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Abstract

In plants,severaltypesof receptotlike kinaseqRLK) have beenisolatedandcharacterizedhasecn thesequence
of their extracelular domains Someof thee RLKs have beendemongratedto beinvolvedin plantdevelopment
or in the reaction to environmertal signals. Here,we describe a RLK gene family in wheat(wlirk, wheatleaf rust
kinase)with a new type of extracellulardomain.A memberof this new genefamily haspreviously beenshavn to
cosagregatewith the leafrust resistace gene Lr10. Thediversity of the wirk genefamily was studied by cloning
the extracelular domah of differentmembersf the family. Sequenceomparsonsdemonsrated that the extra-
cellular domah congsts of three very conserved regionsinterrupted by threevariable regions Linkageanalsis
indicatedthatthe wirk genesare specificaly located on chromo®megroupl in wheatandon the correponding
chromosomesf othermembersf the Triticeaefamily. The wirk genes are congtitutively expressedn the aerial
pars of theplantwhereaso expresionwas deteciedin roots. Protein immunobbts demonsratedthat the WLRK
protein codedby the Lrk10 geneis anintrinsic plasma membraneprotein. This is consstentwith the hypothess
thatWLRK proteinsarereceptomproteinkinasedocalizedto the cell surface.In addition,we presenpreliminary
evidencethatotherdiseaseesistancéoci in wheatcontaingeneswhich are relatedto wirk.

I ntr oduction acidlevel), their extracellulardomainsarevery diver

gent. Basedon the characteristicsof the extracelldar

In animalcells, mary signalsare perceved by trans-
membranereceptorsand transducedby activation
of intrinsic protein kinae domans at the cytoplas
mic side of the plasmamembrang17]. The recep-
tor protein kinags (RPK) found in animal systems
canaubphoghorylate either on tyrosne resduesor
serine andbr threonne resdues Plant counerpars,
receptotlike kinases (RLKs), have topological fea-
turesof thetyrosneRPK s but contain sequencenotifs
characteristiof Ser/Thrkinases!n the pastfew years
a numberof RLKs have beenclonedand character
ized[43]. Althoughthe kinase domans share a high
degreeof homology(about40%identity atthe amino

The nucleotide sequencedata reported will appearin the
EMBL, GenBankand DDBJ Nucleotide SequenceDatabaes un-
der the accesion nunmbers AF027190, AF027191, AF027192,
AF027193,AF027194,AF027195andAF027196.

domainsseveralclasse®f RLK have beendefinedso
far: the S~ domainclass, the leucine-richrepeatclass,
the epidermal growth facta (EGF)-like class(for re-
view see[4]) and, morerecently thetumournecrosis
factor receptor(TNFR)-like [2], the lectin-like [15]
andthaumain-like classes [44]. The S-doman class,
which was the first to be identified, shows similari-
tiesto the Slocusglycoproeinsinvolvedin the self-
incompatibility reactionin Brassica[31]. S-doman
RLKs representhe largestfamily of transmembrane
receptorkinasesidentified so far in plants[43]. The
leucine-richrepeatclasscontainsto datetenmembers
(BRI1, TMK1, RLK5, TMLK1, PRK1, Xa21,LRK2,
RPK1, CLAVATA and ERECTA) with differercesin
the numberand organizaion of therepeas. The other
classes are only repregnted by one memberso far.
WAK1 from Arabidopssthaliana[20] encodesa RLK
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with an extracellulardomaincontainingseveral EGF-
like repeatsHerve et al. [15] isolateda new classof
RLK by analysingtwo expresed sequenceaags(EST)
from A.thalianashowing homobgyto legumelecins.
By screeningan A. thalianalibrary for homobguesof
the Slocusreceptotlik e kinase(SRK) glycoproteins,
Wang etal. [44] isolateda RLK (PRXK) with anextra-
cellular doman related to pahogeness-related (PR)
proteinsFinally, Becraftetal. [2] isdatedthe crinkly4
(cr4) geneencodingareceptodlik e kinasewith anex-
tracelllar domainresemting those of the mammalian
tumour necrosisfactor receptors.All theseclasses
have beendefinedbasd on thehomobgy of the extra-
cellulardomainsto previously characterizegbroteins,
althoughnonehashbeenshown to bind a ligandand
functionas areceptorSofar, plasmamembrandocal-
ization hasheendemonstratednly for SRK proteins
[7, 38] and for WAK1 which istightly asseiatedwith
the cell wall [14]. Xa2l, PRK1, CRINKLY4, BRI1,
CLAVATA and ERECTA are the only receptotlike
kinases for which a function hasbeenegablishedex-
perimentlly. Indeed Xa21is aresistase gerne against
a bacterialdiseas€g36] and PRK1 is involved in the
podmeiotic developmentof microgpores[26]. Mutant
anaysis suggesed that the CLAVATA and ERECTA
genesof A. thalianaareinvolved in the coordnaion
of cel growth in the floral and shoot apical meris-
tems|[6, 41]. Analysis of the maize crinkly4 mutation
suggesed a role for CRINKLY4 in leaf epidermis
ard aleurone differeriation [2]. BRI1 wasidertified
througha screenng for brasinoderoid-repons mu-
tarts of A. thaliana[27]. The mutant phenoypesand
the characeristics of the protein suggesedthat BRI1
is involved in the brassirosterad signal transduction
cascade.

Recently we isolateda gene(Lrk10) encoding a
receptotlike kinasewhich is locatedat the leaf rust
Lr10 disea® redstancelocusof wheat[10]. LRK10
contains a new type of extracelular doman and is
encodecby a memberof a genefamily in hexaploid
wheat.Here,we investigatedmolecularand biochem-
ical characteristicef thewheatLrk genefamily (wirk)
andtheencodedroteins.

Material and methods

Plantmaterial andgeneic analyss

Thechromo®mallocalizaion of thewlrk genefamily
was determinedby Southernblot analsis of a set of

arewploid nulli-tetrasamic linesof cv. ChineseSpring
[35]. Studiesconcernng the detecion of other ress-
tance geneswere conduced on sets of nearisogentc
lines(NILs) for powdery mildew and yellow rust re-
sistarte genes resgectively. The NILs with powdery
mildew redgstancegenesdevelopedby Dr L.W. Brig-
gle[5], resultedrom 8 backcrosse®® the wheatvari-
ety Chancelor as recurrentiparentandthe Pmldonor
linesAxminger, Cl 13836,Asll andNorka,the Pm2
donorlinesUlkaandldead59B, thePm3allelesdonor
lines Asosan (Pm34d, Chul (Pm3B, Triticum sphae-
rococcum(Pm3b, Sonora(Pm39, Triticale (Pm39
and Michigan Amber (Pm3}), the Pm4adonorlines
Khapli andYuma,andthe Pm5donorline Hope.The
NILs with yellow rust resistaise geres(Yr1, Yr5, Yr7,
Yr8, Yr9, Yrl0 andYri5) weredevelopedand kindly
provided by Dr C.R. Wellings They reaulted from 6
backcrosse$o the wheatvariety Avocet asrecurrent
parent

Mapping in wheatwas performedon 126 F, indi-
vidualsfrom a crossbetweenthe leafrust-susceptible
Swissvariety Frisal andthe resistantparentThatcher
Lr10 (R.L. 6004,kindly providedby Dr P. Dyck), as
well ason 204 Fs recombinaninbredlines derived
from a cross betweenthe Swiss winter wheatvariety
Forno (Triticum aestivum) and the Swiss winter spelt
cultivar Oberkumer (Triticum spelta). Mapping in
barley was performedonapopubtion of 71 F; anther
derived doubke-hapbid individuak of anintragpecfic
crossbetweerthecultivarsIgri andFranka[12]. Map-
ping in rye was performedon an F, popuhton of
154 individuak derived from a cross betweenthe rye
inbredlinesP87 and P105[21].

For plasma membranereparaiton, the wheatvari-
ety Dragonwas grown in a greenhous undernatural
lightfor fourweeks

Linkage analyss

Linkage estimatian wasbasedon the maxmum lik eli-
hoodmehodusng MAPMAKER [24]. Therecombt
nation fraction wastrarsformedto certimorgans (cM)
accordingo Kosambi[22].

PCR amplification, DNA cloning andsequence
analyss

Amplification of the extracelldar domain of the
wlirk geneswas performedby PCR betweena sense
oligonuckotide (5 GAAAGAT GAGTAAATTACTTG-
3) spanning the trardlation start site and an antiserse
oligonuckotide (5-TGAGGGTCAGGCATGCAG-3))



correpondingto the end of the extracellulardomain
of Lrk10. The reacton was performedon 20 ng of
genomc DNA as previoudy degribed[10]. Theam-
plified fragmeng of 900 bp were then cloned into
pGEMT (Promega)andsequencednthe ALFexpres
automatedsequencer(Pharmacia,Switzerland). Se-
guenceanalysis and comparsonswere performedby
using PCGENE software(Intelligeretics,Belgium).

Souhem andnorthem blot hybridizations

Southernblot andRNA blot anaysis were performed
asprevioudy desribed[10].

Isolation of reconbinantprotein correspondingto the
extracelular dornain of LRK10in Escherichia coli
andproducton of polyclonalantibodies

The plasmid pLRK10-A containing the extracelular
doman of Lrk10 [10] was digestedwith SpH/Psl
ard the resuting fragmert of 510 bp was cloned
into the vecta pQE30 (QlAexpressimist system,Qi-
agen, Switzerlard) digestedwith the sameenzymes.
The congruct was used to trangorm BL21 cels.
The resuting plasmid pLRKIOEMD was sequenced
acros the cloning sites to confirm the expeced se-
guence. The recanbinart protein startswith 6 histi-
dine resduesencodedby the vecor followed by a
sequenceof 170amino acidsfrom theextracelular do-
main of LRK10.250ml 2x YT (50 ng/ml kanamyan,
100 pg/ml amgcillin) medum was inoculated with
3 ml of an overnight culture of BL21 cells harbour
ing pLRK10EM and grown subgjuenty at 37 °C
with shaking until the Agoo reached.8. Isoprogyl- 8-
thiogabhcopyranosde (IPTG) wasaddedo theculture
to a final concentation of 0.5 mM to inducethe pro-
duction of recanbinart protein. After 3 h of culture at
30 °C, the cells were harvestedand the recanbinart
protein was purified under denaturingconditions as
recommendetly themanufcurer(Qiagen).Aliquots
of eachelutedfractionwererunona 12%acrylamide
SDS-RAGE gel. Pue recanbinart protein fractions
in 8 M urea,0.1 M sodium phoghat, 0.01 M Tris-
HCI pH 4.4, weredialysedovernight at 4 °C against
4 M urea, 0.1 M sodium phogphat, 0.01 M Tris-
HCl pH 7, thenfor 3 h agans 2 M urea, 0.1 M
sodiumphogphat, 0.01M TrissHCl pH 7. After alast
dialysisagang 0.1 M sodiumphoghat, 0.01M Tris-
HCI, pH 7, the protein concertration was estimated
[3]. 700 ng of pure recanbinart protein was used
to immunize two rabbis and to producepolyclonal
antibodiegReadyystem,Switzerland).
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Plasma membranepreparation andimmunodeécion
of Lrk10 antigensin wheatleaf extracts

Leaves were excisedat 6 °C and homogenzed im-
medately in cold buffer containing 50 mM 3-(N-
morpholno)propanedfonic acd, pH 7.5, 5 mM
EDTA, 330 mM sucros, 2 ¢/l cagin hydrolysate,
0.6% PVPP, 5 mM DTT, 1 mM PMSF, 10 mM
ascorbatePlasmamembranesvere purified from the
microomalfraction (L0000x—-50000x g pellet), de-
rived from 125 g of leaves, by partitioning in anaque-
ouspolymertwo-phag system[18, 25] compogd of
6.5% Dextran T500 (Pharmaca, Sweden),6.5% PEG
3350(Union Carbide,USA) in 5 mM potassiumphos
phat buffer pH 7.5, 4 mM KCI. The hydrophob¢
plagna membraneoroteins were then separaed from
the hydrophilic proteinsby fractionationin 1% (w/v)
Triton X-114,150mM NaCl, 10 mM Tris-HCI pH 7.5,
1 mM EDTA [1, 19] asdesribedby Stohr etal. [39].
The final agueousphag (hydrophilic proteing and
Triton pha® (hydrophobt proteins) were then stored
at —80°C and usedfor electrophoreic studies

SDS-RAGE [23] was performed with 8% acry
lamidegelsonaBioRad mini gel apparats. Themole-
cular weight markerscorrepondedo thebroad-range
SDS-RAGE stardards from BioRad (USA). Proteins
were electroblotted onto PVYDF membranegMSlI,
USA) asdegribedby Towbin et al. [42]. Membrane
blocking for 45 min and antibody (dilution 1/3000)
binding overnight at 4 °C were carriedout in Tris-
bufferedsaline (TBS) pH 7.2 and 0.05% Tween 20
confaining 2% (w/v) non-fat dry milk powder. Af-
terincubationwith primaryand secondanantibodies
blots werewashed 3 times 10 min with TBS buffer,
0.05% Tween 20. Primary antibody binding was de-
tectedwith alkalinephophatas-conjugatedecondary
anibody(IgG, Promega, USA).

Results

Lrk10 belonggo a genefamily which mapson group
1 chromosomesin hexaploid wheatandon
honpeobgouschromosomes in other cereal genones

Theextracellulardomainof Lrk10was used asaprobe
(PLRK10-A) on a Southernblot of DNA isolated from
differentwheatand spelt varieties (Frisal, Thatcher
Forno, Oberkulmer, Arina, Chines Spring) and di-

gestedwith seven restrictian enzymes(EcaRl, BanHil,

EcaRV, Hindlll, Xba, Bglll and Dral). Six to ten
fragmentshybridizedin eachvariety, demongrating
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Figure 1. Southerrblot hybridizationof Hindlll-digested genomic
DNA of thewheatvariety Chines Springandthederived aneuploid
nulli-tetraomic (NT) lines probedwith pLRK10-A Of thesix frag-
mentshybridizingin Chinese Springoneis missingin theN1A/T1B
(nullisomic for chrompsome 1A, tetragmic for chromosome 1B)
line, threeare missing in the N1B/T1A, N1B/T1D lines and two
in the N1D/T1B line, indicating their localization to the group 1
chromosames.

the presnce of a numberof related genesin thes
genomegdat not shown). In order to localize the
geneonthewheatchromosmestheplLRK10-Aprobe
was hybridizedwith DNA isolatedfrom a set of aneu-
ploid nulli-tetrasamic linesof ChineseSpring. In these
lines, the localizationof a fragmentis demonstrated
by the absenceof a hybridizing bandas comparedo
Chines Spring. Six bandswere hybridizing in Chi-
nee Spring and all of them were locaied on group
1 chromo®mes(Figure 1). Indeed,one fragmentof
3.8kb correpondedo afragmentiocatdon chromo-
some 1A, threebandsof 4.5kb, 3 kb and 2.3 kb were
locatedon chromosomd B whereaswo fragmentof
2 kb and 1.8kb wereon chromo®me1D.

To deerminewhetherhomobguesf thewlrk gene
family were presentin other plant genomeswe per
formeda Southern blot aralysis with genomic DNA
extractedfrom dicotyledonous(tobacco,bean, sun-
flower, appk of Peru and Swiss chard) and mono-
cotyledonous(rice, barley, oat, maize) plant speces
Understringenthybridizationconditions(60 °C), the
pPLRK10-A probe revealedvery strong signals with
the DNA of monocoyledonousplants whereasonly
a weak signal could be detectedin tobaccoand a-
mog no signalin other dicot speces(Figure2). This
resut showed that the wirk genefamily is preent
with a high degreeof homology at the sequence level
in other cerealgenomes The compkxity of the hy-
bridization patternvaried from 2 bands in barley to
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Figure 2. Southerrblot hybridizationof Hindlll-digested genomic
DNA extractedfrom different plantspeciesprobedwith pLRK10-A
DNA was extractedfrom dicotyledonous(tobacco,bean, apple of
Peru, sunflover and Swiss chard) and monocotyledonougindica
andjaponicarice, barley, oat and maize) plant species Hybridiza-
tion werecarriedout understringentconditions(60 °C).

15 in oat, demonstrating a different organization of

the loci homobgousto wirk in the differert cereal
genomes We then mappedthe pLRK10-A probein

Triticeaegenome®f barley andrye. Theresults(Fig-

ure 3) demonsrate a good congervation of the wirk

locusat theendof theshortarm of the homoeobgous
chromosomé in thesespeciesindeedthepLRK10-A
probewas mappedon top of chromo®me 1RS in rye

ard 1HSin barley.

The pLRK10-A extracelular domain probereveak
polymorphisms at several disease regstancelociin
wheat

We have previoudy shown that Lrk10 maps to the
Lr10 leaf rust resistancdocusin wheat[10]. In or-
derto seewhether other disea® redstanceloci might
also encodereceptoflike kinasessimilar to Lrk10
Sauthern blots of nearisogenic lines(NILs) with pow-
dery mildew (Pm) and yellow rugt (Yr) resistage
geneswere hybridized with pLRK10-A Polymor-
phismsweredetectedn Yr linesbetweertherecurrent
parent Avocet and two NILs contining the reds-
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Figure 3. Mapping of the pLRK10-A probe in different cereal
genones In barley and rye pLRK10-A mapsto the distal end of the
shortarm of chronpsome 1HSand 1RSregectively, very similar to
thelocationon chromosome 1AS of hexaploid wheat.
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Figure 4. Southernblot hybridization of Hindlll-digested DNA
from NILs with powdery mildew resstance genesprobed with
pLRK10-A The arrovheadsindicate the four polymorphic bands
obened in the line Asosan/8*Chul (PnBa) and in the lines
Chul/8*Ch and T. sphaeococcuni8*Ch which both contain the
Pm3b resstance genefrom different origins in the same genetic
background.

tancegenesYrl and Yr9 (daia not shown). Yrl orig-
inatesfrom the wheatgenepool andhasbeenlocated
on chromosome2A whereasYr9 is locatedon the
1B/1R trardlocation [29]. With the powdery mildew
NILs, we detecied polymorphsms betweenthe sus
cepible line Chancellor (Ch) and the nearisogenic
lines contining differentalleles of the Pm3 gene,
Asosan/8*Ch (Pm33, Chul/8*Ch (Pm3b, Triticum
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sphaepcoccunt8*Ch(Pm3b, Sonora8*Ch (Pm39,
Triticale/8Ch (Pm39 and Michigan Amber/8:Ch
(Pm3}) (Figured). Polymorphismsverealso detected
with the NIL Hope/*8Ch containing the Pmb resis-
tance gene (Figure 4). Pm5 has been mappedon
chromosomé&BL whereaPm3hasbeenmappedon
chromosme 1AS in the same region as the Lrl10
resistancgene.

WLRK geneproduct showcongervedregionswithin
the extracellular domain

We desgnedtwo primershybridizing to the5’ andthe
3’ endof thecodingregionfor theextracelular doman
of Lrk10to amdify by PCRrepresemiative memlersof
thewheatwlirk gene family. We amplified and cloned
producs of 900 bp from genomt DNA of the spring
wheatvarietiesThatcher and Frisal. In thesevarieties,
Southernhybridizationwith the extracellulardomain
of Lrk10asaprobereveakd6 and 9 hybridizing frag-
mens, reecively. Comparson of the sequencef 8
clonedproducs (4 from Thather, 4 from Frisal) atthe
nuclectide and amino acid levels showed an overall
homologyof about66% (Figure 5A). Alignment of
the amino acid sequenceshowed distinct regions A
first conerved doman (C1) at the N-terminuswhich
conssted of 58 amino acidsincluding the signal pep-
tide (Figure 5B) showed 97% homobgy amongthe
differentsequencesWithin C1, a glycine redduelo-
catedatposition 18 wasconserved in all the sequences
andmightcorrepondto a myristoylation site. TheC1
regionwas followed by avariableregion (V1) of 12to
18reddueswhichcontainedeitherablock of serineor
a block of alanine resdues Computer predctions of
secondarystructure of the V1 doman of LRK10 and
FR36LRK (Figure 5A) showedthatthe serineresidues
weremostlikely in a 8-turnconformaton whereaghe
alanineresiduesverein an a-helix configuraton. Two
cysteire residues were remarlably conserved within
the V1 varialde region (Figure 5A). Two conserved
domans (C2 and C3) showing 84% homobgy and
two very variable regions V2 and V3 (Figure 5B)
completedthe extracelldar domain. Among all the se-
quencesdl? cysteinesresduesweretotally conserved
evenwhenlocatedin the more varialde regions (Fig-
ure5A). Interesingly, it hasbeendemongratedthat a
cluger of 12 invariant cysteinesresduesis ahalmark
of the S doman-contininggenedrom Brassica[30].
Several other feauresindicated some homobgy be-
tweenthe WLRK and the S-doman-congining gene
product. We previoudy degribed a short sequence
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A)
\'Z v \Z
LRK10ECD MSKLLVIALLLLPLINdEIYLATAWDDQDFFKYCPPSKCSQHGPMIRYPLCLESS 55
TH4LRK MSKLLAIALLLLPLINQQIYLATAWDDQDFFKYCPPSQCSQHGPEVRFPFCLESS 55
FR17LRK MSKLLAIALLLLPLINQGIYLATAWDDOQDFFKYCPPSQCSQHGPEVRFPFCLESS 55
THSLRK MSKLLAIALLLLPLINQAIYLATAWDDQDFFKYCPPSQCSQDGPEVRFPFCLESS 55
FR27LRK MSKLLAIALLLLPLINQGIYLATAWDDQDFFKYCPPSQCSQDGPEVRFPFCLESS 55
TH7LRK MSKLLVIALLLLPLINQGIYLATAWDDODFFKYCPPSQCSQDGPEVRFPFCLESS 55
FR36LRK MSKLLVIALLLLPLINHGIYLATAWDDQDFFKYCPPSNCSQHGPEVRFPFCLESS 55
FR26LRK MSKLLVIALLLLPLINﬂgIYLAMAWDDQDFFKYCPPSKCSQHGPEVRFPFCLESS 55
A N2
LRK10ECD NTSS---S8--SCGCAGRS--IWKLACSGQDTILVHPVLGPYSVSAIDYRRSSMK 103
TH4LRK NKSS---88---CGCAGRS--IRKLACSRODTILFHPVLGLYNVSAIDYINSSMK 102
FR17LRK NKSS~~«S§8-~~CGCAGRS~~IRKLACSRQDTILFHPVLGLYNVSAIDYINSSMK 102
THSLRK NTSA---AAAASCGCAGRS--IRKLACSGRDTILFHPVLGPYNVSAIDYGRSSMK 105
FR27LRK NTSA---AAAASCGCAGRS--IRKLACSGRDTILFHPVLGPYNVSAIDYGRSSMK 105
TH7LRK NTSA---AAAASCGCAGRS--IRKLACSGRDTILFHPVLGPYNVSAIDYGRSSMK 105
FR36LRK NTSAVABRAAARSCGCSSTDGLIWKLACFGQODTILVHPVLGSYSVSAIDYRRSSVK 110
FR26LRK NTSA---AAAASCGCSGTGGLTRMLACSGQDTILVHPVLGSYSVSAIDYRHSSVK 107
* *. .. ***‘ *kk khkkhk Hhkkhkhk * hhhkhkhwk ‘**‘*
\'4
LRK10ECD ITPLVDPCLVLQOKLIISRSSSSPQVDVIND-ERPSFDENF--FESSSATIVHCS 155
TH4LRK ITPLVDPCLVLQOKLVISRSSSSPQVDVIND-EMPSFYDYF--FDSSSSTIVHCS 154
FR17LRK ITPLVDPCLVLQOKLVISRSSSSPQVDVIND-EMPSFYDYF-~-FDSSSSTIVHCS 154
TH5LRK LIPLVDPCFVLQQKPVISRSSSSPRADVINY~EMPRL~~-~~~~ YLWNSI-LVRCS 152
FR27LRK LIPLVDPCFVLQQKLVISRSSSSPQADVINY-EMPSL-~-~~—~ YLRNSS-LVRCL 152
TH7LRK LIPLVDLCFVLQOKPVISRSSSSPQADVIND-EKRSLQ--F--FEWTSTALVRCS 155
FR36LRK LIPLVDPCLMLQQOKLATSRRWSSRQVDVIDGMQLPDR-~QFSILSYKYATLVCCS 163
FR26LRK LIPLVDPCLVLQQONLVISRNWSSRQVDVIDGMQLPDRDRQFSIWSYSNANLVCCS 162
"**** * .***_ ***‘ * %k ***. . * ‘* *
v v
LRK10ECD REFTPAAAHADSIAGPVSCLSNTTHFFYLVNSDEDMSILPLDCKVVPVSDRGGIS 210
TH4LRK REFTPAAAHADSIAGPVSCLSNTITHFFYLVNSYEDMSILPLDCKVVPLSDRGG- ~ 207
FR17LRK REFTPAAAHADSIAGPVSCLSNTTHFFYLVDGYKDMSILPLDCKVFPVSDGVSGR 209
TH5LRK REFAPGAA--DGIAGPVSCLSNTTNFFYLVNGYEDMSILPLDCKVVPLSDGVGGG 205
FR27LRK REFAPGAA--DEIAGPVSCLSNTTNFFYLVNGYEDMSILPLDCKVVPLSDGVGGG 205
TH7LRK REFAPGAA--DGIAGPVSCLSNTTHFFYLVHGYEDMSLLPLDCRKVVPLSDGVGGG 208
FR36LRK SEFTPAAADADSIAGPVSCLSNTTLFLYLVAAYKDMSILPLYCKVFPVSDGVSGR 218
FR26LRK SEFTPAAAHADSIAGPVSCLSNTTHFFYLVDGYEGMSILPLDCKVFPVSDGIGGR 217
v v
LRK10ECD LPH----M--LKDQM----F-YNFTETAKKIPSFARETAVSWDEG--~--DCRECEL 250
TH4LRK ~IS~~~-LPYIKDQM--~-~FQ-NFTETAKKILTFAETAVSWYVG---~-DCRRCEL 248
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Figure 5. A. Amino acid sequencecomparion of the extracellular domains of 8 different members of the WLRK genefamily. Identical
residuesare indicatedby an aderisk whereassimilar resduesare indicatedby dots The arrowheadsindicatethe 12 invariant cysteines The
upperbar delimits the sequenceN-(X) 7-DT-X-L-(X) 4-LG showing honology with the SRK protein. The openbox correpondsto a putative
myristoylation site. B. Schematic repregntationof the 3 conserved domains(C1, C2, C3) andthe 3 variabledomains(V1, V2, V3) identified
by comparison of the differentwlirk genefamily products The postion of thedomainsarenumberedaccordingto the Lrk10 sequence.

of 6 resduesW-(X)7-DT-X-L-(X) 4-LG which were
conerved betweenSRK and LRK10 [10]. The data
obtainedhere confirmedthis obsenation becauseof
atotal conrvation of this motif exceptfor the tryp-
tophaneresdue which in some cagsis replacedby
anaminine (Figure5A). In addition, two putative N-

linked gly cosylation siteswith the consersus sequence
N-X-S/T are con®rved in postionscorreponding to
amino acid 56 and 184 of the LRK10 sequence.The
first site is locatedafter the first three invariart cys-
teinesandbeforetwo cysteinesonly separatedy one
amirno acid (C-X-C). This structure resemiesthe one



foundin RLKSs of Brassicaand Arabidopss having a
Sdoman[9, 37] (Figure6).

WIrk genesare only expressed in aerial parts of the
plantbody

We have previoudy shown thatthe wirk genefamily
is congtitutively expressedn seeding leaves [10]. To
furtherstudy the spaia expresion of thes geneswe
performeda northern blot with 3 g of mRNA iso-
lated from wheat leaves, culms, spikelets and roots
(Figure 7). Hybridization with the pLRK10-A probe
correpondingto theextracellulardomainof Lrk10re-
veakdastrongerexpresion of amessageof 2.1kbin
theleares of seedlingsandflagleavesthanin theculm
andthe spikelets.No expressionwas detectedin the
roots. This resut indicatedthatthe wirk gene family is
specificallyexpressedn theaerialpartsof the plant.

WLRK proteinsare present in the plasma menbranes

Based on the deducedamino acid sequenceswirk
geneswere expeced to encodeplagna membrane
receptorhiaving anextracellulardomainwhichis sep-
aratedfrom the kinasedomainby a transmembrane
sequence.To test this hypothess polyclonal antibod-
ies against the extracelllar domain of LRK10 were
raisedin rahbits. The subcellular locations of WLRK
proteinswere deerminedby protein immunobbtsfol-
lowing SDS-FAGE separation of polypeptidespresen
in differert subcellular fractions (Figure 8). A 70 kDa
polypeptde wasdeeckedin the whole homogenat of
wheatleavesbut not in the soluble fraction (Figure 8,
lane 1 and 2). This polypeptde wasalso not detecied
with pre-immune serum (data not shown). In addition,
the 70 kDaprotein washighly enrichedin themicroso-
malfraction containingmembrane&esiclesoriginating
from al intracelldar memiraresaswell asfrom the
plasnamembrandFigure8, lane3), andshowed an
enrichmenin the plasmamembrandraction as com-
paredto theintracelldar memlranefraction (Figure 8,
lane 5 and 4). The bandseenat 70 kDa in the intra-
cellular membranefracton (lane 4) could be dueto
inside-out plasmamemlrare vesiclespartitioning to
the bottom pha® whereagightside-outplagnamem-
brare vesiclegpartition to the top phase(lane 5) in the
two-phag system used [18]. When using Triton X-
114 fractionaton to separag intrindc (hydrophobc,
integral plasna membraneproteins) from extringc
(peripheral, water soluble plasmamemlrare proteins),
the 70 kDa speciesvas detectedonly in the intrinsic
plasma membraneprotein fracton (Figure 8, lanes6
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LRK10ECD CPPSK-CSQHGPMIRYPLCLESS] --88--SCGCAGRS

TH4LRK CPPSQ-CSQHGPEVRFPFCLESSN --88---CGCAGRS
THSLRK CPPSQ-CSQDGPEVRFPFCLESS! AAAASCGCAGRS
FR36LRK CPPSN-CSQHGPEVRFPFCLE AAAMAASCGCSSTD
SRK6 CDTYIMCGPYAY------ CDV CNCIQGF
ARK2 CDNYRECGNYGY---——— CDA- CNCIKGF

Figure6. Conyparisonof amino acidsequencegncodedy thewlrk
genefamily from wheatandtwo S-domain containinggenesfrom
Brassica [9, 37]. The arravheadsindicate the cysteine reddues
conened in both families. The boxed amino acid sequenceNTS
correpondsto a putative N-glycogylation site with the N indicated
by anagerisk.

ard 7). In addition to the 70 kDa species, the an
tiserumrecognkedthreeintrindc plagna membrane
proteinswhich could correpondto other membersof
the WLRK protein family (Figure 8, lare 6). Several
extrinsic plasma membranepolypeptdes (Figure 8,
lane 7) were recognkedby the antiserum,suggesing
that these extrindc proteins share antigenic epitopes
with the extracellulardomainof the LRK10 protein.
The 70 kDa protein recognked by the ECD10 an-
tisserum hasthe expeced size of the LRK10 protein
(71 kDa) and is anintrinsic plasmamemlrane protein.

Discussiam

The WLRK extracelular domain: featuresand
similarities with S-domainreceptorlike kinases

RLK proteins having an extracelldar domain of the
LRK10 type areencodedby a genefamily in wheat

Thenumberof wirk genesvasegimated by Southern
hybridizaion to be between6 and 10 in the differ-

ent wheatvarieties analysed. The comparson of the
extracellulardomainat the aminoacid level of 8 dif-

ferent membersof the wirk genefamily revealed3
very conerved and 3 more variable regions Thes
featurescharacterizea new type of extracellulardo-
main. Interesingly, some of the conserved reddues
showed a similar organizaion as foundin proteins
having S-domans andwhich areinvolved in self in-

compatibility in some species. Indeed an identical
number(12) of cysteineresduesis conserved in both

WLRK, SRK (Slocusreceptoflike kinase)and SLG

(Slocus glycoprotein) proteins. The position of these
resduesin the extracelular doman is not idenical
but one cannotexcludethe possibility of a common
type of secondarystructure.In addition,in a shortre-
gion encompassirg a conserved N-glycosylation site
of the WLRK and SRK gene products comparals
distancesbetveenthe cysteine resdueswere found.
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Thesesimilarities betweenthe wirk andthe srk genes
agreewith our previous suggesion [10] thatthe two
types of genesmight have a common origin. We
have previoudy shown thatLRK10 is encodedit the
leaf rust resistancdocus Lr10 in wheat. Recently
we have found that Lrk10 is locatedin a gene-rich
region (C. Feuillet, unpublidhied data). Interesingly,
molecuar analysis of plant diseaseaesistage loci in
plans have shown the preenceof geneclugering at
theseloci [40]. Together with a primary structure re-
semblinga receptoflik e kinase,this makes LRK10 a
canddatefor beinginvolvedin the signaltranglucion
after pathogeninfection. Similarities between self-
incompatibility and hod-pathogeninteractionshave
recentlybeendiscussed [8] andfrom a morphological
point of view, this is particularly evidentfor a fun-
galpathogen.Thereis emergenceof anelongaed cel
(germtubeor pollen tube)from a spore-ike structure
(fungalsporeor pollen grain) on thesurfaceof the hog
ard growth of the tube within or betweenthe cell walls
[32]. Both Xa21 and PR5K are encoding receptof
like kinasesandhave beenimplicatedin plantdefense
regpones XA21 wasidenified asa resstancegene
productand PR5K hasan extracellulardomainrelated
to PR proteins. Recently evidencefor a role of an
S-domaincontainingreceptotlik e kinasein plant de-
fencewasrepored. Pastuglia etal. [32] demonsrated
atransent inducton of the SFR2geneuponinfection
andwoundingwith akineticandinductionpatterntyp-
ical of defencegenes The® observationsraised the
possiklity of acomman ancesta for genesinvolvedin
self-incompatibility and deferce. Furthermore, Clark
etal. [6] suggesed a commonorigin for disea® re-
sistarceand developmental signallin g pathways based
on similarities of the genestructureof receptoflike
kina® genessuch as CLAVATAL and Xa2l It isin-
terestirg to specuate that differernt types of RLKs
involvedin differert signalling pathways might have
acommonorigin.

WIrk genesmap to honmoeobgouschromosomesin
Triticeaeandto several disease regstancelociin
wheat

Southerrhybridizationwith the extracellulardomain
of Lrk10 (pLRK10-A) reveakd that all the hybridiz-
ing fragments werespecifically locatedon the group 1
chromosmesin wheat Wheatis hexaploid and con-
tains 3 genomegA, B, D). Thus the specffic locaion
of differentgenesprobaby reflect orthologousloci
on 1A, 1B and 1DS, respectiely. Comparatve map-
ping ondiploid cerealspecies suchas barley andrye,
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Figure 7. Northernblot hybridization of poly(A)t RNA isolated
from differentwheatorgansandprobedwith pLRK10-A The2.1 kb
mMRNA expresed in the aerial parts of the plant is indicatedby an
arowhead.

demonstrateda similar localizatian of the wirk gene
homobguesin thes species Indeed pLRK10-Awas
mappeddn thetop of chromo®melHS in barky and
1RSinrye.The®realltsindicak aclearcongrvation
at this locus among the Triticeae. Good collinearity
betweenrA, B, D, H and R genomesasareadybeen
shown, for ingance for powdery mildew redgstance
loci [13, 34]. Here, collinearity was also found with

genessurrounding the wirk loci in wheatand barley.

In barley, pLRK10-Awas mapped at 4.4 cM from two

high-mokcubr-weight (HMW) seed storage protein

loci (Hordein2 and Hordein1). In wheat,we previ-

oudy mappedLrk10 in two mapphg popubtons at
8 cM [33]and2.4 cM [11] respectiely, from GIuA-3,

ageneencodingalow-molecubr-weight(LMW) seed
starage protein (glutenin).

Nearisogenic lines (NILs) with resistage genes
againstyellow rust and powdery mildew revealed
polymorphismswith the probe pLRK10-Asuggesing
that diseaseresistancdoci other than Lr10 encode
WLRK homobgues In the yellow rug NILs, lines
with the Yrl and Yr9 resstancegenesshowed poly-
mophisnsif comparedwith therecurreniparentAvo-
cet. Yr9is locatedon the 1B/1RS trarslocation which
containsseveral resistancegenessuchas Lr26 and
S131[29]. Inthe caseof awheat/ryetranslocation, it is
notsurprisingto find polymorphsms. On the contrary;,
Yrl originated from the wheat genepool and there-
fore repregnt a good canddat for further anaysis
of the linkage betweenthe yellow rust resistace and
the polymorphic bard. In NILs with powdery mildew
resstance genes polymorphems were deteced be-
tweenthe recurrentparentChancellorand the NILs
contining either differentalleles of the Pm3 gene
or the Pm5 gene. The Pm3b genewas introduced
into the NILs from two independensources Chul
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Figure 8. Association of the LRK 10 protein with the plasma mem-
brane in wheat leaves Subcellular fractions were obtained by
differential centrifugationand aqueouspolymer two-phag parti-
tioning. The proteinswerereolved by SDS-PAGE, electroblotted
andthe blots subsequentlyprobedwith an antirumraised againg
theextracellulardomain of LRK10. Amongthe proteinsrecognized
by the antiserum a polypeptideof about 70 kDa (arrovhead)was
preentin the whole honogenate(lane 1), was not preentin the
soluble fraction (lane2), and was enrichedin the microomal mem-
branefraction (lane3). This polypeptideprimarily partitionedto the
plasna membranefraction (lane5), as comparedto theintracellular
membrane fraction (lane 4). Fractionsobtainedby Triton X-114
fractionationsugges that the 70 kDa protein hasthe propertiesof
anintrinsic, hydrophobiglasma membraneprotein (lane6) as com-
paredio watersoluble, extrinsic plasmamembraneproteins(lane?).
The arrowheadsindicatethe 70 kDa polypeptiderecognizedby the
antiserum.

a1

and Triticum sphaeococcum which are land races
from differentgeographial areas[28]. Interegingly,

both NILs showed the same polymorphic bandswhen
hybridized with the extracellular domain of Lrk10.

The Pm3genewas mappedthroughclassical geneic

anaysis on chromosme 1AS in the same region as
Lr10. It mappedat 1-5cM from the Hairy glumes
(Hg) genewheread r10 was mappedat 6 cM from

the samegene[29]. We are currentlyanalysingan F;

popubtionfrom acros betweenChul/8*Chancellorx

Charcellor in order to study the linkage betweenthe
resstancegeneandthe polymorphic bands

WIrk genesare specifically expressed in the aerial
partsof the plant andencodeeceptorlike kinases
which are locatedin the plasmamemipane

Thewlrk genefamily in wheatwas foundto be specif-

ically expressedn the aerial parts of the plant. The
expresion was stronger in the seeding and adut
leavesthanin the culms and spikelets. No expressim
was deteciedin the roots. This suppors the ideathat
the wirk genefamily encodegeceptorsavhich might
beinvolvedin therecognitionof a pathoger{Puccinia
recondiaf. sp. tritici) developingin the aerialpartsof
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the plant andinfecing the leaves Thedifferenttypes
of plant RLKs isolated so far show various paterns

of expressia: while saneareconstitutively expressed
in specific reproducitve or vegettive tissues others
aredevelopmentallyregulatedin bothtypesof tissues.
Only one memter of the S.genefamily (SFR2) has
beenshown to be inducedby arangeof stimuli induc-
ing plantdefencg32] whereadRPK 1 fromA.thaliana
hasrecently beenshown to be inducedby osmotic

stress[16].

Membersof the Slocus protein famiy and the
EGF classof receptotlike kinasesarethe only RLK
proteinswhich have beenshavn to be localizedto
the plasmamembranewhereashe subcellularlocal-
ization of the othersis unknowvn. Delormeet al. [7]
ard Steinetal. [38] demongratedaplasmamembrane
localizaion of SRK proteins from different hapb-
types WAKZ1, belonging to the epidermal growth
facor (EGF) class of RLK's, wasalso foundto beasso-
ciatedwith the plasmamemlrare. Moreover, WAK1
appearedo betightly asseiatedwith the cellwall and
might be involved in a phydcal connedton between
the extracelular matrix and the cytoplasn [14]. Here,
we foundthat antibodiesagains the extracellulardo-
mainof LRK10 reactedwith aproteinof the expected
size (70 kDa) thatwas presenin plasmamembranes
of leaf cells. This protein, which was not detected
with the preimmune serun, was absert in the sdu-
ble fraction. In addition to plasmamemlrares, the
70 kDa protein was aso foundto a lesser extentin
the endomembrandraction. Thes data supportthe
hypothess of WLRK proteins being plasna mem-
branereceptorsFractionatiorin Triton X-114shoved
that the 70 kDa protein is an intringc membrangro-
tein confrming the suggesion that LRK10 and the
other WLRK proteins are transmembraneeceptors
[10]. The immunoreactie protein found in the en-
domembranéraction possibly correpondsto precur
sorsof the plasmamembrane-associatgaotein be-
ing procesed throughthe endophanic reticulum and
Golgi comparmens. Indeed WLRK proteins contain
a putative signal peptide as well as N-glycosylation
sites. Apart from recognking a 70 kDa polypeptde,
the ECD10 artiserum labelled three intrinsic plasma
membraneproteins that could repregnt other mem-
bers of the WLRK protein family sharing comman
anigenic epitopesin thethreevery conserved regions
of the extracelldar domains. The extrinsic plasma
membraneproteins recognzed by the antiserum are
either more hydrophilic forms of WLRK proteins
possibly due to extensve glycoglation at the con-
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sened N-glycosylationsite, or may represenbther
proteins of the plasma membranepossessing similar
or idertical artigenic eptopes as presen in the three
con@rved regionsof the extracelular doman of the
LRK10 protein. That more than one polypepide is
immunobgicaly recognkedwas expeced since the
serumwasraisedagainst aproteindomainwith several
aminoacid stretcheshighly consened in the WLRK
family of proteins However, only oneof the polypep-
tides recognzed hasthe moleculbr weight expeced
from the coding region of the Lrk10 gene. Further-
more, this polypeptde behares in the Triton X-114
fractionation, asanintrinsic plasmamemlrare protein
aswould be expectedfrom the deducedamino acid
sequenceof theLrk10gene.

We concludethat molecubr and biochemcal data
are in agreementwith the hypothess that WLRK
proteins are receptorslocatedin the plasmamem-
brane. Furthermore,geneic analysis suggesed that
wirk genesare preentat differentdisea® resstance
loci. Theseresuts raisethe question whether WLRK
proteinsaredirectly involvedin theresistage reactian
agains fungalpathogensn wheat.Additionalgenetic
anaysis andtrangormaiton experimens should allow
a better undersanding of the funcion of WLRK pro-
teins as well as about the relatonship betweenwlirk
anddiseaseesistancgenesn wheat.
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