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Bacterial phytopathogens employ a type III secretion system
to deliver effector proteins into the plant cell to suppress
defense pathways; however, the molecular mechanisms and sub-
cellular localization strategies that drive effector function
largely remain a mystery. Here, we demonstrate that the plant
plasma membrane is the primary site for subcellular localization
of the Pseudomonas syringae effector AvrPphB and five addi-
tional cysteine protease family members. AvrPphB and two Avr-
PphB-like effectors, ORF4 and NopT, autoproteolytically proc-
ess following delivery into the plant cell to expose embedded
sites for fatty acylation. Host-dependent lipidation of these
three effectors directs plasma membrane localization and is
required for the avirulence activity of AvrPphB. Surprisingly,
the AvrPphB-like effectors RipT, HopC1, and HopNT1 utilize an
acylation-independent mechanism to localize to the cellular
plasma membrane. Although some AvrPphB-like effectors
employ acylation-independent localization strategies, others
hijack the eukaryotic lipidation machinery to ensure plasma
membrane localization, illustrating the diverse tactics employed
by type III effectors to target specific subcellular compartments.

Plants have evolved sophisticated mechanisms to recognize
invading bacterial pathogens and, upon infection, can coordi-
nate an extremely efficient defense response. Detection of
microbes occurs rapidly through recognition of a variety of
nonspecific elicitors, or microbe-associated molecular pat-
terns, that trigger a basal nonspecific resistance response that is
often sufficient in controlling most invading bacteria (1). How-
ever, phytopathogens including Pseudomonas syringae, Xan-
thomonas campestris, Erwinia amylovora, and Ralstonia
solanacearum employ a type III secretion system (TTSS)* to
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deliver an arsenal of virulence proteins (effectors) into host cells
that suppress basal defenses and render the plant susceptible to
disease (2). P. syringae pv. tomato DC3000, for example,
secretes ~30 effectors into the plant cell that are responsible for
defining host specificity and, as a collection, are indispensable
for disease progression (3, 4).

However, resistant plants have developed mechanisms to
defend against effector function and specifically recognize a
given pathogen. These plants initiate a potent defense response
that is often characterized by a localized programmed cell death
reaction, or hypersensitive response (HR), at the site of infec-
tion, which often occurs concomitantly with cessation of
pathogen growth (5). Although the underlying signaling mole-
cules involved in HR induction are only beginning to be uncov-
ered, it is clear that HR progression is dependent on plant dis-
ease resistance (R) gene products that specifically recognize
bacterial effector avirulence (Avr) proteins (6). The simplest
model for initiation of R protein defenses requires a direct pro-
tein-protein interaction between the bacterial Avr protein and
the host R protein; however, only a handful of these “gene-for-
gene” interactions have been uncovered (7-9). Recent studies
also support a model for an indirect recognition event whereby
an effector biochemically alters a host protein, which in turn is
sensed by a single downstream R protein or multiprotein
complex (2). In this case, R proteins are responsible for
“guarding” against manipulation of a host protein by an Avr
effector protein.

The molecular mechanisms that dictate R protein activation
in the large part remain a mystery; however, biochemical and
functional data for a few Avr-R protein relationships have
underscored the importance of subcellular localization in
transducing plant defenses. The two archetypal examples of
effectors whose functions are defined by specific subcellular
localizations are the P. syringae Avr proteins AvrB and Avr-
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Rpm1, which both localize to host plasma membranes where
they initiate R protein defenses (10). Interestingly, mislocaliza-
tion of AvrB or AvrRpml abolishes their avirulence activities
(10). These data emphasize the importance of proper effector
localization in the host cell and allude to the fact that other type
III effectors may employ similar strategies to promote their
function.

We have previously shown that the P. syringae pv. phaseoli-
cola effector AvrPphB is a member of the YopT family of cys-
teine proteases and specifically cleaves the Arabidopsis protein
kinase PBS1 to initiate RPS5-dependent HR (11, 12). Consistent
with the guard model, PBS1 forms a protein complex with
plasma membrane-localized RPS5 in “anticipation” of proteo-
Iytic cleavage by AvrPphB (13, 14). Upon delivery into the host
cell, AvrPphB autoproteolytically processes to reveal a novel
amino terminus containing putative sites for both N-myristoy-
lation and S-palmitoylation (10, 15). Although AvrPphB
appears to interact with membranes through the putative myr-
istoylation site (10), there has been no biochemical evidence
supporting fatty acylation of AvrPphB, and to date it remains
unclear if lipidation of AvrPphB is necessary for cleavage of
PBS1 and subsequent HR induction in planta.

In this study, we have identified additional AvrPphB family
members, utilized by evolutionary diverse phytopathogens,
which remarkably possess autoprocessing activity. Cleavage, in
turn, reveals embedded sites for fatty acylation that are post-
transcriptionally modified by the eukaryotic machinery in vivo.
Consequently, host lipidation of these AvrPphB-like effectors
ensures plasma membrane localization. We demonstrate that
acylation of AvrPphB is absolutely required for cleavage of
PBS1 and induction of RPS5-dependent defenses at the plant
plasma membrane. Surprisingly, some AvrPphB family mem-
bers do not autoprocess and, in turn, are not acylated. None-
theless, these effectors localize to plasma membranes using acy-
lation-independent strategies. Together, these studies illustrate
the complex tactics employed by type III effectors to localize
within specific subcellular compartments, thereby enhancing
their effective concentrations and likely promoting their bio-
logical function.

EXPERIMENTAL PROCEDURES

Plasmids and Pathogen Strains—All PCR-based cloning was
performed using standard procedures and all point mutations
were generated using the QuikChange Site-directed Mutagen-
esis kit (Stratagene) using the manufacturer’s instructions.
Effector cDNAs were cloned from genomic DNA: P. syringae
pv. phaseolicola (ATCC 11355D), P. syringae pv. tomato
DC3000 (isolated using standard procedures), R. solanacearum
GMI1000 (gift from Timothy Denny), and Rhizobium sp.
NGR234 cosmid pXB740 (16). cDNAs were cloned into the
mammalian expression vector pcDNA3.1 (Invitrogen) for in
vitro transcription/translation experiments, into the yeast
expression vector pRS425-GAL (gift from Richard Kolodner)
for Saccharomyces cerevisiae experiments, and into the plant
35S cytomegalovirus expression vector pCHF3-YFP for local-
ization studies (17). avrPphB and orf4 alleles were expressed
behind their native promoters in P. syringae pv. tomato DC3000
(gift from Brian Staskawicz) or Pseudomonas fluorescens
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pLN1965 (gift from James Alfano) using the broad host-range
plasmid pVSP61 (18). The P. fluorescens pLN1965 strain is
identical to P. fluorescens pLN18 (19) but allows for use the
pVSP61 plasmid encoding kanamycin resistance. The
pVSP61::avrPphB plasmid has been described previously (20).
The orf4 gene (200 bp upstream and 400 bp downstream) was
cloned into pVSP61. All pVSP61 plasmids were introduced into
Pseudomonas strains (grown on KB media at 28 °C) via tripa-
rental mating using a DH5« helper strain carrying the plasmid
pRK2013. The AtPBSI genomic clone was isolated from Col-0
genomic DNA as described previously (11), tagged with a 3X
HA epitope directly upstream of the stop codon, and cloned
into the binary vector pJHA212B. The resulting vector was
transformed into pbsi-1 (21) plants via Agrobacterium-medi-
ated floral dipping and T, pbs1-1:PBS1-HA plants were isolated
by Basta selection in soil.

In Vitro Autoprocessing Assays—Effectors in pcDNA3.1 were
in vitro transcribed and translated in wheat germ extract (Pro-
mega) in the presence of [**S]methionine (Amersham Bio-
sciences) according to manufacturer’s instructions. At the
specified time points, 5 ul of the total reaction volume (50 ul)
were removed, quenched in 2X SDS sample buffer, subjected to
SDS-PAGE, and analyzed by autoradiography.

Protein Purification for Edman Degradation—Recombinant
effector proteins were partially purified from E. coli lysates (see
supplemental “Experimental Procedures” for details) and
Edman degradation was performed by the University of Cali-
fornia at San Diego Protein Sequencing Facility.

Yeast in Vivo Labeling—In vivo labeling of S. cerevisiae was
performed as previously described with modifications (22).
Briefly, C-terminal 2X FLAG-tagged effectors were
expressed under a galactose-inducible promoter (pRS425-
GAL) in the protease-deficient RDKY1293 strain (MATa,
ura3-52, trplA63, leu2A1, his3A200, pep4::HIS3, prb1A1.6R,
canl, GAL; gift from R. Kolodner). Yeast strains grown to mid-
log phase in YPAD were diluted (5:50 ml) into complete mini-
mal media containing 3% raffinose and grown to stationary
phase. Approximately 1.7 X 10° cells were then resuspended in
100 ml of rich media (1% Bacto Yeast Extract, 2% Bacto Pep-
tone, and 4% galactose) and grown for 4 h at 30 °C. Cells (~1 X
10°) were resuspened in 25 ml of rich media containing 3%
galactose, 3 pg/ml cerulenin (Sigma), and 30 uCi/ml [*H]myr-
istic acid or 50 wCi/ml [’H]palmitic acid (PerkinElmer Life Sci-
ences). Yeast were labeled for 4 h at 30 °C before harvesting.
Cell lysis and protein immunoprecipitation has been described
previously (22). For this study, pre-equilibrated anti-FLAG
M2-agarose resin (100 ul) was added to the Protein A-agarose
(Invitrogen) precleared lysate and rotated overnight at 4 °C.
The immunoprecipitations were washed extensively with lysis
buffer and eluted with 2X SDS sample buffer. Samples were
subjected to SDS-PAGE and the gel was treated with Amplify
(Amersham Biosciences) to enhance the tritium signal before
drying. The gel was analyzed by autoradiography ([>H]myristic
acid, 1-month exposure; [*H]palmitic acid, 10-month expo-
sure). To determine protein expression, identical samples were
analyzed by Western blotting with an anti-FLAG M2 peroxi-
dase conjugate antibody (Sigma).
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Total Yeast Membrane Fractionation and Chemical
Treatments—Strains were grown to saturation in YPAD before
dilution (1:10 ml) into complete minimal media containing 2%
raffinose and 0.25-2% galactose (concentration was varied
based on protein expression levels). Cells were grown for 8 h
and ~1.7 X 10® cells were harvested. Cells were resuspended in
300 mM sorbitol, 100 mm NaCl, 5 mm MgCl,, 10 mm Tris-HCI,
pH 7.4, and protease inhibitor tablets (Roche) before addition
of acid-washed glass beads (Sigma). Cell disruption was carried
out by vigorous vortexing and cell debris was removed by cen-
trifugation at 500 X g for 10 min at 4 °C, giving the “total”
fraction. The soluble fraction was separated from the insoluble
membrane fraction by ultracentrifugation at 100,000 X g for
1 h. The membrane pellet was resuspended in lysis buffer con-
taining 1% Triton X-100 to completely solubilize the mem-
branes. Equal volumes (80 ul) of each fraction were added to 20
wl of 5X SDS sample buffer, subjected to SDS-PAGE, and ana-
lyzed by Western blotting (anti-FLAG M2, Sigma F1804). A
duplicate blot was probed with a monoclonal anti-v-H-Ras
antibody (Oncogene Research Products) to detect the yeast
plasma membrane marker Ras1p.

Total membranes for chemical treatment experiments were
isolated as described above except total lysate was split in 5
equal volumes before ultracentrifugation. Membrane samples
were resuspended in lysis buffer, or 1 M NaCl and 10 mm Tris-
HCI (pH 7.4), or 2 M urea and 10 mm Tris-HCI (pH 7.4), or 0.1 m
Na,CO; (pH 11.5), or 1% Triton X-100 and 10 mm Tris-HCI
(pH 7.4) and incubated for 1 hr on ice. Samples were re-frac-
tionated by ultracentrifugation and equal volumes of soluble
and insoluble fractions were subjected to SDS-PAGE and
Western blot analysis.

Transformation of Chinese Cabbage and Microscopy—Chi-
nese cabbage (Brassica campestris subsp. napus var. pekinensis)
leaf slices were transformed by particle bombardment using a
Biolistic PDS-1,000/He particle delivery system (Bio-Rad).
Gold particles (1.0 wm) were coated with the individual
35S::effector-YFP (pCHF3-YEP) or 35S::A¢tPIP2A-CFP (pCHF1-
CEP) plasmids according to the manufacturer’s instructions.
The tissue was bombarded twice using 1,100 p.s.i. rupture discs
under a vacuum of 26 inches of mercury. After a 9-h incubation
at 22 °C, epidermal peels were imaged using a Zeiss Axiovert
microscope (Carl Zeiss Microimaging, Inc.) equipped with a
MicroMax digital camera (Roper-Princeton Instruments) con-
trolled by MataFluor software (Universal Imaging, Corp.).

Plant HR and Bacterial Growth Assays—Arabidopsis thali-
ana plants were grown in a Promix-HP:vermiculite (2:1) soil
mixture under a 9-h photoperiod at 22 °C. HR assays were per-
formed in 4 — 6-week-old plants by syringe infiltration of bacte-
ria (~3.75 X 107 cfu ml™") as previously described (11). Plants
were photographed and scored for HR 16 —20 h.p.i. for P. syrin-
gae pv. tomato DC3000-treated plants or 45 h.p.i. for P. fluore-
scens-treated plants. P. syringae growth assays were performed
by dipping 2-week-old seedlings in bacteria (~2. 5 X 107 cfu
ml ™) exactly as previously described (23). Data are represented
as the mean = S.E. of the decimal logarithm (log[cfu mg ™! fresh
weight]) of four replicates.

In Planta PBSI1 Cleavage Assay—T, pbs1-1:PBS1-HA plants
were inoculated with P. syringae (3.75 X 107 cfu ml™') strains
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by syringe infiltration. Tissue from three independent plants
was harvested 14 h.p.i. and homogenized in lysis buffer contain-
ing 20 mm Tris-HCI (pH 7.4), 150 mm NaCl, 1 mm EDTA, 5 mm
dithiothreitol, 1% Triton X-100, and 2X plant protease inhibi-
tor mixture (Sigma). Lysate was cleared by centrifugation at
10,000 X g for 5 min and protein concentrations were deter-
mined with Bradford reagent (Bio-Rad). Total protein (10 ug)
was subjected to SDS-PAGE and Western blot analysis using an
anti-HA.11 monoclonal antibody (Covance).

Secretion of AvrPphB Effectors by P. syringae—P. syringae
strains were grown in KB media to mid-log phase before resus-
pending the bacteria at an A4y, of 0.3 in Hrp-inducing minimal
media (pH 6.0) containing 10 mMm fructose as previously
described (24). An overnight-induced (22 °C) 40-ml culture was
centrifuged (4,300 X g, 15 min) and 20 ml of the supernatant
was re-centrifuged for 40 min at 17,200 X g. 10 ml of the result-
ing supernatant was removed and protein was precipitated with
11.5% trichloroacetic acid, washed with acetone, and resus-
pended in 2X SDS sample buffer. Cell-bound fractions (bacte-
rial pellet) and secreted fractions (supernatant protein, 7.5-fold
concentrated) were subjected to SDS-PAGE and probed with a
polyclonal anti-AvrPphB antibody (whole serum, 1:10,000) or a
polyclonal anti-Neomycin Phosphotranserase II antibody
(Upstate). Antisera was generated against recombinant Avr-
PphB(A62)-His, protein (11) in rabbit (Cocalico Biologicals).

Induction of PRI Expression—Two-week-old plants were
infected by dipping (~2. 5 X 10”7 cfu ml~ ") and aerial tissue
from 4 -5 plants (one biological replicate) was collected 24 h.p.i.
RNA was isolated using the RNeasy plant mini kit (Qiagen) and
c¢DNA was generated from total RNA (1 wg) using the Super-
script III kit (Invitrogen) and oligo(dT) primers according to
the manufacturer’s instructions. qPCR were run on a MX4000
Multiplex QPCR machine (Stratagene) using a Power SYBR
Green PCR Mastermix kit (Applied Biosystems). Primer pairs
for PRI (target) and TUA3 (endogenous control) have been
previously described (25). C, values were generated using
default parameters and relative expression values were calcu-
lated using 2~ *4*, Data presented are the mean = S.E. of the
fold-change in PRI transcript compared with mock (no bacte-
ria) of at least 5 biological replicates (comprised of three tech-
nical replicates) from two independent experiments.

RESULTS

Identification of an AvrPphB-like Effector Subfamily within
the YopT Family of Cysteine Proteases—Bioinformatic analy-
ses of the YopT family suggest that more than 30 evolution-
ary diverse bacterial organisms utilize putative cysteine pro-
tease virulence factors to promote disease in animal, marine,
or plant species (supplemental Fig. S4) (12). Using PSI-
BLAST (26), we searched for novel AvrPphB family members
from recently sequenced plant pathogens or symbiotes that
were identical to AvrPphB at the Cys/His/Asp catalytic res-
idues, as well as the invariant residues Tyr-105 and Pro-228
(numbered from the AvrPphB sequence). Thirteen
sequences from different bacterial strains were identified,
and the full-length proteins were aligned using the BLOSUM
matrix. Although residues surrounding the catalytic amino
acids are heavily conserved, similarity outside of these
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A.

AvrPphB

Auto-Processing Site

Ps. pv. phaseolicola 1302A (AvrPphB) 45 R PR TRG | HP FLAMT/LGDK@CASSIsG VS - - - - - - - - - .. LEDDSHTQVSILS
Ps. pv. phaseolicola 1448A (HopAW1) 3 VSN TLQPAVEHTTQAT IGIBCSSSTASR - - - - - - - - - - - I K- - - - - EI PFK
Ps. pv. phaseolicola 1449B (ORF4) 94 S GAGLHRLE ILTHQSVER|GICSSSKALSSSDDDVSS---AESSEADIDAVF
Ps. pv. phaseolicola 1448A (YP_2722361) 94 S GAGLHRLE I L THQSVER|G/CSSSKALSSSDDDVSS---AESSEADIDAVF
Ps.pv.pisi(AviPpic2) 2 T I VSGH I GKHPSLTTVQAIGISSASVENQMPDPAQFS-®6-LPTQLSSITLAR
Ps. pv. tomato DC3000 (HopC1) 2 T | VSGH I GKHPSLTTVQA|GISSASVENQMPDPAQFS -(®6)-LPTQLSSITLAR
P.s. pv. tomato DC3000 (HopN1) 117 S | GA TANI EAKRK I AQEH CQLVHPFHQS - - - - - - - - - FLFEKTIDDRAF
Ralstonia solanacearum GMI1000 (RipT) 47 S NAAKQANSFVRSPLPLRIGDRYBSSEPGVLPSAGQF-(7-LPTQMAQCAVAR
Erwinia amylovora Ea1189 (AAX973721) 2 NNLPARLTSTALRA AV KAIGPLTTNEDQMPDPGQIN-(6)-LPEPLASTTLAR
Acidovorax avenae sp. citrulli AAC00-1 (YP_968473.1) 1 MSTS
Rhizobium sp. NGR234 (NopT) 32 ANV ELRTKSPSAECPDKME@CCASIKPQASDPNNPS ----TSSPARPSTSLF
Bradyrhizobium japonicum USDA110 (BIr2058) 32 T E | ARLESLAPGELFDRMIGLCFSKPHTSDAIDDSS -(15-LSVATSPVRPLF
Bradyrhizobium japonicum USDA 110 (BIr2140) 32 ADLAPQWSSRSGELVPDKM ACCSKPDTLDANVQTS -@®)-TSSPESPATSLF
Ps. pv. phaseolicola 1302A (AvrPphB) 84 DF SV ASRDV NHN - - - N I@AGIES T EW L Key:
Ps. pv. phaseolicola 1448A (HopAW1) 37 QADEL ARVGDQR - - - AABIVVILTAAWL
Ps. pv. phaseolicola 1449B (ORF4) 141 N Y R | AAL NNANAS - - QS MGLAI QWL .: : : : :
Ps. pv. phaseolicola 1448A (YP_272236.1) 141 N YR | AAL NNANAS - -QS@MGL A I QWL Putative embedded myristoylation site
Ps.pv.pisi (AviPpic2) 55 FDQ NI CTNNHG I SQRAV[GIFGL SL SW I C = Putative embedded palmitoylation site
Ps. pv. tomato DC3000 (HopC1) 55 F DQ D I CTNNHG I SQRAMIBFGL SL sWwI ) )
Ps. pv. tomato DC3000 (HopN1) 159 AADYGRAGGDG - - - - HABILGL SV NWC . = Catalytic cysteine
Ralstonia solanacearum GMI1000 (RipT) 101 TRQGL AFRARFG -8 -GS[@VGLSAVWI _ . .
Erwinia amylovora Ea1189 (AAX973721) 55 F DQ DK CTANHG | SKRAMIG|IF G L S L sSWN = Invariant residues
Acidovorax avenae sp. citrulli AACO0-1 (YP_9684731) 5 VF AYQTAELEQANVEG If@VGLVTEWL — i :
Rhizobium sp. NGR234(NopT) 78 RYRTAELAQANAD - -G I[@IVGLTAEWL Highly conserved residues
Bradyrhizobium japonicum USDA 110 (BIr2058) 94 DY RTAEL PQ ANV S GIlVGLAAEWL = Similar residues
Bradyrhizobium japonicum USDA 110 (BIr2140) 85 E Y RT/ADL RDA NV D GiIfglveLTAEWF
B- 62 6'3 6'4 9'8 21'2 2%7 K
ey:
AvrPphB M 70 HD | y
111112113 156 265 280 = - i
21 1 o5 2% [ | =Fulllength effector protein
ORF4 ! G c HD | M = Type Il secretion signal
49 50 51 52 93 205 220
YYY VY Y Y * - Aut ) it
NopT ! G C HD | = Auto-processing site
£ 2 ¥ G = Putative embedded myristoylation site
RipT $c c HE . o
P : = Putative embedded palmitoylation site
72 213 230
= Catalytic residues
HopC1 M (o] HD | CHD y
100 . . ",
2 23 259 vy =Amino acid position
HopN1 c HD |
100 a.a.

FIGURE 1. Multiple amino acid sequence alignment of the AvrPphB family reveals conserved residues within the NH, terminus. A, members of the
AvrPphB family were identified by PSI-BLAST using the AvrPphB sequence as the query and the amino termini were aligned. The full alignment is displayed in
supplemental Fig. S1. Residues that share homology, as well as the catalytic cysteine and the embedded acylation sites, are colored according to the key. The
known autoprocessing site in AvrPphB is also indicated (Shao et al. (12) and Puri et al. (15)). Proteins examined in this study are in bold. Additional accession
numbers are as follows: AvrPphB, Q52430; HopAW1, AAX12112; ORF4, AAD47206; AvrPpic2, CAC16701; HopC1, AAO54131; HopN1, AAO54892; RipT,
NP_521333; NopT, AAB91961; BIr2058, NP_768698; BIr2140, NP_768780. B, a schematic of the full-length effector proteins examined in this study. The catalytic
residues, autoprocessing sites, and acylation sites are displayed according to the key.

regions is extremely limited (supplemental Fig. S1). Surpris-
ingly, all AvrPphB-like effector proteins are predicted to
have a secondary structure (using psipred) similar to that of
the known AvrPphB structure (27), suggesting that these
proteins have been evolutionarily tailored by the bacteria to
maintain cysteine protease activity, but likely target different
host proteins. Surprisingly, we also identified a conserved patch
of residues in the amino terminus of the AvrPphB family mem-
bers that comprise an embedded consensus site for eukaryotic
fatty acylation (Fig. 14), implying that proteolytic processing of
these effectors at specific residues may generate functional
eukaryotic lipidation motifs.

AvrPphB Family Members Self-process at Specific Residues
within the NH, Terminus—The P. syringae pv. phaseolicola
effector AvrPphB is a 35-kDa protein that self-proteolytically
processes into a 28-kDa mature protein, requiring the Cys/His/
Asp catalytic triad for this unique activity (Fig. 14) (12, 15). We
examined five additional AvrPphB family members (Fig. 1B),
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from evolutionary diverse pathogens, for self-processing activ-
ity using an in vitro cleavage assay. Interestingly, three other
AvrPphB-like effectors (ORF4, NopT, and RipT) self-cleaved
into ~28 kDa proteins when they were expressed in wheat germ
extract (Fig. 24). Autoproteolytic processing requires the cata-
lytic cysteine, suggesting that the orf4, nopT, and ripT genes
encode functional cysteine proteases. Additionally, we
observed a more rapid processing of AvrPphB compared with
the other effectors in the context of this assay, suggesting that
the structure of AvrPphB or the chemical composition of the
internal cleavage site is better suited for autoprocessing activity
compared with that of ORF4, NopT, and RipT. Surprisingly, the
two effectors HopC1 and HopN1 do not autoprocess in vitro.
Furthermore, self-processing was not detected by Western blot
analysis when HopC1 or HopN1 were expressed in S. cerevisiae
(Fig. 4A) or in A. thaliana (supplemental Fig. S2), eliminating
the possibility that a eukaryotic “activator” is required for
processing.
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B.

Auto-Processing Sites

(Koa) WT C98S
- —u Amino Acid Position: P3 P2 P1 P1 P2 P3' P4 P5'
- 3
AvrPphB 28 .M:m - AvPphB?° T LGDK GCASSSG
ORF&%» Q@ SVER GCSSSKA
WT C156S Nopr’Z CPDKM GCCASKP
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FIGURE 2. Additional AvrPphB family members undergo autoproteolytic cleavage at specific residues. A, the indicated proteins were in vitro transcribed
and translated in the presence of [>**SImethionine and aliquots were removed at the indicated time points. The samples were subjected to SDS-PAGE and
proteins were visualized by autoradiography (Unprocessed proteases, U; mature proteases, M). Secondary start methionines produce additional protein
species during translation (asterisks) that generate the following proteins: AvrPphB, M = 22 kDa and * (from Met-57) = 23 kDa; ORF4, M = 23 kDa and * (from
Met-51) = 30 kDa; HopC1,U = 29 kDa and * (from Met-29) = 26 kDa. The experiment was performed three times with similar results. B, the autoprocessing sites
of the mature recombinant proteins were determined by Edman degradation (footnote a data from Puri et al. (15); footnote b data from this study; footnote c
data from Dai et al. (47)). The three residues that precede the cleavage site are shown in green. C, sequence alignment of the known autoproteolytic processing
site in AvrPphB and the cleavage site in PBS1 with the three conserved amino acids that precede the cleavage sites shown in green. Mutation of these residues
to alanine (red) in PBS1 inhibits cleavage by AvrPphB (Shao et al. (11)). D, the indicated P1/P2/P3 triple mutants were generated and analyzed as described in
A. Residues that allow autoproteolytic processing are shown in green and mutant residues that prevent cleavage are colored in red. The catalytically inactive
mutants (C/S) are deficient in autoprocessing activity. Additional protein species generated from secondary start methionines (AvrPphB and ORF4) are as

described in A. Each experiment was repeated twice with similar results.

To determine the sites of autoproteolytic cleavage, we
expressed full-length, COOH-terminal epitope-tagged pro-
teins in Escherichia coli, purified the proteins from lysates, and
determined their cleavage sites by Edman degradation. ORF4,
NopT, and RipT were efficiently processed in bacteria and
sequencing revealed that self-cleavage occurs prior to a glycine
found in the P1’ position (Fig. 2B). Interestingly, self-cleavage
of AvrPphB, as well as cleavage of its substrate, PBS1, occurs
proximal to a GDK motif that is found in both sequences (Fig.
2C). Mutation of all three GDK residues in PBS1 completely
inhibits cleavage (11), suggesting that the P1, P2, and P3 resi-
dues may be important for effector self-processing. We found
that triple mutation of the P1-3 residues in AvrPphB, ORF4,
NopT, and RipT prevents self-cleavage (Fig. 2D), indicating
that these residues are required for recognition and subsequent
autoproteolysis of the amino terminus.

Self-proteolysis of AvrPphB-like Effectors Exposes Post-trans-
lational Lipid Modification Sites—It has been proposed that
autoproteolytic processing of AvrPphB generates sites for fatty
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acylation (10); however, there is no direct biochemical evidence
supporting N-myristoylation or S-palmitoylation of AvrPphB
or any additional family members. We aligned the amino ter-
mini of the processed AvrPphB-like effectors and found con-
served glycine (P1’) and serine (P5’) residues in AvrPphB,
ORF4, and NopT (Fig. 3A) that are consistent with the myris-
toylation consensus sequence (28). All three effectors also pos-
sess potential sites for cysteine palmitoylation. Interestingly,
RipT, as well as the non-processed effectors HopCl and
HopNT1, lack amino-terminal acylation consensus sites and are
therefore unlikely to be lipidated.

To determine whether the AvrPphB family members are
N-myristoylated, we in vitro transcribed and translated full-
length effector proteins in the presence of [*H]myristic acid.
Radiolabeled myristate was efficiently incorporated into
AvrPphB, ORF4, and NopT self-processed proteins (supple-
mental Fig. S3). Myristoylation of these effectors require
autoprocessing activity to expose the embedded myristoyla-
tion site, as well as the P1’ glycine modification site, because
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A. Putative Myristoylation/Palmitoylation Sites
(Amino Termini of the Mature Effectors)
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FIGURE 3. Autoproteolytic processing of AvrPphB family members
results in N-myristoylation and S-palmitoylation of the new amino ter-
minus. A, the NH,-terminal sequences of the autoprocessed, mature proteins
were examined for eukaryotic acylation consensus sites. Important residues
are colored according to the key. The myristoylation consensus sequence is
based on previous experiments (Utsumi et al. (28)). Full-length wild-type and
mutant effectors were expressed in S. cerevisiae in the presence of 30 uCi/ml
[PHlmyristic acid (B) or 50 uCi/ml [*Hlpalmitic acid (C). After labeling for 4 h,
the FLAG-tagged effectors were immunoprecipitated, subjected to SDS-
PAGE, and analyzed by autoradiography (top panel) or Western blotting with
an anti-FLAG antibody (bottom panel). An asterisk indicates nonspecific
bands. Yeast radiolabeling experiments were performed twice with similar
results.

the C/S and G/A mutants are not lipidated (supplemental
Fig. S3). To examine myristoylation of AvrPphB family
members in a cellular system, we expressed the effectors in S.
cerevisiae in the presence of [*H]myristic acid. Consistent
with the in vitro studies, AvrPphB, ORF4, and NopT are
myristoylated in yeast and acylation is dependent on the P1’
glycine residue (Fig. 3B). RipT, HopCl1, and HopN1 do not
possess myristoylation consensus sites and were not modi-
fied. In eukaryotic systems N-myristoylation of proteins of-
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ten occurs concomitantly with S-palmitoylation of nearby
cysteines, a post-translational modification that enhances
membrane association of lipidated proteins (29). To deter-
mine whether AvrPphB family members can be palmitoy-
lated by the eukaryotic machinery, we expressed the ef-
fectors in S. cerevisiae in the presence of [*H]palmitic acid.
AvrPphB, ORF4, and NopT, which each possess cysteines
proximal to the myristoylation site, are palmitoylated in yeast
(Fig. 3C). However, the myristoylation-deficient mutants (GC/
AA) are likewise not palmitoylated. These mutants are likely
not palmitoylated due to either loss of the myristoyl moiety that
often initiates subsequent palmitoylation or mutation of the
cysteine modification sites. Interestingly, the acylated effectors
generally lack any additional putative S-palmitoylation sites
outside of the N-terminal motif (AvrPphB, 3 additional cys-
teines; ORF4, 1 cysteine; NopT, O cysteines; supplemental Fig.
S1), and all additional cysteines are positioned in the catalytic
core and are unlikely candidates for lipidation. Therefore, it is
probable that palmitoylation occurs proximal to the myristoy-
lation sites found in AvrPphB, ORF4, and NopT. These data
represent the first direct biochemical evidence for dual acyla-
tion of AvrPphB family members and suggest that lipidation by
the eukaryotic host machinery may play an important role in
effector function.

Interestingly, the AvrPphB family members are not uni-
formly autoprocessed or lipidated. To investigate if the acylated
effectors are evolutionary distinct from the non-acylated effec-
tors, we generated a YopT phylogenetic tree and searched for
trends in the autoprocessing or lipidation phenomena (supple-
mental Fig. S4A). The acylated proteins (AvrPphB, ORF4, and
NopT) cluster into a common clade that is distinct from the
non-acylated effectors (RipT, HopC1, and HopN1), suggesting
that an evolutionary division from a common protease ancestor
may have given rise to the lipidation feature. Alternatively, the
autoprocessing activity of HopC1 and HopN1 and the lipida-
tion sites in RipT may have been lost to redirect localization of
these effectors in their respective hosts. We scanned all the
remaining untested AvrPphB family members for embedded
myristoylation consensus sites, and found putative sites for
both N-myristoylation and S-palmitoylation in the sequences
of four additional effectors (Blr2058, Blr2140, HopAW1, and
YP_272236, which is identical to ORF4; supplemental Fig. S4B).
Although these putative lipidation sites lack experimental val-
idation, it is notable that these effectors phylogenetically cluster
with the known acylated effectors (supplemental Fig. S44).

The Acylated and Non-acylated AvrPphB-like Effectors Are
Differentially Associated with the Plasma Membrane—Tradi-
tionally, dual acylation of eukaryotic proteins with myristoyl
and palmitoyl moieties directs proteins to cellular membranes,
often plasma membranes, where they are oriented into the
cytoplasmic face of the lipid bilayer. To test if autoprocessing
and subsequent lipidation promotes membrane attachment of
AvrPphB family members, we expressed the effectors in S. cer-
evisiae and performed biochemical subcellular fractionation
experiments. The acylated effectors AvrPphB, ORF4, and
NopT co-fractionate with yeast membranes and the farnesyla-
ted Raslp plasma membrane marker (Fig. 4A4). Furthermore,
these associations require functional acylation sites because the
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FIGURE 4. Acylated and non-acylated AvrPphB family members are differentially associated with S. cerevisiae membranes. A, strains carrying the
indicated FLAG-tagged effectors or empty vector (V) were induced with galactose for 8 h and homogenized. Total extracts (T) were fractionated into soluble (S)
fractions and insoluble membrane pellets (P) by ultracentrifugation at 100,000 X g. Equal volumes of each fraction were subjected to SDS-PAGE, blotted, and
probed with anti-FLAG or anti-v-H-Ras (plasma membrane marker) antibodies. B, membranes were isolated as in A and resuspended in control lysis buffer, high
salt buffer (1 m NaCl, 10 mm Tris-HCI, pH 7.4), denaturing buffer (2 m urea, 10 mm Tris-HCl, pH 7.4), high pH buffer (0.1 m Na,CO;, pH 11.5), or buffer containing
detergent (1% Triton X-100, 10 mm Tris-HCl, pH 7.4). Treated samples were re-ultracentrifuged and equal volumes of the soluble (S) and pellet (P) fractions were
subjected to SDS-PAGE and Western blot (WB) analysis as in A. Each experiment was performed twice with similar results.

GC/AA mutants localize exclusively to the soluble fraction. We
also observed significantly higher expression levels of AvrPphB
protein, but a smaller proportion of membrane-associated Avr-
PphB protein, compared with the other acylated effectors.
These data, as well as the modest amounts of [*H]myristic acid
and [*H]palmitic acid incorporated into AvrPphB (Fig. 3, Band
(), indicate that lipidation of AvrPphB in S. cerevisiae occurs
slowly compared with ORF4 and NopT. Differential lipidation
rates between effectors are likely a consequence of the chemical
context of the residues surrounding the acylation sites and the
substrate selectivity of the eukaryotic acylation machinery;
however, it is clear that AvrPphB, ORF4, and NopT are all capa-
ble of being acylated at the GC motif and are subsequently
localized to cellular membranes.

Surprisingly, the non-acylated effectors RipT, HopC1, and
HopN1 also fractionate to the insoluble membrane fraction.
We observed localization of the RipT P1’ glycine mutant
(G65A), as well as the HopC1 and HopN1 catalytically inactive
mutants (C/S), exclusively in the membrane fractions, further
substantiating that these effectors associate with membranes
independent of lipidation. To eliminate the possibility of arti-
facts of the yeast expression system, we expressed RipT,
HopCl1, and HopN1 in Arabidopsis and performed similar
membrane fractionation experiments. Identical results were
observed in planta (supplemental Fig. S5), indicating that the
non-acylated AvrPphB-like effectors are likely bona fide mem-
brane proteins.

The membrane fractionation experiments indicate that the
acylated and non-acylated AvrPphB-like effectors employ dif-
ferent mechanisms for membrane association and possibly pos-
sess different membrane binding affinities. To evaluate the
effector-membrane association, we treated yeast membranes
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with high salt, denaturing, alkaline, or detergent-containing
buffers. As expected, the acylated effectors can only be
extracted with detergent as exemplified by the farnesylated
Raslp protein (Fig. 4B), suggesting lipidation is the predomi-
nant component responsible for membrane association. In
contrast, the non-acylated effectors are partially extracted with
urea, alkaline buffer, and detergent. Although the mechanisms
of membrane attachment for the non-lipidated effectors
remains unclear, these data suggest that the AvrPphB-like
effectors utilize different strategies to localize to membranes
and possess different membrane binding affinities.

An overwhelming majority of dual acylated eukaryotic pro-
teins are preferentially localized to plasma membranes (PM)
rather than endomembranes (29). To further investigate the
cellular localization of the AvrPphB family members, we tran-
siently expressed yellow fluorescent protein (YFP)-tagged
effectors in Chinese cabbage epidermal cells and examined
localization by fluorescence microscopy. AvrPphB, ORF4, and
NopT exhibit a clear plasma membrane localization that is
indistinguishable from the Arabidopsis PM marker PIP2A (Fig.
5). In contrast, expression of the acylation-deficient mutants
generates an unmistakable cytoplasmic localization that is
identical to the soluble YFP control staining. Consistent with
the biochemical fractionation data, RipT is largely enriched in
plasma membranes via an acylation-independent mechanism,
because localization of the G65A mutant is identical to that of
the wild-type protein. Additionally, the non-lipidated effectors
HopC1 and HopNT1 are enriched in the plasma membranes of
Chinese cabbage cells (Fig. 5). Interestingly, we observed a
unique punctate staining of HopN1 in the plasma membranes
of Chinese cabbage cells, as well as tobacco epidermal cells
(data not shown), which was absent in the additional effectors
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FIGURE 5. AvrPphB-like family members localize to the plasma membranes of Chinese cabbage cells.
COOH-terminal-tagged YFP effector proteins were transiently expressed in Chinese cabbage epidermal cells
using particle bombardment. Representative fluorescent images of cells expressing wild-type effectors or
acylation-deficient mutants are indicated. Control bombardments were performed using the cytosolic YFP or

(Pst) and verified its expression by
reverse transcriptase-PCR  and
Western blot analysis (data not
shown). We inoculated resistant
Arabidopsis plants with the aviru-
lent Pst(avrPphB) strain or the
Pst(orf4) strain at high bacterial
densities to produce a visually
scorable HR-associated tissue col-
lapse. The virulent Pst(empty vec-
tor) pathogen produces no HR 20 h
post-infection; however, Pst(avrP-
phB) induces a striking tissue col-
lapse phenotype in 93% of the
infected leaves (Fig. 6A). Interest-
ingly, strains carrying orf4 fail to
generate a HR. To ensure that the
endogenous repertoire of Pst effec-
tors is not interfering with ORF4
function, we also performed HR
assays using P. fluorescens (Pf)
strains carrying the same effector
alleles. Consistent with the Pst
infections, the PflavrPphB) strain,
but not Pflorf4), generated a weak,
but reliable HR (37 of 59 infected

plasma membrane-localized PIP2A (plasma membrane intrinsic protein 2A)-CFP proteins. Both YFP and CFP

fluorescence are colored in green. Bar, 50 um.

and the PIP2A PM marker (Fig. 5, inset panels), suggesting that
HopN1 may target to a lipid microdomain. It is notable that we
observed strong nuclear staining in a large proportion of cells
expressing both the wild-type and mutant effectors; however,
we also observed this phenomena in cells expressing the known
plasma membrane protein PIP2A (Fig. 5), suggesting that over-
expression of proteins in this system likely results in nuclear
localization artifacts. Although we cannot completely eliminate
the possibility that some or all the AvrPphB-like effectors local-
ize to endomembranes at low levels, additional sucrose gradient
purification of plasma membranes from S. cerevisiae crude
membrane fractions revealed that all the wild-type effectors are
strongly enriched in the plasma membrane (data not shown).
Collectively, these data implicate the plasma membrane as a
crucial site for localization of AvrPphB family members and
suggest that proper plasma membrane localization may be
important for directing effectors to their respective substrates.

The Acylated AvrPphB-like Effectors Possess Distinct Sub-
strate Specificity—The lipidated AvrPphB-like effectors em-
ploy identical strategies to ensure plasma membrane localiza-
tion; however, it is unknown if localization alone is sufficient to
direct substrate specificity. AvrPphB proteolytically cleaves the
Arabidopsis PBS1 protein to initiate HR (11, 13), and it is pos-
sible that additional AvrPphB-like effectors target PBS1. To
investigate if the acylated effectors are functionally equivalent,
we exogenously expressed ORF4, which has the highest simi-
larity to AvrPphB among all the family members (processed
proteins: 45% similar, 27% identical), under control of its native
promoter in the plant pathogen P. syringae pv. tomato DC3000
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leaves, Fig. 6A). Furthermore,
recombinant ORF4 protein has no
activity against PBS1 in an in vitro
cleavage assay (supplemental Fig. S6). Together, these data
demonstrate that plasma membrane targeting alone is not suf-
ficient to cleave PBS1, and suggest that the acylated AvrPphB-
like effectors possess different substrate specificity.

Dual Acylation of AvrPphB Is Required for Cleavage of PBS1
and Initiation of Defenses in Resistant Arabidopsis Plants—Our
subcellular localization studies provide strong evidence that
AvrPphB is driven to the host plasma membrane by eukaryotic
acylation. Interestingly, we have also observed lipidation of
PBS1 and RPS5 (data not shown), and additionally, RPS5 asso-
ciates with Arabidopsis membranes (14). Together, these data
suggest that PBS1 likely co-localizes with RPS5 at the plasma
membrane to guard against AvrPphB; however, it remains
unclear if acylation of AvrPphB is required for cleavage of PBS1
and subsequent HR induction.

Cleavage of PBS1 by AvrPphB can be observed in planta
when both components are overexpressed (11); however, over-
expression of the soluble AvrPphB mutant protein in trans-
genic plants (DEX::avrPphB GC/AS) results in an acylation-
independent HR that is likely due to overwhelming expression
levels in the plant cell (supplemental Fig. S7). To circumvent
these overexpression artifacts and ensure proper cellular local-
ization, we performed in planta PBS1 cleavage experiments at
near endogenous expression levels using Pst-delivered Avr-
PphB proteins and transgenic plants carrying a PBSI-HA
genomic clone. Partial cleavage of PBS1 occurs in plants inoc-
ulated with the Pst(avrPphB) strain; however, the PBS1 protein
is unaffected when strains delivering the acylation-deficient
effectors are used (G63A, C64S, and GC/AS, Fig. 6B). To ensure
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FIGURE 6. Host acylation of AvrPphB is required for avirulence activity in Arabidopsis plants carrying PBS1. A, adult Col-0 leaves were syringe infiltrated
(opposite to the marked leaf half) with ~3.75 X 107 cfu/ml P. syringae pv. tomato DC3000 (Pst) or P. fluorescens pLN1965 (Pf) strains expressing AvrPphB or ORF4. Also,
plants were inoculated with 10 mm MgCl, (Mock) or strains carrying the pVSP61 empty vector (EV). Ratios below each leaf indicate the number of HR positive
leaves/total number of leaves inoculated. B, transgenic pbs 1-1:PBS1-HA plants were inoculated as in A with the indicated Pst strains. Leaf tissue was harvested 14 h.p.i,,
homogenized, and 10 ug of total protein was subjected to SDS-PAGE. Blots were analyzed by anti-HA Western blotting (WB). Three individual T, plants were assayed
for each infection condition and produced identical results. C, Col-0 or pbs1-1 plants were inoculated as described in A with Pst strains carrying the indicated avrPphB
alleles (Gly-63, myristoylation site; Cys-64, palmitoylation site; Cys-98, catalytic cysteine). Data were collected 20 h.p.i. and are representative of two independent
experiments. D, Pst strains carrying the indicated alleles were grown in Hrp-inducing minimal media. Cultures were partitioned into cell-bound and secreted fractions
by centrifugation. Protein samples were subjected to SDS-PAGE, blotted, and probed with antibodies against AvrPphB or NPTII (control for nonspecific lysis). £, Ara-
bidopsis seedlings were inoculated by dipping with Pst strains (~2.5 X 107 cfu/ml) carrying the indicated effector alleles. At day O (white bars) or day 3 (black bars) the
bacteria were extracted and quantified. Data are represented as the mean = S.E. of four technical replicates. The experiment was repeated twice with similar results.
F, Arabidopsis seedlings were inoculated as described in E with the indicated Pst strains. Tissue was harvested 24 h.p.i. and RNA was subjected to reverse transcriptase-
gPCRanalysis using PRT and TUBULIN3 specific primers. PRT mRNA levels (relative to TUB3) were calibrated to mock-treated samples (2~ 24Y). Data are represented as
the mean = S.E. of at least 5 biological replicates from two independent experiments.
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that the acylation-deficient mutant is only impaired in subcel-
lular localization and not the intrinsic protease activity, we per-
formed in vitro cleavage assays and found the AvrPphB GC/AS
mutant to be equally efficient as the wild-type protein in cleav-
ing PBS1 (supplemental Fig. S6).

To determine whether lipidation of AvrPphB is required for
efficient HR induction, we inoculated resistant (Col-0) or sus-
ceptible (pbsi-1) plants with Pst strains carrying the wild-type
or mutant alleles and performed HR assays. AvrPphB function
is severely reduced in resistant plants by mutation of either the
myristoylation site (G634, 32% responding) or palmitoylation
site (C64S, 27% responding) when compared with the wild-type
protein (25 of 27 leaves or 93% responding, Fig. 6C). Mutation
of both acylation sites thoroughly diminishes the avirulence
activity (13% responding). The AvrPphB mutants were mark-
edly deficient in their ability to generate HR despite the fact that
they were all properly delivered through the TTSS as full-length
proteins (Fig. 6D).

To further examine the role of acylation in promoting the
avirulence function of AvrPphB, we tested the ability of the
AvrPphB acylation-deficient mutants to suppress growth of
the virulent Pst DC3000 strain in Arabidopsis. As expected,
expression of AvrPphB in Pst ensures avirulence and limits bac-
terial growth in resistant (Col-0), but not susceptible (pbsi-1)
plants (Fig. 6E). The acylation-deficient single and double
mutants, however, are all defective in avirulence function
because these strains grow in Col-0 to similar levels as the vir-
ulent Pst(empty vector) strain.

Local and systemic defense against the virulent Pst pathogen,
as well as some avirulent pathogens, requires accumulation of
salicylic acid and modulation of salicylic acid-responsive genes
for a maximal resistance response (30). Therefore, we examined
expression levels of the salicylic acid-inducible gene PRI (path-
ogenesis-related gene 1) in plants 24 h after infection with
Pst strains carrying the wild-type or acylation-deficient avr-
PphB alleles. Inoculation of resistant plants with the Pst(avr-
PphB) strain results in a PBS1-dependent 5-fold increase in PRI
gene expression relative to mock-treated plants; however,
delivery of the acylation-deficient double mutant by Ps¢ results
in PRI induction levels that are equivalent to those generated
by the virulent Pst(empty vector) strain (Fig. 6F). These data
indicate that acylation of AvrPphB is essential for up-regulation
of PRI transcript. Using a variety of genetic and biochemical
approaches to examine multiple aspects of the AvrPphB resist-
ance response, we have unambiguously shown that host acyla-
tion of AvrPphB drives cleavage of PBS1 and subsequent HR
induction in the plant cell.

DISCUSSION

Phytopathogens inject an arsenal of type III effectors into the
host cell to thwart defenses and promote disease; however, the
molecular strategies that are employed by effectors to target
plant signaling components remain largely unknown. Here, we
demonstrated that four effectors from the AvrPphB family of
cysteine proteases possess a unique autoproteolytic processing
activity. Self-cleavage, in turn, reveals embedded consensus
sites for eukaryotic acylation. We demonstrated that AvrPphB,
ORF4, and NopT are indeed N-myristoylated, as well as S-pal-
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mitoylated by the eukaryotic host machinery, consequently
directing them to the plasma membrane (Fig. 7). Furthermore,
host-dependent acylation of AvrPphB is necessary for its aviru-
lence activity, and it is likely that lipidation of ORF4 and NopT
is indispensable for their function as well. We have also shown
that RipT, HopC1, and HopN1 are not lipidated by the host
machinery; however, they are nonetheless, directed to the
plasma membrane where they likely disrupt host defense sig-
naling networks (Fig. 7). Although the molecular targets of
ORF4, NopT, and RipT are unknown, it is possible that sub-
strate specificity can be partially inferred from the amino acid
context of the autoprocessing sites. For example, autoprocess-
ing of AvrPphB, as well as cleavage of PBS1, occurs proximal to
a GDK motif, suggesting that it may be possible to define the
substrate specificities, and putative molecular targets, for
ORF4, NopT, and RipT based on the three residues that we
identified as essential for autoprocessing (Fig. 7). However,
bioinformatic approaches to identify specific in planta sub-
strates for these effectors are restricted by the size and chemical
makeup of the autoprocessing motif and additional informa-
tion about the autoprocessing specificity will be required to
generate an experimentally testable substrate pool.

We propose that autoprocessing of AvrPphB, ORF4, NopT,
and RipT occurs within the plant cell following delivery of the
full-length proteins through the TTSS. Supporting this hypoth-
esis, we identified key signatures of the type III secretion signal
within the full-length effector sequences but not the autopro-
cessed sequences (31, 32). Additionally, we observed preferen-
tial secretion of the full-length AvrPphB protein by Pst grown in
culture. Autoprocessing, however, does not exclusively occur
within the plant cell because we observed self-cleavage of these
effectors in E. coli, indicating that a eukaryotic activator is not
required for this activity. Therefore, these proteins comprise an
effector protease family unique to phytopathogens that is
mechanistically distinct from the only other biochemically val-
idated cysteine protease effector AvrRpt2, which requires mod-
ification by the eukaryotic peptidyl-prolyl isomerase cyclophi-
lin for activation and subsequent self-processing (33).
Surprisingly, two effectors, HopC1 and HopN1, were not capa-
ble of self-proteolysis. Although protease activity has yet to be
ascribed to HopC1, HopN1 possess in vitro protease activity, as
well as HR suppression activity in tobacco, both of which
require the catalytic triad (34). These two effectors therefore
represent an evolutionary distinct non-processing, yet catalyt-
ically active, class of cysteine protease effectors within the Avr-
PphB family.

We clearly demonstrated that autoprocessing of AvrPphB,
ORF4, and NopT results in fatty acylation of these effectors by
the eukaryotic lipidation machinery. Interestingly, these three
autoprocessed effectors, but not RipT, are predicted to be myr-
istoylated using a variety of eukaryotic prediction models (28,
35, 36), suggesting that these bacterially generated acylation
sites have been engineered to conform to the restraints of the
plant acylation machinery. It is possible that myristoylation of
additional AvrPphB family members can be predicted accord-
ing to these parameters using the following generalized consen-
sus motif: GX,XXS, where X, is a non-acidic residue. Further-
more, genetic experiments suggest that additional effectors

YasEve VOLUME 284+ NUMBER 23+ JUNE 5, 2009


http://www.jbc.org/cgi/content/full/M900519200/DC1

Localization Strategies of Bacterial Effectors

Self-Processed
Acylated
Known Target

Self-Processed
Acylated
Unknown Target

Self-Processed
Non-Acylated
Unknown Target

Unprocessed
Non-Acylated
Unknown Target

Ps. pv. phaseolicola
1302A

Ps. pv. phaseolicola
14498 NGR234

%

Rhizobium sp.

R. solanacearum
GMI1000

P's. pv. tomato
DC3000

HR ~

~ ~

FIGURE 7. A model for the subcellular localization strategies of the AvrPphB-like effector proteins in the plant cell. The indicated strains are shown in
gray, the TTSS in purple, and the effectors in black. Effectors are classified according to their ability to self-proteolytically process (red star in model), to be
acylated by the host (N-myristoylation, orange; S-palmitoylation, green), and their biological function. AvrPphB, ORF4, and NopT are lipidated by the host
machinery (NMT, N-myristoyl transferase; PAT, palmitoyl acyltransferase), whereas RipT, HopC1,and HopN1 are directed to the PM by an unknown mechanism.
Host acylation of AvrPphB is essential for cleavage of PBS1 (blue) and initiation of RPS5 (red) defenses. Unknown targets of ORF4, NopT, and RipT are also

included (blue) and contain putative target sequences.

may be acylated by the host machinery including AvrPto
(37), HopF2 (38), XopE1l/XopE2/XopJ (39), and multiple
HopZ alleles (40), whereas several more contain putative
consensus sites for acylation (41). Prior to our study, how-
ever, in vivo biochemical evidence supporting host-depend-
ent acylation of effector proteins was limited to N-myristoy-
lation of only two P. syringae effectors, AvrRpm1 and AvrB
(10). We have identified three additional effectors that are
myristoylated in vivo and have provided the first direct bio-
chemical evidence for modification of effectors by S-palmi-
toylation. Although an overwhelming majority of protein
myristoylation is believed to occur co-translationaly at the
ribosome where N-myristoyltransferases are enriched (42),
there is compelling evidence for non-ribosomally associated
myristoylation: the mammalian protein BID is myristoylated
at an embedded acylation site following proteolytic cleavage
by caspase 8 (43). Therefore, the AvrPphB-like effectors are
likely myristoylated independently of the ribosome-associ-
ated N-myristoyltransferases, resulting in a weak plasma
membrane association that can be fully stabilized through
S-palmitoylation of the effectors by plasma membrane-lo-
calized palmitoyltransferases (44, 45). Additionally, palmi-
toylation is a reversible lipid modification that can be
dynamically regulated in the eukaryotic cell. We suspect that
active depalmitoylation of the acylated effectors by acyl-pro-
tein thioesterases in planta would likely disrupt the effector-
membrane associations and attenuate function.
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Previous studies examining the role myristoylation plays
in promoting the avirulence function of AvrPphB have pro-
vided somewhat conflicting results (10, 46). Nimchuk and
colleagues (10) demonstrated that the putative myristoyla-
tion site in AvrPphB is required for maximal induction of
HR when transiently expressed in Arabidopsis; however, an
AvrPphB myristoylation-independent HR has also been
observed in different plant species using Agrobacterium and
viral overexpression systems (46). Although it is possible
that there are host-specific differences in R protein recogni-
tion of AvrPphB, it seems likely that overexpression of Avr-
PphB results in loss of the myristoylation dependence due to
high protein concentrations in the plant cell. We have also
observed this phenomenon in transgenic Arabidopsis plants
overexpressing the AvrPphB acylation-deficient mutant. We
delivered AvrPphB and the mutant proteins at near endoge-
nous levels by exogenously expressing the alleles under con-
trol of their native promoters in Pst, and found an absolute
requirement for host acylation of AvrPphB to promote the
avirulence function in Arabidopsis. Consistent with our
results, delivery of AvrPphB using the P. syringae pv. phase-
olicolaR6 straininduces HR in bean pods in a myristoylation-
dependent manner (46). Interestingly, a recent report dem-
onstrated a NopT acylation-independent HR when the
G50A myristoylation mutant was overexpressed in tobacco
(47). Our data suggest that delivery of the NopT G50A

JOURNAL OF BIOLOGICAL CHEMISTRY 15877



Localization Strategies of Bacterial Effectors

mutant at endogenous levels may provide additional insight
into the function of the Gly-50 residue.

Type III effectors are likely secreted at low concentrations
relative to host signaling molecules, and therefore require a
potent, but specific biochemical activity that may be enhanced
by increasing the effectors’ local concentrations via subcellular
localization. We have identified six additional bacterial effec-
tors, including AvrPphB, which localize to host plasma mem-
branes. Although some AvrPphB family members utilize the
host lipidation machinery to direct their association with
plasma membranes, we demonstrated that others employ acy-
lation-independent plasma membrane localization mecha-
nisms. There are myriad examples of membrane proteins that
lack lipid modifications and localize via protein-protein inter-
actions, phospholipid-protein (electrostatic) interactions, or
hydrophobic (integral membrane) associations (29). Although
the molecular targets of the AvrPphB-like effectors are com-
pletely unknown, localization of these effectors to the plasma
membrane likely restricts the host substrate pool to co-localiz-
ing plasma membrane proteins. An overwhelming amount of
evidence has implicated the plasma membrane as a crucial site
for initiation of both basal and R gene-mediated defenses (48).
Mediators of basal defense pathways are often plasma mem-
brane-localized pattern-recognition receptors and include
FLS2, EFR, and BAKI, which are all targeted by the plasma
membrane-localized effector AvrPto to promote virulence (49,
50). Therefore, plasma membrane-associated R proteins and
pattern-recognition receptors, as well as their associated signal-
ing molecules, all serve as possible virulence targets for the Avr-
PphB family members. The mechanisms that drive type III
effector function are only beginning to be unraveled; however,
our findings provide critical insight into the diverse subcellular
localization mechanisms employed by AvrPphB family mem-
bers and illustrate the convoluted subversion strategies utilized
by the bacterial pathogen.
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