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Summary

Perception obacterial flagellinby the receptor kinas&tFLS2 is a classic modébr studying
the molecular functioningof plant immunorecepter Although FLS2 recepta with a
conserved ectodomagonsisting of 28 leucirach repeats (LRRs) occum a broad range of
plant species, thesFLS2 homologs display specigsecific characteristics with respect to the
affinity andspecificity for the peptide ligahflg22 and derivatives thereof. SIFLS2 from tomato
for example, habigheraffinity for flg22 than AtFLS2 and is able to recognize the sheden
ligand peptide flg19n previous workchimericreceptorsvith LRR subdomaiswapsdetween
AtFLS2 and SIFLS2 were generated to investigaté Rfes responsible for thepeciesspecific
featuregMueller et al., 2012)Most of these chimeric receptors indeed\yed functional and
exhibited characterist&for either SIFLS2 or AtFLS2.

However, SI1824, ;e of the hybridswith the LRRs15-24 from SIFLS2 replacing the
corresponding LRRs in AtFLS3howed constitutive activabn of defence responses even in
the absnce of ligandinterestingly this autoactivationdepened strictly on the coereceptor
AtBAK1/AtSERK3. None of the other SERKSs fro thaliana, even when overexpressed, did
cause autoactivatiomtriguinglyalsq in mutants lacking AtBAK1 the SI184 hybrid behaved

as a functional flg22eceptor much like AtFLS2, inducing a full set of respongesntreated

with its ligandflg22. Additionally, SI1524-induced autoactivation could be supressedhley
negative regulaterBIR2, BIR3 and BIR4 which are known to negatively regulate AtBAK1
and prevent flg22lependent aatation of AtFLS2 These results strongly suggest that the SI115
24 hybrid interacts with AtBAK1 to trigger cellular responses in the absence of ligand. However,
SI1524 and AtBAKL do not form a stable complar a manner comparable to the ligand
(flg22)-induced complex between AtFLS2 and AtBAKL. Since the autoactivation process
depends on functional kinase domains on €45and AtBAK1, this suggests transient

interaction betweethese partners to be sufficient for the induction process.

With further swapping constructs we narrowed the LRRs reqtiioed SIFLS2for causing
autoactivation to the LRRs 1B4. However, importantly, extending the swap to the LRRs 11
24 abolished the amactivation effect and resulted in fully functional, ligadebendent FLS2
receptor chimeras. Thus, autoactivation occurs only in chimeras that h&vefrtgn SIFLS2

in combination with LRR§-14 from AtFLS2.



Zusammenfassung

In Arabidopsis thalianast die Wahrnehmung des Peptidliganden flg22 durch die
Rezeptorkinase AtFLS2usammen mit defdo-Rezeptor AtBAK1/AtSERK3ein

klassisches Modell zur Untersuchung der molekularen Funktionsweise pflanzlicher
Immunrezeptoren. Obwohl FLSRezeptoren in Pflanzémnserviert sind, weisen sie
artspezifische Eigenschaften auf. Frihere Studien zeigten, dass SIFLS2 aus Tomate eine
hohereAffinitat zu flg22 hat,als AtFLS2 SIFLS2 istzudemin der Lage, das verklrzte
Ligandenpeptid flgl5 zu erkennen. In friihefebeiten wurden chimare FLSRezeptoren

mit SequenzAustausclzwischen AtFLS2 und SIFLS2 generiert, igneLRRs zu

identifizieren die fur die artspezifischen Merkmale verantwortlich gideller et al., 2012)

Sl15-24, eine dieser chimaren Rezeptordrei dem diek RRsNummerl5 bis 24 von SIFLS2
die entsprechenden LRRs in AtFLS2 ersetrgas ene bemerkenswerte Eigenschaft:auf
Sl1524 warauch in AbwesenheginesLiganden konstitutiv aktiv.nteressanterweise zeigten
genetisch&xperimentedass diseAutoaktivierung inA. thalianastrikt von
AtBAK1/AtSERK3 abhangtin Abwesenheivon AtBAK1 verhielt sichdiese Chimarevie

ein funktioneller~lagellinRezeptorwelcher,wie AtFLS2 mit den Ublichen
Immunantworterauf Behandlungen mit flg2zagiere. Dartber hinaus/urdedie

Autoaktivitat vonSI15-24 durchdie Uberexpression negatiieegulatoren voitBAKL1 (i.e.
von BIR2, BIR3 undBIR4) unterdriickt. Diese Ergebnissidstarke Hinweise déf, dass

der chimare FLSZRezeptor SI15-24 mit AtBAK1 interagiert, um zellulare Antworteuchin
AbwesenheitlesLiganden auszuldsen. Bisher konjgdochkeine stabile Komplexbildung
zwischen SI184 und AtBAK1in der Weise gefundenenden, wie diedei demflg22-
induzierten Komplex zwischen AtFLS2 und AtBAKer Fall ist Da der
Autoaktivierungsprozess vater FunktionalitdbeiderKinasen, derdeschiméren Rezeptors
und des KeRezeptorsabhéngt, deutet dies darauf hin, dass eine vortbergehende Interaktion

zwischen diesen Partnern fiir den Induktionsprozess ausreisbierkbnnte

Mit weiteren Austauschkonstrukten haben wir AigoaktivitatverursachendebRRs von
SIFLS2 auf die LRR&lummer18bis 24 eingeengtErstaunlicherweisbewirkte die
Ausweitung de#wustausches von SIFLS2 LRRsf die LRRs 1124 keine Autoaktivierung
Stattdessen waren diese Chiméreh funktionsfahge undligandenabhéngige FLS2
Rezeptoen Somit tat also dieAutoaktivierung nubeisolchenChiméren aufyelchesowohl
die LRRs Nummel 8-24 von SIFLS2als auch di€ RRsNummer7-14 von AtFLS2

aufwiesen.
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Introduction

1 Il ntroducti on

1.1 General introduction to plant immunity

Pathogenianicrobesoccur inthe environmensurroundingplantsat all times.Unlike

animals, plants neither can move to escape from invasiotionibreyhave circulating
immune cells to deal with iTo suvive under constant attack plants employ a broad set of
constitutive and inducible defeea mechanism@lones and Dangl, 2006, Boller and Felix,
2009)

Conceptually plantsinducible defence systems, often summarizeglastinnate immunity
can be separatedto two layerspatterntriggered immunity RPTI) andeffecior-triggered
immunity ETI), respectively. Bth layersare important, utilizing a series of immune
responses to fight off pathogenic invas{Boller and Felix, 2009, Zipfel, 2014, Yu et al.,
2017) The activation of PTI is achieved by the perceptiomofecular patterns that signal
the presence of potential pathogémsother dangers) by large families of surface Isedli
pattern recognition receptofBRRs)(Zipfel and Felix, 2005)These molecular patterns
detected by PRRs can be either derived from the pathagessyften termed PAMPSs or
MAMPs for pathogenor microbeassociated molecular patterns, or they get released from
host tissue as damagssocated molecular pattern (DAMPS) in the course of pathogen

attacks.

Activated PRRs trigger intracellular signalling and a broad range of defence responses that
confer resistance to host plants. Productioreattive oxygen species (ROS) dhdstress
hormone ethylenare part of this responses tlaatoften used to monitor PAMP perception

by PRRYBoller and Felix, 2009However, successfully adapted pathogens evolved means
to evade or overcome this first line of host defences provided bgdBiiés and Dangl, 2006)
Suchpathogensftenapply an array of effectanoleculego interferewith PTI responses and
blockthe immune systerfDangl et al., 2013However, agesults of ceevolutionary
processes, plants evolved a second layer of immunodetection systems that relies on the
detection of effector€lones and Dangl, 2006, Boller and Felix, 20Q8llike PTI, ETI relies

on intracellular receptodetecting pathogederived effectors and more intensiv@emune
responses, often accompanied with host cell dbatheffectivelyrestricts the spreading of
pathogengLolle et al., 2020, Cui et al., 2015, Dang| et al., 20P8¢viously, PTI and ETI

were considered to be separate, independent mechah@nes/er recent evidence suggests
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that PTI and ETI shacommon downstream components anepartially overlappingYuan
et al., 2021a, Ngou et al., 2021, Yuan et2021b, Pruitt et al., 2021)

1.2 PTI signal perceptiond ligand recognition by PRRs

PRRscanbe classified into two types: recepitke kinase (RLK) and receptdike protein
(RLP)(Shiu and Bleecker, 2003, Shiu and Bleecker, 20@las consist of an extracellular
domain(ECD) for ligand recognitiona singlespanningransmembrane domain (T and a
cytoplasmic Ser/Thkinase domaifKD) (Gust and Felix, 2014, Shiu and Bleecker, 2001b,
Ma et al., 2016)Ligand binding to the receptdike kinase trigges a complex formation with
a furtherRLK that acts as a execeptor and allows for the activatiohthe KDsand induction
of downstream signallinGou and Li, 2020, Chinchilla et al., 2007, Song et al., 2021, Albert
et al., 2020)In A. thalianathe co-receptor is one dhefive so-calledsomaticembryogenesis
receptorlike kinase(SERKS), notablyAtSERK3 which is also namdatassinosteroid
insensitive 1associated receptor kinas€AtBAK1, hereafter AtBAK1)Chinchilla etal.,
2009, Domingue¥Ferreras et al., 2015, Ma et al., 20Bl).Ps aresimilarto RLKs butlack a
kinase domairiBoller andFelix, 2009, Couto and Zipfel, 2018hstead, mosRLPs of
Arabidopsisform aconstitutivecomplex with the RLKsuppresser of BIRISOBIRY) that

acs as acommonadaptor kinasand allows downstream signalling together witkreceptors
like AtBAK1 (Gust and Felix, 2014, Couto and Zipfel, 2016, Boller and Felix, 2009)
According to the structure diieir extracellular domain, PRRsnalso becategorised into
differentreceptorclassesfor instancdeucinerich repeat (LRR)RLK/RLP, lysin motif
(LysM)-RLK/RLP, epidermal growth facto(EGF-RLK/RLP et cetera(Bohm et al., 2014)

Besides, PRRsanalso be groupedccording to théype of ligand theyletect For instance,
receptors for bacteriglatterns include thigagellin sensing 2 (FLS2yletectingoacterial
originatedflagellin-derived peptide flg2andelongationfactor Tureceptor (EFR)hat detects
the elf18 ligand repsenting the Nerminus of bacteriadlongationfactor Tu(Chinchilla et

al., 2006, Chinchilla et al., 2007, Gér&pmez and Boller, 2000, Zipfel et al., 2006)r
fungal derived elicitorsghitin is recognized bghitin €elicitor receptorkinasel (CERKL)/

lysin motif receptorkinase5 (LYK5) in A. thalianaandchitin oligosaccharidelicitor-

binding protein (CEBIP) in rice(Liu et al., 2012, Cao et al., 2014, Kaku et al., 2006,
Hayafune et al., 2014Another example ithattomatoethyleneinducing xylanase receptor 1
and 2 (SIEX1 and SIEX 2) recognize fungal xylanagRon and Avni, 2004, Bar et al., 2010)
AtRLP23recognises thdlecrosis and ethyleAaducing peptide -like proteins (NLPs)
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derivedfrom bacterial, fungal andomycetegAlbert et al., 2015)Moreover,PRRscanalso
perceiveplantderivedelicitors. For examplel RR-RLK AtPepreceptoiPEPR1and 2
(AtPEPR1/AtPEPR2andtomatosysteminreceptor 1 and gSISYR1/SISYR2 perceive the
endogenougroteinatiousAtpepsand systeminrespectively{Yamaguchi et al., 2010,
Yamada et al., 2016, Wang et al., 2008pll-associatekinase 1 \WVAK1) might perceive
the putative oligogalacturonides (OGs) from plegit wall (Brutus et al., 2010)

1.3 Mechanism of receptor activatio®d FLS2 as an example

Like the other RLKs, FLS2 consists of BED, a TMD and an activBeVThr KD (Gémez
Gbomezand Boller, 200Q)Normally, the ECD of FLS2 contains 28 LRR motifs wiite LRR
consensus sequenB&XLXXLxXLxXLXLxXNxL (T/S) Gx (x represents for any amino acid,
Figurel.31A) (Mueller et al., 2012)Generally, he ECDof a receptors responsible for
perceiving extracellular ligahand the KDfor cytosolic downstream signallingitiation
(Zipfel and Oldroyd, 2017, Albert et al., 2020)

A B
position1 AtFLS2 LRR 24
IPxxLxxLxxLxxLxLxxNXxLTSG x
LRR1'L SPAIT ANLTYLQVLDLTSNSFTGK
Il PAE I GKLTELNQLILYLNYTFESGS
1 PSGIWELKNIFYLDLRNNLTLSGD
VPEEICKTSSLVLIGFEDYNNLTGK
Il PECLGDLVHLQMFVAAGNHLTGS
Il PVSIGTLANLTDLDLSGNQLTGK
I PRDFGNLLNLQSLVLTENLTLEGHD
Il PAEI GNCSSLVQLELYDNQLTGHK
Il PAELGNLVQLQALRI YKNKLT § S
1 PS SLFRLTQLTHLGLSENHTLUVGFP
Il SEE I GF LESLEVLTLHSNNETGE
FPQS I TNLRNLTVLTVGFNNI S GE
LPADLGLLTNLRNLSAHDNLTLTGHFP
1 PSSISNCTGLKLLDLSHNQMTGE
Il PRGF GRM-NLTF I SIGRNHFT GE
I PDDI FNCSNLETLSVADNNLTGT
LKPL IGKLQKLRILQVSYNSLTGH?®P
Il PREIGNLKDLNILYLHSNGT FT GR
I PREMSNLTLLQGLRMYSNDTLEGHFP B AtFLS2-ECD
| PEEMFDMKLLSVLDLSNNKTFES GAQ
Il PALF SKLESLTYLSLQGNEKTFENGS
Il PASLKSLSLLNTEDI SDNLTLTGT B ABAK1-ECD
Il PGELLASLHKNMQYLNFSNNLLTGT
Il PKELGKLEMVQE I DL SNNLTF SG S n fig22
Il PRSLQACKNVFTLDFSQNNTLSGH
| PDEVFQGMDMI I SLNLSRNSTFES GE (4MN8.pdb, Sun et al. 2013)
1 PQSFGNMTHLYVSLDLSSNNLTGE
2811l PESLANLSTLKHLKLASNNTLIEK GH

Figure 1.31 AtFLS2-LRR and AtFLS2-AtBAK1 -flg22 complex

A) Amino acid sequence of AtFLS2 LRR. Gray shadow indicates conserved residue. B) Cryst
structure of AtFLS2-AtBAK1 -flg22 complex.
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How does binding of a ligand to the ECDarf RLK lead to the activation of the cytoplasmic
KD?The fAaddress and meomseheaomodeldarn eepuar activatisn f i r s
in theanimal field(Schwyzer, 1977)Basically,a part of ligand isesponsible fobeing

recognized byareceptor(bindinglddressand the other pahltadsto the signal transduadn

of areceptor(activation/messageJhis conceptalsoholds for flg22 and other ligands of plant

receptors and has a molecular explanation by the binding of ligands to the receptors with their
faddresso part that -tdeeaptadd DwWsi a etchhatii t memd s
activation of signallindMeind| et al., 2000, Albert et al., 2040

Many studieswerecarried out to investigate the subdomain of ARLresponsible for flg22
binding culminating in the crystallographic structural analysis of Sun,gal13).Thefls2-

24 mutant discovered in thariginal screen for flg22nsensitive linegarries a single point
mutationwith anexchangef Glycine 318to Argininelocated within LRR 10 of AtFLS2
(Gébmezgbmez et al., @01, GomezZzomez and Boller, 2000, Bauer et al., 2001, Mueller et
al., 2012) This mutation completely abolishéd22 binding and functionality of thatFLS2
receptor but, interestingly notwhen introduced into the toma®IFLS2 as detected in a later
study(Mueller, 2011) A further study applyinglanine scanningn AtFLS2 indicated that
theLRRs 9-15 areimportant for flg22 bindindDunning et al., 2007)The LRR 17of AtFLS2
was also claimed to be important for flg22 bindinygesting the binding of flg22 to FLS2

variants observed in differeArabidopsisaccessiongVetter etal., 2012)

Studying the sequence requirements of the ligand pegtite Gterminus, defined as the
Amessageo part of aldoHelpedt@understanel eeceptor activatigibru d i e s |,
instancethe peptides flg2¥'WS and flg22AYA, were found to bind to AtFLS2 but, rather

than activating the receptor as agonists, they acted as competitive antagonists for unmodified
flg22 (Mueller et al., 2012, Mueller, 2011, Bittel, 2010hese two exampledearly

supported he Aaddr ess a radindicadsdthattge€-derminal 8 @menp acids

are important for AtFLS2 activation

Ani mportant step in elucidating the mol ecul at
activation was the discovery that ligand binding leads to rapid complex fornoA#dRLS2

with AtBAK1 in vivoandin vitro (Chinchilla et al., 2007, Schulze et al., 2010, Sun et al.,

2013a) a process thavas show to be critical for AtFLSZnediated regmses (Chinchilla et

al., 2007) AtBAK1 is also a LRRRLK, yet the ECD of AtBAK1 only contains 5 LRRs

(Hecht et al., 2001)r'he crystallographic studyn ECDs of AtFLS2 and AtBAK1evealed

that flg22 binds to the groove of AtFLS2 across LRR 3 to LRRHi§u(e1.31B) (Sun et
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al., 2013a) AtBAK1 indirectly interats with AtFLS2 LRR16Gnd directly interacts with

AtFLS2 LRR 1820 and LRR2®2 6 under t he fAmol ec y$umetal.,gl ueo f
2013a) Glycine at theposition 18 of flg22 was illustrated to be crucial for AtBAK1

recruitmentSun et al., 2013aJhe mutants flg22 peptidegth theamino acidresidueat

position 18 changed fromygine toalanine ortyrosinewere reportedo have similar binding

capacity like wildtype flg2eptide to AtFLSZSun et al., 2013aHoweverno ligand
inducedAtBAK1-AtFLS2 complexwasobserved upon the mutant flg22 treatm@aun et al.,

2013a)

1.4 PTI regulation-AtBAK1 and related
1.4.1 AtBAK1 and its homologs

AtBAK1 belongs to a smafamily of SERKprotens with five members irA. thaliana
(Chinchilla et al., 2007, Hecht et al., 200@Yiginally, AtBAK1 was identified as an
interactor of plant developmental hormone brassinosteroid (BR) receptor brassinosteroid
insensitive 1 (BRI1)thereforebrassinosteroid insensitivedssociated receptdinasd was
named(Li et al., 2002) AtBAK1 forms a BRinduced complex with BRI1allowing for the
transphosphorylatioaf both KDsandleading tothe initiation of BR downstream signalling
(Nam and Li, 2002, Sun et al., 2013b, Wang et al., 2@&ides AtBAK1AtSERK1,
AtSERK2andAtSERK4 werealsoclaimed to be positive regulatorstire BR signalling
pathway(Gou et al., 2012, Noguchi et al., 1999, Russinova et al., 28040h suggestethat
AtSERKSs might be redundant.oMever, the AtSERKS5 from Cdl seems not to contribute to
the BR signalling pathway, possildye to deucine at position 401 insteadanjinine that
changes théArg/Asp (RD) kinase motithat is commonly conserved in these kingsés et

al., 2007, Gou et al., 2012ndeed AtSERKS5iIn the &cessiorLer-0 has a normutated RD
kinase motif and wasbserved to be a positive regulator in mediating BR signal transduction
(Wu et al., 2015, Noguchi et al., 1999)

Later, the versatile role of AASERKs was discovered in plant immunity represented by
functioning as caeceptor of AtFLS2 in flg22 percepti¢g@hinchilla et al., 2007,
Schwessinger et al., 2018ince thenAtSERKs hae beenreported as common geceptors
in immunesignalling via diverse PRRs inding EFR and PEPR1{Roux et al., 2011, Tang
et al., 2015)Moreover, the AtSERKs were alsbhown to act as emeceptors for RLKs
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controlling plant growth and floralevelopmen{Lewis et al., 2010, Wang et al., 2015, Li et
al., 2002, Ma et al., 2016)

1.4.2 AtBAK1 and the BIRs as its negative regulatas

The BIRs, BAK1-interacting receptelike kinasesare four structurallgloselyrelated LRR
RLKs that have been reportaainteract with AtBAK1 constitutively iplanta, and the ECD
of BIRs werealso foundo interactwith AtBAK1 ECDin vitro (Gao et al., 2009, Halter et al.,
2014b, Ma et al., 2017BIR2, BIR3and BIR4 function as negative regules of AtBAK1

and interact with AtBAK1 KD in yeadivo-hybrid experimentéHalter et al., 2014b,
Imkampe et al., 2017BIR1 wasoriginally identified in areverse genetic screith
Arabidopsismutants carrying knockouts in genes which were upregukddpost
inoculation withPseudomunas syringae pv. Maculicola (P.s(@3go et al., 20090ne of
these mutants with a disruption At5g48380showed dwarfisnandextensive cell death
At594838Cencods an RLK with an ECIzonsisting of 5 LRRs and interacts wAtBAK1,
thus being dubbeBIR1. Thedwarf phenotypeof birl can be partially suppressed by
knocking out the common RLP adaptor kinase SORIR1 et al., 2016) Interestinglyan
interaction of AtBAK1 and SOBIRtanbe detectednly when BIR1 was silenced, thus it
was hypothesized that BIR1 plays a rioi@rohibiting complex formation between AtBAK1
and SOBIR1/RLP, thereby preventing downstream immune respgigex al., 2016)
However, AtFLS2mediated PTI signalling pathwayesas not affected by BIR(Liu et al.,
2016) In contrast to BIR,1which hasan active kinase, the other three BIR&ithaliana
have pseudokinas¢Blaum et al., 2014, Halter et al., 2014b, Imkampe et al., 2&IRR and
BIR3 were discovereih immunoprecipitates dhtBAK1-GFP, by proteomic analysfblalter
et al., 2014h)Genome analysis identifid8l R4 as a further member of the BIR fam{i@ao

et al., 2009, Halter et al., 2014IBIR2 and BIR3were both reported to interact with
AtBAK1, thereby acting as negative regulatorstf@AtFLS2-mediated plant immunity
pathway(Halter et al., 2014b, Blaum et al., 2014, Imkampe et al., 20Ad%eover, BIR3 was
also stated to interadirectly with AtFLS2 and negatively regulated BR signalling pathway
(Halter et al., 2014b, Blaum €lt,&2014, Imkampe et al., 2017)

1.5 PTI signaloutput : FLS2 as an example

Uponactivation of theilPRRs, plants implement mukiacettedmmune response$hese
include changes in ion fles across the plasmamembrane (BMgarly symptoms,

production of active oxygen species in an oxidative burst, activation of MAPK
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cascads/CDPK(mitogenactivatedprotein kinase/calciurdependent protein kinase

induction , ethylene productioand massiveeprogrammingf gene expressioffrelix et al.,
1999, Nuhse et al., 2000, Wendehenne et al., 2002, Apel and Hirt, 2004, Jeworutzki et al.,
2010b, Zipfel and Robagk, 2010)In Figure1.5.1 (from the review of Yu et al) thimely
ordered changes arearamarized for the bestudied PRR AtFLS2 as an exampta et al.,
2017)

Within second®f flg22 treatmeniAtBAK 1 is recruited tdorm a complex wi AtFLS2and
the kinase of both partneairmnsphosphorylate each oth@hinchilla et al., 2007, Schulze et
al., 2010) Then thereceptotlike cytoplasmickinase RLCK) botrytis-induced kinase 1
(BIK1) is phosphorylatedndtransducetheimmune signal tahe cytosol(Lu et al., 2010,

Lin et al., 2014)ActivatedBIK1, in turn,openscalcium (C&*) channelsCa&* actsasan
importantsecondnessengefor multiple biochemical signalling pathwayRanf et al., 2012,
Thor and Peiter, 20143uch as openingf calciumassociated ion chansethat leads t&+*
efflux and protonnflux andresulsin extracellular alkalinizatiofJeworutzki et al., 2010a,
Gust et al., 2007BIK1 also triggers the production céactive oxygen species (ROS) and
activates MAPKcascades that lead to altered expression of numerous (§etigst al.,

1999, Mersmann et al., 2010, Asai et al., 20BA)ong these responses are an increased
biosynthesis of the stress hormone ethylémedix et al., 1999, Zipfel et al., 200dhdthe
transcriptiorl inductionof defencerelated genes, such fg22-induced receptolike kinase

1 (FRK1) andWRKY29Asai et al., 2002)As lateresponsesa range of other physiological
changes such asomata closure, callose deposition and seedling growth inhibition can be
observedoccurrirg hours to daysifteraddition of the ligand flg22Deger et al., 2015, Luna
etal., 2011, Chinchilla et al., 20Q7)
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Figure 1.5.1 Time course ofPTI outputs: AtFLS2 as example(Yu et al., 2017)

AtFLS2 and flg22 receptor-ligand pair is usedasan exampleto illustra te the multi-layered
immune responses after ligand perception, includingimmunoreceptor complex formation
and transphosphorylation, Ca2* burst, apoplasticalkalinisation, ROS burst, ethylene
production, defencegene reprograming, stomatal closure, callosgepositionand seedling

growth inhibition.

1.6 Domain swapping as a useful tool tdissectplant PRRs subdomains

Domain swappindpas beemppliedin several tudiesto investigae ligand binding and kinase
activationin plant PRRsThe first domain swapping example in plant PRRs presented by
fusion of ECD of BRI1 andKD of rice XA21, both of which are LRARLKs (He et al., 2000)
Briefly, rice celk transformed witha chimeric construct of BRI1 and XAZ&spondedo
brassinolide BL) treatmentwith thetypical immune responseofoxidative burst, defence
gene upregulation arah increased rate o€ll deathMuch like the hybricbetween BRI1 and
XA21, BRI1 was also combined with EFR in a reciprocal way (Markus Albert unpublished
data).Chimera containin@RI1 ECD and EFRTMD andKD responded to BL with ROS

burst and the upregulation of an FRK1 immune maNgre versaA. thaliam plants
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expressing the hybrid of EFR ECD and BRI1 TMID respondedo the PAMP elf18 with

increased growtfMarkus Albert unpublished data)

Swapping of liganébinding ECDs and KDs between AtFLS2 and EFR also resultiediyn
functional receptorAlbert et al., 2010b, Brutus et al., 201@Jhile swapping the entire ECD
resulted in functional receptors, shifting the swap site to a position leaving the last two of the
LRRs with the TM and the KD resulted in nrumctional receptorgAlbert et al., 2010b)

Similarly, FLS2Xt from V. riparia was domairswapped with VrFLS20 mapthatthe
subdomain.RRs 1218 fromFLS2X- werecrucial forflg22Atum binding (Fuerstet al., 2020)
Besidesa chimeric approach was also used to generated Iswitsising of ECD from

BIR3 andKD from SERK-dependenimmune/developmentdRR-RLKSs, andthese hybrid

were able tdrigger downstream signalling constitutivébfohmann et al., 2020)

Domain swapping was not only appliedLRR-RLKs butto LRR-RLPs as well. Tomato
LRR-RLP Cladosporium fulvumesistance proteis (Cf-4) andCladosporium fulvum
resistance proteif (Cf-9) recognse thefugal proteinaceouslicitorsavirulenced (Avr4) and
avirulence9 (Avr9), respectivelyKruijt et al., 2005) Chimeras between & and Cf9
narrowed downthe essential LRRs for receptor functiorvolved in specifiaecognitionto
Avr4 or Avr9 (Wulff et al., 2001, Varmer Hoorn et al., 2001, van der Hoorn et al., 2005)

ReMAX from A. thalianarecognizing eM\X from Xanthomonadshowed no bioactivity
upon eMAX treatmenivhen ectopically expressedih benthamiandéeavesJehle et al.,
2013) However functionality was achieved by creating a chimeric RLP in a way of
combiningthe ArabidopsisReMAX ECD with the juxtamembrane domaitne TMD and the
C-terminus of the RLP EIX2 from tomafdehle et al., 2013Yhis indicated that the nen
functionality of the authentic RLP ReMAXight have come from an incompatibility of this
RLP with an essntial component of response activation, such as the adaptor kinase SOBIR1,
in theSolanaceous plaM. benthamiananterestingly the versatility of chimeric approaches
was also illustrated witbwaps between structurally distinguishable receptorsnébance,
EGFRLK WAK1 and LRRRLK EFR fromA. thaliana(Brutus et al., 2010)'he hybrid of
WAK1 ECD fused with EFRKD was able to transduce the sighké EFR, inducing the
stress hormone ethyleaedupregulating elfl8nduced defence marker genesile
recognizingOGs Likewise the receptor consiagy of EFRECD and WAK1KD was able to
give a ROS burst upagif18 treatmentia WAK1 KD.

In a moreintriguing approachdouble reciprocatiomain swapping was used to generate

syntheticreceptor and coeceptor paswith either AtFLS2 or EFRAIlbert et al., 2013a)
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KDs of AtFLS2 or EFRwere swapped reciprocaith theKD of AtBAK1, resulting in

receptor pairs that showed the same respensss compared to the original receptor ard co
receptor pairsThese results provided clear evidence thatdhmation of theheteromeric
complex by AtFLS2r EFRand AtBAK1, rather than representing a supporting or enhancing
step, is an essential paftreceptor activatiorAdditionally, these resultarealsoin line with
thecrystallographic stugof flg22, AtFLS2 and AtBAK1ECDs forming a complex

(Chinchilla et al., 2007, Sun et al., 2013B)e two reciprocal hybridpproacheprovideda

new sight for mapping receptor andmazeptolinteractionsites, therebybroughtbetter

understanithgs of thereceptor complex formation and activatimechanism
1.7 Background for this work

1.7.1 Comparison of SIFLS2 and AtFLS2

FLS2 receptorare conservedmong angiosperms and some gymnospgbisthese
receptors show specigpecific characteristics witlfespect to ligand perception acc
receptor preferend@lbert et al., 2010a, Felix et al., 19991 S2from ArabidopsisandFLS2

A
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+ —

Y Y U ™™
Q Q () Kinase
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S| FA S At F2 S S1524
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Figure 1.7.1 SI15-24 domain swapping scheme

LRRs 15-24 from SIFLS2 were swapped into AtFLS2 substituting the corresponding LRRs.
SIFLS2is coloured in grey and AtFLSZ2is in white. TM = transmembrane domain. A) SI1524
LRR swapping structural scheme. B) SI1&24 LRR swapping overview and the sequence of

switching points.

from tomato SIFLS2), which share 55 % identical amino acids in their ECDs, perceive flg22
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in a sensitive manner, but show distinct differences with respect to responsiveness and
binding affinities for diffeent flg22derived variantgMueller et al., 2012, Robatzek et al.,
2007) SIFLS2 recognises the shortened flagedlerivedpeptide flgl5andseveralC-
terminaly modifiedvariants that araonactiveon AtFLS2(Mueller et al., 2012)Also, for
activating cytoplasmic signallind\tFLS2 wasobserved to be strongly dependentlosco-
receptor AtBAKYAtSERK3 while SIFLS2 wasot affected by the absenceAtBAK1

(Bittel, 2010, Muelletet al., 2012)For mapping the LRRubdomaig/regiors responsible for
thesedifferences in AtFLS2 and SIFLS2, hybrid receptors with precise swaps of specific
LRRs were constructg@rigurel.7.1, SI1524 as examplgBittel, 2010)

Thesehybrid receptos were assayed for general functionaliggth the common flg22 ligand
as well as with the flg22ariants that show preference foremf the FLS2 receptor@®ittel,
2010, Muelleret al., 2012)For example,hie chimeric construct SI124, AtFLS2 with its
LRRs 1924 replaced by theorrespondindg RRs of SIFLS2 gained responsiveness to e
terminally modified flagellin peptide flg22YA which acted as an antagonist of flg22 in
cellswith authentic AtFLS2ut as agonist in cells with SIFLSRIueller et al., 2012)
Similarly, asa second examplehimera SI110, with LRRs +10 from SIFLSZeplacing the
corresponding LRRs in AtFLS2, showed a clearly increased sensigflgi5 treatment
compared tAtFLS2 (Mueller et al., 2012)

These data suggested that $speciesspecificpropertiesof flagellin recognition of SIFLS2
canbeintroducel into AtFLS2by LRR subdomain swappintptriguingly, one of the hybrids
SI1524 (Figurel.7.1), with LRRs15-24 from SIFLS2 substituting the corresponding LRRs
of the authentic AtFLS2, caughtourepssamfiover exci t edo FLS2.

1.7.2 An foverexcitecd FLS2

Why was Sl1&24namedi o v e r e x ¢ i |h eodtrast té dll ;1@ Rhdaybrids generated
between AtFLS2 and SIFLSRatwere stably transformed infrabidopsisthis SI1524
caused awarf phenotypandcell deathn theT1 generationKigurel.7.2) (Bittel, 2010)
Non-transformed platsweregrownin parallelas contrd, but the growth defect was not

observed

To confirm that thigphenotype was indeed induced by the expression ofZl1&n estradiol
inducible construghXVE::Sl1524 was generated.he T2 generatiorof thesetransgaic lines
wereused for estradiol feeding experiments. As showrigire1.7.3 A, after induction with

10 uM estradiol, the seedlings expressing Sk#5exhibitedyrowth inhibition and necrosis,

11
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whereas tts phenotypeoccurredneitherin wildtypeplantstreated with estradialor in
A.thalianatransformed withpXVE::SI1524 but without estradiol induction. SI124 protein

expression was verified via western blotwantitFLS2 antibodies [Figure1.7.3 B).

Lo R

p3 5:S1 52 4p 8) W}(b 8)
Figure 1.7.2 Expression of SI1524 affectsArabidopsisdevelopment(Bittel, 2010)

A. thaliana fls2 mutant plants stably transformed with p35S:: SI1524 and non-transformed
fls2 mutant plants were grownunder short day conditions for 78 weeks. In comparison tdls2

wildtype plants, SI1524 transgenic plans showed severe growth defect.

Expression, notably overexpression, of elements of the immune system can lead to
autoimmunetype of defence responses that eventually can lead to growth arrest and cell death
(DominguezFerreras et al., 2015, van der Burgh et al., 200@ thus wondered whether the
onset of estradiahduced expression of SI4&} would be paralleled by defence responses

like increased production of ethylene. In orderd¢ocaunt for general effects of induced FLS2
expression we also used transformants WKNWE::AtFLS2 Within 12 h of treatment with

10uM estradiol, seedlings transformed witkVE::S11524 but not seedling transformed with
pXVE::AtFLSZresponded with alearly enhanced production of ethylgiregure1.7.3 C),
suggestinghatexpression 0611524 indeeccausedmmune responsen the absence of its

ligand flg22in Arabidopsis

12
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Figure 1.7.3 Expression of SI1524 causes necrosiand ethylene productionin Arabidopsis
seedling(Bittel, 2010)

A) Wild type and T2 generation of XVE::SI15-24 seedlings were germinated for 6 days and th
transferred to liquid MS medium supplemented with 10uM estradiol or solvent as control.
Seedlings were pictured 7 days after treatment. Western blot analysis of protein accumulatior
of seedling used in Ajs shown in B). C) Ethylene production in XVE::AtFLS2/SI1524
transgenic seedlings induced with 100 mg/ml chitin or 10 uM estradiébr 12 h. Bars and error

bars show means and standard deviations for a 4.

The receptoactivation process involving binty of flg22 to AtFLS2 complexformation
with AtBAK1 and subsequent activation of intracellular signallingh®yactivated kiases
has been illustrated via bioghéecal methodsn vivo, and crystallographic evidenaevitro
(Chinchilla et al., 2007, Sun et al., 2013&gcordingly, it washypothested thatSI1524
inducedgrowth inhibitionandethylene production iArabidopsismight depend oAtBAK1
(Bittel, 2010) To test thisSI1524 was transformed to the A. thalianamutantsbak-7 and
bak15 lacking functional AtBAK1 or in dls2 mutant as a controlThebakl-7 mutants is a
knockout line with a IDNA insertion in the coding region, wherdaask1-5 carries a single
amino acid change fromysteine tayrosine at position 408, reported to have a dominant
negative effect in PTI signalling without affecting its function as-aeceptor for BR11n
developmen{Schwessinger et al., 201Bs illustrated inFigurel.7.4, SI15-24 did not
induce growth defect ithetwo bakl mutantsbak17 andbakl-5 but inthe controlplants

13
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lacking FLS2 Thus, the SI1584 induced autoactivation is AtBAKdependenand the
functioning of AtBAK1 in PTlsignalling is necessary. In a repetition of this experiment the
plants were transformed wii1524 driven under its endogenous AtFLS2 promoter. Again,
no growth phenotype was observed in transformants of thebakad mutants put a strong

growth inhibition was observed in plants with functional AtBA{SLipp.1).

p35s::S115-24 (fis2) p35s::S115-24 (bak1-7) p35s::S115-24 (bak1-5)

Figure 1.7.4 SI15-24 induced growth defect is AtBAKtdependent

p35s::SI11524 was stably transformed into A. thaliana lacking FLS2 (fls2) or BAK1 (bak1-7),
or harbouring an impaired BAK1 in PTI (bak1-5) via Agrobacteriummediated
transformation. Shown arerepresentativeexamples of7 weeks oldT1 plants (Bittel, 2010).

Furtherexperiments wereatried outwith theestradiolinducible systemwvith the
pXVE::SI1524 construct tansformed irA. thalianafls2 single mutargor fls2 x bak1-4

double mutarst. In thefls2 background with functional AtBAK1the estradiol application
caused growth arrest and necrdsigurel.7.5 A, left panel) while the estradiol treatment of
transformants in thés2 x bak1-4 mutanthad no effec{Figurel.7.5 A, right pane). Thereby,
the SI1524 proteinaccumulated in both types wansformantsfter the estradieireatment,
reaching levels of FLS2 observed in wilgpe seedlinggFigurel.7.5 B). These data
suggested that theeedling necrosicaused by SI184 is AtBAK1 dependent.

14
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A XVE : : SI15-24 in fls2 XVE : : SI15-24 in fls2 x bak1-4

control estradiol control estradiol
B
WT XVE::SI15-24
fls2 fls2 x bak1-4
+ = + - + estradiol

175kDa —. | .. o oFis

Figure 1.7.5 baklrescues SI184-causedA. thaliana seedling growth inhibition

A) T2 generation of pXVE::SI15-24in fls2 or fls2 x bak1-4 seedlings wereggerminated for 6 days
and then transferred to liquid MS medium supplemented with 1QuM estradiol or solvent as
control. Seedlings were pictured 7 days after treatment. BNMestern blot analysis of protein

accumulation of seedling used in A)

One inteesting questiothatarosehereis whether SI184 harbous a binding site for flg22

To elucidatethis, SI1524 or AtFLS2 receptors were immunoadsorbed to beads coated with
ant-FLS2 antiboges and tested in competitive binding assays with radiolabiégizd (-2l -
Tyr-flg22) and different concentrations of unlabelled flgE®y(rel1.7.6 A). From these

binding assaygheICsg values, the concentration of unlabelléggR® reducing binding of
radiolabelled flg22 by 50 %, wesstimated to be60 nM and ~ 20 nM for SIt34 and

AtFLS2, respectivelyln a further binding experiment, including a comparison with authentic
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SIFLS2, binding ofadio-ligandto SI1524 was only partially competed by 1 uM of the N
terminally shortened ligand flgl&nalogous to the behaviour AfFLS2 (Figurel.7.6 B). In
anextstep,to further investigate the functionality 811524, it was transformetbgether

with a Luciferase reporter gene under the pFRK1 promoter transietatlyrotoplasts lacking
either AtFLS2 or bothAtFLS2 and AtBAK1, respectively. In protoplasts with functional
AtBAK1, SI15-24 induced a constitutive upregulation of luciferase activity even without
flg22 treatmentiigurel1.7.6 C). In contrast, in protoplaskacking functimal AtBAK1 the
expression of SI124 did not cause autoactivation. Instead, it conferred responsiveness to
flg22 but not flgl5, indicating that SI1%4 is a functional FLS2 receptor with a ligand
preference for flg22 over flg15 like AtFLS®Iueller et al., 2012)Iin summary, SI124 is a
functional FLS2 with ligand binding characteristics similar to AtFLS2.
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Figure 1.7.6 SI15-24 is a functional FLS2 receptor responsive to flg22 (Katharina Mueller)

A) Competitive binding assays with 0.1 nMz -Tyr -flg22 and different concentrations of
unlabelled flg22 measured in immunoprecipitates of AtFLS2 and SI134 expressed in transgenic
plants induced with estradiol and purified with anti-FLS2 antibodies. 1Gsy, the concentration of
unlabelled flg22 that results in50% reduction of bound 2 -Tyr -flg22. Cpm, counts per minute.B)
Competitive binding assays with 0.1 nMzs-Tyr -flg22 and unlabelled flg22 or flg15 as competitor
measured on GFPtrap incubated with solubilisatesfrom N. benthamianaexpressing AtFLS2
GFP, SIFLS2GFP or SI1524-GFP. Protein expression was verified byvesternblot. C)
p35s::S11524-GFP was cotransformed with pFRK1::Luciferaseinto A. thaliana mesophyll
protoplasts and luciferase activity was measured as describéueller et al., 2012) SI1524
expressed irefr x fls2 background andfls2 x bak1-4 background protoplasts and luciferase

activity were measured from-1 hour to 6 hour after treatment. Elicitors were added when t = 0.

RLU, relative light units.
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The kinase activity of AtFLS2 is critical to medidlg22-induceddownstream signalling
(Asai et al., 2002, Albert et al., 20130helysine at position 898 AAtFLS2, predicted to be
involved inATP binding has leenshownto becritical for receptor activatiom earlier
reports(Asai et al., 2002)Iin order to investigate whethtre ligandindependent activity of
Sl15-24 depends on its kinase activity, the 898ine of SI1524 was mutated tdanine and a
pXVE::SI1524 K898Aconstruct wasransformed intd\rabidopsiswild type plantqBittel,
2010) Several independent lines of these transformamseall found not to respond with
increasd ghylene productiomndseedling growth inhibitiornvhen teated with estradiol
(Figurel.7.7A), although the SI124 K898A protein accumulated im astradioldependent
manner(Figurel.7.7B).
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Figure 1.7.7 Ligand-independent activity of SI15-24 is kinase dependent

A) K898A kinase-dead version of SI184 is unable to induce ethylene production in absence of
elicitors, nor responding to flg22treatment. B) SI1524K898A seedlings do not show any growth

defect.

So far, # the genetic evidencand molecular featusef SI15-24 support the hypothesihat
SI1524 isaFLS2 receptothat gets activated in a ligamadependent manner in tipeesence
of a functional AtBAK1 cereceptor. The most straightforward explanation would be that

activation is caused by a ligamtdependent interaction of SKZ# and AtBAK1.To obtain
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evidencdor a direct interaction dbl1524 and AtBAK1co-immunoprecipitation €o-ip)
experimersg wereperformedwith plants expressing SI124 under constitutive or estradiol
inducible promoters iArabidopsisplants with AtBAK1 Unexpectedlyhowever, such an
interaction of SI1524 and AtBAK1could not be reprodudyp observed irseveralco-
Immunoprecipitation experiments that all showed the fid@@endent interaction of the
positive control with AtFLSZ2xperimentgDr. Delphine Chinchilla personal
communication)In Figure1.7.8 an example of this failure is shown to illustrate the most
frequently observetesult, which was the absence of SBbin immunoprecipitates of
AtBAK1, regardless of flg22 treatment.

WT SIL54

flg22
(TuM, 5min)

-+ -+
K T
' ' B o-FLS2
E o b
.

IP: a-BAK1

Figure 1.7.8 SI1524 does notinteract with AtBAK1 in A. thaliana

Co-immunoprecipitation experiments were performed using anitBAK1 antibodies on
extracts of seedlings expressing SI4%4 or AtFLS2 under the control of the XVE system.
Seedlings werdreated or not with 1 uM flg22 for 5 min. Input not shown. Provided by Dr.
Delphine Chinchilla.
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Aim of the work

2 Aim of t he wor k

PRRs play important roles pathogerrecognition for both animals and plants. In plant innate
immunity, flg22-AtFLS2 is one of théest (ormostthoroughly)studied liganereceptor pas.
The crystal structure ahe AtFLS2-flg22-AtBAK1 complexprovided a clear picture on
wheretheflg22 ligand bind to FLS2 and how this allows the formation of ligand
receptofrco-receptorcomplex required for receptor activati®un et al., 2013a)n this
context howeverthe constitutive, liganehdependenéctivity of SI1524, a chimeric receptor
with the LRRs 1824 from tomato SIFLS2 replacing the corresponding LRRs in the
ectodomain of AtFLS2, remains a riddle. Autoeation of SI1524 depends on the
functionality of its kinase and the presence of a functional AtBMittel, 2010) More
intriguingly, in the absence of AtBAK1, SI1%4 is a functional FLS2 receptor recognizing
flg22.

In the present work, firstlywe aimed ainvestigatingwhetherthe SI1524 and AtBAK1
proteinsinteractphysically possibly in a manner that does not lead to a complex stable
througtout immunoprecipitationrSecondlywe further characteriseghe molecular featusof
Sl15-24 andinvestigated the inhibitory function of Bk on SI1824. Additionally, we further
mapped the LRR regions which are responsible for the autoactivationabfitheric

receptors.
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3 Mater.i

3.1 Plant material

3.1.1 Arabidopsis thaliana

Meds handd

Arabidopsisplantswere grown in shortlay phytochambewith 8 h light,22°C, 40%- 65%

relative humidity.

Genotype Comment

Col-0 Wilde type

fls2 fls2 (SAIL_691C4)in Col-0 backgroundZipfel et al, 2004)

bakl-4 bakl1l(SALK 116202) FTDNA insertion line in Col0
backgroundKemmerling et al., 2007)

bak1-5 bakldominant negative mutant in G0lbackground
(Schwessingeet al., 2011)

bak1-7 bak1(GABI_213D09)T-DNA insertion line in Col0
backgroundBittel, 2010)

fls2x bakx:4 fls2 andbak1-4 mutant in Col0 background (Zipfel et al.
2004)

efr-1 x fls2 Crossng of efr-1 (Zipfel et al, 2009 andfls2 (Zipfel et al.,
2006 mutantin Col-0 backgroundNekrasov et al., 2009)

efr-1 x fls2x bak1-5 x serk4 | Crossing okfr-1 x fls2 andbak-5 x serk4mutant in Col0
backgroundAlbert et al, 2013

sobirl-12 Sobirl(SALK_050715)T-DNA insertion line in Col0
backgroundGao et al., 2009)

BIR2 OX p35s::BIR2YFP overexpression line in Cdl background
(Halter et al., 2014)
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3.1.2 Nicotiana benthamiana

N. benthamianglants were grown in greenhouséh 14 h light 25 °C and0 h dark 19 °C.

3.2 Chemicalsand Kits

Chemicals were ordered from SigrA&rich (St. Louis, USA) Merck (Darmstadt, DE)
Roche(Basel, CH) Duchefa(Haarlem, NL) Carl Roth(Karlsruhe, DE) Fluka (Buchs, CH)
and kitsfrom Thermo Santific (Waltham, USA). MACHEREWAGEL (Duren, DE).

3.3 Peptides

Peptides wereustomsynthesized by different compgaa Commonly, ock solutions
containinglO mM peptide were prepared in water and dilirea solution containing 10
mg/mIBSA, 0.1 M NaClto preventadsorption of peptide to plastic surfaces.

peptide sequence

Atpepl ATKVKAKQRGKEKVSSGRPGQHN (Huffaker et al., 2006)

elf18 Ac-SKEKFERTKPKVNVGTIG (Kunze et al., 2004)
flg22 QRLSTGSRINSAKDDAAGLQIA (Felix et al., 1999)
flg15 RINSAKDDAAGLQIA (Felix et al., 1999)

Acri-flg22 | Acri-QRLSTGSRINSAKDDAAGLQIA (Fuerst et al., 2020)

3.4 Bacterial strains

bacterial Growth condition strain

Agrobacterium| 30 °C incubator ohB agaroseplate GVv3101
tumefaciens | 30°C shaker 22@m in liquid LB medium

Escherichia | 37 °C incubator on LBgaroselate TOP10(Thermo

coli Scientifig

37°C shaker@ rpm in liquid LB medium

XL1blue (Stratageng
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3.5 Cloning

3.5.1 Chimeric receptor constructs

Expression constructs fohieneric receptors were obtained either with Gateway cloning or
Golden Gate cloningr the combination of bothror Gateway clonind?husionHigh-Fidelity
DNA polymerase (ThermbBishe) was used andhimeric receptors were created with
overlapping extension PC&s describe@Albert et al., 2010b)Amplified receptor constructs
were directly ligated into pPENTR-TOPOentry vector (Invitrogen), followed by recombined
into pPK7FWG2.0Gateway destinain vector (VIB, University of Gent) which has a
CaMV35S promoter and a-terminal enhance&FP tagoy LR reaction (R clonase lI,

Invtrogen)

For Golden Gate cloninggparate pasf receptors weramplifiedwith primers containing
overhangings and Bsadcognition siteand ligatednto pJET1.2 blunend vector (CloneJET
PCR Cloning Kit, Thermo Fishgrfollowed by Bsal (Thermo Fisher) eligationinto LIl

BB10 expression vect@s describe@@Binder et al., 2014)

For At1524, SI1823, SI18, SI24, SI18 & 24, a combination of Gateway and Golden Gate
cloningwas used. Separate parts of the chimeras were amplified with primers containing
overhangings and B$recognition site and ligated into pJET1.2 blunt end vector, followed by
Bsal cutligation into Golden Gate compatible pENVBctor. Then, the chimeras were

recombined into pK7FWG2.0 destination vector via LR reaction.

The nucleotide sequence of all gn@aplified products were verifidoly Sanger sequencing

(Eurofings or Microsynth) aftansertioninto a plasmid.

3.5.2 Mutagenesis

For AtFLS2 L663N and SIt24 N663L, AtFLS2 or SI1524 was recombined from

pK7FWG2.0 destination vector into pPDONR207 entry vector via BP reaction (BP clonase II,
Invtrogen). Whole plasmid was amplified with primeostaining overhangingatroducing

point mutation with Phusion Highidelity DNA polymerase (Thermo Fishgiu and

Naismith, 2008)Methylated template plasmid was digested with Dstriction enzyme
(Thermo)for 1 h at 37 °CMutation was confirmed by Sanger sequencigtated constructs
were recombined into pK7FWG2a@ain with LR clonase Il.
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3.5.3 Expresson construct (all the tags are fused t&-terminus)
Gateway and classic cloning expression construct

construct expression vedtor promoter tag comment
AtFLS2 pK7PAMG2.0 from KatharinaMueller
SHAS2 pK7PMG2.0 from Katharina Mueller
915-24 pK7PMGE2.0 from Katharina Mueller
315-24kinase dead pK7/PWE2.0 from Katharina Mueller
916-24 pK7PMG2.0

917-24 pK7PME2.0

918-24 pK7PME2.0

918-23 pK7PMG2.0 p35s G

318-21 pK7PME2.0

915-19 pK7PMG2.0

915-16 pK7PME2.0

318-21 pK7PME2.0

918 pK7PMG2.0

924 pK7PME2.0

918 & 24 pK7PMGE2.0

91-6 pK7PMG2.0

I1-6/15-24 pK7PME2.0

H4-6/15-24 pK7PME2.0

AR TM+20aa pK7RMR2.0

915-24TM +20aa pK7PAVG2.0

BtF pK7PWGE2.0 from Markus Albert
915-24 N663L pK7FWGE2.0

AtRLS2 663N pK7FWG2.0

ASERK1 PGWB17 from Lisha Zhang
AtSERK2 PGWB17 from Lisha Zhang
AtBAK1/ AtSERK3  PGWB17 from Lisha Zhang
AtSHRK4 PGWB17 p35s 4x Myc from Lisha Zhang
ATSERKS PGWB17 from Lisha Zhang
SE=KR3A PGWB17 from Lei Wang
SSRK3B PGWB17 from Lei Wang

SB PGWB17

AtBAK1 TM+20aa PGAMB20 p35s 10 x Myc

BR2 PB7YWG2.0 from Brgit Kemmerling
BR3 PB7YWG2.0 p35s Y@ from Brgit Kemmerling
BR4 PB7 YWG2.0 from Brgit Kemmerling
31-24 pCAMBA2300 p35s G from Katharina Mueller
919-24 pCAMBIA2300 from Katharina Mueller
ABAK1-nAUC pCAMBA1300 p35s 3x HA-nALUC from Liping Yu
915-24-nALUC pCAMBA1300

BR3-cAUC pCAMBIA1300 from Liping Yu
AIRR2-cAUC pCAMBA1300

315-24-cLUC  pCAMBIA1300 p3%s  cLLC

ABAK1-cHUC pCAMBA1300

Golden Gate expression construct

construct backbone promoter terminator tag

AtBAK1- HIBT BB10 p35s02 nos-T HIBT

BR1 BB10 p35s02 nos-T YHP

BRI1t2 BB10 p35s02 nos-T YHP

BR2t1 BB10 p35s02 nos-T YHP

EC- At BB10 p35s02 nos-T HA

EC-915-24 BB10 p35s02 nos-T HA

BC- AtBAK1 BB10 p35s02 nos-T GFP
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3.6 Plant transformation and immune response assay

3.6.1 Transient transformation of Arabidopsis thalianamesophyll protoplasts

and pFRK1::L uciferaseassay

Protoplasts isolation amFRK1::LUC assay were carried out according to the protocol from
(Yoo et al., 2007)Briefly, 40 healtly and fully extended leaves from 5 weeks Aldhaliana
were sliced into 1 mm straps asubmergedn 10 mlenzyme solution (0.4 M mannitol, 20
mM KCI, 20 mM MES pH 5.7, 1.5 % Cellulase R10, 0.4 % Macerozyme R10 were heated at
55 °C for 10 min and Cag0.1 % BSA were added after coolexl ice) vacuumed for 30 min
in dark and incubated in dark for 3 to 4 hours. 10 ml ice cold W5 solution (2 m$1pE

5.7, 154 mM NaCl, 125 mM Cag£I5 mM KCI) was added in the enzyme solution containing
leaf tissue and gently swirling was applied to release protopMistsd solution containing
protoplasts were poured through a 75 um nsgiported with a funnelia 12 ml round

bottom tube (SimportProtoplasts were sedimented by centrifugationdfi® 2 minand
resuspended in 5 ml W5 solution sedimented again by gravity on ice in dark for 30 min. The
resuspensioand sedimentgirocedure were repeated anotheretbut in the second time 20

ul of protoplast resuspension was sampled anchoefiberwascountedwith a
haemocytometerCell density was adjusted to 4 x°1@I/ml MMG solution solution (4 mM
MES pH 5.7, 0.4 M mannitol, 15 mM Mgglbefore transformatior®0-50 ul (40 ug)of
plasmid(preparedrom E. coliTOP10 or XL1blue with NucleoBond Xtra Maxi EF,
MachereyNagel)of receptor constru@nd30-50 pl (40 pg) of plasmidpFRK1::Luciferase
reporterconstruct(Asai et al., 2002)veremixed with 1 mlA. thalianaprotoplastresuspended
in MMG solutionin 12 ml round bottom tubé.1 ml of PEG solution0(2 M mannitol,

CaCat 0.1 M, 40 %PEG 4000) was slowly added into the mixture of plasmids and
protoplastsimmediately followed by gently inversiond3times until it was mixed
homogeneous and incubated for 5 min at RT. 4. ¥M&isolutionwas gently added into the
tube and the solution wasixed by inverting the tube-8 times againProtoplasts were
sedimented by centrifugation 1§dor 2 min and supernatant were decangaf)puM of D-
luciferin (firefly, PJK) were added to protoplagtosttransformatiorwhich wereresuspended
with W5 solution 100 pl/well of protoplasts were distributed into 96 well plated incubated

in dark for 2-14 h until measurement. Different peptideere added and luciferase activity

was monitored as light emission wdlttuminometer (Mithras LB 940).
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3.6.2 Agrobacterium-mediatedtransient transformation of Nicotiana

benthamiana

Agrobacterium tumefaciert3V3101 strain harbouringeceptorconstructfrom a single
colony was cultivated in LB liquid medium with respective antibiotic iffG&haker, 220
rpmovernight Agrobacteriumwas harvested ia50 ml falcon tube by centrifugation 45@0
8 min, RT.Infiltration solution containing 1&nM MgCl, and 150uM acetosyringone was
usedto resuspend the bacteaadthenincubatedwith infiltration solution for 23 h at ODsoo
= 1.0, RT.Agrobacterium tumefacier358C1 strain carryin@ 19RNA silencing suppressor
(Voinnet et al., 2015)as mixed with desired construct 1, and the final Ol was diluted
to 0.1 for each construct. Bacterium were presgifitrated intoN. bentharmana with 1 ml
syringe. Plant leaves were either cut into 3 x 3 pieces for ROS assay 2M post
transformation or harvested in liquid &hd ground into fine powdd8 h post transformation
for protein related assay.

3.6.3 Oxidative burst in N. benthamiana

Oxidative burstissaysvere carried out ilN. benthamianaas describe¢Albert et al., 2010b)
Cut leaf pieces were floated in petri dish filled with water overnight. Leaves were distributed
into 96 wellplatecontaining20 uM luminol (L-012, Waco) and 21g /ml horseradish
peroxidas€Applichem)in the way of 1 leaf piece/welLight emission was measured as RLU
with a luminometer (Mithras LB 94@very minute before and after elicitation

3.7 Molecular interaction assay

3.7.1 Split luciferase assay

N. benthamiandeaves expressinyefly luciferaseconstructdor 2 dayswere cut into 3 x
3mm squarefioating on water oernight. Leaf pieces were placed i®@well platesupplied
with D-luciferin as describeZhou et al., 2018xndmonitored as RLUwith a luminometer
(Mithras LB 940)with or without peptide treatment.

3.7.2 Microsomal fraction isolation

Leavesrom 6-weekold A. thalianafls2 x bak14 plans or from N. benthamianaxpressing
AtFLS2 or SI15-24 or AtBAK1 for 2 days were grounid liquid N2 to fine powder with

mortar and pestld-or obtaining mixed microsomal preparatiorgaamounty~2 g) of
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tissuesexpressingeaceptoror co-receptoyw/o ~2 g A. thalianaleaf materialwere mixedand
groundin liquid N2. Leaf powder wasuspended in (811/g) cold (4 °C) microsome extraction
buffer (50 mM Tris pH 8 a4 °C, 0.5 M sucrose, 3hM MgClz, 2 mM EDTA, 1 mM PMSF,
0.1 mM ABSFE 2 mM DTT andPPI1(40 ul/ml extraction buffer) andground for3-4 min. Cell
debris were removed [®/x centrifugatiorat 4500g 30 min 4 °C The final supernatamtas
filtered through &0 um nylon netand microsomes were collected by centrifugaioéb,000
g at 4 °C for 30 miih Microsomal pellets were resuspended in extragi® /g powder)
and ncubated on ice for 20 mim/o 1 uM flg22, followed by three further rounds of
collection @2, 000 rpm(rotor RP45A)at 4 °C for 30 mihand resuspension (in extraction
buffer w/o 1 pM flg22 or, in the last rounds,MES buffer (pH 5.7 at 4C, 150 mM NacCl,
100 mM Kd, 5mM MgClz, 2 mM DTT, 40 pl/ml PPI). Microsomes were finally sedimented
(42,000 rpm20 min, 4 °C), solubilized and used in gp with the standard protocols
described below.

3.7.3 Immunoprecipitation

Immunoprecipitation protocol wasadified from(Chinchilla et al., 2007230 mg of

N. benthamiandrozenleaf powder were incubated with2 ml solubilization buffe(25 mM
Tris, pH 8, 150 mMWNaCl, 1% NonidatP-40, 0.5% [@oxycholic acid sodium salsupplied
with 2 mM DTT and8ul/ml PPI)for 1 h on a rotatory shaker at 49on-solubilized material
wasremoved byltracentrifugation(42,000 rpm30 min 4 °C). Samples of the supernatant,
solubiisateswe r e k e pt 10 al®f GRRTrapAgarogseMagnetic Agarose
(ChromoTehk were used to immurabsorb GFRagged receptor constrgétom solubilisate
for 45 min at £C on arotatory shakerGFRTrap werequickly washed times with
solubilization buffer and 2 timesith wash buffer(extraction buffer without detergentgQpl
of2 x SDS b-ME)wasraddéddodoilithe GFRapat 95°C for 10 min

3.7.4 Affinity column for proteins binding to the ECD of AtBAK1

EctodomainsECDs) of AtFLS2 andSI15-24 c-terminally tagged with HAandof AtBAK1,
c-terminally tagged witlGFP, wereindependentlexpressed iseparatéN. benthamiana
plants for~ 48 h Leaves were harvested in liguid and ground to fine powdet.2 ml of
MES buffer was used to extract the soluble proti@m 230mg plant materiafor 1 hat 4 °C
Insolublematerialwas removeavith ultra-centrifugation(42,000 rpm20 min 4 °C). The
ECD AtBAK1-GFP was immunadsorbed to GFRgarose(ChromoTek 1 h, 4 °Q and the
beads were packed intandl syringeplugged withpolyethylene fris to hold thebeadsAfter
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prewashing with MES buffer, these columns were usedfisty columrs forthe ECDs.
Aliquots (30pl) of these ECD preparations were fractionated by running these columns with
MES buffer. Fractions, and washed column material extracted by boiling in SDS sample
buffer, were analysed for presence of tags in western blots. Affibggrption assays were
performed in the absence of flg22 in all steps or in the presenqe\fily22, added to the

ECD preparation of AtFLS2 or SI1%4 and the MES elution buffer.

3.7.5 SDSPAGE and Western blotting

For standard assayH) ul of smples weréoaded on 86 of separation and% of stacking
acrylamide gel, ran at 140 V for with running buffer (25nM Tris, 192mM glycine, 0.1%
SDS) Proteinson acrylamide gelvere transferred on to nitrocellulose membrane
(Amershamwith transfer buffe(48 mM Tris, 39 mM glycine, 20% MeOHjyetted Whatman
filter paperat 17 V for 75 min by serdry blotting(Bio-Rad) Ponceau staininL0 % acetic
acid,40% MeOH, 0.1% Poncedb)was used to monitor the quantity of Rubisco for each
sample before blocking tmembrane with 5 % milk PB% (17 mM NaHPQs, 58 mM
NaeHPQ:, 68 mM NaCl, 0.05% TweeR0) for 30 min at R. Primary antibody including
ant-GFP antibody (1:5,000, TP401, Torrey Pines Biolabs) aneMyttiantibody (1:5,000,
C3956, SigmaAldrich) both producd from rabbitdiluted in 5% milk PBST were added on
membranes either incubated for 1h at RT or overnight@t After 2 times washing withh0
ml PBS T, membranes were incubated withiamabbit secondary antibody coupled to
alkaline phosphatase (1:50@)0n 5% milk PBST 40 min at RT, followed by 2 times
washing with10 mIPBST and 2 times washing wittOmlassay buffer5% of Nitroblock
was used to block the nitrocellulose membrane be&faref CDP-Star (Roche) was applied.

Chemiluminoscence was detied via CCD camera (Amersham).
3.7.6 HiBIT blotting

SDSPAGE and Ponceau staining was done the same way as described above. After Ponceau
staining, membranes were washed 2 times 5 min with TE® mM Tris, 150 mM NacCl,

0.1 % Tweer0) and followed by 30 mimcubation with TBST at RT. LgBIT protein in

NanoGlo buffer was addito the membrane according to the product manual (Promega)
overnight at #C. Substrate furimazine was added before detectionad@@D camera

(Amersham).
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3.7.7 In vitro ligand-receptor binding assay

In vitro ligand-receptor nding assay with crude plant material was performed followed the
protocol from Wildhagen et #2015) Briefly, 300mg N. benthamiandeaf material
overexpressing receptor constructs weashed witilmL binding buffer(25mM MES, pH
6.0, 50 mM NaC| 1 mM DTT and 12ul PPI). Cell debris were collected mentrifugation
13, 000g, 1 min, 4 °Cand resuspended in 1 mL binding buf&®ul of the suspension was
aliquoted in to 1.5 neppendorf tubendsupplied with 10 pl of 2QuM unlabelledpeptide as
competitorfor 2min, then 10 pl of 1@M acridiumlabelledpeptide Thosetubeswere
incubated20 minon ice in dark followed by centrifugation for 1 min 1300g at 4 °C Cell
debriswere collected andrashed twicavith 1 ml binding buffetby centrifugationand
resuspensionl®,000g, 1 min, 4 °C). Thefinal pellet was resuspendedifO plof 5 mM
citric acid Light emission(flash of 10 seconds) triggered by the addition of 150 pl of the
H20: solution(20 mM H202 in 100mM NaOH)was measured with a single tube
luminometer (FB12: Berthold)
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4 Re s walntds Di scussi on

4.1 Molecular characterization of FLS2 receptorswhen expressedn A.

thaliana protoplasts

4.1.1 AtFLS2 and SIFLS2 showdifferent sensitivity for flg22 and distinct
dependency omAtBAK1

SIFLS2 was observad be more sensitive to flgzihd less AtBAK1dependethanAtFLS2
when expressed iA. thaliana(Bittel, 2010, Mueller et al., 2012) o corroboratehese
observationsAtFLS2or SIFLSZ2 both genes expressing under the -ps@moterfused with C
terminal GFP tagsyereco-transformed witta pFRK1::Luciferasaeporterconstruciinto
mesophyllprotoplasts fromArabidopsismutants lacking FLS2efr x fls2 plants)or mutants
lacking FLS2 and BAK1 {ls2 x bak1-4 plants) Expressing both forms of FLS2 aells of
both types ofnutantsreconstituted perception of flagellin, as shown by the clear increase in
luciferase activity after treatment withuM of flg22 (Figure4.11). In cells with AtBAK1
(Figure4.11A), the same induction of luciferase was observed after treatambnd lower
concentration of 10 nM flg22n cells without AtBAK1(Figure4.11B), however, a full
response with 10 nM flg22 was observed only for atlsressingslFLS2 while cells
expressingAtFLS2 showed only a mueteduced respons@ur data suggested that the
functionalityand sensitivityof SIFLS2, in contrast to AtFLS@ueller et al, 2012) seems
not to depend on the presenceAtBAK1.

As a next step we studied the sensitivity of AtFLS2 and SIFLS2 using a more extended
concentration range of flgaZigure4.1.2). Interestingly A. thalianacells expressing the
heterologous SIFLS&howeda ~1006fold higher sensitivity for flg22 than cells
overexpressing the autologous AtFLEECscvalues 0~0.2 pMfor SIFLS2 and ~ 0.3 nM for
AtFLS2, respectivelyFigure4.1.2). More interestingly, the sensitivity of SIFL$@r flg22
remained high when expressed in cells without AtBAK1 whereas, in contrast, the sensitivity
of AtFLS2 to flg22 further dropped > 40ld in the cells lacking AtBAKXECs~ values in

fls2x bakx-4 cells of ~ 0.3 pM for SIFLS2 and > 3.6 nM for AtFLS2, regpety).
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Figure 4.11 AtFLS2 and SIFLS2 expressed im\. thaliana protoplasts differ in their
AtBAK1 dependency

Induction of pFRK1::Luciferase activity in cells cotransformed with AtFLS2 or SIFLS2.
Mesophyll protoplasts were prepared from Col0 A. thalianawith A) efr x fls2 or B) fls2 x
bak1-4 mutant background. At t = 0, cells were treated with flg22 as indicated. Mock
treated cells in B) were treated with 10 nM elf18 at t = 4 (red arrows) to assethe general
responsiveness of the cells in the absence of AtBAKuciferase activity was measured
with a luminometer as RLU. Data points and error bars stand for the mean and SD of 3
replicates. The same pattern of outcome was observed in an independeapetition of the
experiment shown.
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Figure 4.1.2 SIFLS2 shows higher sensitivity of flg22 perception compared to AtFLS2

p35s::AtFLS2GFP or p35s::SIFLS2GFP was cotransformed with a reporter construct
pFRK1::Luciferasein protoplasts with the efr x fls2 or fls2 x bak1-4 mutant background.
Values show luciferase activity after 6 h of treatment with different doses of flg22. RLU value
were normalized as percentage of maximal responddon-linear fit was used to calculate the

ECsoin Graphpad Prism.

Transformation of protoplasican vary ensiderably between individuREGtransformation
events Forthe receptogenes used in our study, this variation goes along with differences in
the maximal amplitude of the luciferase reporter activity reached with saturating amounts of
ligand. The succssfully transformegbrotoplasts can be expected to harbour many copies of
the plasmid added, resulting in overexpression of the receptors and the exquisite ligand
sensitivity often observedhe percentage of transformed cells, however, is not expected to
affect the sensitivity to the ligand. In all our experimdR@scaBittel, Katharina Mueller

and my own onesBIFLS2 showeda higher sensitivity towards the flg22 ligand and a lower

dependency on the presence of AtBAK1 than AtFLS2 when expresfethadiana

4.1.2 SlI1524 inducesligand-independent butAtBAK1 -dependentactivation in

A. thaliana protoplasts

To test whethe6115-24 is alsoautoactivan A. thalianaprotoplastswe expressed this
chimeric recepton protoplastslerived from mutant plantacking AtFLS2 (efr x fls2
mutant) or AtFLS2 and AtBAKIIs2 x bakl-4 mutant) respectively{Figure4.13). In
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contrast to transformation with AtFLS2, whigkstoredhe response to the flg22 ligand as in
the experiments described above, the cells expreS§lag4 exhibited constitutive induction
of thepFRKL1::Luciferasegene Besides, no further induction was observed when these cells
were treated by adding either 1uM of Atpepl or 100 nM of flg22.
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Figure 4.1.3 Autoactivation of SI15-24 depends on AtBAK1

AtFLS2 Sl1524 were co-transformed with pFRK1::Luciferaseinto protoplast from A) efr x
fls2 or B) fls2 x bak1-4 mesophyll cells. Treatmens with the peptides indicated were
conducted at t = 0. Data points and error bars stand for the mean and SD of 3 replicates. T

results shown are representative for n > 3 independent repetitions of experiments.

This suggestdthat theimmuneresponse triggered by SEP3 in the absence of ligand is
saturatedand no further stimulation viatFLS2 or PEPR1/2 is possibl&pparently,

autoactivity of SI1524 is already fully established at the beginning of our standard protoplast
assays used to test receptor functionality 12 to 14 h (overnight) after protoplast
transformation. We thumeasuredhe luciferaseeporter activy in cells transformed with

SI15-24 during this prencubationperiod(Supp.2). Luciferase activity stayed low in the
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absence of AtBAK1, in cells with AtBAK1, however, reporter activity started to increase ~ 6h
after transformation and reached a maximum at or some betme the time transformants

are used for induction studies in standard assays. Thus, we used a high luciferase background
together with the lack of response to additional treatments with Atpepl, elf18 or flg22, as

criteria for qualifying receptorconstu ct s as fAaut oacti veo.

Interestingly in cells lacking AtBAK1, the SI124 receptor did not show autoactivity and

cells respondetb Atpepl and importantly, also to flg2Zhus, in the absence of AtBAK1

SI1524 exhibited characteristics like the authentic AtFES@ s ponded t (Figued 1 n M
4.13 B). To confirm these results, we tested SP¥eand AtFLS2 alsan the mutanefr x fls2

x bak15 x serk4which lacks functional AtBAK1/SERK3 but alggdSERK4.When

transformed with AtFLS2, these mutant cells responded to treatmer®with 0 n M f | g2 2
(Supp.3). Importantly, expression &l1524in these mutant cells did not cause

autoactivatiorbut conferred responsiveness to flg22 similar to the one observed with AtFLS2.

4.1.3 Autoactivity of SI15-24 dependson its functional kinase

In order totest whetheautoactivity depends on tlk@aseoutput of SI1524, we tested a
Sl1524 kinase dead (KDeadersion mutated in the active site of the KA3. shown in
Figure4.14A, cellsexpressinghe SI1524 KDeaddid not exhibit autoactivation and did not
show response to flg22. As control we checked for transformatigpofterconstruct by
treatment withAtpepland for accumulation of SI134 kinase deagrotein by western blot
(Figure4.14B). With these results, we confirmedperiments iplanta(Figurel.7.7) that
kinase activity is essential for the AtBAKdependat but ligandindependentativation
observed witl511524.
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Figure 4.14 Autoactivation of SI15-24 depends on a functional kinase domain

Mesophyll protoplasts ofefr x fls2 mutants were transformed with A) the Luciferasereporter
construct alone or the reporter construct together with theSI15-24 KDeadconstruct. Data points
and error bars stand for the mean and SD of 3 replicatesThe results shown are representative
for n = 3 independent repetitions of experiments. BWestern blotanalysis to confirm the
presence ofSI1524 KDeadGFP in protoplasts.

4.2 Do Sl1524 and AtBAK1 interact in the absence of the ligandg22?

4.2.1 Is SI1524 autoactive when expressed ilN. benthamian®&

It was unclear whethaxpressing SI124 inN. benthamianalso nduces autoactivation due
to the presence NbSERKs.To examine this, ROS assaas performedvith

N. benthamiandeaves transiently expressing Si2% or AtFLS2 as control. As illustrated in
Figure4.21B, N. benthamiandeaves expressingtFLS2 gained responsiveness to
concentration of flg22 as low as 1 pM, a sensitivity never observed in plants with only the
endogenoudlbFLS2such as the control transformants with PE@ure4.21A).
Interestingly N. benthamiandeaves expressingl15-24 showed a clearly increased
constitutive ROS production in the absence of flg22 which was not observed in leaves
expressingAtFLS2 and P19(Figure4.21 C & D). However, the leaves expressibid 524

were still able to respond to D/ of fIg22 (Figure4.21 C). Whereas it is not clear whether
this response is attributable to SI2% or the endogenous NbFLS2, it indicates that the PTI
signalling was not generally saturated by the expressi@il&f24. These radgdts also

indicate that NbSERKSs, for example, NoSERK3/BAK1, can only partially substitute for the
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function of AtBAK1in autoactivation of SI124. Alternatively, a third factor, present only in

Arabidopsismight be requested for saturated autoactivation obsen/edtivaliana.
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Figure 4.21 SI1524 is autoactive inN. benthamianabut not able to saturate the immune

signalling

ROS assay withN. benthamianaleaf expressing P19, AtFLS2 and SIt24.A)-C) ROS

production was monitored as relative light unit (RLU) every minute with a luminometer for 3C

mins. Treatments (indicated in A) were done at time = (Data points and error bars show the

mean and SD of 4 reptates, respectivelyD) Background ROS production ofN. benthamiana

leavesexpressing P19, AtFLS2 or SI124, respectively, at time = 0 used in AB). The black

line indicated the mean of n = 16 replicates. The elevated ROS productionNf benthamiana

leaf expressing SI1824 is statistically significant at the p < 0.0001 level ¢fest). The data

shown are representative for n = 3 independent repetitions of the experiments.
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4.2.2 Do SI1524 and AtBAK1 interact in N. benthamian®

A furtherattemptwas carried outo investigatehe interactions of SI1234 and AtFLS2 with
AtBAK1 in N. benthamianaxpression systertBAK1 was c-terminally labelled with the
HIBIiT tag in orderhave a small tag thatlows for a more sensitive detectionen-
Immunoprecipitates than in previous experiments aitttAtBAK1 antibodies(Figurel1.7.8).
Figure4.22 showsan example of such an experiment where a marginal amount of AtBAK1
HIiBIiT was detected as dmmundarecipitate of SI184, irrespective of treatment with flg22.
In the control experiments, AtBAKHIBIT was clearly detectable as-camunoprecipitate

of AtFLS2, but only when leaf tissue was treated with flg22. In total, this type of experiment
was repeated4ltimes. In all expements with the reference pair AtFLS2 and AtBAK1, a
flg22-dependent appearance of AtBAK1 was obsemdteimmunarecipitates of AtFLS2.

In contrast, immunoprecipitates from leaves expressing Z41and AtBAK1 resulted in
variable and inconsistent paths.To sum up the 14 times gp experiment with the
representative exampléiistrated inFigure4.22 andSupp.5, only in 3 cases a faint ligand
independeninteractionof SI1524 and AtBAK1as inFigure4.22 was observed; in 6 cases
there was no AtBAK1 detectable in the immunoprecipitates of-341%rrespective of the
treatment with flg22 or watd6Supp.5A); in 3 caseAtBAK1 was detectablen both ligand
dependent andndependeninanner in the IPs of SI154 (Supp.5B); in 2 caseAtBKAL was
only detected ithe flg22suppliedimmunoprecipitatesf SI1524 (Supp.5C).
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Figure 4.22 Do SI1524 and AtBAK1 form a ligand-independent complexn N. benthamian&

I mmunoprecipitation of extracts from N. benthamianaleaves ceexpressing FLS2GFP and
AtBAK1 -HiBiT. N. benthamianaleaves were harvested 3 min after infiltration with 1uM flg22 or
H20 as negative control. GFPTrap was used tommunoprecipitate the GFP-tagged FLS2
receptor from solubilized leaf extracts. Western blots werelevelopedeither with anti-GFP
antibody or the HiBiT detection system.

Activated PTI signalling could cause disappearance of the recepteceptor complex via
endaytosis and degradatioa,process that might lead teettower amounts of receptor
complexes detectable. To avoid thig performed cép experiments with AtFLS2, SI184
and AtBAK1 constructs with truncatdéDs, leaving only with 20 amino acids after the
TMDs in all three construct$igure4.23A). N. benthamiandeaves ceexpressing these
receptor/cereceptor pairs were treated with flg22 or water and used for co
immunoprecipitation as described above for thelerth versiongFigure4.23B). Much
like in the experiments with the fuiéngth constructss significantly higher amount of
AtBAK1TM was found in the immunoprecipiis of AtFLS2TM after treatment with flg22.
In contrastAtBAK1TM in the immunoprecipitates of SIABTM was low and barely
detectableirrespective of the treatment with flg22 or water.
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Figure 4.23 Kinase truncated forms of SI1524 and AtBAK1 do not form a stable complex
detectable in immunoprecipitates

Co-immunoprecipitation with extracts from N. benthamianaleaves ceexpressingAtFLS2TM -
GFP or SI1524TM-GFP and AtBAK1 TM -10xMyc. N. benthamianaleaves were harvested 3
min after infiltration with 1 uM flg22 or water as negative control. GFPTrap was used to
immunoprecipitated GFP-taggedAtFLS2 or SI15-24 kinase truncatedfrom solubilized leaf
extracts. Western blots were development either with arGFP antibodiesor anti-Myc
antibodies

All co-ip resuls did not provide convincing evidence for physical interaction between
SI15-24TM and AtBAK1TM, at least not when expressed in tissubl dbenthamianand not
in a manner that is staltleroughout the immunoprecipitation procedure.

4.2.3 Dothe ectodomains ofSI115-24 and AtBAK1 interact in vitro?

Crystallograpiic evidence showed th&CDs of AtFLS2 and AtBAK1 canform a complexn

vitro in the presence of flg2@Sun et al., 2013ayVe thus tried tgerforma further interaction
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experimenwith soluble ECDsAccordingly, leaf extracs of benthamianao-expressing
ECD-AtFLS2HA andECD-AtBAK1X-GFP w/o flg22 treatmenivereusedto
immunoprecipitat&CD-AtBAK1 via GFR Trap Figure4.24) However,althoughboth
presumptive interaction partners were presemt complex of EO-AtFLS2 and EO-
AtBAK1 could be detected evarpon flg22 treatment.
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Figure 4.24 Ectodomain of AtFLS2 and AtBAK1 did not form a flg22-induced complexin

planta

Leaf extract of benthamianaexpressingECD-AtFLS2-GFP or ECD-SI1524-GFP and
ECD-AtBAK1 -4xMyc w/o flg22 treatment were immune absorbed with GFP rap. Ip and
crude extract were used for western blots developed with arGFP or anti-Myc

antibodies, respectively.

One possible explanation might be the interacting partners got further diluted when expressed
in N. benthamianapoplast Thus, the chance of ECD of AtFLS2 and AtBAKL1 to interact in

the correct orientation is lower thaarified proteins.

The other possibility ithis might be due to weaker interaction of the ECDs compared to the
membrane bound forms. Weaker interactioniddead toseparation of the complex partners
during the lengthy time of immunoprecipitation. In order to detect also wedkegctions,

such as the ones that might also prevail betweenZ1lnd AtBAK] we used ED-

AtBAK1 insolubilized via its GFP tagp GFRtrap beads as a simple affinity coluifiigure
4.25A). We expected thah the alsence of flg22ECD-AtFLS2 should have little or no

affinity for ECD-AtBKAL and readily pass through the affinity column (no interacttogure

40



Results and Discussion

4.25B). As a positive controln the presence of flg22, BEAtFLS2 shouldexhibita higher
affinity for ECD-AtBAK1 and gets retaied or delayed on this affinity colunfRigure

4.25B). Fortheinteractionbetween SI124 and AtBAK1, we expectetthat the EO-SI15

24 might elutelaterthan theECD-AtFLS2 in the absence of flg2Bowever, under the
conditions used=CD-AtFLS2 exhibited no retention on the affinity column regardless of the
flg22 supplementRigure4.25C). Similarly, also E©-SI15-24 did not bind to ED-

AtBAKL. In all the cases, close to all of the BAIFLS2 and ED-SI1524 eluted with the
flow through inthe first two elutingractions Subsequent boiling of the GFfPaps in SDS
buffer confirmed the presence of BEAtBAK1 on the column material but showed no
retention of either EAtFLS2 or EM-SI15-24 (Figure4.25D). A possible explanation of

this failure might be the steric hindrance originating from the tags or the binding of e EC
AtBAK1 to the GFPtrap. Another possibility might be that the TMDs are necessary for
stabilizing thecomplex of flg22AtFLS2-AtBAK1.
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Figure 4.25 Do the ectodomains of SI1224 and AtBAK1 interact in vitro?

A) scheme of experimental procedure. B) scheme of expected results. C) western blot of inpu

and fractions eluting from the affinity columns, developed with antiHA antibodis. D) western
blots of the washed beads (after elution of fraction 14) extracted byobing in SDS sample
buffer. Blots were developed with antHA antibodies for detecting ECDAtFLS2 or -Sl15-24 or

with anti-GFP antibodies to confirmed presence of ECIAtBAK1 on the beads.
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4.2.4 Do SI1524 and AtBAK1 interact in split luciferase complementation

assayg?

Besides cap experimentsSplit luciferasecomplementation (SPL&ssaywas also triedo
examine whether SI184 and AtBAK1 interact in a flg2thdependent manner. SPlv@as
first used in mammalian cells to provide evidence fotgineprotein interactiorfLuker et al.,
2004) Subsequently this technique was also apptigdanta(Chen et al., 2008}-or
instance, the SPLC was adopted to confirm the interaction of BIK1 and Raohilteraction
thatwaspreviously reported based ao-immunoprecipitation experimentki et al., 2014,
Zhou et al., 2018)Here, weappliedthe same mébdsto examinevhether SI184 and
AtBAK1 interact in aflg22-independent manner.

AtBAK1 has beemeported to constitutively interact with the RLK BIR&kampe et al.,
2017, Hohmann et al., 202@nd this interaction has been observed also in split luciferase
assay when the interaction partners wereaexpressed iN. benthamiangpersonal
communication Liping Yu from Birgit Kemmerling Group). Thus, as atpascontrol, we

also ceexpressed AtBAKINFLUC and BIR3cFLUC inN. benthamiandeaves. This
combination indeed showed high luminescence (>1500 RLU). In contrasstpcession of
AtFLS2-cFLUC and AtBAKENFLUC did not result in significant luciferase iatly and this
alsodid not change after treatment of the leaf pieces with 100 nM of fijgRre4.2.6A),
(Figure4.26B). Since AtFLS2 and AtBAK1 are known to form a ligaseppendent complex
also when expressed M benthamiandeaves this result might indicated steric problems for
the reconstitutiof a functional luciferase when attached to the kinase domains of AtFLS2
and AtBAK1.

In a second experimentalso tried thesameSPLCpartnersn Arabidopsismesophyll cells
(Supp.4 andFigure4.26C). Interestingly, in contrast to the resuliNnbenthamianaco-
expression of AtFLSZFLUC and AtBAKENnFLUC did showed induction of luciferase

activity when treated with flg22 but not in the control treatment with elf18, suggesting that the
increase of luciferase activity correlated with the ligdegendent complex formation

between AtFLS2 and AtBAK1. Hoswer,while ligandinduced complex formation between
AtFLS2 and AtBAK1 has been reported to occur within seconds upon flg22 treatment
(Schulze et al., 2010df the increase ifuciferaseactivity occurredonly with a lag of about 5
mins. A possible explanation might be that while the complex of AtFLS2 and AtBAK1 forms
within seconds upon flg22 treatment, the reconstitution of nFLUC and cFLUC to the active
luciferase enzyme occurs much slower and takes mucé tinae. Another problem of this
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assay was the high luciferase activity in the absence of flg22 which reached values as high as
those in cells expressing the positive control constructs BRRIC and AtBAKEnFLUC.

A similar level of luciferase activity waaso observed in cells with SEZ&l-cFLUC and
AtBAK1-nFLUC (Figure4.26C). However, in contrast to the pair with authentic AtFLS2, the
luciferase actiity in these cells was not altered after flg22 treatment. Additionallgn

experiment with swapped nFLUC and cFLUC tags the same pattern of luciferase activity was

observed.

Overall, the attempts with SPLC in the two transformation systems led towubigesults

for the ligand dependent interaction of AtFLS2 with AtBAK1. This failure with the reference
system also rendered the approach unsuitable for studying the interaction-24 3iié
AtBAK1.
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Figure 4.2.6 Split firefly luciferase assay to test for constitutive interaction of SI1824 with

AtBAK1

Split firefly luciferase assayin A) N. benthamiandeaf and B) A. thaliana mesophyll

protoplast from fls2 x bak1-4 mutants. Data points and error bars showed mean of 3

replicates, respectivelyThe data shown represented for n = 2 independent experiments.
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4.3 Molecular characterization of S115-24

4.3.1 SI1524 and AtBAK1 are both needed to induce autoactivation via double

reciprocal approach

Albert and colleaguegeneratec double reciprocal pair oRLKs with theectodomain of
AtFLS?2 fusedo theAtBAK1 kinase domain (FtB) anthe ectodomain of AtBAK1 fusetb
the AtFLS2 kinase domain (BtKR013a) When ceexpressed i\. thalianacells, the
combination of these chimeras proved functi@saflg22perception systengemonstrating
theheteromeric complex between AtFLS2 and aexeptor like AtBAK1 is essential for
intracellular signal inductiofAlbert et al., 2013aWe thus wodered whether reciprocal

swaps of the kinase domains between S4%and AtBAK1 would also lead to autoactivity.

Accordingly, adouble reciprocathimeric receptopair with StB comprising the ECD of
Sl1524 and the KD of AtBAK1 and BtF (identical witBtS) was genated and analysed for
its autoactivation activity i\rabidopsismesophyllprotoplastgfls2 x bak14 backgroundl
(Figure4.31A). When individually expresed irtheseprotoplaststhe single chimeric
receptors did not cause an autoactivated state with induction lofciferase rporter. As
expected, theseells did not respond to treatment with flg22 but responded tootfieol
stimulus elf18 Figure4.3.1B). In contrast, much like with the SHZ1 expressed ipresence

of AtBAK1, co-expressing the reciprocal chimeras StB Btfe exhibitedigandindependent
constitutive induction of the luciferase reporter activity and no further stimulation occurred
after additional treatment with elf18 or flg22. Protein expression of the constructs was

confirmed by western blot analysiBigure4.3.1C).

Theseresultscorroborated the findinthatit needs the combination of the protein pair SI15
24 and AtBAK1 to generate liganddependent activation. €hresultsvith the reciprocal
chimeric receptor pair also suggest that this interactid®i1®-24 and AtBAK1is sufficient

to trigger downstream signalling
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Figure 4.31 Autoactivation by a SI1524/AtBAK1 pair with reciprocally swapped kinase
domains

A) schematic view of double reciprocal chimeras between SK23 and AtBAK1. B) mesophyll
protoplast of fls2 x bak1-4 mutants were transformed with the luciferase reporter andStB-Myc
or BtF-GFP or the combination of StB-Myc + BtF-GFP. Data points and error bars stand for
the mean and SD of 3 replicates. C) western blots of protoplast used in this assay were
developed with antiGFP antibodies or anttMyc antibodies. The data here represented for n =

3 independent experiments.
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4.3.2 SI1524 and AtFLS2 share similar responsiveness icells lacking AtBAK1

SlI1524is a functional FLS2 receptor perceiving flg22 widBAK1 was impairedFigure
1.7.6, Figure4.1.3, Supp.3). We next compared the responsiveness of-34L&nd AtFLS2 to
differentconcentrationsf flg22 in Arabidopsisfils2 x bak1-4 protoplass. Applying flg22 in
concentrations from 10 pM to 10u#Figure4.3.2) resulted inECso values of ~46 nMfor
AtFLS2 and~ 60 nMfor SI1524, respectivelyThus, in the absenad AtBAK1, AtFLS2 and
Sl115-24 exhibited similar responsiveness to flg22. This fits with the equivalent apparent
binding affinities for flg22 of both forms of recept@ported by Katharin&lueller (Figure
1.7.6A).
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Figure 4.32 AtFLS2 and SI1524 are functional flg22 receptors in the absence of AtBAK1

flg22-dosedependent hduction of pFRK1::Luciferase reporter activity in A. thaliana fls2x
bak1-4 mesophyll cells cetransformed with AtFLS2 or SI1524. Y axis values stand for the
normalized induction of luciferase activity 6-h-postflg22-stimulation as percentagg100% =
saturation). The experiment was repeated in@independent experiment resulting in similar
ECso values of ~40nM for AtFLS2 and ~110nM for SI15-24, respectively.

4.3.3 SI15-24 isnot autoactive in cells overexpressing SBkRS other than
AtBAK1 /AtSERK3

Arabidopsishas five SERK¢Chinchilla et al., 2009, Mat al., 2016)but autoactivity of
SI1524islost when only in the absence ABAK1/AtSERKS3. Thisraisedthe question
whetherthe endogenousxpression level ahe other AtSERKdid not reach the threshaid
activateSI15-24. To answetthis, weoverexpressethe otherAtSERKaunderthe 35spromoter
togethemwith SI1524in A. thalianafls2 x bak1-4 protoplastsAs illustrated inFigure4.3.3A,
the protoplasts overexpresgiAtSERK1AtSERK2 AtSERK4or AtSERKSN combination
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with SI1524 did not showconstitutiveinduction of thduciferasereporter and these cells still
respondedo flg22 and elf18 treatment.
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Figure 4.3.3 Autoactivity of SI15-24 is not caused by overexpression of SERKs other than
AtBAK1

A) Induction of pFRK1::Luciferase activity in Arabidopsis fls2x bak1-4 cells.Various
p35s::SERKs4xMycwere cotransformed with the reporter construct pFRK1::Luciferaseand
p35s::S11524-GFP. Cells were treated withelf18or flg22 att = 0, data poinsand error bars
stand for mean and SD of 3 replicates, respectively. Lum@scence was measured as RLU with
luminometer. B) Protoplasts were collected for western blot, SI134 and SERKs expression
were developed with anti GFP antibodies and anti Myc antibodies, respectivelpata shown

represented n = 2 independent experiments.
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SI15-24 contains parts of the FLS2 receptor from tomahas it was interesting to know
whether SERKhomologs of tomato would also cause autoactivity of the hyboeptorSI15
24. The AtBAK1/AtSERK3 homologSISERK3A and SISERK3Bave been iplicated in
the activation of SIFLSPPeng and Kaloshian, 2014jowever, h coexpression assays
SISERK3A and SISERKS3B did not lead to autoactivatadrl15-24 and cells still responded
to flg22 and elt8 (Figure4.33A) Except forAtSERK4 which accumulateahly to areduced
amount, all the SERK varianég&cumulated strongly in the protoplassed br the
experimentsKigure4.3.3B). These data demonstrated that ligamdependent activation of
SI1524 inA. thalianastrictly depends on AtBAK1 and none of the other SERIS$ed,
notably also the AtBAK1 homologs SISERK3A and SISERK3B from tomato, caused
autoactivation of SI124. With respect to the high degree of conservation between AtBAK1
and SISERK3RFigure4.3.4), which includes conservation of the residues-V52 relevant
for contacting flg22 at G18 and F60, R72, Y96, Y100, R143, F144, R146 involved in
interaction withFLS2, respectivelySun et al., 2013aRathersurprisingdy, the small number
of differences between AtBAK1 and SISERK3B was located on the swrfzch is not

supposedo involve inflg22 or FLSZ2interaction.

In order tospecify the LRRs or amino acids from AtBAK1 that cause the autoactivity of SI15
24, it will be interesting to swap the LRR subdomain between AtBaid SISERK3B

However, our preliminary dat&(pp.6) did not give a clear picture but an intermediate
autoactivation phenomenon was observed wheexpoessed SIt24 and chimeric form of
SERK3in protoplastsacking both FLS2 and AtBAKlindicating there might be two regions
from AtBAK1 needed to induce the autoactivation of SM5Further swaps will be

generated to narrow down the region from AtBAK1 that are needed for the autoactivity of
SI15-24. Alternatively, this intermediate autoactivation might be due to overexpression of the
chimeric form of SERK3according to the report that overexpression of AtBAKA.in

thalianainduce cell death and activate immune signal{idbgminguezFerreras et al., 2015)
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flg22 binding FLS2 interaction structurally conserved residue

Figure 4.34 Amino acid residues for FLS2 binding are conservedbetween AtBAK1 and
SISERK3B

Comparison of AtBAK1 and SISERK3B ECD-TM. Non-conserved residuesre represented by
XIY.

4.3.4 S|15-24 autoactivation alsooccur in the sobirl mutant

AtBAK1 overexpressiomas been reportdd induce growth inhibitiomnd cell deatln A.
thaliana, even withakinase truncated versigominguezFerreras eal., 2015) In this
report,sobirl mutantwasfoundto partially rescughe effects oAtBAK1 overexpression. We
thuswondered whethe8l15-24 autoactivation might also depend on SOBIRAus we
expressed SI134-GFP inprotoplasts ofobirl-12 mutantof Arabidopsiswhich contain
wildtype alleles of AtBAK1. When expressing Si28, these protoplasts lacking SOBIR1
still exhibitedconstitutiveinduction of luciferasactivity and were noéble to further respond
to elf18 and flg22 treatme(Figure4.35 right panel) In comparisonsobirl cells

transformed with th€RK1::Luciferasereporter aloneespondecdhormally to treatments with
elf18 and flg22 Figure4.35 left panel)
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Figure 4.35 SI1524 autoactivationoccurs also insobirimutant

Mesophyll protoplasts ofsobirl mutant plants were transformed with pFRK1::Luciferase
reporter construct or the reporter construct and p35s::SI1524-GFP. Elicitors were added
att =0, and luminescence was monitored as RLU by using a luminometer over 5 hours
after treatments. Data points and error bars stand for the mean and SD of 3 replicates.
The data shown represents for n = 3 independent experiments.

4.3.5 SlI15-24 autoactivation is suppressed by overexpression of BIR2

TheArabidopsisRLK BIR2 was found to act as a negatregulator of AtBAKZ, notably
suppresing AtFLS2 mediated immune signallirfiyla et al., 2017, Halter et al., 2014a, Halter
et al., 2014h)We thus tested whether the autoactivation of @4%vould be abolished or
diminished when expressed iropplasts fronplants overexpressing BIR2 (BIRX) in a
genetic background with wildtype genes encoding AtFLS2 and AtBAK1. BIR2 OX
protoplasts, when trarmimed with the luciferase reporter alone, showed induction of
luciferase but only when treated witlvery high concentration of 1 uM flg2Figure4.3.6
left pane). In contrast, BIR20X protoplasts-tansformed with SI1224 and the reporter
geneproved more sensitive and responded strongly also to 100 nM fgA&€4.3.6 right
panel) Importantly though, SI224 did not cause autoactivationthese BIR20X
protoplasts, despite the presence of wildtype AtBAR{ese results suggested that
overexpression of BIR2 could suppress autoactivation of 3415
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Figure 4.3.6 BIR2 overexpression inhibitsthe autoactivation of SI1524

Mesophyll cells of BIR2 overexpression line were transformed with pFRK1::Luciferase
reporter construct or the reporter and Sl115-24. Data points and error bars stand for the

mean and SD of 3 replicates. The data shown repredsrfor n = 3 independent
experiments.

4.3.6 The autoactivity of SI1524is inhibited by overexpression oBIR2, BIR3,
BIR4 but not by BIR1

To confirm theinhibitory effect of BIR2on the autoactivation of SIi24, further experiment

was performedvith overexpression of BIR&@nd its homologs BIR1, BIR3 and BIR4 in
protoplastdrom wildtype plantswith AtBAK1 (Figure4.37). The SI15-24-induced

autoactivation of lucifease activitywas sippressed bthe concomitant overexpression of

either BIR2, BIR3 or BIR4 and the protoplasts expressing these genes also responded to the
stimulation of elf18 and flg22Hgure4.3.7B, E, F, Q. In contrastpverexpression of BIR1

did not inhibit the autoactivation of SI4&! (Figure4.3.7C, D and H).These datare in

accordance with thebservation that BIR2, BIR3, but not BIR1, can negatively regulate the
immune pathway mediated by AtFL82alter et al., 2014b, Liu et al., 2016)

53



Results and Discussion

A 50| FRK1 B 5, sI15-24 C 5ol BIR1
':;_' -©O— €lf18[100 nM]
; 20 B fig22[1 uM] il
5 B fg22[10 nM]
3 A mock
Q
o 104 10
@
g
5
3
OM‘ 0 T T T T T T T T
4 0 1 2 3 4 5 6 4 0 1 2 3 4 5 6 10 2 3 4
time [h] time [h] time [h]
D 5, | sSI115-24+BIR1 E 50| SI15-24+BIR2 F 30| S115-24+BIR3
)
3 20
x
2
=
3
o 104
@
g
5
3
0 T T T T T T T
4 0 1 2 3 4 5 6 4 0 1 2 3 4 5 6 4 0 1 2 3 4 5
time [h] time [h] time [h]
SI15-24
G H
30-{ SI15-24+BIR4 FRK1 SI15-24 BIR1 BIR1 BIR2 BIR3 BIR4
2 —— — s wes S - | SI15-24 a GFP
2 204
&
2 . - BIRs o GFP
= 100 kDa -
o
«©
@ 10
‘g 70 kDa - AtBAK1 a BAK1
5
3
0 - | Ponceaus
4 0 1 2 3 4 5 6 — .
time [h]

Figure 4.37 BIR2, BIR 3 and BIR4 but not BIR1 inhibit SI15-24-caused autoactivation

Mesophyll cells of Col0 Arabidopsiswere transformed with A) the reporter construct
(pFRK1::luciferasg or B) the reporter construct and S11524 or C) the reporter construct and
BIR1 or D)-G) the reporter construct and SI15-24-GFP and BIR-YFP. Luminescence was
measured with luminometer as RLU.Data points and error bars stand for the mean and&D of
3 replicates Data shown represents for n = 2 independent of experimentd), protein
expression analysis via western blot with amtsFP antibodies Endogenous AtBAK1was
detected with anttBAK1 antibodiesas control. This experiment was repeated another time

with proto plasts from efr x fls2 mutant plants and same trend of results were obtained.

54



Results and Discussion

4.3.7 BIR1 with the pseudokinase dmain of BIR2 inhibit s autoactivation of
SI1524

All four BIRs sharea highconservation otheiramino acid sequenseThe mostistinctive
feature is that BIRhasan active kinasevhereasBIR2 to BIR4 are thought tinarbour
inactivepsewdokinass (Ma et al., 2017, Gao et al., 2009, Halter et al., 2014b, Halter et al.,
2014a) In order totestwhetherthe type of kinase determintg inhibitory function on the
autoactivty of SI15-24, hybrid BIRs with swaps of their KDsBIR1 ECD with BIR2KD
(BIR1t2) or BIR2 ECD with BIR1KD (BIR2t1), respectivelyyere generate(Figure
4.38A). A. thalianacells expressing SI184 and BIR1tZhowed no sign of autoactivation
but gainedresponsiveness to flgzihdalsoresponedto Atpepl treatmer(Figure4.3.8 B
left pane). Cells expressing SIt34 and BIRt1 exhibitedsaturateduciferase inductionvith
mock treatment alreadyigure4.3.8B right pane). These datauggestedhat theKD of
BIR2, likely the absence of kinase activitheterming the inhibitory function ors115-24

autoactivation

In plantaco-ip experiments witliull length protein of BIRs and AtBAK1 shaed thatall the
BIRs can constitutivelynteract with AtBAK1(Halter et al., 2014b)nterestingly, in yeast

two hybrid assag the KDs of BIR2, BIR3 and BIR4 but notelKD of BIR1interacted with
the KD of AtBAK1 (Halter et al., 2014b)ndicating that the pseudokinase domains of BIR2,
BIR3 and BIR4 might inhibit the activity of AtBAK1 biyteraction Thus,in future
experiments it will be interesting to test whether BIR1 with a dead kinase will be able to
inhibit AtBAK1 and prevent thewoactivity of SI1524.
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Figure 4.38 BIR1 with the kinase domain of BIR2 inhibits the autoactivation of SI1524

luciferase activity [RLU * 103] @
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A) swapping scheme of BIR hybrid between BIR1 and BIRZ2B) induction of
pFRK1::luciferase activity. Cells ofefr x fls2 mutant were co-transformed with

pFRK1::Luciferasereporter and p35s::S11524-GFP and BIR1t2 or BIR2t1 constructs
indicated on the figure.lle directly after TM of BIR1t2 was mutated to a Leu for cloning
convenienceTreatments were done at = 0, data points and eror bars show the mean andSD

of 3 replicates.This experiment was repeated independentlwith protoplasts from Col-0 plants

and the similar tendency was observed.
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4.4 Mapping the subdomains responsibléor autoactive forms of FLS2

4.4.1 N663L mutation on LRR24 of SI15-24 did not inhibit its autoactivity
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Figure 4.41 Amino acid sequencalignment of the ECDs ofAtFLS2 and SIFLS2

Conservation alignment of AtFLS2 and SIFLS2. 228 LRRs are indicated to the left of the map.
Each LRR contains 24 amino acids, the position of each amino acid is indicated on the top.
Conservation rate of AtFLS2 and SIFLS2 aa residues among the FLS2 recepd in different
(>20) plant species are indicated in different colour. Black frames indicate positions where
AtFLS2 has a deletion of on aa and where SIFLS2 has additionally N-glycosylation site
(Modified from Prof. G. Felix).

Many plantLRR-RLKs are hghly glycosylatedat Asn (N) (NxS/T sitesN-glycosylationof
plant PRR is important for structure stabilization and functiona(ityperiali and O'Connor,
1999, Haweker et al., 201MWoticeably, SIFLS2 harbours a potentiagcosylation site
663N a1 LRR 24 while AtFLS2 has bkeu at this positioffFigure4.4.1). Furthermorel.RR
24is part of the LRRs 226 which were found tdirectly interact with AtBAKL in the
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crystallographic analysisf theflg22-AtFLS2-AtBAK1 (Sun et al., 2013a)n order to
examine whether the potential glycosylation site of SIFLS2 663Kibates to the AtBAK1-
dependent autoactivation, we generated the-31B663L mutant with theeucine
substitutingasparagineReciprocallytheleucineof AtFLS2 663 positiorwas mutatedo a

asparaginasacontrol.

SI15-24 204 SI15-24 N663L 20. AtFLS2 L663N

- Atpepl [1 CM]
154 - pg22[100 nM] 15- 15
-A- mock

luciferase activity [RLU * 103]
%é
!
"
?

time [h] time [h] - time [h]

Figure 4.4.2 Potential N-glycosylation site does not determine the autoactivation of SI51 in

efr x fls2 A.thaliana

Induction of pFRK1::Luciferase activity in protoplasts from Arabidopsisefr x fls2 mutant.
Sl1524 or SI1524 N663Lor AtFLS2 L663Nwere cotransformed with pFRK1::Luciferaseinto
A. thaliana efr x fls2 mesophyll cells. Data point indicates 3 replicates and error bar stands fo

SD. Data shown represented for n = 2 independent experiments.

However, neither the remowvabr the introduction of the Iglycosylation site at this position
had an effect on the functionality of St28 or AtFLS2, respectivelygure4.4.2). Thus, the
position 663Nof SIFLS2is not the reason for theutoactivityof SI1524.

4.4.2 The LRRs 1524 of SIFLS2 alone are not responsible for ligand

independent activation

SIFLS2 and several chimeric forms like &4 and SI119 are functional flg22 receptors

when expressed iA. thalianathat do not show signs of autoactivation in the presence of
AtBAK1 (Mueller et al., 2012jFigure4.4.3). Thus, the mere presence of LRES-24 from
tomato FLS2 is not responsible for autoactivation. Rather, the interpldyRd 1524 from
SIFLS2 with elements of AtFLS2 seems to cause this phenomenon. Such a novel interplay
might be caused at the swapesithat could change the backbones of the LRR structure.

However, the functional neautoactive chimeras SB4 and SI124 have the same swap site
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AtLRR 24/SILRR 25 as SI124, indicating this swap site lisss possible to be the reason for
autoactivation

A
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Figure 4.4.3 SI1-24 and SI1924 do not show autoactivity

Sl1-24was cetransformed with the reporter construct pFRK1::Luciferase.Luciferase induction
was monitored with a luminometer as RLU. Data points stand for the mean of 3 replicates anc
the error bars showed the standard deviation.

In contrast, the swap sig¢ AtLRR 14/SILRR 15 was not present in any of the chimeras
tested so far. Also, at LRR 15, AtFLS2 has one amino acid less than SFHg8&4.4.1).

To questiorwhether the additional one amino acid and/or the swap site at 14/15 LRR are
causing autoactivation of SI424, chimeras SI186 and SI15L9 were generatg@rigure

4.44A). A. thalianaprotoplasts fronefr x fls2 mutants expressingl1516 or SI1519 showed

no increased background of the reporter luciferase activity and these cells were clearly
responsive to flg22 and AtpepEigure4.4.4B). These results suggested that the swap site at

LRR 14/15 and the difference of one residue in LRR 15 do not cause the autoactivity-of SI15
24,
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Figure 4.44 Sl1516 and SI1519do notinduce AtBAK1-dependent autoactivation

A) schematic view of hybrid FLS2 receptors. B) Induction of pFRK1::Luciferase activity Cells
from efr x fls2 A. thaliana were cotransformed with pFRK1::Luciferaseand SI15-16 or SI15-19.
Treatments were done at = 0, luciferase activity was measured for 6 hours after elicitor
addition. Data points and error bars show the mean and SD of 3 replicatebhe data shown

represents for 3 independent experiments.

4.4.3 SlI16-24, SI1724 and SI1824 hybrids show Sl1524-like AtBAK1 -dependent

autoactivation

To define the parts of SIFLS2 that cause autoactivity when introduced in AtFLS2, we
generatedand testednore chimeric FLS2 receptors, with different ranges of LR&®

SIFLS2 introduced into AtFLS@igure4.4.5A). For example, irA. thalianaprotoplasts from
efr x fls2 plants with functional AtBAK1the chimeric recept@t.624, SI17-24 or SI1824
exhibited constitutively elevated levels of the luciferase reporter aciiigure4.4.5B) but
showed an additional small response to flg2@wever, compared to the response in cells
lacking AtBAK1this additional flg2zlependent induction was marginal. Autoactivity of
these chimeras was reproducible and also evident when monitored during the first hours after
transformatior(Supp.7). However,SI1624 andSI1724 caused a stronger induction over this
period thar511824, indicating that shortening the domain originating from SIFLS2 might
leadto a gradual reduction of autoactivitpdeed, further shortening, as in the constBIt8
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24, resulted in a functional FLS2 receptor that exhibited no signs of autoadtingty ¢
4.4.3B). In a second test with expressiorNnbenthamiandeavesSI1624, SI1724 or SI18
24, but notSI1924, also showed high ROS production in the absence of li¢faungp.8).
These results narrowed the ECD part required for-3#itkbke autoactivation to the LRRs 418
24 from SIFLS2In a further experiment, as expected, BIR20X can suppress the
autoactivation 06116-24, SI11724 or SI1824 (Supp.9).
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Figure 4.45 SI16-24, SI1724 and SI1824 show SI1824-like AtBAK1 -dependent autoactivation

A) schematicrepresentationof hybrid FLS2 receptors. Induction of pFRK1::Luciferase activity

in A. thaliana B) efr x fls2 and C) fls2 x bak1-4. Protoplast were cetransformed with

pFRKZ1::Luciferaseand p35s::S11624/17-24/18-24-GFP. Data points and error bars show the

mean and SD of 3 replicatedData shown are representatives for three independent repetitions

of the experiments.

4.4.4 LRR18-24 from SIFLS2cannot be further shortened to induce autoactivity

Next, it wasinteresting to knowvhetherall of the LRRs 184 originating from SIFLS2

contribute to the autoactivity of hybrid FLS2 receptors. For this we generated and tested a

further series of chimeric receptoqure4.4.6A, Supp.10A). However, none of these
constructs, including SIt84, S11823, SI18, SI24 or SI18&24, did show consiivet
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induction of luciferase and all of these constructs restored responsiveness to flg22 treatment
(Figure4.4.6B, Supp.10B). These data demonstrated that, rather than due to a single residue
or a single LRR, several features in the LRR24&f SLFLS2 are required for the ligand
independent activation that ocsuwhen embedded in the ECD of AtFLS2.
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Figure 4.46 LRR18-21 and SI1823 do not induce autoactivation

A) schematic view of hybrid FLS2 receptorsB) Induction of pFRK1::Luciferase activity in cells
of Arabidopsisefr x fls2 mutant. Protoplasts were cotransformed with reporter gene
pFRKZ1::Luciferaseand SI18-21 or SI1823. Data points and error bars show the mean and SD

3 replicates.In another independent repetition, the same result was observed.

4.4.5 LRR7-14 from A. thalianais essential for theAtBAK1 -dependent

autoactivation

As a following step, wénvestigate which LRRs from AtFLS2verecritical for the
AtBAK1-dependent autoactivation of Si28. To do thisLRRs in AtFLS2were further
replacedwvith LRRs of SIFLS2 Exchanging also the LRRs6] as inthe construct SKb/15

24 (Figure4.4.7A), did not prevent the autoactivity associated with the exchange of the LRRs
15-24 alonewhen expressed in protoplasts frefnx fls2 (Figure4.47B). As shown for SI4
6/15-24, this autoactivation was dependent on the preser&iBaK 1 (Figure4.4.7B), could

be inhibited by ceexpression of BIR2Supp.11) and also occurred iN. benthamianas
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evident by the increase levels of ROS in the absence of the flg22 (®apul12). However,
the control chimeric construct SBL(Figure4.4.7A), tested to exclude the possibilihat
LRRs 16 of SLFLS2 alone can lead to autoactivatidid, not show any sign of autoactivity

(Supp.12) but restored flg22 responsiveness to cells lagpkLS2(Figure4.4.7B). From these

results we concluded that for AtBAKdependent autoactivation, a combination of the LRRs

7-14 from AtFLS2 and the LRRs 181 of SIFLS2 is required.

A
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Figure 4.47 AtBAK1 -dependentautoactivation occurs with LRRs 1-6 from AtFLS2 or SIFLS2
in combination of LRRs 1524 from SIFLS2 inA. thaliana

A) schematic view of hybrid FLS2 receptorsB) Induction of pFRK1::Luciferase activity in
A. thaliana. Protoplast were cotransformed with pFRKZ1::Luciferaseand p35s::hybrid FLS2
GFP. Data points and error bars show the mean and SD of 3 replicatd3ata shown
represented for n = 2 independent experiments.

4.4.6 The reciprocal version of SI1524, At15-24, has a functional binding site for

flg22 but does not induce response output

Theparticular combination of LRRs from AtFLS2 and SIFLS2 in S2¥5eads to ligand
independent but AtBAK-ependent activation of signalling/e thus wondered about the
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charactesticsof the reciprocal swap with the LRR-P3 from AtFLS2 embedded in the

SIFLS2 Figure4.4.8A). When expressed in protoplasts from plant lacking Fled2x(fls2),
At15-24 did not cause autoactivation arsdrikingly, did not reconstitute flagellin perception
(Figure4.4.8B). These cells responded to Atpepl treatment with increased luciferase activity,
indicating successful transformation of the reporter gene. The cells also expyess@d, as
confirmed by the presence of this protein on western Iftagsie4.4.8 C).

As a next step, werere curious to knowvhether At1524 harbairs a functional flg22 binding
site. For thisAt1524 andSIFLS2as a positive control were expressedlirbenthamiangeaf
tissues were used in competitive binding assays with acritibelledflg22 (acriflg22) and
unlabelled flg22 or the unrelatedraool peptide Atpepl, respectivellyigure4.4.8 D). Total
binding of acriflg22 to the preparations from leaves expressing either construct were at leas
three times higher than in control leaves transformed only with no FLS2 construct (P19
control), indicating that binding by endogenous NbFLS2 reaches only marginal values. The
binding of acriflg22 to the preparations with At1%4 and SIFLS2 was not comiied by an
excess of the unrelated peptiigpepl but by an excess of unlabelled flg22, demonstrating
specific flg22 binding for At124 as for SIFLSZ2Thus, despite binding of flg22 (and flg15),
At15-24 cannot activate downstream signalling and induaifdhe reporter luciferase. This
might be explained by a failure to get activated by AtBAK1 (or the other SERKS). In further
studies it will be interestintp see whether (and how) the combination of LRRs from AtFLS2
and SIFLS2 in At184 prevents activaih by AtBAK1 while the reciprocal combination in
SI1524 leads to constitutive activation by AtBAK1.
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A
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Figure 4.4.8 At15-24 has a functional ligandbinding site but does not induce downstream
signalling

A) schematicrepresentationof At15-24. B) Protoplasts fromefr x fls2 Arabidopsisvere cce
transformed with reporter construct pFRK1::Luciferaseor reporter construct and p35s::Atl5
24-GFP. Data points and error bars show the mean and SD of 3 replicates) @estern blot of
protein expression analysis of protoplasts developed with an@FP antibodies. D) acridium
labelled-flg22 binding assay with cell debris ofN. benthamianaeaf expressing SIFLS2, At1®24
or only P19. 10nM of acri-flg22 were used forbinding and 10 uM of unlabelled-flg22 as
competitor, 10uM of Atpepl were used as an unspecific competitor. Each bar shows the
integral over the first 10 sof light emission. Only one replicate was use for the binding assay

but 3 independent experiments wre performed, and similar results were obtained.
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4.4.7 Mapping revealsthat the LRRs 7-14 from AtFLS2 and LRRs 1824 from

SIFLS2 are essential for the ligandndependent autoactivation
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Figure 4.4.9 Schematic view of chimeric FLS2 receptors

Domain swapping scheme of FLS2 receptors. Grayoxesstand for portion from SIFLS2 and
white boxesstand for AtFLS2. The important LRRs 18-24 from SIFLS2 and 714 AtFLS2 were

squared in bold black line.

To summaiseour mappingFigure4.4.9), wenarrowed down the regions neededflg22-
independent but AtBAK-ependent activatioof chimeric FLS2 receptdp the combination

of AtFLS2 LRRs 7?14 and SIFLS2 LRRs 184. The autoactive chimeras including SP4
SI16-24, SI1724, SI1824 and SI16/1524 all exhibited AtBAKdependent autoactivity

when expresseid A. thalianaprotoplasts, and this autoactivitgn be suppressed by

BIR20X, also ROS production N. benthamiandeaf tissue expressing these constructs was

elevated without stimulus.
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5 GeneDiadcuamd@omc | usi on

5.1 Is there direct interaction of SI15-24 and AtBAK1 in the absence of
ligand?

In this work, we started out frothe observation thaheligandindependenéctivationof

Sl15-24 dependstrictly on the presence ddinctional AtBAK1. Thisled to the hypothesis

that, much like in the proce®f liganddependent activatioof AtFLS2, SI1524 gets

activated by direct interaction with AtBAKin the absence of liganReciprocal exchange of

the kinase domains of AtBAK1 and AtFLS2 has previously been used to demonstrate that the
flg22-dependentignal output indeed requires the formation of a heteromeric complex

between AtFLS2 and AtBAK{Albert et al., 2013b)Similarly, swapping the cytoplasmic

kinase domains between Si28 and AtBAK1, resulted in liganrthdependent activation, but

only when both chimeric partners were concomitantly present in thefeglise4.3.1).

These findings further suggest a direct interaction betweer23|Hnd AtBAK1.

FIg22 binding to AtFLS2 leads to rapid formation of a heteromeric complexivétboe

receptor AtBAK1, a complex that is stable throughout procedures of membrane solubilization
and immunoprecipitatio(Chinchilla et al., 2007)However, in many attempts, we could not
detect a complex of similar stability between SPband AtBAK1 in the absence of flg22. In
thefollowing two possible explanations atescussedhat may explain the failure to detect a
SI1524/AtBAK1 complex.

A first possibilityis thatstable interaction does occur lmtolvesonly a minor subfraction of

the SI1524 present A small subfraction might be difficult to detect in assagdgrmed but

sufficient to result in the autoimmune effects obserledeed, a full response output of FLS2

was reported in tomato cells under conditions where only a small percen@ge Gf the

FLS2 receptors present were occupied by the flg22 ligsheshd! et al., 200Q)Similarly, in

a case study with mathematical modelling of root growth inhibition by BRI1, it was predicted

that the endogenous level of BL activates only 1 % of BRI1 and a saturated responise outpu
required approximately 5 % of active BRBUcherl et al., 2013, van Esse et al., 20TRgse

two studissuggetedt he presence of functional Aspare r
of the perception systesrFurthermorethese results indicate that maximal signal ouput

l i mited by a Abottlenecko downstream of || iga
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conceivable that a minority of the SIP4 forms a stable complex with AtBAK1 and causes a
persistent activation of immune responses. However, how could sucfracgahb originate?

Is there a random process leading to misfol@dirsgnall fraction oéither SI1524 or AtBAK1

that allows for this specific interaction? Or is thaneadditiongllimited, plant component

that specifically glues together SFP8 and AtBAK1 as a substitute ligand? At present, we
cannot rule out compl et e.Hywevehaoar edparimentsdidfor a c t i
provide any evidence to support this hypothesis. Rather, our results indicate that the majority

of SI1524 behaves diffent from SIFLS2 and AtFLS2 in the presence of AtBAK1.

A second possibilitys thatligand-independeninteraction of SI15824 and AtBAK1 occurs but

in a much less stable manner than in ligariced complex formation of AtFLS2 and
AtBAK1. In the ligand activation process, the bindingh&fECD of AtBAK1 to the ECD of
AtFLS2 brings the twaytoplasmic KDs in close contact, thus allowing transphosphorylation
and activation of downstream signalling. So faaweverthe physiological rolefdorming a
stable complex for signal transduction is not clear since kinase activation by
transphosphorylation may proceed very quickly. The stability of the complex could,
contrarily, rather servas a signal for inactivation of the immune activationrgrnalisation

of thecomplex(Silke et al., 2006)Thus, even a very weak and transient interaction of
AtBAK1 with SI15-24 might activate immune responsgsgcethe receptors and aeceptors

Il i kel y ar euwsaat thetransigntalctieation aosild occur repeatedly.

Physiological and structural analysis have demonstrated that flg22 binds to AtFLS2 as a first
step that forms a nesurface to which AtBAK1 then binds as a secetep in receptor
activation(Sun et al., 2013apuch an activation process implies that AtBAK1 must
continuallyprobeAtFLS2 for the presence or absence of a bound ligeWel propose a model
whereby AtBAK11 scans FLS2 by approaching it a a n dofanartd tegvidg it via an

i e xdorhain(Figure5.11B). In this scanning process the-@xeptor gets close to the
receptor, but the interaction is transient andsodficient to activate cytoplasmic signalling
Oncethe flg22 ligandbindsto FLS2 receptor, it stops AtBAKIdm leaving which prolongs
the scanning time of AtBAK1 on FLS2, finally leads to transphosphorylation and receptor
activation Figure5.1.1C). While functionng according to the same mechanism, AtFLS2 and
SIFLS2 might differ with respect whether the speed of scanning is limited more at the
Afentryo or t.Mhecofm@nation odthed BRs&Lifrom AtFLS2 and the LRRs
18-24from SIFLS2in the autoactive FLS2 receptors might thus represeimamivertent

combinationofi e nt r ¥ & x ia n dsthatdathallowonly for slow scanning by
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In adapted receptor/careceptor systems SERK caeceptors like AtBAK1 probe for the

presence of the flg22 ligand on the LRR domain of FLS2 by approaaty the receptor and

scanning through an fAentryo domai #14,anflinthei nst ance
absence of Iigand, l eaving FLS2 througlofan fAexit
SI15-24. A) table of time length AtBAK1 needs to scaRLS2, represented with arrows. B) In the

absence of ligand, the interaction time of the SERK with AtFLS2 or SIFLS2 is not sufficient for

receptor activation. AtFLS2 and SIFLS2 might differ with respect to the speed of scanning, one

with rate limiting scanning of the entry site, the other on the exit site, respectively. C) In the

presence of the flg22 ligand, AtBAK1 gets stopped by sticking tightly to the ligand and LRRs-18

20 and LRRs 2326 of AtFLS2. This brings the cytoplasmic kinase domains in close prioity

and allows for the intracellular transphosphorylation necessary for activation of signal output.

D) Swaps of the corresponding domains, such as in the chimeric receptor S4, might thus

combine two domains that can get scanned by AtBAK1 only slowl This slowdown might allow

for sufficient length of interaction between AtBAK1 and SI1524 to activate cytoplasmic

signalling.

AtBAK1, thus leading to a significantly longer interaction of the@oeptor with the idle
receptor (Figure5.11A & D). This longer interaction period might be sufficient for
activation of chimeric FLS2 recepsiry AtBAK1 without stable interaction.

Moreover, according to the scanning hypothesis, the reciprocal chimer@Atiibds flg22
like SIFLS2 but shows no functional signal output could mean that in this chimera, an
inefficient entry domain got combined with an inefficient exit domain, thoedishing

functional interaction even in the presence of ligand on the receptor.

Besides, the preferential interaction of AtFLS2 with AtBAK1 over the other SERKs might

also be explained byscanning model with the different SERKs exhibiting differennéfés

for the fAentryo or fAexito doMahimesmresemblescel | s
functional AtFLS2 in ligand binding activities and low sensitivite total scanning time of

the other AtSERKSs on SI1%4 or AtBAK1 is shorter than AtBAK1 wbh might be

insufficient to activate cytoplasmic signalling.

In summary, we propose a scanning model which explains the dynamic interaction of AtFLS2
and AtBAK1 including the new findings based on AtFLS2 and SIFLS2 chimeras. Notably,
this model account®f the fact the LRRs 184 from SIFLS2 do not provoke activation by
AtBAK1 in the context of their native protein. For spontaneous activation to occur, rather,
LRRs 1524 from SIFLS2 must be combined with LRRs from AtFLS2. This evidence
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strongly indicateshat AtBAK1 interacts somehow with the LRR€.Z of AtFLS2 in addition
to the LRRs 180 and LRRs 226 where AtBAK1 stably interacts in the ligaadtivated

complex, as nicely shown by the crystallographic analys&uofet al. (2013a)
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Suppl ementary

pFLS2::SI15-24-GFP fIs2 &

\ ‘s : d

S £ ——
¥

é{/ m%? a ;

Supp.1 SI1524 under endogenous AtFLS2 induced dwarfism is AtBAK1 dependent

SI15-24-GFP construct under the endogenous AtFLS2 promoter was transformed via
flora dipping in fls2, bak17 or bak15 mutant Arabidopsis Pictures were photogrgphed 8
weeks after germination.
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in fls2

SI15-24
SI115-24 + flg22
AtFLS2

AIFLS2 +fig22

$ote

luciferase activity [RLU * 10%]

15 3.0 45 60 75 90 105 120 135 150

time after transformation [h]

Supp. 2 autoactivation started at around 4.5 h postransfection

Induction of pFRK1::Luciferase activity. SI1524 or AtFLS2 were cotransformed with
pFRK1::Luciferase into A. thaliana efr x fls2cells.Points and barsshowmeans and standard
deviations of3 replicates. Luminescence was measured withe plate staying inside the
luminometer all the time which might lead to a temperature somewhat higher than RT
Where indicated (black arrow), 100nM of flg22 was added at 12 h postransfection.
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s AtFLS2 5| Sl15-24
[y}

o

T & pg22[1 M)
- 44 B pg22[100 nM]
%: B bg22[10nM]
S 34 -A- mock

i

[}

g 27

3

'S

2 4

time [h] time [h]

Supp. 3 SI1524 did not show autoactivation but respond to flg22 irfr x fls2 x bak1-5 x serk4cells

Mesophyll cells from Arabidopsis(efr x fls2 x bak1-5 x serk4) were transformed with a reporter
construct pFRK1::Luciferaseand p35s::AtFLS2GFP or p35s::S11524-GFP. Elicitors were added
att = 0, luciferase activity was monitored with a luminometer as RLU. Data points and error bau

represented the nean and standard deviation of 3 replicates. The data represents for n = 2
experiments.
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Q

[Jat BAK[ JAt F2 S

[JFLuc Mprgz2

luciferase activity [RLU * 103]

| AtFLS2-cFLUC + AtBAK1-nFLUC
elf18 [100nM]  pg22 [100M]
- t
BSA elf18 [100nM]
| | | | | |
0 10 20 30 40 50 6
time [min]

Supp.4 AtFLS2 and AtBAK1 undergo specific flg22 induced interaction inA. thalianacells

A) scheme of AtBAKI-cFLUC and AtFLS2-nFLUC upon flg22 perception. B) split firefly

luciferase assay iffls2 x bak1-4 A.thaliana mesophyll protoplasts. Luciferase activity was

monitored as RLU with a luminometer. Data point and error bars show mean and Sbf 3

replicates, respectively. Blue data points stand for the luciferase activity of cells treated with

100nM elf18 followed by 100nM flg22. Black data points present the luciferase activity of the
cells treated with BSA followed by 100hM of elf18.
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Supp.5 SI1524 does not interact with AtBAK1 in a ligandindependent manner?

coimmunoprecipitation with extract from N. benthamianaeaves ceexpressing FLS2GFP and
AtBAK1 -HIiBIT or AtBAK1 -5-HA. Bentamianaleaves were harvested Bin after infiltration
with 1uM flg22 or water. GFP-tagged FLS2 receptors were immunoprecipitated with GFP
Trap from solubilized leaf extract. Western blots were developed either with ariGFP

antibodiesor anti-HA antibodies or via HiBiT detection.
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A AtBAKA1 Ispl NTI 1 | 2 | 3 | 4 | 5 | ojM I ™ I ijM | Kinase |-Myc
SISERK3B ISPlNTI 1 | 2 | 3 | 4 | 5 | ojM LTMJ iiM | Kinase |rMyc
BSB |SP|NT|1|2|3|4|5|ojM |TM|ijM |Kinase }Myc

B 5_| SI15-24 + SISERK3B in fis2 x bak1-4 5_| SI15-24 + BSB in fls2 x bak1-4

—| flg22[100 nM]
—-A— mock

luciferase activity [RLU* 102]

1 1 T 1 1
1 0 1 2 3 4 5 6

time [h] time [h]

Supp. 6 BSB Chimeric SERK3 between AtBAK1 and SISERK3Bmight partially induce the
autoactivity of SI15-24

A) schematic representation of hybrid SERK3 between AtBAK1 and SISERK3B. B)
pFRK1::Luciferase induction in cells from fls2 x bak1-4 plant expressing with luciferase
reporter gene and SI1524 and SISERK3B or BSBLuminescence was shown as Y axis

measured with a luminometer as RLU. Data points and error bars represent the mean and S
of 3 replicates. This experiment was ogldone 1 time.
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in ps2
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Supp. 7 pFRK1::Luciferase induced without treatment in fls2 cells expressing SlI1:24-likes

Induction of pFRK1::Luciferase activity. Chimeric FLS2 were catransformed with
pFRK1::Luciferase into A. thaliana efr x fls2cells. Each data point showthe mean of3
replicates. Error bars show SDof the 3 replicates Luminescence was measured with a lumin
meter every 1.5 h automatically with the plate staying inside the luminometer all the time.
100nM of flg22 was added at 12 h postransfection, where indicated with black arrow.
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Supp. 8 SI1624, SI1724 and SI1824 are auto active inN. benthamianabut in a non-saturated

way

ROS assay irN. benthamianaleaf expressing chimerid=LS2 receptors.A) Luminescence was
monitored every minute with a luminometer as RLU.Treatments were done as indicated on tt
graph. Data point and error bars stand for mean and SD of 4 replicates, respectivel) ROS
production of background value (time = 0) of n = 1. benthamianaeaf material expressing
constructs indicated on the figure. The ROS elevation induced by expressing S24, SI1724
or SI18-24 is statistically significant at the p < 0.0001 level, respectively.
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SI16-24 50| S117-24 20

N
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SI18-24

- bg22 [1CM]
-B- pg22 [100nM]
—A- mock

7

154 15

10+

luciferase activity [RLU * 103]
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Supp. 9 BIR20X suppress autoactivation of SI1&4, SI1724 and SI1824

pFRK1::Luciferase induction in protoplasts from A. thaliana BIR2 overexpressionline.
Chimeric FLS2 constructs were cetransformed luciferase reporter. Luciferase activity was

measured as RLU with a luminometer. Data points and error bars shows mean an SD of 3
replicates.
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Supp.10SI18, SI24 or the combination SI18 & 24 do not induce autoactivation K. thaliana

A) schematic view of chimeric FLS2 receptors. B) induction ghFRKZ1::Luciferasein cells
from efr x fls2 Arabidopsisplants. Cells ceexpressSI18 SI24 or SI18 & 24with luciferase
report construct were examined with luminometer. Data points and error barst&nd for mean

and SD of n = 3 of replicates, respectively. The experiment was repeated for another time ar
the same trend was observed.
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Supp.11BIR2 OX inhibited SI1-6/1524 induced autoactivation

pFRK1::Luciferase induction in A. thaliana protoplasts from BIR2 overexpressionplants.
Chimeric FLS2 receptors were cetransformed with luciferase reporter. Luciferase activity
was measured as RLU with a luminometer. Data points and error bars shows mean an SD o

replicates.Data shown represented for n = 3 independent experiments.

SSSS

A B _ 47
1 § SI1-6/15-24 —e— pg22[10nM] 1 § SI1-6 < oo
= —=— pg22 [100 pM] X 5] oo
=140 —— pg22[1pM] 1 g é o
3 —&— mock © 5
x " (o)
0 (]
O 5 5 £ o
TTT i sititieateasess = 17 Ch
o LT T ITITIITININL . 0 %
0 10 20 30 0 10 20 30 € g Q 0
time [min] time [min] S1-6/1 52 4 SlI1-6

Supp. 12 SI1-6/1524 showed constitutive ROS production ilN. benthamiana

ROS assay in\. benthamianaleaf expressingSI1-6/15-24 and SIt6. A) Luminescence was
monitored every minute with a luminometer as RLU. Data point and error bars stand for mear
and SD of 4 replicates, respectivel\B) Background value (time = 0) of ROS production for eacl
replicate was shown as a single data point. Black lines indicated nmesaof n = 16 replicates. The
background ROS production ofN. benthamiandeaf expressingSI1-6/15-24 is significantly
higher than that expressing SIi6, p < 0.0001 (Fest).
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Primer list

Primer name

sequences

aim of using

AtFLS2 LRR15.2 Rev

TAACTGCCCCAACCCATTCGGGATCTCGCCAG
TCATT

S115-16 overlapping-gateway
cloning

S1FLS2 LRR15.3 Fw

AATGACTGGCGAGATCCCGAATGGGTTGGGGC
AGTTAT

S115-16 overlapping-gateway
cloning

S1FLS2 LRR1€.23 Rev

CTTCCCAATTAATGGCTTGAGTCCGCTGAAAT

S5115-16 overlapping-gateway

TGTTATCAC cloning

GTGATAACAATTTCAGCGGAACTCTCAAGCCA|S115-16 overlapping-gateway
AtFLS2 LRR 16.24 Fw .

TTAATTG cloning

AtFLS2-16LRR Rev

GCCAATCATTGGTTTGAGAGTTCCTGTTAAGT
TGTTATCTGCC

S117-24 overlapping-gateway
cloning

S115-24 17LRR- Fw

GGCAGATAACAACTTAACAGGAACTCTCAAAC
CAATGATTGGC

S117-24 overlapping-gateway
cloning

S115-24 -19LRR Rev

GCTTCATATCAAACATTTCTTCAGGAATTCAC
CTTCTAGCTTGTTG

S5115-19 overlapping-gateway
cloning

AtFLS2 20LRR- Fw

CAACAAGCTAGAAGGTGAAATTCCTGAAGAAA

S115-19 overlapping-gateway

TGTTTGATATGAAGC cloning

GAACTGTTGAAGAGATCATCAGGAATTTCACC|S116-24 overlapping-gateway
AtFLS2 -15LRR Rev .

GGTGAAATGATTCCTC cloning

S115-24 1€6LRR- Fw

GAGGAATCATTTCACCGGTGAAATTCCTGATG
ATCTCTTCAACAGTTC

5116-24 overlapping-gateway
cloning

AtFLS2-17LRR Rewv

GTTTACCAATCTCTGGTGGGATCGGTCCAGTG
AGAGAGTTATATG

5118-24 overlapping-gateway
cloning

S115-24 18LRR-Fw

CATATAACTCTCTCACTGGACCGATCCCACCA
GAGATTGGTAAAC

5118-24 overlapping-gateway
cloning

5118-21 Rev

ACTTAAGGCTTGCAGGGATTGTGCCATTAAGC
TTATTTC

5118-21 overlapping-gateway
cloning

AtFLS2 22LRR- Fw

GAAATAAGCTTAATGGCACAATCCCTGCAAGC
CTTAAGT

S118-21 overlapping-gateway
cloning

BAK1l Ecto Rev

TCCAGTAATTCTATTACTCCCTGC

BAK1l soluble ECD gateway
cloning

GG-S115-24tm Fw

TTATGGTCTCACACCATGAAGTTACTCTCAAA

GACCT

AtFLS2 golden gate(BSal) -
gateway cloning
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Primer name

sequences

aim of using

AtFLS2 Z24LRR Rev

TTATGGTCTCTGAATAGACCCAGAAAAGAGAT
TGTTTG

Atl15-24 golden gate(BSaTl)-

gateway cloning

S1FLSZ2 25LRR Fw

TTATGGTCTCAATTCCCAGATCCCTAGAACG

Atl5-24 golden gate (B3al)-

gateway cloning

ggS1FLS2 18LRR Rev

TTATGGTCTCTGGCACCTGAGAAACTGTT

5118 golden gate(BSal)-gateway

cloning

ggAtFLS2 19LRR Fw

TTATGGTCTCATGCCATCCCGAGAGAGATGTC
G

S118 golden gate(BSal)-gateway

cloning

ggS1FLS2 24LRR Rev

TTATGGTCTCCACTGCCTGACAGATTATTATT
TGA

S124 golden gate(BSal)-gateway

cloning

ggAtFLS2 25LRR Fw

TTATGGTCTCACAGTATTCCAAGATCTTTACA
GGCC

S124 golden gate(BSal)-gateway

cloning

AtFLS2 24LRR 663L-N Fw

CAAACAATAACTTTTCTGGGTCTATTCCAAGATCTTT

Mutagenisis AtFLS2 663 Leucine

to Asparagine

AtFLS2 24LRR 663L-N Rev

CCAGAAAAGTTATTGTTTGAAAGGTCGATTTCTTG

Mutagenisis AtFLS2 663 Leucine

to Asparagine

5115-24 24LRR 663N-L Fw

CAAATAATCTTCTGTCAGGCAGCATTCCAAGATCTTT

Mutagenisis S115-24 663
Asparagine to Leucine

5115-24 24LRR 663N-L
Rev

CCTGACAGAAGATTATTTGACATGTCAATCTCTTGAA
cc

Mutagenisis S115-24 663
Asparagine to Leucine

vector

BIR3 ~1640bp sequencing |GGACACGATGAGGAGATATT sequencing pcambia 1300 luc
vector
sequencin cambia 1300 luc
BAK1 ~1700bp sequencing |GAAGGAGATGGTTTAGCTG E g P
vector
BTR3 ~150bp Rev GAAGAGTTTGECAAAGACT sequencing pcambia 1300 luc
vector
BAK1 ~150bp Rev GAGTAGCATCCCARCTTTG sequencing pcambla 1300 luc
vector
i bia 1300 1
FlucC -200bp Fw GCCGTTGTTGTTTTGGAG sequencing peambia ue
vector
i bia 1300 1
FlucN -650bp Fw GATTCTCGCATGCCAGAG sequencing peambia ue
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