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Bacterial effectors target BAK|-associated
receptor complexes
One stone two birds
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The long-standing association between hosts and microbes has
generated some of most intricate relationships. The studies on
molecular mechanisms of host-microbe interaction have been
revealing many fascinating stories. Here we zoom in on a specif-
ic topic on the interplay between bacterial effectors and plant
innate immune signaling. In particular, we will summarize our
recent discovery that bacterial effector proteins, AvrPto and
AvrPtoB, target plant immune signaling receptor complexes to
interfere with host immune responses and development.

PAMP-Triggered Immunity: The Front Line of Host
Defense Responses

Disease is the exception rather than the rule for most of crea-
tures despite that plants and animals are constantly surrounded
by a diverse array of potential pathogens. Through evolution,
hosts have developed the capacity to timely detect and mount
effective defense responses to dampen potential infections. As
an active and first line of defense, innate immunity plays piv-
otal roles in fending against the onslaught of outside invad-
ers that penetrate or evade the physical barriers (such as skin
and waxy epidermal cells). The invading microbes are in part
detected through perception of some ‘general’ microbe-derived
molecules, which were coined as pathogen-associated molecu-
lar patterns (PAMPs) or microbe-associated molecular patterns
(MAMPs), by host cell-surface pattern-recognition recep-
tors (PRRs), leading to PAMP-triggered immunity (PTI)."?
Most identified plant PRRs are receptor-like kinases (RLKs).
Two well-characterized Arabidopsis PAMP receptors are
FLAGELLIN-SENSING 2 (FLS2) that perceives a conserved
22-amino acid peptide (flg22) from bacterial flagellin, and
EF-TU RECEPTOR (EFR) that recognizes bacterial elonga-

tion factor EF-Tu.>* Affinity cross-linking assays demonstrated
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direct binding of flagellin to FLS2 and EF-Tu to EFR, sug-
gesting that FLS2 and EFR are bona fide PAMP receptors.*’
CERK]1, a RLK with three LysM motifs, is involved in fungal
chitin perception and signaling in Arabidopsis.®” However,
there is no direct evidence to support that CERK1 binds to
chitin. Instead, a plasma membrane glycoprotein (CEBiP) has
been shown to directly bind to chitin in rice.® CEBiP also con-
tains two extracellular LysM motifs. Recently, it was found
that the biogenesis of certain PRRs in plant innate immunity
requires the endoplasmic reticulum-quality control (ER-QC)
machinery. EFR, but not FLS2, cannot accumulate in the null
mutant of Calreticulin 3 gene, which encodes an ER chaperon
involving the proper folding of newly synthesized glycopro-
teins.” It is intriguing how the ER-QC components are spe-
cifically required for the proper accumulation of a subset of
PRRs as FLS2 and EFR belong to the same family of RLKs and
induce largely overlapping responses.

The intracellular signaling events downstream of PRR
perception include the activation of evolutionarily conserved
mitogen-activated protein kinase (MAPK) signaling cascades,
transcriptional changes, and the production of antimicrobial
compounds.!®!" As an early signaling event upon PAMP bind-
ing to corresponding PRR, receptor dimerization plays an
essential role in triggering intracellular signaling. In plants,
FLS2 rapidly dimerizes with BAK1, another RLK, upon flagel-
lin treatment. BAK1 was originally identified as a partner
of BRIl mediating BR signaling.!*" Interestingly, ER-QC
machinery has also been implicated in the biogenesis of BRI1.¢
However, BAKI is not involved in BR binding to BRIl and
flagellin binding to FLS2."" Intriguingly, BAK1 is required
for multiple PAMP responses, including flagellin, EF-Tu,
lipopolysachride (LPS), peptidoglycan (PGN), bacterial cold-
shock protein and oomycete elicitor INF1 in Arabidopsis and
Nicotiana benthamiana.**" Thus, BAK1 appears to function
in distinct receptor signaling complexes to integrate multiple
PAMP perception into downstream signaling events. In addi-
tion, BAK1 is also required to constrain the spread of cell death
induced by virulent bacteria Pseudomonas syringae pv. tomato

DC3000."
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Figure I. Bacterial effectors suppress PAMP immunity by targeting receptor signaling
complexes. (A) In the absence of infection, PAMP receptor FLS2 remains at the resting stage
and there is no apparent receptor complex formation. (B) Once challenged by microbes, FLS2
detects the invading microbes by binding to the ligand-bacterial flagellin, which allows FLS2
conformational change and heterodimerization with BAKI to form a tight receptor complex.
The functional PAMP receptor complex initiates downstream signaling, including activation of
MAPK cascade, transcription factors and immune genes, thereby leading to plant resistance
to microbes. (C) To be pathogenic, some successful pathogens deployed virulence weapons to
tear down host immune system. For instance, type lll effectors AvrPto and AvrPtoB, secreted
from Pst DC3000 and delivered into host cells, target BAK|-associated PAMP receptor com-
plexes and disrupt the complex formation, thereby impeding the immune signaling and leading

identified from the screen as suppressors of
multiple PAMP-mediated immune responses
upstream of MAPK cascade at the plasma
membrane. It was proposed that AvrPro
and AvrPtoB may target PAMP receptors or
other convergent early signaling components
to suppress immunity triggered by multiple
PAMPs.”

An interesting observation that trans-
genic plants overexpressing AvrPto resemble
BR-deficient mutant led to the discovery

Bacterial Effectors Dampen Host Immunity and
More: Breach of Peace

To be pathogenic, many Gram-negative bacteria have evolved the
ability to inject a repertoire of virulence effector proteins into
host cells through type III secretion system (TTSS) to modu-
late diverse host cellular activities and physiology.'”?* Although
the structural components of TTSS are relatively conserved, the
sequences and functions of individual effectors secreted from
TTSS can be highly divergent in different species of plant and
animal pathogenic bacteria. Some species, such as Yersinia of ani-
mal pathogens, secrete just a few effectors, whereas Pseudomonas
species of plant pathogens deliver about thirty effectors.?>* Now,
it is certain that effectors collectively determine bacterial patho-
genicity by interfering with host defense responses, thus leading
to effort-triggered susceptibility (ETS) on susceptible plants.
However the contribution of individual effectors to virulence
is trivial to observe in plants likely due to the potential func-
tional redundancy and the limitation of diagnostic tools.?*#® In
some cases, these effectors could be recognized directly or indi-
rectly by plant disease resistance proteins (R proteins) to induce
potent effector-triggered immunity (ETI) and serve as so-called
avirulence (Avr) factors that turn virulent strains into avirulent
ones.”?!

AvrPto was historically classified as an avirulence protein based
on its ability of eliciting substantial immune responses in tomato
plants carrying the immune sensors Pto and Prf.?* AviPtoB, a
sequence distinct effector composing of at least two functional
domains (the N terminus responsible for interaction with Pto,
and the C terminal E3 ligase domain) was initially identified
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that AvrPto and AvrPtoB directly target the
signaling partner BAKI involved in multiple PAMP-triggered
immune responses and plant hormone BR-mediated signal-
ing.®® AvrPto interacts with BAKI in a yeast splic-ubiquitin assay
designed for detecting membrane protein interaction, and AvrPto
and AvrPtoB associate with BAK1 in vivo by co-immunoprecip-
itation assay. Importantly, extensive mutagenesis and deletion
analyses suggest the biological importance of BAKI-AvrPto/
AvrPtoB interaction.?® This targeting leads to the dissociation of
flagellin-induced FLS2-BAKI association, and brassinosteroid-
mediated BRII-BAKI association, thereby blocking the initia-
tion of flagellin and BR signaling (Fig. 1). It is important to note
that AvrPto and AvrPtoB do not interact with BRI1. Thus, sup-
pression of BR signaling by AvrPto does not involve the interac-
tion with BR receptor BRI1. Given the fact that BAKI is involved
in signaling triggered by BR, multiple PAMPs and cell death, by
targeting BAK1, AvrPto and AvrPtoB efficiently suppress mul-
tiple signaling in plant immunity and development, one stone
killing two birds (Fig. 2). Apparently, AvrPto also targets BAK1-
independent PAMP signaling since BAKI1 is essential in some,
but not all PAMP-signaling responses, whereas AvrPto is equally
effective in suppressing the immune responses triggered by all
PAMPs tested (Fig. 2).

Conclusions and Challenges

Great strides are being made in understanding the biologi-
cal and enzymatic functions of effectors in the past few years
with the development of new technologies and more sensi-
tive and quantitative assays. The newly identified effector tar-
gets in hosts have been revealed to be often novel and essential
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Figure 2. Multiple functions of AvrPto and AvrPtoB as virulence and avirulence factors. BAKI is a signaling partner of BR receptor BRII, multiple
PAMP receptors PRRs, and unknown receptor for cell death. By targeting BAKI, AvrPto and AvrPtoB efficiently suppress multiple signaling in plant
immunity, development and cell death control, one stone killing two birds. Apparently, AvrPto also targets BAKI-independent PAMP signaling. In the
presence of Pto and Prf, AvrPto triggers potent effector-mediated immunity in tomato.

components in innate immunity. For instance, tandem mass
spectrometry analysis revealed that OspF from Shigella encodes
a novel enzyme, phosphothreonine lyase, in the suppression of
MAPK activity.”” HopAll, an OspF family member in plant
pathogen P. syringae, also dephosphorylates MAPKs probably
through the same biochemical activity.® P. syringae effector
HopU1, a mono-ADP-ribosyltransferase (ADP-RT), modifies
several Arabidopsis RNA-binding proteins, which represent a
novel class of ADP-RT substrates. Importantly, the Arabidopsis
mutant lacking one of these RNA binding proteins is immuno-
compromised to pathogen infection, suggesting an essential role
of this protein in innate immunity.” HopM1, another P. syrin-
gae effector, targets and degrades Arabidopsis MIN7 protein,
a member of the ARF family of guanine nucleotide exchange
factors involved in vesicle trafficking, which was also found to

be an important player in plant innate immunity.*> Currently,
profound knowledge on mechanistic bases of effector hijacking
host cellular signaling is mostly derived from overexpression of
individual effector genes in host cells. In nature, minute amount
of effectors is likely delivered into hosts by pathogens. Thus, the
interpretation of data needs to be cautious with the particular
system deployed. Another complication is whether the secretion
of effectors into hosts possesses the host specificity and secretion
hierarchy among the repertoire of effectors on different hosts.
Multiple dynamic host targets of effectors have also been proven
to commonly exist.> With the rapid development of innovative
technologies and in-depth understanding of host cellular sig-
naling pathways, it is brightly believed that biologists will con-
tinue to unravel the dynamic and intimate interaction between
microbes and hosts.
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