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Many gram-negative plant pathogenic bacteria employ 
type III secretion systems to deliver effector proteins di-
rectly into the host cell during infection. On susceptible 
hosts, type III effectors aid pathogen growth by manipulat-
ing host defense pathways. On resistant hosts, some effec-
tors can activate specific host disease resistance (R) genes, 
leading to generation of rapid and effective immune re-
sponses. The biochemical basis of these processes is poorly 
understood. The HopX (AvrPphE) family is a widespread 
type III effector among phytopathogenic bacteria. We de-
termined that HopX family members are modular proteins 
composed of a conserved putative cysteine-based catalytic 
triad and a conserved potential target/cofactor interaction 
domain. HopX is soluble in host cells. Putative catalytic 
triad residues are required for avirulence activity on resis-
tant bean hosts and for the generation of a cell-death re-
sponse in specific Arabidopsis genotypes. The putative tar-
get/cofactor interaction domain is also required for these 
activities. Our data suggest that specific interaction with 
and modification of a cytosolic host target drives HopX 
recognition in resistant hosts and may contribute to viru-
lence in susceptible hosts. Surprisingly, the Legionella pneu-
mophila genome was found to contain a protein with simi-
larity to HopX in sequence and domain arrangement, sug-
gesting that these proteins might also contribute to animal 
pathogenesis and could be delivered to plant and animal 
hosts by diverse secretion systems. 

Additional keyword: bacterial virulence. 

The majority of plant-microbe interactions do not result in 
disease. This is due to a sophisticated immune system that al-
lows plants to recognize microbial elicitors and activate a com-
plex array of defense responses. Yet pathogens by definition 
can avoid or dampen this basal defense system to colonize host 

plants effectively. Phytopathogenic bacteria accomplish this by 
delivering a suite of 15 to 30 protein effectors into the host cell 
via a type III secretion system (T3SS) (Grant et al. 2006; 
Mudgett 2005). Collectively, these T3SS effectors contribute 
to pathogen virulence. Conversely, single T3SS effectors are 
sufficient, in specific host genotypes, to trigger the action of 
plant disease resistance (R) genes (Nimchuk et al. 2003). In 
these instances, the particular T3SS effector in question ren-
ders the bacterial strain avirulent; these were originally termed 
avirulence (Avr) proteins. 

The majority of R proteins belong to the NB-LRR super-
family and contain a central nucleotide binding site (NB), C-
terminal leucine rich repeats (LRR) of variable length, and 
either an N-terminal domain that encodes either a coiled-coil 
domain similarity to the intracellular signaling domain of toll 
interleukin 1 receptor (TIR). NB-LRR protein activation trig-
gers a complex suite of defense pathway activation and is fre-
quently accompanied by a form of programmed cell death 
termed the hypersensitive response (HR). There has been 
speculation that NB-LRR proteins act as direct receptors for 
Avr proteins, with the LRR domains governing recognition 
specificity. While some NB-LRR proteins appear to function 
in this manner (Dodds et al. 2006), clear evidence suggests 
that other NB-LRR proteins detect Avr proteins indirectly. In 
this model, termed the “guard hypothesis,” the NB-LRR pro-
tein is associated with a host protein that is a target for a given 
T3SS effector virulence factor (Chisholm et al. 2006; Dangl 
and Jones 2001). In these examples, the interaction of a T3SS 
effector and its host cellular target activates the corresponding 
NB-LRR proteins in a manner not yet well understood. Thus, 
at least some NB-LRR proteins appear to guard specific targets 
of type III effectors and to respond subsequently to specific 
activation signals (Belkhadir et al. 2004b). The guard hypothe-
sis also implies that, in the absence of the particular NB-LRR 
protein, interaction with a target protein provides some benefit 
to the pathogen. Available evidence suggests that most effec-
tors have multiple targets inside plant host cells (Belkhadir et 
al. 2004a; Chisholm et al. 2006; Dangl and Jones 2001). 

Suppression of host defenses is a common function for 
T3SS effectors in susceptible (r) plants (Nomura et al. 2005). 
This effect is often seen following expression of a given effec-
tor as a transgene within susceptible host plants (He et al. 
2006). In contrast, mutation of a single T3SS effector in a par-
ticular bacterial strain often yields no loss of pathogen virulence, 
presumably due to effector redundancy. This confounds assign-
ment of virulence function to T3SS effectors, as does the lack 
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of obvious homology of most T3SS effectors to known proteins. 
In light of these problems, the use of comparative genomics, 
crystallography, and molecular modeling has allowed assign-
ment of biochemical functions to several T3SS effectors. For 
example, several families of effector proteins encode cysteine 
proteases of different specificities, one family encodes a tyro-
sine phosphatase and another, a novel E3 ligase (Desveaux et 
al. 2006; Grant et al. 2006; Mudgett 2005). The respective 
enzymatic activities of these T3SS effectors are correlated with 
their ability either to trigger specific NB-LRR protein function 
on resistant hosts, to contribute to virulence in susceptible 
plants, or both. 

AvrPphE (recently renamed HopX) (Lindeberg et al. 2005) 
is a T3SS effector protein originally identified in Pseudomo-
nas syringae pv. phaseolicola strains by its ability to trigger 
R2 disease-resistance function in some bean cultivars (Mansfield 
et al. 1994). HopX alleles are found in diverse P. syringae pv. 
phaseolicola strains, and some are variant alleles that do not 
trigger R2 (Stevens et al. 1998). Subsequent genomics studies 
have uncovered hopX family members in diverse P. syringae 
strains as well as in unrelated T3SS-harboring phytopatho-
genic bacteria such as Ralstonia solanacerum and Xanthomo-
nas campestris pathovars (Buell et al. 2003; Charity et al. 
2003; da Silva et al. 2002; Deng et al. 2003; Rohmer et al. 
2003; Salanoubat et al. 2002). The widespread distribution of 
hopX family members in diverse pathogenic bacteria suggests 
that it plays a conserved role in virulence on a wide range of 
plant hosts. 

Here, we demonstrate that HopX family members are modu-
lar proteins that contain a putative cysteine-based catalytic 
triad and a potential protein-cofactor interaction platform. The 
putative catalytic triad consists of cysteine, histidine, and as-
partic acid and is similar to that utilized by diverse enzyme 
families including cysteine proteases, peptide N-glycanases 
(PNGase), and phytochelatin synthase (Makarova et al. 1999), 
which are all members of the transglutaminase (TGase) protein 
superfamily. Cysteine proteases, as noted above, mediate pro-
teolytic cleavage of target plant proteins. PNGase interacts 
with the proteosome via a PUB (peptide:N-glycanase/UBA or 
UBX-containing proteins) domain and catalyzes the deglyco-
sylation of misfolded glycoproteins intended for degradation 
by the proteosome (Hirsch et al. 2003; Li et al. 2005; Suzuki et 
al. 2002). Phytochelatin synthase catalyzes the generation of 
phytochelatin, a polymer of heavy metal-binding thiol peptides, 
from glutathione and is involved in detoxification of heavy 
metals in diverse species (Rea 2006; Romanyuk et al. 2006). 
TGases are enzymes that can either cross-link proteins or ami-
date specific residues on target proteins (Lorand and Graham 
2003). While these enzyme classes seem disparate, they utilize 
a similar catalytic mechanism. 

We demonstrate that both the putative catalytic triad and a 
novel conserved N-terminal domain are required for HopX to 
trigger R2-dependent disease resistance on bean and also for 
the ability of a HopX allele from P. syringae pv. tomato 
DC3000 to trigger a cell-death response in Arabidopsis. This 
cell-death response is polymorphic among Arabidopsis acces-
sions, suggesting polymorphism in a host target. A requirement 
for the catalytic triad was demonstrated for several HopX fam-
ily members using assays on both bean and Arabidopsis. 
HopXPto DC3000 is localized in the cytoplasm of host cells, sug-
gesting that the HopX family modifies a cytoplasmic host tar-
get. Lastly, using sequence identity and domain arrangement, 
we found that the animal pathogen Legionella pneumophila 
contains a HopX-like protein that has the potential to be a 
virulence effector. Our findings open the opportunity to iden-
tify targets for HopX using the Arabidopsis genetic model sys-
tem and add to the observation that animal and plant bacterial 

pathogens may utilize similar virulence mechanisms delivered 
by disparate secretion systems. 

RESULTS 

HopX family members and a Legionella protein encode 
modular proteins with a putative catalytic triad domain 
and a potential protein/cofactor interaction platform. 

The HopXPto DC3000 sequence was used to search the NCBI-
database using the PSI-BLAST program (Altschul et al. 1997) 
and to collect homologs from other phytopathogenic bacteria. 
Several HopX family members were identified in our searches. 
With the exception of HopXPph race4, none of these family mem-
bers are known to trigger any R response when delivered from 
their parent strain to its respective host plant. During these 
searches, we noted that the central region of HopXPto DC3000 was 
strikingly homologous to the conserved catalytic triad domain of 
eukaryotic PNGase (Fig. 1A). PNGases are members of the 
TGases superfamily that all utilize a cysteine-histidine-aspartic 
acid–based catalytic triad for enzymatic activity. Alignment of 
several P. syringae HopX family members with the catalytic 
triad of diverse eukaryotic PNGases demonstrated that this con-
servation was not limited to the HopXPto DC3000 allele (Fig. 1A). 
There was absolute conservation of the catalytic triad residues 
between HopX family members and PNGases (Fig. 1A, red 
dots) as well as conservation of amino acids adjacent to the cata-
lytic triad cysteine and histidine. Secondary structure prediction 
of the putative catalytic triad of the HopX family was strikingly 
similar to the known structure of the PNGase catalytic triad in 
which the active site cysteine is located at the beginning of an 
alpha helix, and the histidine and aspartic acid residues are lo-
cated following beta sheets (Fig. 1B). We did not detect homol-
ogy between HopX and PNGase or any of the other TGase 
superfamily enzyme classes outside of the catalytic core. 

HopX homologs are found in diverse phytopathogenic bac-
teria. We hypothesized that these family members were active 
as virulence factors and that amino-acid residues critical for 
virulence, including the catalytic triad residues, would be main-
tained across the family. Multiple alignment revealed broad 
divergence across the HopX family but also revealed the main-
tenance of the putative catalytic triad residues (Fig. 1C, red 
dots) and a novel conserved domain N-terminal to the putative 
triad (Fig. 1C, A domain, red line). The first 30 amino acids of 
T3SS effectors are sufficient to direct export of reporter pro-
teins in many pathogen bacteria (Sorg et al. 2005). Impor-
tantly, neither of these domains overlapped with the T3SS ex-
port sequence at the N-terminus of HopX family members. 

Using iterative BLAST searches, we identified Lpg2408 from 
Legionella pneumophila, the causal agent of Legionnaires’ dis-
ease (Cianciotto 2001), which shared both sequence homology 
and conserved domain arrangements with HopX (Fig. 1C). L. 
pneumophila lacks a T3SS, suggesting that these domains were 
important for functions unrelated to T3SS export. Lpg2408 is 
nearly identical in each of three sequenced L. pneumophila 
strains, Lens (Lpl2331), Philadelphia 1 (Lpg2408), and Paris 
(Lpp2475) (data not shown). Residues within the A domain that 
are conserved among all HopX alleles are also invariant in 
Lpg2408, including Asn124 and Asp126 from HopXPto DC3000 
(Fig. 1C). Residues conserved in the putative catalytic domain 
included the catalytic triad as well as residues adjacent to the pu-
tative catalytic cysteine and aspartic acid (Fig. 1C). Residues ad-
jacent to the putative active site histidine were less conserved 
(Fig. 1C). Enhanced variability around the active site histidine 
relative to the other catalytic residues is a common feature 
among HopX alleles (Fig. 1C) and could reflect a role for this 
amino acid in active site stabilization rather than substrate inter-
action (Makarova et al. 1999). It is, hence, likely that His112 of 
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Lpg2408 is a putative catalytic residue in this protein. Secondary 
structure prediction on Lpg2408 suggested a similar helix-sheet-
sheet-sheet arrangement within the proposed catalytic core, as 
seen in HopX and PNGase (data not shown). In this case, H112 
of Lpg2408 was positioned at the beginning of the second β-
sheet, consistent with it being a catalytic residue (data not 
shown). Additionally, a putative Ralstonia solanacerum effector 
(NP_523141) was identified in iterative PSI-Blast searches with 
HopX that also possessed an Lpg2408-like His catalytic residue 
(data not shown). The physical arrangement of the catalytic triad 
residues are conserved within the TGase superfamily, however 
the spatial distances between them are variable. This is appar-
ently true of the HopX alleles as well (Fig. 1C) (Makarova 
1999). The Lpg2408 C-terminus did not align with the region of 
HopX C-terminal to the catalytic domain (data not shown). 
Overall comparison of the sequence relatedness between 
Lpg2408 and the HopX revealed that Lpg2408 is most closely 
related to the Xanthomonas and Ralstonia HopX homologs (data 
not shown). The P. syringae HopX allele most closely related to 
Lpg2408 over their respective full-length alignments was 
HopXPsm 4326 (Fig. 1C), while HopXPsd PDDCC526 was the most 
closely related P. syringae sequence (data not shown) when just 
the A domain and catalytic triad were considered. 

Despite the strong homology and conservation of PNGase-
like catalytic triad residues in HopX family members, we were 
unable to detect any in vitro enzyme activity on commonly 

tested substrates for any of the TGase superfamily enzymes 
classes using various HopX members. The lack of detectable in 
vitro activity using general substrates is not surprising. Most 
T3SS effectors from pathogenic bacteria encoding cysteine pro-
teases are active in vitro only when an in vivo host target is used 
as a substrate or following processing of a proenzyme or both 
(Axtell et al. 2003; Coaker et al. 2005; Shao et al. 2003). The 
cysteine protease activity associated with the P. syringae T3SS 
effector HopPtoN on general substrates in vitro is orders of 
magnitude weaker than positive control standards, indicating 
that even this effector operates suboptimally in vitro (Lopez-
Solanilla et al. 2004). Thus, the HopX family may have evolved 
highly specific substrate selectivity as a common feature among 
them. Similar domain searches with the N-terminal “domain A” 
(Fig. 1C) did not reveal obvious homology to known proteins 
(discussed below). Specific deletion of domain A did not result 
in a gain of in vitro enzyme activity, indicating that this domain 
does not negatively regulate the catalytic domain, at least on 
common TGase and cysteine protease substrates (data not 
shown). 

The putative HopX catalytic triad is required  
for R2 function on bean. 

In the absence of in vitro enzyme activity, we sought genetic 
evidence for the functional relevance of the conserved catalytic 
triad of HopX family members. We substituted alanine resi-

Fig.1. HopX family members contain a consensus catalytic triad similar to that found in the transglutaminase superfamily and a conserved N-terminal domain. A,
Homology between the putative catalytic triad of Pseudomonas syringae HopX alleles and the known catalytic triad of eukaryotic PNGases (At = Arabidopsis 
thaliana; Ce = Caenorhabditis elegans; Dm = Drosophila melanogaster; Mm = Mus musculus; Sc = Saccharomyces cerevisiae ; Hs = Homo sapiens. Red dots 
indicate the catalytic triad of PNGase. B, Secondary structure prediction of the putative catalytic triad of the HopX family compared with the known secondary
structure of S. cerevisiae PNGase. Putative catalytic residues (red in the sequences; bold black above and below domains) are identified in relation to α−helical 
(red) or β-sheet (blue) elements. Note the lack of secondary structure conservation upstream of the catalytic triad. C, Conservation of the putative catalytic resi-
dues (red dots) and the A domain (red line) between divergent HopX homologs and Lpg2408 from the strain Legionella pneumophila Philadelphia 1 (bottom). Se-
quences were downloaded from the National Center for Biotechnology Information and were aligned using the Align-X function of Vector NTI. Abbreviations
refer to the pathogen species, the Pseudomonas syringae pathovar, or both. GenBank numbers for bacterial species and pathovars: P. syringae pv. tabaci (Pta) 
11528, AAP23130; P. syringae pv. phaseolicola (Pph) race 4, AAA67930; Pph B130, AAP23127; P. syringae pv. angulata (Pan) Pa9, AAP23110; P. syringae pv. 
syringae (Psy) B728a, AAF71495; P. syringae pv. delphinii (Pde) PDDCC529, AAP23116; P. syringae pv. tomato (Pto) DC3000, AAO59038; P. syringae pv. 
maculicola (Psm) 4326, ABA41434; P. syringae pv. glycinea (Pgy), AAP23121; Ralstonia solanacearum GM1000, NP_521488; R. solanacearum UW551, 
ZP_0094658.1; Xanthomonas axonopodis pv. citri 306, AvrXacE2, NP_643532; X. axonopodis pv. citri 306, AvrXacE1, NP_640642; X. axonopodis pv. citri 306,
AvrXccE1, NP_644739. Note that other alleles from various P. syringae pv. phaseolicola races are not in the database but were reconstructed from Stevens and 
associates (1998). Color code: white = nonconserved residue, yellow = identical, blue = highly conserved, and green = weakly conserved. A and C, Numbers in 
parentheses refer to the position of the first residue displayed for each HopX allele. 
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dues for the putative conserved catalytic amino acids of 
HopX, C179A, H215A, and D233A. We tested the ability of 
HopXPph race4 and these mutant derivatives to trigger R2-medi-
ated resistance in bean. Wild-type and mutant hopXPph race4 con-
structs were expressed behind a dual lac-nptII promoter on a 
broad-host range plasmid (Kovach et al. 1995) and were mobi-
lized into P. syringae pv. phaseolicola race 6, which by itself 
does not trigger any known R function on bean (Stevens et al. 
1998). Bacterial strains expressing the mutant and wild-type 
genes were inoculated into pods of bean cultivar A43 (R2) to 
assess their ability to elicit the HR, a hallmark of a disease-
resistance response. P. syringae pv. phaseolicola race 6 carry-
ing an empty vector caused water soaking lesions 3 days 
postinoculation (dpi); an expected disease-susceptible response 
(Stevens et al. 1998). In contrast, bacteria expressing the wild-
type hopXPph race4 elicited a robust HR within 24 h on A43. 
Strains with mutations in the proposed catalytic residues of 

HopX failed to elicit the R2-mediated HR (Fig. 2A). Interest-
ingly, the D233A mutant did not completely abolish the HR. 
Significant “browning” indicative of the HR was observed 3 
dpi (not shown). An HA-epitope tag was incorporated at the C- 
terminus of the wild-type and catalytic triad hopXPph race4 mu-
tant alleles in order to monitor protein levels. Unlike C179A 
and D233A, the H215A mutant of HopX accumulated to sig-
nificantly lower levels in cells of P. syringae pv. phaseolicola 
race 6 (Fig. 2B). 

We next measured the growth of P. syringae pv. phaseoli-
cola race 6 strains carrying each hopX variant in bean leaves 
(Fig. 2C). The P. syringae pv. phaseolicola race 6 strain carry-
ing an empty vector grew robustly over 3 days on A43. Bacte-
ria carrying wild-type hopXPph race4 consistently grew 10-fold 
less, due to R2 function. Strains with mutations in each of the 
proposed catalytic triad residues avoided R2-mediated disease 
resistance. The strain carrying the D233A allele grew to inter-

 

Fig. 2. The putative catalytic triad residues of HopXPph race 4 are required for avirulence function in bean. The bean cultivar A43, containing the R2 resistance 
gene, was inoculated with Pseudomonas syringae pv. phaseolicola race 6 containing vector alone (EV), wild-type hopX-HAPph race 4 (WT), or the hopX-HAPph race 4
catalytic triad mutants as indicated at the bottom. A, High-dose inoculation (5 × 107 CFU/ml) hypersensitive response (HR) assays on a bean pod. HR sites 
were scored as browning around the initial inoculation site at 24 h postinoculation. Only WT (second from left) gave an HR. B, Western blot of HopX-HA 
derivatives expressed in P. syringae pv. phaseolicola race 6. C, Low-dose inoculation (1 × 105 CFU/ml) and analysis of in planta bacterial growth at day 0 
(blue bars), day 3 (red bars). Error bars represent standard deviation from triplicate samples. HR and bacterial growth assays were repeated three times with 
similar results. In each experiment, three separate pods were inoculated for HR assay. 
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mediate levels in repeated experiments. We cannot accurately 
asses the importance of the H215A in R2-mediated disease re-
sistance against HopX, since this protein does not accumulate 
to normal levels in bacterial cells (Fig. 2B and described 
below). However, it is clear that the putative catalytic Cys resi-
due is necessary and that the Asp contributes towards the abil-
ity of HopX to activate R2-mediated disease resistance. 

We also tested whether other HopX family members could 
trigger R2 function. We tested alleles and putative catalytic 
Cys to Ala substitution mutant alleles from P. syringae pv. 
tomato DC3000, P. syringae pv. syringae B728a, and the 
avrXccE1 allele from X. campestris pv. campestris (Fig. 3). 
Like hopXPph race4, both HopXPto DC3000 and HopXPsy B728a also 
triggered full R2-mediated HR that was dependent on the pro-
posed catalytic cysteine residue in each allele (Fig. 3A). The 
HR was triggered despite broad differences in protein accumu-
lation of the respective wild-type alleles (Fig. 3B). HR assay 
results using these alleles on bean cultivars A43, Canadian 
Wonder, Tendergreen, and Red Mexican (Stevens et al. 1998) 

were identical to that of hopXPph race4, demonstrating that R2 
was responsible for recognition (data not shown). These data 
were confirmed by R2-mediated restriction of pathogen growth 
(Fig. 3C). These results suggest that divergent alleles of hopX 
have maintained catalytic function and that putative catalytic 
residues are important for conserved avirulence functions rec-
ognized by the bean R2 disease-resistance gene. In contrast, 
avrXccE1 triggered weak R2 function on A43 bean, as evi-
denced by a smaller differential response to infection meas-
ured by either HR of pathogen growth comparing bacteria 
expressing an Ala substitution in the putative catalytic Cys or 
wild-type AvrXccE1 (Fig. 3A and C). 

We next tested mutations in the other proposed catalytic 
residues of HopXPto DC3000 (H218A) and aspartic acid (D236A). 
Both of these mutations also abolished R2-dependent recogni-
tion (Fig. 4A). Relatively small amounts of wild-type protein 
(Fig. 4B) were sufficient to activate R2 function and to restrict 
pathogen growth (Fig. 4C). Unlike the histidine mutation in 
HopXPph race4, HopXPto DC3000 (H218A) was stable (Fig. 4B), al-

 

Fig. 3. The ability to trigger bean R2 is conserved among most HopX family members and requires the putative catalytic cysteine. Wild-type (WT) HopX, 
and Cys to Ala putative catalytic residue (CA) mutants of HopX alleles from each of the pathogens listed at bottom were tested in various assays. A,
Hypersensitive response (HR) assays on the bean cultivar A43. B, Western blot of HopX-HA derivatives expressed in Pseudomonas syringae pv. 
phaseolicola race 6. C, Analysis of in planta bacterial growth on bean cultivar A43. Error bars represent standard deviation from triplicate samples. HR and 
bacterial growth assays were repeated three times with similar results. In each experiment, three separate pods were inoculated for HR assay. 
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lowing us to conclude that this putative catalytic residue is 
critical for triggering the R2 function. We noted in repeated ex-
periments that HopXPto DC3000 mutants that abolished function 
were more stable than wild type (discussed below). 

HopX family members require putative catalytic residues 
in order to trigger a novel cell-death response  
on Arabidopsis. 

Direct expression of type III effectors in host cells can be 
used to identify relevant host targets (Grant et al. 2006; 
Mudgett 2005). In many animal bacteria systems, the expres-
sion of individual T3SS effectors directly in host cells can 
phenocopy aspects of infection in the absence of pathogen. Al-
ternatively, overexpression of a given type III effector could 
result in activation of an NB-LRR normally not responsive to 
wild-type levels. Therefore, we conditionally expressed 
hopXPto DC3000 in a variety of Arabidopsis ecotypes, using an 
Agrobacterium-mediated dexamethasone (DEX)-inducible 
transient expression system (Nimchuk et al. 2000). DEX-

induced transient expression of hopXPto DC3000 led to cell death 
in Col-0, Ws-0, and La-er accessions of Arabidopsis (Fig. 5A, 
La-er data not shown). In contrast, expression of hopXPto DC3000 
did not elicit responses in accessions Bch-1 and Aa-0. Differ-
ences in phenotype were not due to differences in expression 
levels of HopXPto DC3000 (Fig. 5B). 

We determined the subcellular location of wild-type 
HopXPto DC3000 inside host cells following conditional transient 
expression in Col-0 leaves (Fig. 5C). We determined that 
HopXPto DC3000 was located in the soluble fraction, suggesting it 
acts on a target in the host cell cytosol. Crude fractions en-
riched for nuclei, chloroplasts, and mitochondria did not con-
tain detectable levels of HopXPto DC3000 (data not shown). 

We next addressed the role of the putative catalytic triad 
residues in the cell-death response of Arabidopsis. C-terminal 
HA-tagged versions of wild-type and mutant HopXPto DC3000 
were expressed transiently in Arabidopsis leaves. Transforma-
tion of Col-0 leaves with wild-type hopXPto DC3000 led to cell 
death 24 h after DEX induction, while vector alone controls 

 

Fig. 4. The putative catalytic triad residues of HopXPto DC3000 are required for avirulence function in bean. The bean cultivar A43 was inoculated with Pseu-
domonas syringae pv. phaseolicola race 6 containing vector alone (EV), wild-type hopX-HAPto DC3000 (WT), or hopX-HAPto DC3000 putative catalytic triad 
mutants as indicated at bottom. A, Hypersensitive response (HR) assays. B, Western blot of HopX-HAPto DC3000 derivatives expressed in P. syringae pv. 
phaseolicola race 6. C, Analysis of in planta bacterial growth. Error bars represent standard deviation from triplicate samples. The experiment was repeated 
two times with similar results. In each experiment, three separate pods were inoculated for HR assay. 
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did not (Fig. 6A). Mutations in the putative catalytic sites 
(C182A, H218A, and D236A) abolished this response, yet 
these mutations did not negatively affect protein accumulation 
(Fig. 6B). 

We next asked whether other hopX alleles could trigger host 
cell death in Arabidopsis. We utilized the Ws-0 accession, as 
we found it more amenable to Agrobacterium-mediated tran-
sient expression (not shown). Both HopXPto DC3000 and HopXPsy 
B728a triggered a cell-death response that was dependent on the 
putative catalytic cysteine residues of each (C182A or C182S 
and C183A, respectively), while HopXPph race4 and AvrXccE1 
did not trigger the cell-death response (Fig. 7A). Again, pro-
tein levels were not compromised by these mutations (Fig. 
7B). Thus, the ability to trigger this phenotype on Arabidopsis 
is polymorphic across the HopX family, and the conserved 
putative catalytic residues are required for it among the active 
alleles. We envision that this phenotype reflects an interaction 
with a potential target in Arabidopsis. 

It is interesting to note that AvrXccE1, which initiates only 
very weak R2 function on bean and no cell death in Arabidop-

sis, contains an N-terminal consensus eukaryotic N-myristoy-
lation sequence previously shown to drive effectors to the host 
plasma membrane (Nimchuk et al. 2000; Robert-Seilaniantz et 
al. 2006; Shan et al. 2000). It is possible that the lack of plant 
response to AvrXccE1 is due to its localization to the plasma 
membrane. 

We were unable to detect a difference in bacterial virulence 
due to the presence or absence of hopX on either susceptible 
bean cultivar using P. syringae pv. phaseolicola race 6, or in 
Arabidopsis using P. syringae pv. tomato DC3000, or P. syrin-
gae pv. maculicola race 6 (data not shown) using combinations 
of deletion mutants for hopX and hopX overexpressing plas-
mids. We were also unable to replicate the ability of HopX to 
block HopPsyA-triggered HR on the Arabidopsis Ws-0 acces-
sion when delivered from P. fluorescens (Jamir et al. 2004). 

Conserved domain A is required  
for HopX function in bean and Arabidopsis. 

We tested the necessity of conserved residues in domain A 
for both HopX-associated phenotypes, triggering of R2 func-

 

Fig. 5. HopXPto DC3000 triggers genotype-dependent host cell death when expressed in Arabidopsis and is soluble. Arabidopsis leaves were inoculated with 
Agrobacterium cells with a T-DNA carrying hopXPto DC3000 and were subsequently sprayed with dexamethasone (DEX). A, Arabidopsis accessions (left to 
right): Col-0 (empty vector control), Col-0, Ws-0, Aa-0, and Bch-1. Photos taken 24 h after DEX treatment. B, Anti-HA Western blot from transiently trans-
formed plants 12 h after DEX treatment; 20 μg of total protein were loaded. C, Crude cellular fractionation of HopX-HA. T = total, S = soluble, M = micro-
somal fractions, and TIP = tonoplast intrinsic protein for membrane fractionation control. Equivalent fraction volumes were loaded. 16 leaves from four
individual plants were inoculated per treatment. Similar results were obtained in four experiments. 
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tion on bean and cell death in Arabidopsis. Using hopXPto 

DC3000, we generated a triple alanine substitution in this region, 
corresponding to residues R122, N124, and D126. This allele 
failed to trigger R2 function but did not decrease protein accu-
mulation levels when expressed in P. syringae pv. phaseolicola 
race 6 (Fig. 8A, 8, and C). In addition, the triple alanine substi-
tution did not trigger cell death in Arabidopsis Ws-0 plants 
when expressed via Agrobacterium transient transformation, 
even though it accumulated to high levels in planta (Fig. 8D 
and E). Thus, the conserved domain A is also required for 
HopX function in bean and Arabidopsis. 

DISCUSSION 

We report that the HopX family joins a growing list of T3SS 
effectors from phytopathogenic bacteria that share homology 
with enzymes. While we were unable to detect in vitro enzyme 

activity, bioinformatics and genetics strongly suggest that the 
HopX family encode active enzymes of the TGase catalytic 
triad superfamily. HopX family members contain a conserved 
domain highly similar in sequence and secondary structure to 
the catalytic triads of TGase superfamily members. There is 
particular homology between certain HopX alleles and the 
catalytic triad of eukaryotic PNGases. Mutation in the residues 
of this putative catalytic triad of various HopX family mem-
bers abolished avirulence activity on R2-expressing bean culti-
vars and also prevented initiation of cell death in Arabidopsis 
following transient conditional expression assays. These data 
suggest that HopX family members are putative enzymes and 
that this activity is required for both R-mediated recognition 
and for potential virulence functions in susceptible hosts. 

The lack of demonstrable enzyme activity prevents us from 
discounting the possibility that the conserved triad-like domain 
in HopX functions in a structural, rather than enzymatic, man-

 

Fig. 6. The putative catalytic triad of HopXPto DC3000 is required to initiate Arabidopsis cell death. A, Col-0 (rpm1-3) plants were inoculated with
Agrobacterium cells carrying a T-DNA with hopX-HAPto DC3000 or proposed catalytic triad mutant alleles as listed at the top. B, Anti-HA Western blot from 
plant transiently transformed plants 12 h after dexamethasone treatment; 20 μg of total protein were loaded. A total of 16 leaves from four individual plants 
were inoculated per treatment. Experiments were repeated with similar results three times. 

 

Fig. 7. The ability to trigger Arabidopsis cell death differs among HopX family members. A, Inoculated Ws-0 plants. WT = wild-type HopX. CA = putative 
active site cysteine to alanine mutant of the HopX allele from each of the pathogens listed at the top. B, Anti-HA Western blot from transiently transformed 
plants, 12 h after dexamethasone treatment; 20 μg total protein were loaded. A total of 16 leaves from four individual plants were inoculated per treatment. 
Experiments were repeated with similar results three times. 
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ner. However, we find this unlikely, given the overall consider-
able sequence variability in the HopX family and the prece-
dence of catalytic triads occurring in other type III effectors. 
Other P. syringae type III effectors, including AvrRpt2 
AvrPphB, and HopPtoN, are cysteine proteases in classes dis-
tinct from the TGase superfamily (Axtell et al. 2003; Lopez-
Solanilla et al. 2004; Shao et al. 2002). AvrRpt2, for example, 
undergoes host cyclophillin-dependent autoprocessing in planta 
to release the active catalytic domain (Coaker et al. 2005). We 
have not detected a similar autoprocessing for HopX in either 
plant or bacterial extracts (data not shown). The catalytic do-
main of HopX is most similar to that of peptide N-glycanases, 
however, there does not appear to be any conserved homology 
outside of the catalytic triad, including no clear PUB domain 

or zinc-coordinating center found in eukaryotic PNGases (Lee 
et al. 2005; Suzuki et al. 2002). Given the highly selective sub-
strate requirements for most enzymatic T3SS effectors charac-
terized to date, assignment of a precise enzyme function to 
HopX will most likely be determined only when the host target 
in known. 

Iterative blast search revealed many proteins that contained 
weak homology to the HopX catalytic triad (data not shown). 
However, the only protein identified that contained similarity 
to both domain A and the putative catalytic triad of HopX was 
the Lpg2408 protein from L. pneumophila. It is tempting to 
speculate that this protein might act as an effector of the 
DOT/ICM secretion system in this animal pathogen. Effector 
proteins of the DOT/ICM system in L. pneumophila contain 

 

Fig. 8. The conserved domain A is also required for HopX functions in both bean and Arabidopsis. A, Bean high-dose hypersensitive response (HR) assays. 
Bean cultivar A43 were inoculated with Pseudomonas syringae pv. phaseolicola race 6 containing vector alone (EV), wild-type hopX-HAPto DC3000 (WT) or 
the hopX-HAPto DC3000-R122A/N124A/D126A triple mutant substitution in domain A (3ala). B, Western blot of HopX-HA derivatives expressed in P. syrin-
gae pv. phaseolicola race 6. C, HopX-HAPto DC3000 growth curve on bean cultivar A43. Error bars represent standard deviation from triplicate samples. Ex-
periments were repeated two times with similar results. D, Arabidopsis cell-death assay performed on Ws-0, using Agrobacterium transferring vector alone 
(EV), wild-type hopX-HAPto DC3000 (WT), or the hopX-HAPto DC3000-R122A/N124A/D126A triple mutant substitution in domain A (3ala). E, Anti-HA Western 
blot from transiently transformed plants 12 h after dexamethasone treatment; 20 μg of total protein were loaded. A totala of 16 leaves from four individual 
plants were inoculated per treatment. Experiment was repeated with similar results three times. In each experiment, three separate pods were inoculated for 
HR assay. 
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hydrophobic residues at the –3 and –4 positions in their C-ter-
minus (Nagai et al. 2005). The Lpg2408 C-terminus has leu-
cine and proline residue at the –3 and –4 positions, respec-
tively. The observation that Lpg2408 has a domain A suggests 
that this is not a T3SS chaperone-binding domain in HopX, as 
L. pneumophila lacks a T3SS secretion system (Chien et al. 
2004). The Lpg2408 protein also lacks the N-terminal exten-
sion upstream of domain A observed in the HopX family, 
which is not surprising as this domain in T3SS effectors is nec-
essary and sufficient for translocation via the T3SS (Schechter 
et al. 2004; Sorg et al. 2005). Thus, while Lpg2408 has not 
been reported as a DOT/ICM substrate protein, the homology 
to HopX and the presence of a potential DOT/ICM transloca-
tion signals at the C-terminus suggest that the HopX family is 
not restricted to plant-pathogenic bacteria. Conservation of 
T3SS effector proteases between animal and plant pathogens 
has been noted previously; however, it is not clear if these have 
a conserved host target (Orth et al. 2000; Shao et al. 2002). If 
HopX and Lpg2408 are both deployed as effectors, it would 
suggest that they and perhaps other virulence factors can be 
substrates for either the T3SS or type IV secretion systems 
through the addition or deletion of appropriate N- or C-termi-
nal secretion signals. This would have implications for how 
effectors evolve over time and are dispersed throughout bacte-
ria (Hubber et al. 2004). 

Secondary structure prediction suggests that domain A may 
form a helix-loop-helix with the most conserved GXXN motif in 
the putative loop region (Fig. 1C). The homology between 
Lpg2408 and HopX included residues within the A domain, 
including the conserved glycine (Gly121 in HopXPto DC3000). In 
Lpg2408, this region is also predicted by secondary structure 
programs to be in a loop between two helices as well (data not 
shown). This subdomain has weak homology to the coenzyme-
binding Rossman fold of some dehydrogenase/reductases, 
though it is not predicted to form a glycine-rich Rossman fold 
found in nucleotide binding domains (data not shown). The pre-
dicted helical arrangement in domain A is also reminiscent of 
the helix-loop-helix motif utilized by C3-exotoxin (C3bot) from 
Clostridium botulinum to bind its host target RalA. Mutations in 
the loop residues in C3Bot abolish interaction with RalA 
(Pautsch et al. 2005). The helix-loop-helix motif is also found in 
Ca2+-binding motifs of eukaryotic EF hands and prokaryote EF 
variants; however, conserved aspartic acid residues that are pre-
sent in the loop domain of EF hands are not present in the loop 
of domain A in HopX (Kawasaki et al. 1998). We hypothesize 
that domain A may represent either a host-target interaction 
domain or a novel nucleotide/cofactor binding domain. 

The ability to trigger R-mediated disease resistance is corre-
lated with activity for all of the T3SS effectors for which en-
zyme function can be demonstrated or implied (Dangl and 
Jones 2001; Nimchuk et al. 2001). In at least two cases, prote-
olytic cleavage of a host target protein by an effector is re-
quired for activation of the corresponding NB-LRR protein 
(Axtell and Staskawicz 2003; Mackey et al. 2003; Shao et al. 
2003). We noted above that the HopX alleles from P. syringae 
pv. tabaci or HopXPph race6 could not trigger R2 function in 
bean, although they both possess an intact putative catalytic 
triad and, thus, could be functional enzymes (Stevens et al. 
1998). Stevens and associates (1998) also noted that R2-inac-
tive HopXPph race1 contains a single G191R substitution compared 
with the R2-active HopXPph race4. This residue is just between 
the catalytic cysteine and histidine and could alter catalytic 
function. Further, just C-terminal to the catalytic aspartic acid is 
invariant tryptophan 235 in the R2-active HopXPph race4, which is 
changed to leucine in the R2-inactive HopXPph race9. The amino-
acid differences between the R2-inactive HopXPph race1 and 
HopXPph race6, relative to R2-active HopXPph race4, reside in 

different domains of the protein. Thus, while putative catalytic 
residues are necessary for avirulence function, additional resi-
dues are also required. Similarly, all HopX alleles share the 
conserved domain A. Therefore, additional residues outside of 
this domain must contribute to avirulence function. The region 
C-terminal to the catalytic domain of the HopX family is much 
more variable among different phytopathogenic bacterial species 
and, thus, might be a region that determines differential target 
specificity (data not shown). Consistent with this, the R2-
inactive HopXPph race6 differs from the R2-active HopXPph race4, 
HopXPto DC3000, and HopXPsy B728a proteins by only an E310K 
substitution in this region. 

Taken together with our data, we suggest i) HopX has ho-
mology to TGase superfamily enzymes, ii) putative enzyme 
activity is necessary but not sufficient for HopX avirulence 
function; and iii) HopX may contact host targets involved in 
triggering R2 function using multiple domains. Because HopX 
presumably did not evolve to trigger R2 function but rather for 
some as-yet-undefined virulence function, we favor the idea 
that R2 is not the direct target of HopX enzyme activity but 
acts as a coreceptor. 

HopX is sufficient to trigger host cell death when expressed 
in Arabidopsis. In animal models of T3SS pathogen interac-
tions, the expression of individual T3SS effectors in host cells 
has proven to be a reliable way to annotate T3SS effector func-
tion and to identify relevant host targets for over 15 effectors 
(Hueck 1998; Kjemtrup et al. 2000). We believe that the cell 
death induced by conditional expression of HopXPto DC3000 in 
Arabidopsis may reflect an interaction of HopXPto DC3000 with 
and modification of a relevant host target. The nature of the 
cell-death response is unknown. It could reflect sustained 
interference with host signaling system necessary for basic cell 
functions or it may be due to activation of an unknown Arabi-
dopsis R protein. The polymorphic nature of the response 
among Arabidopsis ecotypes is more consistent with R protein 
activation; however, a few observations suggest otherwise. 
First, hopXPto DC3000-dependent cell death was not compromised 
following Agrobacterium-mediated transient expression assays 
on a diverse array of Col-0–derived Arabidopsis mutants that 
alter or abolish NB-LRR–mediated or basal defense responses 
(data not shown). Second, HopXPto DC3000 does not normally 
trigger an R-dependent response on Arabidopsis, and P. syrin-
gae pv. tomato DC3000 carrying this gene is an aggressive 
pathogen. If HopXPto DC3000-triggered cell death is due to R pro-
tein activation, it would imply that this response is masked 
during P. syringae pv. tomato DC3000 infection. Ultimately, 
identification of the host target in Arabidopsis that is responsi-
ble for AvrPphE cell death will clarify the nature of this re-
sponse, and the data presented here will focus attention on the 
relevant regions of the HopX proteins. To date, direct targets of 
T3SS effectors have been identified initially through R-medi-
ated responses, using either genetic or biochemical methods 
(Mackey et al. 2002; Warren et al. 1999). We envision that di-
rect targets for HopX may be identified by using the Arabidop-
sis genetic model even if the cell-death response is due to R 
protein activation. 

MATERIALS AND METHODS 

Bioinfomatics. 
The translated HopXPph race4 sequence was used in the PSI-

BLAST program to query GenBank and identify putative 
homologs. HopX family members were imported into Vector 
NTI and were aligned using the Align-X function of the pro-
gram. Iterative PSI-BLASTs were used to find distantly related 
homologs, using either the full amino-acid sequence of 
HopXPph race4 or the A domain or catalytic triad region alone. 
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Secondary structure predictions for HopX proteins were gener-
ated using the JPRED (Cuff et al. 1998) consensus program. It 
was noted that this program effectively predicted the T3SS 
effector AvrB secondary structure prior to publishing (data not 
shown). 

P. syringae HR and in planta growth assays on bean. 
P. syringae pv. phaseolicola race 6 (gift from J. Mansfield) 

strains were grown and inoculated in plants as described by 
Debener and associates (1991) and Mansfield and associates 
(1994). P. syringae were resuspended to an optical density at 
600 nm = 0.1 (corresponding to 5 × 107 CFU/ml) for HR 
assays on bean pods or 1 × 105 CFU/ml for growth curves on 
bean leaves. HR was scored from 20 h for hopX-R2. Bean cul-
tivars A43, Canadian Wonder, Tendergreen and Red Mexican 
were grown according to Mansfield and associates (1994). 

P. syringae protein extraction and analysis. 
P. syringae cultures (2.0 ml) were grown overnight in King’s 

B media with appropriate antibiotics. Cells (5 × 107) were pel-
leted and resuspended in 200 μl of 1× Laemmli buffer (Laemmli 
1970) and were boiled at 90°C for 2 min. Samples (5 μl each) 
was loaded on 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis gels and were transferred via Western 
blotting. HA-tagged proteins were detected using a high-
affinity monoclonal HA antibody (Roche, Branchburg, NJ, 
U.S.A.) with a Rat polyclonal secondary (Sigma, St. Louis). 
Equal loading of gels was monitored by Coomassie brilliant 
blue– and Ponceau S–staining of gels and membranes, re-
spectively. 

Construction of clones and mutants. 
All hopX alleles were PCR amplified from genomic DNA of 

their corresponding strains, using Pfu polymerase (Stratagene, 
La Jolla, CA, U.S.A.). Forward primers added Xho1 and Nde1 
sites before the ATG. Reverse primers added the HA epitope–
tag sequence followed by a stop codon and a Spe1 site. Primer 
sequences are available on request. PCR products were cloned 
into TOPO pCR2.1 (Invitrogen, Carlsbad, CA, U.S.A.) and 
were sequenced. For expression in P. syringe, hopX alleles 
were cloned as Nde1-Spe1 fragments behind a dual lac-nptII 
promoter in a modified pCR2.1 vector (unpublished) and were 
then cloned into the broad host range vector pBR1-MCS2 
(Kovach et al. 1995) as either an Xho1-Spe1 fragment or either 
an EcoR1 fragment, BamH1 fragment, or both. Agrobacterium 
sp.–based in planta expression constructs were generated by 
cloning Xho1-Spe1 from pCR2.1 clones directly into a modi-
fied version of the pTA7002 vector (McNellis et al. 1998) con-
taining the Basta herbicide resistance gene. 

Agrobacterium DEX-inducible transient expression assays. 
Transient transformation assays were performed, as previ-

ously described, using 20 μM DEX (Nimchuk et al. 2000) 
Arabidopsis were scored for phenotypes 20 h postinduction. 
Protein was extracted 8 h postinduction from four transformed 
leaf disks for Western blots as described above. 

Total plant extract fractionation. 
Plant cell fractionation and analysis was performed as previ-

ously described (Nimchuk et al. 2000). 
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