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Constitutively active Pto induces a Prf-dependent
hypersensitive response in the absence of avrPto
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Reziztance in tomato to Preudomonas syvingae pv
tomare (avrPro) iz conferred by the sene Pro in a
gene-for-zene relatonzhip. A hyperzenzmibive dizeaze
rezsiztance rezponze (HR) iz elicited when Pro and avrPro
are expreszed experimentally within the zame plant
cell. The lonasze capabihty of Pto waz required for
AvrPto-dependent HE induction. Systematic muta-
geneziz of the activation zerment of Pto kinaze con-
firmed the homologouz P+ 1 boop a: an AvrPto-bindins
determinant. Specific amino acid substitutionz mm thiz
region led to conztitutive mduction of HR upon expres-
zion in the plant cell in the abzence of AvrPto. Conztitu-
tively active Pto mutantz required kinaze capability
for activity, and were unable to interact with proteinz
previously zshown to bind to wild-type Pto. The conztitu-
tive gain-of-function phenotype waz dependent on a
functional Prf gene, demonstrating activation of the
coenate dizeaze reziztance pathway and precludine a
role for Brf upztream of Pro,
words: dissase resistance’epistazis/zam of fimction’

P+1 looptomate

Introduction

Plant resistance to pathosemie attack 1= often govamed by
zingle genes m the host. Such resiztance (F) genes requre
the presence of a complementary avirulence (Asr) gens
i the pathogen to specify recogmbon of the pathosen
and mduction of defemse responses (Crute, 1936). Ths
‘gene-for-gane’ resistance has been the subject of Intensiva
study owing to 1ts biclogical and economic 1mportance.
Mearkry 20 BE. zanez have now been cloned and zeveral
clazses recogmzed; the majonty appear to encode com-
poneants of signal transduction systems (Staskawicz o al.,
1995 Hammond-Eosack and Jones, 1998). However, hiftle
15 knownm of recopmifion events that occur between the
host and the pathogen, or subsequent sigmal transduchion
leading to the resistance response (Baker er al, 1957
Yang et al., 1997).

Most plant E. genes are thought to encode receptors for
their cognate avirulence determmants. Exvidence for such
direct mteraction existe only mn resistance to Preudomonars
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nwingae pv fomato (Prf) m tomato, specified by the Pro
sene. A strong and spacific binding event betwesn Pio
and the virulence gane product AorPto was observed n
the yveast two-hybnd aszay for detecting protem—protein
mnteractions (Scofield st al, 1996; Tang o al, 1996).
Nfutants of Pro znd avPro that exlubited reduced actrty
in vivo showed mmpared mteraction when co-expressed
mn veast. Althousgh other complementary pairs of B and
Aot genes have bean clomed (Baker er al, 1997), no
evidence exists vet for physical mterachon between the
protem products of these genes. MNost B protemns cother
than Pto mclude leucme-nch repeats (LEEs) wiach may
mediate protem—protein imterachons and conshhite the
receptor of the avirulence determunant of such K protamns
(Bent, 1996; Jones and Jones, 1996; Parmiske et al | 1997).
E.EE-E-FIh.-ZIﬂ of the pathogan-darived 51;131 leads to indue-
tion of s1gnal transduction, culminating m the expression
of a vanety of host defenses. For Pro, which ancodes a
sermne/'threcmne protein kinase (Martin et al., 1993; Loh
and Martm, 1993), and the Xall gene of nce, which
encodes both an LER and a kmase domam (Song &f al.,
1993, signalme mayv be a consequence of kmaze activation
leading to phosphorvlation of a2 downstream tarset(s)
(Zhou ef al, 1993, 1997). For other B genes, which
possess combimations of an LEE motif a putatree mucleo-
tide-binding site (MES) and a toll'inferlsukin receptor
homeology domamn (TIE), the potenhal mode of down-
stream =mignalng 15 less clear However, an NES/LER
zene, Prf 1z required for resistance encoded by Pro
(Salmeron et al, 1994, 1996), and provides nohonal
overlap between the dizparate R signalms pathways.
Protemn pheosphorvlation 1= a2 common theme 1n the
control of metabolic and zignaling pathways. Concerted
effort to understand the struchre and fimchon of protein

kmzzes has led to the scluhion of mulhple three-dmen-
s1onal crvetal structures for these enzymes, of both senne’

threomne and tyTosine specitherty (reviewed m Alorsan
and de Bondt, 15%4; Boszamevar, 15953). Protem kimases
share a catalvtic core of 250300 amuno acid residues
comprizine 11 conserved subdomams, wiach fold mio
highly simlar balobal structures. The extent of spatial
conservation of the catalytic core 13 such that indrnadual
crystal stroctores provide a useful template for knases
whera only the anmino acid sequence 15 known (Kmghton
et al, 1992; Taylor a7 al., 1993).

Control of protain kinase actiaty frequently 15 exerted
by a structural slement kmown as the actrvahon sezment
(reviewed by Johnson & al, 1996). This region lies
between conserved sequence mohfs and occupiss the
catalyhic cleft of the anzyme. It comprises several smallar
resulatory elements mcluding the T-loop, where activating
phosphorylahon events often occur, and the C-fermunal
P+1 loop, which plays a role m recosnibion and binding
of protemn substrates. The actrration zegment actz m
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disparate ways 1n different knases, vanoushy controlling
ATP binding, alienment of key structural elements or

]:lr-}t&lus.u]:lstratebmdmgc hence supprassing kanase actrity
1n the absence of specific shmmulatory signals.

We have exploited the general conzervahon ufpr-::-tEiJ:n
knzse struchure to conduct 2 mutational amalyzis of the
Pto zene. In vitre generated mutants were characterized
by amalysis of lizand-bindmz properties m the veast
too-hybnd system, or by assay for mduchon of the
bvparzensitive disezse rezistance response (HE) m mtact
plantz. We present molecular genehic evidence that the
consequence of Pto—AwtPto mterachon 15 actmation of Pto
kinzze and further map an AsrPto-bmding determmant to
the homologous P+1 loop of Pto. Mutations m the P+1
loop led to the constrhutrie mduction of HE 1n the absance
of AntPto when expressed m MNicotiona berthamiana or
tomato. Inthizhon of HR by Pre gam-of-fimcthion mutants
was pathway dependent as judeed by the requrement for
a functional Prf zene. T]:neg&u&mhnnufcu}nmnm-egam
of-fimction mutants of Pro provides msight into the
consequence of AorPto bindme by Pto and the mhation

of siznal transduction subsequent to the binding event.

Results

Kinase activity of Pto is dispensable for AvrPto
binding but required for AvrPto-dependent
activation of HR

We previoush showed that transient expression of mrPro
m N berthamiang tissue expressing 2 Pro transgens led
to a Pro-dependant HE (Scofield et al., 1996). Plo 1= a

protein kinzse that autophosphorvlates on serine and
threcnine resydues in vitre (Loh and Martim, 1993). Pre-

vious martztional evidence suggested that the catahtic
kinase activity of Plo is essenhal for binding AsrPto in
the yeast two-hybnd system (Scoheld ot al, 1596). How-
aver, the dual deficiency of in vitro generated Pto mutants
mn autophosphorvlation and AvtPto binding (Loh and
Martin, 1995; Scoheld st al., 1996) prevented mveshzation
of whether formation of the AviPto—Pio complex was
sufficient m itself for activahon of HE, or if the kinase
actretty ufl:‘l'l::-was.requtred further for signaling.

To examine the role of autophosphorylahon m Pto
fimction, we examined smgle ammo acid muotations at
Acp (TN 164, This residue 15 irvariant 1 the protem kmase
superfarmby and 1z beheved fo act as the catalytic base
for phosphery] transfer based on comparisons with proten
kinzzes of known structure (Bossemever, 1993). Aspléd
was mutated mdrndually to Ala (A), Glu (E) or A=sn ¥).
Of thess mutantz only pto™ ™" was able to bind AxrPto
1n the veast twro-hybnd aszay (Figure 14). To test whether
this murtant retamed autophosphorylation actmnty, it was
overexpressed m Escherichia coli as a maltose-binding
pratan&fﬂPjﬁmnnEﬁld—ﬂpeP‘tﬂandthE]ﬂﬂme-
deficient mutant pto®™™ (Rommens et al, 1993) wers
ncluded as postirve and negatve controls, respectrvely.
Punfied proteins were subjected to an autophosphorylation
aszay (Gormg and Rothstem 1992). Wild-type Pto was
visuahzad as a band of ~77 kDa comesponding to the
combined molecular mass of Plo pluz the MEP (Fizure
1B). No band corresponding to autophosphorylated Plo
was observed erther for pto™™™ or pto™'*". Equrralent
amountz of protein were leaded as asseszad by visuahz-
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Fig. 1_Haole of konaze artivity in Pio fosction {A) Yeast tae-boyhrid
imteractions between Pto Aspl &4 mutants [as GAL4 “hinding domzin
(BLY) fusicms im pAS2-1] and AvyPt :-j GAL4 artivation ﬂl::r_am- ALY
wan.up#ﬂl’*] wiFio indicates wild-tvpe Pio; pio mufants are
indicated using the smgle letter amino 2cid code. (<) Tepresants empty
activation domazin plasmid pACT?2. Representative yezst mansformants
were selected and sireaked in triplicate om Ak Er:-_:uE':nn:-It-}h::hEr
selective growth and assay for B-galactosidase activity. Blue coler
indicates a positive interaction hetween the fasion proseins. Pink
coloTation was associated with demse veast growth. The strons
imteraction befween Fto and -'IJ':P':- was assoriated with slow and
imcomsistent coloay erowth {compare with Fipare 1B). Expreszioa of all
Pio—Gzl4 BD fosion prod Emsm'.ea't:l ed im this -n,: was confirmed
by Western analvsis (data mot shown). (B) The lack of suto-phosphoryl-
atiom activity of Pro mutants. Mintations were inmoduced i 0 Pia by
site-directed mutagenesis and proteins expressed and parified as
described in Mzterizls and methods. ?.aﬂm]ahﬂe:] ipecies wene detectad
using a phosphoimaper after 12% demamrins polyacylamide zel
elertrophoresis. MEP indicates maltose h|:|:1|_'1 protem only :-:-m:u]
M indicates melecalar size standards ohtzined from Coomassie stammims
of the zel prior to amtoradiography (Low Range; Bio-Rad, Hercules,
CA). "f:--.,mma_sje Blue-stained rﬂt-:s]:n'n. eguivalent loading of
fusion prodeins fested f-}'iuJ:¥hc5 worvlation activity. Lane order is as
shown for (B). The position of the MBI-Pto fusion protedns is indicated
by an arow. () Requirement for Pto kinase capahility for HE. induetion
Pto or its mutast derivatives were frans sently expressed in
N Bentkamizng H5508 Using £ amefbcions strain LBA4H04 (-3
10° ¢ fu./ml) as described in Materials and methods. ¥ -:I'_'I_"lﬂ.I:l"'
leaves of N_fanthamionaz were ressure infilirated using a st erile 1 ml
sy7inge, and the area of infiltration outlived wsing a black marker pen
Laaves were infilmated as follows (bimarv plasmid identity in
parentiseses’ {1) empdy 1m'-;TTS4E* -J]Fr.:-:n-‘ril 3155:0-Pam);
[ifi) awrPig [pl!n.[[i 335 3..."']:3:“.. v} Pio and avrPio (pMDA:3558: G.P'n];
and (v} pio” Y and quelio (] A-3350; ptolH] 640}, HR. develop-
mext was photesTaphed 4 da‘_.'s after infiltrztion, Soalebar - [ om,
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ation of fusion protems wsmg Coomassie Blue (Figure
1D). Thos we conclude that ptol &% 1z deficient m
autophosphorvlation, and that autophesphervlation 18 not
required for Pto to bind As7Pto in the yeast two-hybnd
system.

We next asked if the kmase actraty of Plo 1= necesszary
for AxvtPto-dependent mduchon of HE, usmg an Agro-
bacterium tumgfacisns-mediated fransient assay (Gopalan
gt ai., 1996; Scoheld s al., 1996). Inhlirahion of wild-type
N berthamiana lezves wath suspensions of A nonefacisns
carrving an empty bmary vector, or with .4wPio or Po
axpressad mdridually fom the T-DNA did mot result n
a phenotypic chanze to the mhltrated plant tissue (Fizure
11)). However, co-expression of Pro and 4w Pro from the
same T-DINA resulted m the fiszue collapes and cell dezath
that 15 charactenstic of the HR and 1z a hallmark of Pro-
mediated resistance (Scofield e al., 1996). Imhal tizsue
collapsa was sean ~438 h after mfltration, and development
of fissue necrosiz was usually complete within 4 days.
The arsa of HE development did not fill the entire area
nfiltrated with dgrobacteriun. Co-expression -:-fprﬂ:' s
with avrPto did not resolt m development of an HE.
Therafore, the kmass actmafty of Pito appearsd to be
required for mduction of HE by AxtPio.

The activation segment of Pto has roles in AvrPto
We previously had mapped a defermunant of AxrPto
binding specifictty 1 Pto to four vanant amino acids 'i'i."i.'ﬂ:l
respect to the closely related Fen protem (Figurs 2A
Scofeld et al., 1996). The anuno acid residues J'Ep:-n:.:lb]e
for LorPto biu-:l.i.ug ware K. .xTLoxD, ., (x mdicates an
irvanant amime acid residuos m the saquences of Pto and
Fan). Thiz sequence falls m the structural remion kmown
as the actrvation segment (Johnson er al., 1996) residing
between the conserved motifs D ;.F& and d,,,PE {under-
lined residues are almost prvariant m all sernethrecnme
and fyTozine protemn kinase sequences knowm; lower case
mndicates a difference from the protemn kmase consensus
sequence; Hanks and Huntar, 1993). The activaton Sep-
ment haz roles m regulaton of konass actrerty and posi-
tionmng of the pephde substrate (MhMorzan and de Bondt,
1994 Boszameyer, 1993), and actrvation of drverse protein

kinzses often oocurs by regulatory phosphorylation events
in thiz region (Morgan and de E-:-n::l’r_ 1954 Johnson er al.,
1996). The role of the actrvabon segment m Plo ﬁm-:u-:n
was analyzed uzing a mutational approach.

The actrvation segment of Pto (residues 182-209)
contains seven phosphorvlatable remidues [Ser (8, Thr
(T) ar Tyr (Y)] approwamately equally spaced throughout
the resion (Figure 2A). These were mutated mmdradually
to Ala and assaved for AstPto bnding actrvty 1n the veast
two-hvbnd system Frve oot of seven Pto Ala substitution
rortants retained the ability to bind AvrPto 1 veast (Fizure
iB). The two mutants which lacked AwvrPto binding
actretty had substitohons at the C-terrmmue of the actrvation
segment, at Thr2(4 and Tyr207. Each of these residues
lies 1 a substrocture of the activahon sesment known as
the P+1 loop, a region defined by amalyzis of crystal

structures for wiuch the consansus sequence G{T/S)xx
(Y/F=APE can be wnfften for protein m&th:a:nme

knzses (Hanks ef al, 1988). The mutations that destroyed
AorPto handms am-:r, correspond fo the second and
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Fig. 2. Raole of the artivation segment n Pio funchon (A) Szquence
EL;I].I]].El‘t of the activation segments of Pio and cAMDP- :Iepaudnm

protein kimzse (cAPK). The aliznment follows Morzas and de Bondt
(1994). Comserved sequence motifs borderng the segment are in hold.

The activating phosphorylatioa site of cAPE (Thrl97) is marked with
an asterisk. The seven potentially plosg :-:u:u"lataﬂ]E*e ydues of Pio in
thiz region are underhned, and the fu:JI ressdues confmibuting to AvrPto
hinding zre overlined. (B) Actvity of Ala substitution mutants in the
Pto actwaticn segment paired with AxtPto in the yeast two-hyboid
assay. Pio and its mutant derivatives were expressed as des {Tibed
wilto amd (-) indicate positive and nepative comtrols, Tespectively

(Figura 1-'L" The characteristic slow and ermatic svowth of Pto paired
with AvrPeo in veast was seen for wild-trpe Pto and several of the
mutants. () Mutations in the P+1 loop n:u:_fer 2 cl:_m‘t'm:n e gain-of-
fmcios phenotype that is dependent ca kinaze Capa bility. fn vive
HIZETH WETE c:-u-::.."a-_ as described for Fi eure 1. {i) Pio
(p40:33520:Pho); (ii) Feo and av PF‘..:II‘.'I[I-E-'L.'-:I.:-E:’IJ: ) panTaST
|J:~1“.1 5 ﬂ:-tuT:-.'il-lll_,, f u;u;" "2 (pdl .u:-.:-...:r:-’u' tI] znd

v} peg T TR (33 51 ptoE SN Y 207D). Scalebar —~ 1 cm

ffth pomhons m the P+1 loop consensus sequence,
respectrvely. The highly conserved nature of these residuss
mndicates a role for thiz region m the terhiary structure of
the Pto molecule. Thus, the P+1 loop of Pto was 1denhified
as an forPto-bmding detemunant both by ammo acid
differences defimings a sesment of Pto requred for AxrPto
binding relafre to Fen (Scofield er al, 1996; Fredenck
gt al., 199%) and by Ala substibution mmaEEEEEJE mn the
actn ?tl.-.'.ll‘.'l. seStent

The role of the activation segment 1 Pto activty in vive
was tested using an Asp substitufion stratesy of the
achvahon segment phosphorvlatable residues. Aodic
amino acids such 2= Asp or Glu can mmmic the negative
charge conferred by phosphorylaton and may lead to
FIE.I!‘I:LE]. constrhafrve achvation of mufant amimal knases
(e.z. Cowley & al., 1994; Mansour o al . 1994; Johnson



