domaitiekminally to DJC31
(GAL4BDDJC31) or DJC62 (GAIADJIC62), respectively. Afterwards, the respective constructs were
transformed into competent Y2HGold cells. To get a reliable screening result, the constructs were
tested beforehand, regarding toxicity to the yeast strain, autoactivation of the repgeees and

expression of the fusion constructs.

In order to test expression and stability of the GAIA fusion proteins, whole cell lysatesolated
from transformed yeast cellsvere loaded in three different amounts ontoneéSDS gelAfter western
blotting, the membrane wagrobed with a emyc antibody which targetsa cmyc epitope located
betweenthe GAL4BD and the protein of interest. As a control, yeast cells transformed with an empty
pGBKT7 were used. Additionally, the blot was stained with Cooentassnsure equal loading. GAL4
BDDJC31 as well as GARBDJIC62 were both expressed in yeast, but the band intensity for
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GAL4BDDJC62 was much weaker, compared to GRRDIC31. As it can be judged from Coomassie
staining, amounts of total protein loadenvas comparable between the different samp{Eggure32).

Therefore, GAL-BDDJC62 seems to be not stable in yeast.

GAL4-BD-DJC31 GAL4-BD-DJC62 Empty Vector

:
W S L e

\ & . m ‘ Coomassie

Figure32: Expression and stability of the bait constructs was tedt@a western blot.

Total protein was isolated from transformed yeast cells and separatech @D& gel. After western blotting, the membranes
were probed with a enyc artibody to confirm the presence of the GABDfusion proteins. As a negative control, yeast cells
transformed with an empty vector were used. Both bait constructs could be detected, but-BIADAC62 was strongly

decreased. Coomassie staining was perforiieeensure equal loading of the different samples.

To exclude toxicity of the bait constructs to the yeast cells, @BiBIC31, GAERDDJIC62 and an
empty vector as control were transformed in Y2HGold cells and plated onfofsbedium in a 1:10
dilution. After incubation for three days at 30°C, cells were evaluated regarding colony number and
size. The number of colonies for GARRBDJC31 and GAIBDDJC62 was comparable to the empty
vector control. Also the diameter of the individual colonies was agprately equal(Figure 33).

Accordingly, the bait constructs do not inhibit growth or decrease viability of the yeast cells.

GAL4-BD-DJC31 GAL4-BD-DJC62 Empty Vector

Figure33: Test for toxicityto yeast cells.
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were transformed with GALBDDJC31, GAEBRDDJIC62 and an empty p&B7 as control. Colony number and size, of yeast

cells expressing the bait construct, was comparable to the empty vector control.
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Next, a control mating was performed to check the different selection mediataradjust the
concentrations for the selectiomarkers Aureobasidin A and"XGal. For the mating, the control
vectors provided by the Y2H kit were transformed in either competent Y2HGold (bait strain) or Y187

cells (prey strain). The mating was set up as follows:
Positive control mating: pGBKT®%3 n Y2HGold X pPGADTT in Y187
Negative control mating: pGBKT®53 in Y2HGold X pGADT+#am in Y187

The mated culture was spread on different selection media in a 1:100 dil@Drp to test viability

of the bait strain SBDLeu to test viability of the @y strain SDTrp-Leu to select for diploid yeast cells
after successful mating and Sp-Leu +Aureobasidin A +'XGal to select fothe interaction between

bait and prey proteia For both positive and negative control matjtige bait and prey strains could

be detected on SDrp and SE eu plates, respectively. Successful mating could be confirmed by colony
growth on SBIrp-Leu plates for the positive and the negative control. As expected for the negative
control mating, no clmnies could be observed on the Sip-Leu plates containing Aureobasidin A and
X-h-Gal,proving that the Aureobasidin A concentration is sufficient to suppress growth of yeast cells
without interaction of the bait and prey proteins. On the positive cohtnating plates, growth of blue
colonies was observable on the selection media, confirming that expression of the reporter genes and
the respective gene products are worki(iEjgure34). From this pretest it can be concluded that the
media, additives and reporter gene products are fully functional and suitable for the planed library

screening.

SD-Trp-Leu
SD-Trp SD-Leu SD-Trp-Leu +Aureobasidin A

+X-a-Gal

Positive Control Maiting

pGBKT7-53 (Y2HGold)
X
pGADT7-T (Y187)

Negative Control Maiting

pGBKT7-53 (Y2HGold)
X
pGADT7-Lam (Y187)

Figure34: Control mating formedia and experimental set up validation.
Yeast cells carrying the positive and negative control vectors were mated and spread on different selection media to test bai

and prey strain viability, mating success and proper activation of reporter genekeotiee markers.
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Besides testing the media for proper selection, also the bait constructs -BB:DIC31 and
GAL4BDDJC62 were tested before the library screening, to exclude autoactivation of the reporter
genes. Y2HGold cells transformed with one oftilve constructs, were plated in a 1:10 dilution on
SDTrp medium as a positive control, Sip + X' -Gal to check expression of thegalactosidase and
SDTrp + Aureobasidin A to test for unspecific expression of the resistance gene. FG&IERIC31,

no blue colonies could be found on 9p + X' -Gal, demonstrating that thé-galactosidase is not
unspecifically expressed in absence of a @d@M However, colonies of yeast cells containing
Gal4BDDJC62 turned slightly blue on $ip + X -Gal, indicatingthat the reporter gene is
unspecifically activated. On SDp +Aureobasidin A plates no colonies could be detected for both
constructs Figure35). Theefore, the slight activation of thé -galactosidase gene by GABBDJC62

could be neglected, since the two reporter genes are expressed under different promoters.

From the preexperiments it ould be concluded, that the constructs and media useste suitable for
the screening and that selection of positive interactiamsild beconsidered to be safe, especially
because positive colonies in the library screemrege streaked out on higher stringency medium to

reduce the occurrence of false positives.

SD-Trp SD-Trp

SD-Tr
P +X-a-Gal +Aureobasidin A

GAL4-BD-DJC31

5y

27, Cam

GAL4-BD-DJC62

Figure35: Test for reporter gene autoactivation.
DJC31 and DJC62 fused to &M were transformed into Y2HGold cells and plated onTi®D+X"-Gal or

SDTrp+Aureobasidin A to exclude activation of the reporter genes in alesehan interaction partner.
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4.5.2 Yeast Twalybrid library screening

Y2HGold cells expressing either GBDIDJIC31 or GAIBDDJC62 were mated over night with the
library strain. On the next day, the culture was checked under the microscope for thenpeesf
zygotes as indicators of successful mating. Subsequently, the mating culture was spread in different
dilutions on SBXrp, SELeu and SBrp-Leu plates as controls for viability of the bait and prey strains
and of the diploids after mating. The rdaal culture was plated on SDp-Leu + Aureobasidin A +
X-h-Gal plates and incubated at 30°C. After three days blue colonies frenpd[u + Aureobasidia

+ Xh-Gal plates were streaked out onto higher stringencyTgbLeuHisAde + Aureobasidin A +
X-h-Gal plates to eliminate false positives that have escaped the first round of selection. After five days
the plates from the mating were checked again and remaining blue colonies were also transferred onto
SDTrpLeuHisAde +Aureobasidin A X-h-Gal plates. Surviving blue colonies onBpLeuHisAde
+Aureobasidin A+ X-"-Gal plates were used for further analysis. For identification of the library
fragment, a yeast colony PCR was performed, to amplify the library fragment for sequencing. The

interaction partner was identified from the sequencing data using BLAST.

For DJC31, around 400 colonies were analyzed by sequerémgovalof interaction partners
occurring more than once resulted in a list of 115 potential candidates. To further arthyze
proteins, they were grouped according to their subcellular localization and processes they are involved
in. For determination ofhe subcellular localization SUBA4 was used. The majority of the proteins was
assigned to the nucleus with 19.47%, folkhby 16.81% cytosolic and 15.93% plastidal proteins. Only
4.42% were predicted to be ER resident and 12.39% to be secreted or present in the plasma
membrane, respectively. Residual candidates were predicted to be in the mitochondria (8336b),

apparaus (6.19%)yacuole (2.65%) and the peroxisome (0.88%)overview is given iRigure36.
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Figure36: Prediction of thesubcellular localization of potential interaction partners of DJC31.

SUBA4 was used to assign the interaction candidates identified in the library screening to their respective compartment.

In a next stepthe interaction candidates were sorted accordimmgtheir assigned function, using
MapMan BIN. Potential interaction partners of DJC31 could predominabgéyassigned to protein
synthesis and homeostasis, as well as different processes related to transcriptional regulation.
Furthermore, some proteins we found to be involved in stress response and cellular signaling. Other
processes candidates were found to be involved in, mostly encompassed synthesis of different

primary and secondary metabolite&n overview is given iRigure37.
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Figure37: Potential interaction partners identified in the Y2H screigig are involved in different cellular processes
Potential interaction partners of DJC31, identified in yleasttwo-hybrid library screenng, were grouped according to the

processes they are involved in by using the MapMan BINSs.

For DJCG62, the library scréeg has been performed twice as described for DJC31, however no blue
colonies could be detected on tt&DTrpLeu + Aureobasidin A +'XGalplates after several days of
incubation. Considering the low protein levels of DJC62, detected in the westerdubing the test
experiments, it might be, that DJC62 interfered with cellular processes of the yeast cells and was
therefore degraded. Since DJC31 and DJC62 share a high degree of similarity, it can be assumed that

the two proteins have overlapping cliegpectra.
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4.6. Transcriptome analysis by RNA sequencing

Because of the broad range of different functions, potential interaction partners of DJC31 are involved
in, it seemed to be likely that this might have a strong influence on regulatory procésssddition,

DJC31 and DJC62 interact with HSP90, a chaperone, which is known for being involved in signal
transduction and regulation of different transcription factqdi Donato & Geisler, 2019F herefore,
transcriptome analysis of C0| djc3], djc62 and djc31 djc62 was performed via RNA sequencing
(RNAseq). Plants grown on soil at the ftmaves stage were ground in liquid nitrogen. Subsequently,

RNA was extracted and sequenced.

Functional annotation was performed using the Database for Annotation, Visualizatiomegrated
Discovery Version 6.8 (DAVID 6.8), only considering genes, which wenedaovnregulated at least
two-fold with an adjusted fvalue of <0.03Huang da et al., 2009A gene ontology (GO) term analysis
was performed regarding biological process, molecular function and cellular component. A GO term

enrichment of at least twdold and a Benjamini corrected value of <0.05 were used as cutoff values.

Fordjc31, especially genes associated with hormone signaling, abiotic and biotic stress response were
up and down regulated. For the upregulated genes an enrichment of genes assowitiiedDP
binding was enriched as a molecular functi(ffigure 38). This group contains several disease
resistance genes of the BSLLR and the TIRBSLLR class. For the downregulated genes, especially
genes with DNA binding functions were enriched. A similar result was obtaineft&&(Figure39).

Again, genes involved in different signaling cascades as well as biotic and abiotic stress response were
both up and downregulated. Among the upregulated genes, carbohydrate binding and ADP binding
was enriched, whereas for the downregulated genes, segespecific DNA binding and xyloglucan
related processes were enriched. Likewise, for the double mut@Btldjc62 up- and downregulation

of different stress and signaling related genes was observed with an enrichment of ADP binding factors
among the upregulated genes and genes associated with DNA binding and transcription for the
downregulated genes. Additionally, amg the upregulated genes, genes encoding proteins with heme
binding function, like different peroxidases and cytochrome p450 family proteins, and transport

function were enrichedqFigure40).

For the category cellular component, an enrichment of different compartments could be observed for
upregulated genes aljc31landdjc62 However, a clear pattern, pointing towards a certain function

or a compartmenbf special importance could not be determined.
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Figure38: GO term analysis of upnd downregulated genes idjc31

The atleast twofold upregulated genes (Aand downregulated gene@B) in djc31 were analyzed using the functional
annotation tool of DAVID 6.8. GO terms with an at leastteld enrichment score and a Benjamini corrected value of <0.05
are depicted in the diagram, showing values for enriched biological processes in éightngtecular function in dark gy

and cellular components in black.
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Figure39: GO term analysisf up-and downregulated genes idjc62

The atleast twofold upregulated genes (Aand downregulated geneB) in djc62 were analyzed using the functional
annotation tool of DAVID 6.8. GO terms with an at leastteld enrichment score and a Benjamini corrected value of <0.05
are depicted in the diagram, showing values for enriched biological processes in éightngtecular function in dark gy

and cellular components in black.
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