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Molecular Basis of Gene-for-Gene Specificity in 
Bacterial Speck Disease of Tomato 

Steven R. Scofield,* Christian M. Tobias,* John P. Rathjen, 
Jeff H. Chang, Daniel T. Lavelle, Richard W. Michelmore, 

Brian J. Staskawicz? 

Transient expression of the Pseudomonas syringae avirulence gene avrPto in plant cells 
resulted in a Pto-dependent necrosis. The AvrPto avirulence protein was observed to 
interact directly with the Pto resistance protein in the yeast two-hybrid system. Mutations 
in the Pto and avrPto genes which reduce in vivo activity had parallel effects on asso- 
ciation in the two-hybrid assay. These data suggest that during infection the pathogen 
delivers AvrPto into the plant host cell and that resistance is specified by direct interaction 
of Pto with AvrPto. 

I n  plants, resistance to a variety of patho- 
gens is determined by the action of comple- 
mentary pairs of resistance (R) genes in the 
host and avirulence (avr) genes in the patho- 
gen. These gene-for-gene interactions have 
been observed between plants and a diverse 
array of pathogens, including viruses, bacte- 
ria, fungi, nematodes, and insects (1). From 
genetic analysis it has been proposed that R 
genes recognize an elicitor produced directly 
or indirectly by the pathogen's avr gene, 
which leads to a resistance response in the 
infected plant (2). 

Bacterial speck disease of tomato is 
caused by Pseudomonas syringa pv. tomato 

(Pst). In tomato, resistance to strains of Pst 
that contain the avr gene a d t o  is con- 
ferred by the Pto gene (3). The Pto locus 
encodes a family of related serine-threonine 
kinases. Among these, Fen is active in a 
parallel pathway that confers sensitivity to 
the insecticide fenthion (4). 

R and avr proteins may interact directly, 
thereby activating plant defenses. For the 
protein product of Pto, this binding would 
likely occur intracellularly because of its 
predicted cytoplasmic localization. The ac- 
tivity of many avr genes, including a d t o ,  
depends on an hrp secretion pathway which 
is similar to the type 111 secretory systems of 
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Fig. 1. Agrobacterium tumefaciens strain A281 
(sites 3 to 6) or the nontumorogenic strain C58C1 
(sites 1 and 2) containing avrPto gene constructs 
(10) were infiltrated into leaves of a Pto trans- 
formed plant (A) or leaves of untransformed N. 
benthamiana (B). Expression of avrPto (sites 1 
and 4), and avrPto deletions of 30 (site 6), and 59 
(site 3) amino acids off the COOH-terminus was 
controlled by the CaMV 355 viral promoter in a 
binary plan transformation vector. An avrPto 
construct (pPtE6) lacking left and right T-DNA 
borders or a plant promoter (1 1) was also infil- 
trated (sites 2 and 5). Leaves were photographed 

Yersinia, Shigella, and Salmonella (5). These 
 ath hog ens translocate a set of virulence pro- 
teins into host cells. Therefore, we consid- 
ered the possibility that the bacterial AvrPto 
protein moves across the plant cell wall and 
plasma membrane where it directly interacts 
with the tomato Pto protein. 

Evidence indicating that AvrPto acts in- 
side the plant cell was obtained by tran- 
siently expressing a d t o  in transgenic Nico- 
tiana benthamiana plants transformed with 
Pto (6) (Fig. 1). This resulted in necrosis 
similar to the Pto-mediated HR elicited by 
P. syringae expressing a d t o  and indicated 
that AvrPto was active within the plant 
cell. Deletion of 30 amino acids from the 
COOH-terminus of AvrPto did not elimi- 
nate this activity, whereas deletion of 59 
amino acids destroyed activity. Activity of 
the deletion derivatives in the transient 
expression assays correlated with biological 
activity in P. syringae. These results suggest- 
ed that the products of the avr and R genes 
may interact directly. 

We employed the yeast two-hybrid sys- 
tem to directly test this hypothesis (7). Pto, 
Fen, and a d t o  coding sequences were ex- 
pressed as fusions to GAL4 DNA binding 
(BD) and transcriptional activating (AD) 
domains. Reciprocal combinations of BD 
and AD fusions were tested for p-galactosi- 
dase reporter gene activity in yeast. Inter- 
action was only observed when the BD::Pto 
and AD::AvrPto fusions were coexpressed 
(Fig. 2). Controls did not show any inter- 
action. Furthermore, no interaction was de- 
tected between BD::Fen and AD::AvrPto 
(Figs. 2 and 3A). 

To test the biological relevance of the 
interaction, inactive alleles of Pto and 
a d t o  were tested. Three inactive Pto al- 
leles, pto6, pto7 and ptol l ,  were previously 
identified through mutagenesis of resistant 
tomato plants (8). Sequence analysis re- 
vealed single amino acid changes in each 
mutant allele (Fig. 3B). The mutant Pto 
sequences showed no detectable interaction 
with AvrPto in yeast. Thus, mutant alleles 
that confer susceptibility to Pst also fail to 
interact with AvrPto in the two-hybrid sys- 
tem. The two deletions of AvrPto tested in 
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the transient expression assay were exam- 
ined for their ability to interact with Pto 
(Fig. 3C). AvrPto A30C, which is biologi- 
cally active, interacted with Pto, whereas 
A59C, which had no biological activity, 
showed no interaction. Therefore, the bind- 
ing activity of mutants of both Pto and 
AvrPto coincides with reduced biological 
function in vivo. 

Because Fen is 80% identical to Pto at 
the amino acid level but does not interact 
with AvrPto, it provides a model for defin- 
ing the Pto sequences responsible for spe- 
cific interaction with AvrPto. Reciprocal 
Fen-Pto hybrid constructs demonstrated 
that the COOH-terminal 192 amino acids 

Fig. 2. Yeast strain Y190 trans- 
formed with various combinations 
of two-hybrid plasmids were tested 
for p-galactosidase activity. Plas- 
mids encoding fusions to the GAL4 
DNA binding domain are indicated 
by BD, whereas fusions to GAL4 
transcriptional activation domain 
are denoted by AD. The pair of plas- 
mids encoding BD fusions to mu- 
rine p53 (BD::p53) and AD fusions 
to SV40 large T antigen (AD::LTA) 
serve as controls for the specificity 
of the Ro-AvrRo interaction (7). 

Fig. 3. Analysis of avrRo and Ro 
interaction. Ro sequences are rep- 
resented by open boxes, Fen se- 
quences by filled boxes, AvrRo se- 
quences by slashed boxes (12). 
Numbers and arrows indicate rela- 
tive positions of amino acids in the 
sequence (4, 5). Single-letter amino 
acid codes are used to indicate mu- 
tations where relevant. (A) Interac- 
tion of AvrRo with Ro and Fen. (B) 
Activity of in vivo Ro mutants, pto6, 
pto7, and ptol 1 (8). (C) Activity of 
avrRo COOH-terminal deletions. 
(D) Activity of reciprocal Fen-Ro 
swaps. PFBglll and FPBglll. (E) 
Analysis of Fen-Ro fusions. The re- 
gion shown corresponds to catalyt- 
ic kinase subdomains VIB-IX (1 1). 
(F) Effects of amino acid substitu- 
tion of invariant catalytic residues. 
Average p-galactosidase activities 
were determined on at least three 
colonies from each transformation, 
with three replicates for each colo- 
ny (13). Western blot analysis dem- 
onstrated that mutant Ro and 
AvrRo fusion proteins accumulate 
to similar levels as wild-type fusions 
(data not shown). 

of Pto contain the residues necessary to 
confer binding to AvrPto (Fig. 3D). Anal- 
ysis of a series of Fen-Pto gene fusions re- 
combinant at variant residues between ami- 
no acids 167 and 239 places the residues 
responsible for specific binding between 
amino acids 190 and 213 (Fig. 3E). There 
are only four variant amino acids in this 
interval, which also corresponds to con- 
sewed kinase subdomain VIII, a region im- 
plicated in substrate binding in other ki- 
nases (9). Although the series of recombi- 
nant molecules was useful for defining a 
small region of Pto essential for specific 
interaction, the fact that the hybrid genes 
displayed reduced P-galactosidase activity 

AD::NO Insert AD::LTA 

BD::Pto BD::No Insert 
AD::LTA AD::AvrPto 

BD::Fen BD::p53 
AD::AvrPto 8 AD::AvrPto 

pGal Units 

Fen - <0.05 

D P F B g l l l h  <0.05 

FPBglll 4.24 * 0.84 

167 188 202 213 239 E FEW C T ( 1 9 x ) T M P ( l l x ) R x N I ~ W x Q ( 2 1 x ) P  
Pl'O SI KGT K TL D F I K  R S 
mSIOPP 1 2 3 4 

FPl 

FP2 
213 

indicates that other residues also participate 
in binding. 

Two invariant residues essential for ki- 
nase catalytic activity in Pto were mutated 
to examine the role of kinase function in 
the interaction with AvrPto (Fig. 3F). Nei- 
ther mutant showed detectable interaction 
with AvrPto. These results suggest that 
phosphorylation activity of Pto is required 
for the binding of AvrPto, although it is 
possible that the engineered mutations may 
abolish bindine bv some other effect. 

These data" siggest that Pto-mediated 
disease resistance involves entry of AvrPto 
into the plant cell and interaction with the 
Pto kinase. The high degree of recogni- 
tional specificity that is the hallmark of 
gene-for-gene disease resistance systems is 
evident at the molecular level. Although 
the determinants of specificity reside in re- 
gions of Pto that correspond to conserved 
kinase domains involved in substrate recog- 
nition. these residues alone are insufficient 
for mediating interaction with AvrPto. Mu- 
tations in residues essential for ATP binding 
and catalytic activity also eliminate detect- 
able binding to AvrPto. Thus, our analysis 
shows that alterations in different parts of 
Pto can eliminate the ability to interact with 
AvrPto. 

Demonstration of direct binding be- 
tween R and Avr proteins supports a recep- 
tor-ligand model for recognition in plant- 
pathogen interactions. Pto is unique among 
the cloned R genes in lacking a leucine-rich 
repeat (LRR) motif. LRRs are known to 
mediate protein-protein intera.ctions and 
are found in some receptor molecules, mak- 
ing them logical candidates for mediating 
the recognition of avr molecules. Pto-medi- 
ated resistance does reauire an LRR ~ro te in  
encoded by the prfgenk, located wi&in the 
Pto locus, and it is somewhat surprising that 
AvrPto interacts directly with Pto. Perhaps 
Pto and AvrPto form a complex which is 
then able to interact with Prf. It will be 
interesting to see if this system represents a 
unique class of resistance mechanism that 
utilizes a kinase as the element to determine 
specificity, or whether there are ortholo- 
gous kinases participating in other resis- 
tance svstems. 

Isolation of aw genes has proven to be a 
more tractable bioloeical task than clonine " " 
plant R genes. Our experiments suggest 
that, at least for systems involving recogni~ 
tion within the plant cytoplasm, it may be 
possible to use avr genes as bait in the yeast 
two-hybrid system to isolate the correspond- 
ing R genes from plant cDNA libraries. 
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Capturing the Structure of a Catalytic RNA 
Intermediate: The Hammerhead Ribozyme 
William G. Scott*, James B. Murray, John R. P. Arnold, 

Barry L. Stoddard, Aaron Klug 

The crystal structure of an unmodified hammerhead RNA in the absence of divalent metal 
ions has been solved, and it was shown that this ribozyme can cleave itself in the crystal 
when divalent metal ions are added. This biologically active RNAfold is the same as that 
found previously for two modified hammerhead ribozymes. Addition of divalent cations 
at low pH makes it possible to capture the uncleaved RNA in metal-bound form. A 
conformational intermediate, having an additional Mg(ll) bound to the cleavage-site 
phosphate, was captured by freeze-trapping the RNA at an active pH prior to cleavage. 
The most significant conformational changes were limited to the active site of the 
ribozyrne, and the changed conformation requires only small additional movements to 
reach a proposed transition-state. 

A f t e r  the discovery that .RNA can act as 
an  enzyme (1 ), the first three-dimensional 
structures of an  RNA enzyme, the hammer- 
head ribozyme, were elucidated (2, 3). The 
hammerhead ribozyme is a small self-cleav- 
ing RNA derived from a conserved motif 
found in several satellite virus RNAs that 
replicate by a rolling circle mechanism. The 
hammerhead motif consists of three base- 
  aired stems flanking a central core of 15 
conserved nuc1eotid;s (4, 5 )  (Fig. 1). The 
conserved central bases are essential for ri- 
bozyme activity, as is the presence of a 
divalent cation. 

Both of the ~reviouslv crvstallized ham- , , 
merhead ribozymes contained modifications 
to prevent self-cleavage. The  first of these 
contained an  all-DNA substrate-analog 
strand ( 2 ) ,  and the second, although all 
RNA, had the active 2' hydroxyl at the 
cleavage site replaced with an inert 2'- 
methoxyl group (3). Despite the similarities 
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of the two modified RNA structures, there 
remained concern that the RNA fold of a 
catalytically active hammerhead ribozyme 
might be different, and the question of how 
an  unmodified hammerhead RNA might 
bind divalent metal ions and catalyze cleav- 
age was still unanswered (5). 

Time-resolved crystallography allows di- 

Fig. 1. The sequence of the ham- 
merhead RNA used and a sche- 
matic representation of its structure 
(3). This ribozyme construct em- 
ploys a 16-nt enzyme strand (red) 
and a 25-nt substrate strand (yel- 
low). The letters outlined are abso- 
lutely or highly conserved in all ham- 
merhead RNAs (4, 5). The arrow 
denotes the self-cleavage site, and 
the cleavage-site base (C17) is 
green. The helices are labeled stem 
I ,  stem I I ,  and stem I l l .  Watson-Crick 
and reversed-Hcqsteen bases are 
denoted with white ovals. Single 
hydrogen bonds between non- 
Watson-Crick bases are shown as 
white dotted lines. Single hydro- 
gen bonds between bases and 
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rect observation of structural changes that 
occur during an  enzyme-catalyzed reaction 
with an  unmodified substrate, provided that 
a homogeneous chemical population, accu- 
mulated throughout the crystal, can be ei- 
ther visualized rapidly or trapped. Interme- 
diate trapping, combined with convention- 
al x-ray data collection, is made possible by 
arresting the enzymatic reaction chemically 
or physically (6), for example by adjusting a 
controlling variable such as the pH, by 
flash-freezing the crystal, or a combination 
of both. 

T o  obviate the concerns raised about the 
RNA enzyme-inhibitor structures, we have 
obtained the x-ray crystallographic struc- 
ture of an  unmodified hammerhead ri- 
bozyme-substrate complex, which cleaves in 
the crystal on introduction of divalent met- 
al ions (Fig. 2). We  then used differing pH 
and freeze-trapping conditions to obtain 
time-resolved crystal structures of two states 
of the uncleaved hammerhead RNA. The  
first state was isolated with a combination 
of pH inactivation (cleavage is attenuated 
at pH 5) and flash-freezing, allowing visu- 
alization of metal-binding to the ground- 
state structure in which no  cleavage has 

backbone riboses are shown as pink dotted lines, and the two aromatic stabilization interactions 
'To whom correspondence should be addressed. between C17 and the uridine turn of the catalytic pocket are shown as green dotted lines. 
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