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ABSTRACT The pathogenicity of the Gram-negative plant-pathogenic bacterium
Xanthomonas campestris pv. vesicatoria depends on a type III secretion (T3S) system,
which spans both bacterial membranes and translocates effector proteins into plant
cells. The assembly of the T3S system presumably involves the predicted lytic transgly-
cosylase (LT) HpaH, which is encoded adjacent to the T3S gene cluster. Bacterial LTs de-
grade peptidoglycan and often promote the formation of membrane-spanning macro-
molecular protein complexes. In the present study, we show that HpaH localizes to the
bacterial periplasm and binds to peptidoglycan as well as to components of the T3S sys-
tem, including the predicted periplasmic inner rod proteins HrpB1 and HrpB2 as well as
the pilus protein HrpE. In vivo translocation assays revealed that HpaH promotes the
translocation of various effector proteins and of early substrates of the T3S system, sug-
gesting a general contribution of HpaH to type III-dependent protein export. Mutant
studies and the analysis of reporter fusions showed that the N-terminal region of HpaH
contributes to protein function and is proteolytically cleaved. The N-terminally truncated
HpaH cleavage product is secreted into the extracellular milieu by a yet-unknown trans-
port pathway, which is independent of the T3S system.
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The pathogenicity of many Gram-negative plant- and animal-pathogenic bacteria
depends on a type III secretion (T3S) system, which translocates bacterial effector

proteins into eukaryotic cells (1). Type III effector proteins manipulate host cellular
pathways to the benefit of the pathogen and thus promote bacterial proliferation (2).
T3S systems are highly complex nanomachines that span both bacterial membranes
and are associated with a pilus-like appendage, which serves as a transport channel for
secreted proteins (3). Protein translocation into eukaryotic cells depends on the
channel-like T3S translocon, which inserts into the host plasma membrane (3, 4).

T3S systems usually consist of 20 to 25 proteins, nine of which are conserved in
plant- and animal-pathogenic bacteria and constitute the core elements of the secre-
tion apparatus. These include ring structures in the bacterial inner membrane (IM) and
outer membrane (OM), which are associated with a predicted periplasmic inner rod (3).
The IM ring interacts with components of the export apparatus, which is assembled by
members of the conserved Sct (secretion and cellular translocation) R, S, T, U, and V
families of transmembrane proteins (3). The letters refer to the Ysc proteins of the T3S
system from Yersinia spp. (5, 6). Components of the export apparatus insert into the IM
and interact with cytoplasmic parts of the T3S system, including the predicted cyto-
plasmic (C) ring and the ATPase complex, which is presumably involved in T3S substrate
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recognition and unfolding (7–10). The recognition of T3S substrates often depends on
a secretion signal in the N-terminal protein region, which is not conserved on the amino
acid level (3). In many cases, specific T3S chaperones bind to secreted proteins and
might facilitate their recognition by components of the T3S system (3).

The assembly of T3S systems presumably involves the contribution of lytic trans-
glycosylases (LTs), which cleave the glycan backbone of peptidoglycan in the bacterial
periplasm and often promote the assembly of membrane-spanning macromolecular
protein complexes (11–13). The deletion of single LT genes, however, often does not
result in a loss of T3S because the assembly of the secretion apparatus can also take
place at natural pores or breaks in the peptidoglycan layer (12). To date, a virulence
function has been described for putative LTs from enterohemorrhagic Escherichia coli
(EHEC), enteropathogenic Escherichia coli (EPEC), and plant-pathogenic bacteria, includ-
ing pathovars of Pseudomonas syringae and Xanthomonas spp. (14–21). In most cases,
however, the enzymatic activity of these proteins and their contribution to the assem-
bly of the T3S system have not yet been experimentally confirmed.

T3S is currently being studied in several plant- and animal-pathogenic model organisms,
including Xanthomonas campestris pv. vesicatoria (reclassified as Xanthomonas euvesicato-
ria) (22), which causes bacterial spot disease on tomato and pepper plants. The T3S system
from X. campestris pv. vesicatoria is encoded by the chromosomal hrp (hypersensitive
response and pathogenicity) gene cluster and translocates approximately 30 effector
proteins into plant cells (23). T3S in X. campestris pv. vesicatoria is controlled by several Hpa
(Hrp-associated) proteins, which contribute to, but are not essential for, pathogenicity.
Previously identified Hpa proteins include the T3S substrate specificity switch (T3S4) protein
HpaC, the T3S chaperone HpaB, and the predicted LT HpaH (15, 24, 25). HpaC switches the
T3S substrate specificity from the secretion of the predicted inner rod protein HrpB2 to the
secretion of translocon and effector proteins, whereas HpaB promotes the efficient secre-
tion of effector proteins (24–26). The predicted LT HpaH was previously shown to contrib-
ute to virulence and to the secretion and translocation of the effector proteins XopJ and
XopF1 (15, 27). In the present study, we show that HpaH from X. campestris pv. vesicatoria
localizes to the bacterial periplasm and binds to peptidoglycan as well as to periplasmic
components of the T3S system. The N-terminal region of HpaH contains a predicted Sec
signal, which is cleaved off and contributes to the virulence function of HpaH and its
transport into the periplasm. Notably, the HpaH cleavage product is itself secreted into the
extracellular milieu, albeit independently of the T3S system. In vivo reporter assays revealed
that HpaH promotes the type III-dependent translocation of effector and noneffector
proteins, which is in agreement with the predicted contribution of HpaH to the assembly
of the T3S system.

RESULTS
Translation of hpaH is presumably initiated upstream of the annotated start

codon. HpaH from X. campestris pv. vesicatoria strain 85-10 (XCV0441, GenBank acces-
sion number CAJ22072) is encoded in the flanking region of the T3S gene cluster and
annotated as a protein of 157 amino acids with a predicted N-terminal Sec signal
(prediction by SignalP 4.1; the predicted cleavage site is between amino acids 34 and
35 [http://www.cbs.dtu.dk/services/SignalP/]). The translation start site has not yet been
experimentally determined for HpaH and homologous proteins, and comparative
sequence analyses revealed that the N-terminal regions of these proteins vary in length
and are not highly conserved (see Fig. S1 in the supplemental material). Given the
presence of an ATG codon 90 bp upstream of the annotated start codon of hpaH (Fig.
1A), we investigated a possible alternative translation initiation of hpaH. For this, we
generated expression constructs encoding HpaH or a derivative thereof with 30 additional
N-terminal amino acids (designated HpaHAS for “alternative start”) under the control of the
lac or the native promoter (pnat) (Fig. 1B). HpaH derivatives were analyzed in X. campestris
pv. vesicatoria strain 85-10hpaHoof, which is a derivative of the wild-type (wt) strain 85-10
and contains a frameshift mutation in hpaH (15). Unfortunately, due to low expression
levels of hpaH derivatives, we could not purify sufficient amounts of HpaHAS(pnat)–c-Myc

Hausner et al. Infection and Immunity

February 2017 Volume 85 Issue 2 e00788-16 iai.asm.org 2

https://www.ncbi.nlm.nih.gov/protein/CAJ22072
http://www.cbs.dtu.dk/services/SignalP/
http://iai.asm.org


from X. campestris pv. vesicatoria to determine the N-terminal amino acid sequence by
mass spectrometry (see Materials and Methods).

Immunoblot analyses of bacterial cell extracts revealed the presence of two HpaH–
c-Myc-specific proteins of approximately 20 and 18 kDa, which likely correspond to
HpaH– c-Myc and an N-terminally truncated derivative thereof lacking the predicted
Sec signal (Fig. 1C). HpaHAS– c-Myc and HpaHAS(pnat)– c-Myc migrated at a higher
molecular size than HpaH– c-Myc, suggesting that translation was initiated upstream of
the annotated start codon (Fig. 1C). Although no Sec signal was predicted for HpaHAS,
N-terminally truncated cleavage products at a size similar to that of the HpaH cleavage
product were detected for all derivatives (Fig. 1C). An additional hpaH expression
construct, in which the annotated start codon was mutated to CTG (Fig. 1B), migrated
at a size similar to that of HpaHAS(pnat), suggesting that the annotated ATG start codon
was dispensable for translation initiation (Fig. 1C).
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FIG 1 Translation of hpaH presumably is initiated upstream of the annotated translation start site. (A) Nucleotide sequence and
encoded amino acids of the 5= region of hpaH from X. campestris pv. vesicatoria strain 85-10. The annotated hpaH sequence and
the upstream sequence are shown in red and black, respectively. The annotated start site of hpaH and the ATG codon in the
upstream region are underlined. A black triangle indicates the predicted cleavage site. (B) Overview of the hpaH expression
constructs used in this study. The red arrows refer to the annotated hpaH gene, the white box represents the upstream region, and
the light red box indicates the predicted Sec signal. The lac promoter (plac) and the native hpaH promoter (pnat) are indicated by
gray and green arrows, respectively. The blue arrow represents the first 33 codons of hrcC. (C) Complementation studies with HpaH
derivatives. X. campestris pv. vesicatoria strains 85-10 (wt) and 85-10hpaHoof (hpaHoof) without an expression construct (�) or
containing HpaH–c-Myc and derivatives thereof as indicated were inoculated into leaves of resistant ECW-10R pepper plants at a
bacterial density of 108 CFU ml�1 (left panel) or 107 CFU ml�1 (right panel). Leaves were destained in ethanol at 1 dpi (left panel)
or 2 dpi (right panel). Dashed lines mark the infiltrated areas. For protein analysis, equal amounts of cell extracts (adjusted according
to the cell density) were analyzed by immunoblotting using a c-Myc epitope-specific antibody. As a control for equal loading, the
blot was stained with Ponceau stain.
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The N-terminal 35 amino acids of HpaH are essential for protein function. For
complementation studies, bacteria were inoculated into leaves of resistant Early Cal
Wonder 10R (ECW-10R) pepper plants. ECW-10R plants contain the R protein Bs1 and
trigger defense responses upon recognition of the effector protein AvrBs1, which is
translocated by strain 85-10 (28). AvrBs1-induced defense reactions are macroscopically
visible as the hypersensitive response (HR), which is a fast cell death reaction at the
infection site and restricts bacterial multiplication (29) (Fig. 1C). As expected, strain
85-10hpaHoof led to a reduced HR compared with that for the wild-type strain 85-10
(Fig. 1C) (15). The wild-type phenotype was restored by HpaH– c-Myc, HpaHAS– c-Myc,
HpaHAS(pnat)– c-Myc, and HpaHAS/CTG(pnat), suggesting that these HpaH derivatives were
functional (Fig. 1C). To investigate a potential contribution of the N-terminal protein
region to HpaH function, we generated additional expression constructs encoding
HpaH without the N-terminal 34 or 35 amino acids under the control of the lac
promoter (numbers refer to amino acid positions in the annotated HpaH protein).
HpaHΔ2–34– c-Myc and HpaHΔ2–35– c-Myc migrated at a size similar to that of the
HpaH-specific cleavage product (Fig. 1C). HpaHΔ2–34– c-Myc partially complemented
the hpaH mutant phenotype when the infected pepper leaves were inspected at 1.5
days postinoculation (dpi) (see Fig. S2 in the supplemental material) or 2 dpi (Fig. 1C),
suggesting that HpaH was partially functional in the absence of a predicted Sec signal.
In contrast, no complementation was observed for HpaHΔ2–35– c-Myc (Fig. 1C). The lack
of complementation was presumably not caused by a dominant negative effect be-
cause ectopic expression of hpaHΔ2–34– c-myc or hpaH�2–35– c-myc in strain 85-10 did
not alter the wild-type phenotype (Fig. S2). These findings suggest that the N-terminal
35 amino acids of the annotated HpaH protein are required for cleavage and protein
function. We also generated an expression construct encoding HpaHΔ2–34 in fusion with
the predicted Sec signal of the OM secretin HrcC, which is located in the N-terminal 34
amino acids. HrcC1–34-HpaHΔ2–34 complemented the hpaH mutant phenotype, indicat-
ing that the Sec signal of HrcC did not interfere with HpaH function (Fig. 1C).

HpaH binds to peptidoglycan in vitro. HpaH shares predicted structural similarity
with the catalytic region of the LT Slt70 from Escherichia coli (prediction by PHYRE;
http://www.sbg.bio.ic.ac.uk/phyre) (30) (Fig. 2A). Given the putative function of HpaH as
an LT, we investigated a possible interaction with peptidoglycan. For this, hpaH was in
vitro transcribed and translated and the protein was incubated in the presence or
absence of insoluble peptidoglycan. As positive and negative controls, we used purified
lysozyme and bovine serum albumin (BSA), respectively. After centrifugation, proteins
in the pellet and the supernatant fraction were analyzed by SDS-PAGE, Coomassie blue
staining, or immunoblotting. In the absence of peptidoglycan, all proteins were de-
tected mainly in the supernatant fraction (Fig. 2B). When incubated with peptidoglycan,
BSA was present in the supernatant fraction whereas lysozyme and HpaH were also
present in the pellet fraction, suggesting that they can bind to peptidoglycan (Fig. 2B).

HpaH contains a predicted catalytic glutamate residue at position 58 (E58), which is
conserved in homologous LTs and was shown to be required for the activity of the LT
EtgA from EPEC (16, 31) (Fig. S1). The exchange of E58 for alanine (E58A mutation)
abolished the ability of HpaH from X. campestris pv. vesicatoria to complement the
hpaH mutant phenotype, suggesting that the predicted enzymatic activity of HpaH is
required for protein function (Fig. 2C).

HpaH localizes to the bacterial periplasm. To analyze the subcellular localization
of HpaH, we performed fractionation assays with X. campestris pv. vesicatoria strain
85-10hrpG*hpaHoof (85*hpaHoof) containing HpaH– c-Myc. Strain 85*hpaHoof is a
derivative of the hrpG wild-type strain 85-10hpaHoof and encodes HrpG*, a constitu-
tively active version of the key regulator HrpG. HrpG* activates the expression of T3S
genes even under noninducing conditions, which allows the immunological detection
of T3S components such as the predicted inner rod proteins HrpB1 and HrpB2 (32, 33).
Bacteria were incubated under T3S-permissive conditions, and fractions enriched in
cytoplasm, IM, periplasm, and OM were separated by ultracentrifugation and analyzed
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by immunoblotting. The cleavage product of HpaH– c-Myc was detected predomi-
nantly in the periplasm-enriched fraction, which is in agreement with the predicted
localization of LTs (Fig. 2D). As described previously, a similar localization was observed
for HrpB1 and HrpB2 (34, 35) (Fig. 2D).

To confirm the results of the fractionation studies, we used an N-terminal deletion
derivative of the alkaline phosphatase PhoA from E. coli (PhoAΔ2–120), which lacks the
native signal peptide, as reporter (36). PhoA is active only when located in the
periplasm and is used as reporter to study protein topology (36–39). PhoA activities
were analyzed in X. campestris pv. vesicatoria strains which lacked the predicted native
phoA gene (XCV2913). HpaH-PhoAΔ2–120 led to a significant increase in PhoA activity in
strain 85-10ΔphoA, suggesting that HpaH-PhoAΔ2–120 was located in the periplasm (Fig.
2E). Significantly reduced activity was measured for HpaHΔ2–34-PhoAΔ2–120 whereas
HpaHΔ2–35-PhoAΔ2–120 was not active (Fig. 2E). Similar results were obtained with strain
85*ΔphoA (data not shown). The lack of activity of HpaHΔ2–35-PhoAΔ2–120 was presum-
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FIG 2 HpaH localizes to the bacterial periplasm and interacts with peptidoglycan. (A) HpaH shares predicted
structural similarity with the LT Slt70 of E. coli. The structure of HpaH was predicted by PHYRE (http://www.sbg
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in the absence (�) or presence (�) of peptidoglycan (PG). Total cell extracts (TE) as well as proteins of the
supernatant (SN) and the pellet (P) fractions were analyzed by SDS-PAGE and Coomassie blue staining or
immunoblotting using antibodies specific for HpaH. (C) Mutation of the predicted catalytic glutamate residue at
position 58 abolishes HpaH function. Strains 85-10 (wt) and 85-10hpaHoof (hpaHoof) containing the vector pBRM
(EV) or HpaH derivatives as indicated were infiltrated at a density of 5 � 107 CFU ml�1 into leaves of resistant
ECW-10R pepper plants. Leaves were destained in ethanol at 2 dpi. Dashed lines mark the infiltrated areas. For
protein analysis, equal amounts of cell extracts (adjusted according to the cell density) were analyzed by
immunoblotting using a c-Myc epitope-specific antibody. (D) Fractionation studies with HpaH. Strain 85*hpaHoof
containing HpaH– c-Myc was incubated in secretion medium. Fractions enriched in the cytoplasm (C), the inner
membrane (IM), the periplasm (P), and the outer membrane (OM) were separated by ultracentrifugation and
analyzed by immunoblotting using a c-Myc epitope-specific antibody. Blots were reprobed with antibodies specific
for HrpB1 and HrpB2. (E) HpaH-PhoAΔ2–120 displays phosphatase activity. Strain 85-10ΔphoA without an expression
construct or containing HpaH-PhoAΔ2–120 fusions as indicated was incubated in secretion medium. Phosphatase
activities were determined using pNPP as the substrate. All fusion proteins were stably synthesized, as shown in
Fig. S3 in the supplemental material. Values represent the means of three measurements of one strain. Error bars
represent standard deviations, and asterisks denote statistically significant differences according to the Student t
test (P � 0.001).
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ably not caused by protein misfolding because all fusion proteins were active when
analyzed in E. coli, which was incubated on ice (see Fig. S3 in the supplemental
material). According to a previous publication, the incubation of E. coli cells on ice leads
to a residual folding of cytoplasmic PhoA proteins (40). Immunoblot analysis of bacte-
rial cell extracts revealed that all PhoAΔ2–120 fusion proteins were stably synthesized
(Fig. S3). Taken together, the results of the subfractionation and the PhoA activity
assays suggest that HpaH localizes to the periplasm and that the periplasmic localiza-
tion of HpaH depends on the N-terminal protein region.

HpaH interacts with periplasmic components of the T3S system. To analyze a
possible interaction between HpaH and components of the T3S system, we performed
in vitro glutathione S-transferase (GST) pulldown assays. For this, immobilized GST or
GST fusions of the predicted inner rod proteins HrpB1 and HrpB2, the IM ring protein
HrcD, the pilus protein HrpE, the OM secretin HrcC, the cytoplasmic regions of the IM
proteins HrcU and HrcV, and the cytoplasmic T3S chaperone HpaB were incubated with
an E. coli lysate containing the N-terminally truncated HpaHΔ2–35– c-Myc derivative. All
GST fusion proteins were stably synthesized (see Fig. S4 in the supplemental material).
Immunoblot analysis of the eluted proteins revealed that HpaHΔ2–35– c-Myc coeluted
with GST-HrpB1, GST-HrpB2, GST-HrcD, and GST-HrpE (Fig. 3A). No interaction was
observed with GST, GST-HrcC, GST-HrcU255–357, GST-HrcV324 – 645, and GST-HpaB
(Fig. 3A), suggesting that HpaH does not unspecifically bind to GST or T3S system
components.

To confirm the results of the in vitro GST pulldown assays, we performed in vivo
coimmunoprecipitation experiments. For this, strain 85*hpaHoof without an expression
construct or containing HpaH– c-Myc was grown under T3S-permissive conditions, and
bacterial lysates were incubated in the presence or absence of a c-Myc epitope-specific
antibody which was coupled to protein G-agarose. The predicted inner rod proteins
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All GST fusion proteins were stably synthesized, as shown in Fig. S4 in the supplemental material. It was previously
shown that HrpB1, HrpB2, HrcD, and HrpE do not unspecifically interact with T3S-associated proteins (24, 35). (B)
Coimmunoprecipitation experiments with X. campestris pv. vesicatoria. Strain 85*hpaHoof with or without HpaH–
c-Myc was grown in secretion medium. Bacterial lysates were incubated in the presence (�) or absence (�) of
c-Myc epitope-specific antibodies coupled to protein G-Sepharose. Bacterial total cell extracts (TE) and precipitated
proteins (eluate) were analyzed by immunoblotting using antibodies specific for HrpB1, HrpB2, and HrcC.
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HrpB1 and HrpB2 as well as the OM secretin HrcC were immunoprecipitated in the
presence of HpaH– c-Myc (Fig. 3B). The observed interactions were specific, because
HrpB1, HrpB2, and HrcC were not precipitated in the absence of HpaH– c-Myc or the
c-Myc epitope-specific antibody (Fig. 3B). Given that the interaction between HpaH and
HrcC was not detected by the GST pulldown assay, we assume that HrcC interacts
indirectly with HpaH.

The cleavage product of HpaH is secreted in a T3S-independent manner. Next,
we investigated a possible secretion of HpaH– c-Myc. For this, we incubated strain
85*hpaHoof containing HpaH– c-Myc, HpaHAS(pnat)– c-Myc, or HpaHAS/CTG(pnat)– c-Myc in
T3S-inducing medium. The HpaH– c-Myc-specific cleavage products but not the full-
length proteins were detected in the culture supernatant, suggesting that they were
secreted after cleavage of the signal peptide (Fig. 4A). Secretion of HpaH presumably
depends on the predicted Sec signal, because HpaHΔ2–34– c-Myc and HpaHΔ2–35– c-Myc
were not detected in the culture supernatant (Fig. 4B). To investigate whether HpaH
secretion depends on the T3S system, we performed additional secretion assays with
the T3S-deficient strain 85E*ΔhrcC, which lacks the OM secretin HrcC. The HpaH– c-
Myc-specific cleavage product was present in the culture supernatant of the hrcC
deletion mutant, suggesting that it was secreted independently of the T3S system (Fig.
4C). Similar findings were observed for the cleavage products of HpaHAS– c-Myc and
HpaHAS(pnat)– c-Myc (see Fig. S5 in the supplemental material). Furthermore, the cleav-
age product of HpaH– c-Myc was also secreted by the hrpG wild-type strain 85-
10hpaHoof, which does not constitutively express the T3S genes (Fig. S5). The detection
of proteins in the culture supernatants was not caused by cell lysis, because the IM ring
component HrcJ and the predicted inner rod protein HrpB1 were detected only in the
cell extracts, as expected (Fig. 4 and S5). We therefore conclude that the cleavage
product of HpaH is secreted independently of the T3S system.

Secretion of HpaH is independent of OMVs and the T2S systems. Given the
finding that secretion of HpaH was independent of the T3S system, we investigated a
possible contribution of both type II secretion (T2S) systems to HpaH secretion. T2S
systems are Sec-dependent protein transport systems which often secrete virulence
factors across the outer bacterial membrane (41, 42). We previously reported that the
Xps T2S system contributes to virulence and secretes degradative enzymes (43, 44). For
secretion assays with HpaH– c-Myc, we used the wild-type strain 85-10 and the T2S-
deficient strain 85-10ΔEEE, which lacks three putative ATPase-encoding genes of both
T2S systems (43). When bacteria were incubated under T2S-permissive conditions,
secretion of HpaH– c-Myc was unaffected in strain 85-10ΔEEE (Fig. 5A). We also inves-
tigated a possible contribution of outer membrane vesicles (OMVs) to the secretion of
HpaH. OMVs from X. campestris pv. vesicatoria were previously shown to contain
predicted virulence factors, including T2S substrates, suggesting that periplasmic pro-
teins can be targeted to different transport routes (44). For the analysis of OMV-
mediated protein secretion, strain 85-10hpaHoof containing HpaH– c-Myc was culti-
vated in nutrient-yeast-glycerol (NYG) medium, and bacterial culture supernatants were
incubated in the absence or presence of proteinase K. OMV cargo proteins are pro-
tected from degradation by proteinase K, as is observed for the T2S substrate
XCV4360 – c-Myc (Fig. 5B) (44). However, this was not the case for HpaH– c-Myc,
suggesting that HpaH is secreted independently of OMVs by an alternative transport
pathway.

HpaH promotes the translocation of effector proteins. HpaH was shown to
contribute to the elicitation of plant reactions on susceptible and resistant pepper
plants, suggesting that it promotes effector protein translocation (45) (Fig. 1C). In
agreement with this hypothesis, strain 85-10hpaHoof induced a reduced HR on leaves
of ECW-10R, ECW-20R, ECW-30R, and ECW plants, which trigger defense reactions upon
recognition of the effector proteins AvrBs1, AvrBs2, AvrBs3, and AvrBsT, respectively
(28, 46). To analyze the translocation of additional effector proteins, we performed
translocation assays with the reporter protein AvrBs3Δ2, which is an export-deficient
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N-terminal deletion derivative of the effector protein AvrBs3 and is translocated into
plant cells only as a fusion partner of a functional T3S and translocation signal (45, 47).
Notably, we previously observed that the translocation of XopC1–200-AvrBs3Δ2 was
unaffected in the absence of HpaH when the bacteria were inoculated at a density of
5 � 107 CFU ml�1. It was therefore suggested that the translocation of the effector
protein XopC is HpaH independent (27). However, at lower inoculation densities, HR
induction by XopC1–200-AvrBs3Δ2 was reduced in strain 85-10hpaHoof (Fig. 6B). In
addition to XopC1–200-AvrBs3Δ2, we analyzed translocation of AvrBs3Δ2 fusions con-
taining the N-terminal regions of the effector proteins HpaA and XopL (48, 49). HR
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induction by both proteins was significantly reduced in strain 85-10hpaHoof (Fig. 6C).
Similar findings were observed for the AvrBs3Δ2 fusion of the noneffector proteins
HrpB2 and HrpF (Fig. 6C). As reported previously, translocation of HrpF and HrpB2 is
suppressed by the T3S chaperone HpaB and the T3S4 protein HpaC, respectively,
suggesting that they are translocated as early substrates prior to effector protein
translocation (25, 50). Translocation assays with HrpF1–200- and HrpB21–76-AvrBs3Δ2
fusion proteins were therefore performed in hpaB and hpaC deletion mutants, respec-
tively. The observed influence of HpaH on type III-dependent protein translocation is in
agreement with its predicted contribution to the assembly of the secretion apparatus
in the periplasm. Notably, HpaH does not exert a general influence on protein secretion,
because extracellular activities of proteases, cellulases, and amylases were unaltered in
the absence of HpaH (Fig. 6D).

HpaH does not share functional redundancy with the putative LT HpaJ. The
results of the translocation and infection assays described above and in previous
publications suggest that HpaH contributes to but is not essential for type III-
dependent protein translocation (15, 27) (Fig. 1 and 6). Genome sequence analysis and
expression studies revealed that X. campestris pv. vesicatoria strain 85-10 contains an
additional predicted LT gene, hpaJ (XCV2440), which is coregulated with T3S genes and
might share functional redundancy with hpaH (15, 45, 51). To analyze a potential
influence of HpaJ on bacterial virulence, hpaJ wild-type and deletion mutant strains
were inoculated into leaves of susceptible ECW plants. As expected, the wild-type X.
campestris pv. vesicatoria strain induced disease symptoms in the form of water-soaked
lesions, which became necrotic at 5 to 7 dpi (visible as a brown coloring of the infected
area). Plant reactions were reduced in the absence of HpaH; however, deletion of hpaJ
in strains 85-10 and 85-10hpaHoof did not lead to phenotypic changes or a reduction
in bacterial in planta growth (Fig. 7A; see Fig. S7 in the supplemental material). We also
tested a possible effect of the ectopic expression of hpaJ on the virulence of strain
85-10hpaHoof. Plant reactions were unaltered upon overexpression of hpaJ or hpaJ–
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c-myc under the control of the lac promoter in strain 85-10hpaHoof, suggesting that
enhanced levels of HpaJ cannot compensate for the loss of HpaH (Fig. 7B). We therefore
assume that HpaJ is dispensable for bacterial virulence and does not share functional
redundancy with HpaH.

DISCUSSION

In the present study, we characterized the predicted LT HpaH, which is a known
virulence factor from X. campestris pv. vesicatoria (15, 27). A role in virulence was also
reported for HpaH homologs (also designated Hpa2) from Xanthomonas oryzae pv.
oryzae, X. oryzae pv. oryzicola, and Xanthomonas axonopodis pv. glycines (18, 19, 52).
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10hpaHoof (hpaHoof) without an expression construct or encoding HpaH– c-Myc (HpaH) as indicated
were infiltrated into AvrBs1-responsive ECW-10R (at densities of 108 CFU ml�1), AvrBs2-responsive
ECW-20R (at densities of 5 � 107 CFU ml�1), AvrBs3-responsive ECW-30R (at densities of 2 � 107 CFU
ml�1), and AvrBsT-responsive ECW pepper plants (at densities of 4 � 108 CFU ml�1). avrBs3 and avrBsT
were ectopically expressed from corresponding expression constructs. Dashed lines indicate the infil-
trated areas. Leaves of ECW-10R and ECW-20R plants were destained in ethanol at 1 dpi, and leaves of
ECW-30R plants were destained 2 dpi. HR phenotypes on leaves of ECW plants were photographed at 5
dpi. (B) Translocation of XopC1–200-AvrBs3Δ2 is reduced in the absence of HpaH when bacteria are
infiltrated at low densities. Strains 85-10 (wt) and 85-10hpaHoof (hpaHoof) encoding XopC1–200-AvrBs3Δ2
were infiltrated at densities of 1 � 107 CFU ml�1 into leaves of AvrBs3-responsive ECW-30R pepper
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density) were analyzed by immunoblotting using an AvrBs3-specific antibody. (C) HpaH contributes to
the efficient translocation of HpaA-, XopL-, HrpB2-, and HrpF-AvrBs3Δ2 fusion proteins. X. campestris pv.
vesicatoria strains 85-10 (hpaH wt) and 85-10hpaHoof (hpaHoof) without expression constructs or
encoding AvrBs3Δ2 fusion proteins as indicated were inoculated into leaves of ECW-30R at densities of
4 � 108 CFU ml�1 (HpaA1–72- and HrpB21–76-AvrBs3Δ2) or 1 � 108 CFU ml�1 (XopL1–92-AvrBs3Δ2 and
HrpF1–200-AvrBs3Δ2). Translocation of HrpB21–76-AvrBs3Δ2 was analyzed in strains 85*ΔhpaC (hpaH wt)
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Dashed lines mark the infiltrated areas. All effector proteins were stably synthesized, as shown in Fig. S6
in the supplemental material. (D) Extracellular enzyme activities are unaffected in the absence of HpaH.
Strains 85-10 (wt) and 85-10hpaHoof (hpaHoof) were incubated on NYG agar plates containing CMC, milk
proteins, or starch as indicated. Halos were photographed at 2 dpi.
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HpaH and homologs were predicted to promote the assembly of the T3S system by
cleaving peptidoglycan in the periplasm. In agreement with this hypothesis, Hpa2 from
X. oryzae pv. oryzae lyses bacterial cell walls (52). In the present study, the results of
fractionation studies and the analysis of PhoA fusion proteins suggest that HpaH from
X. campestris pv. vesicatoria is transported to the periplasm and interacts with pepti-
doglycan (Fig. 2). Given that the mutation of the predicted catalytic glutamate residue
at position 58 abolished HpaH function, the predicted LT activity is presumably
required for the contribution of HpaH to pathogenicity (Fig. 2). The predicted LT activity
of HpaH, however, remains to be investigated because we could not yet obtain
sufficient amounts of HpaH for enzyme activity assays.

The annotated HpaH protein contains a putative N-terminal Sec signal and therefore
is likely transported via the Sec system across the IM. The predicted cleavage site is
located after amino acid 34 of HpaH; however, a cleavage product of a similar size was
observed for HpaHAS, which lacks a predicted Sec signal (Fig. 1). It remains to be
investigated whether the cleavage of HpaH is linked to its predicted transport via the
Sec system. Complementation studies showed that the predicted Sec signal of HpaH
contributes to protein function and can be functionally replaced by the signal peptide
of the OM secretin HrcC (Fig. 1). Unexpectedly, however, HpaHΔ2–34, which lacks the
predicted Sec signal, was partially functional whereas deletion of the N-terminal 35
amino acids abolished HpaH function (Fig. 1). Given the predicted function of HpaH as
a periplasmic LT, it is possible that small amounts of HpaHΔ2–34 are still transported into
the periplasm, possibly by a Sec-independent mechanism. In agreement with this
hypothesis, the activity of an HpaHΔ2–34-PhoAΔ2–120 fusion protein was significantly
reduced but not abolished (Fig. 2). Yet, it cannot be excluded that the PhoAΔ2–120

fusion partner or the endogenous hpaH gene of the phoA deletion mutant, which was
used for this assay, interfered with the transport of HpaHΔ2–34 into the periplasm. This
will be addressed in future experiments.

In agreement with the predicted role of HpaH as periplasmic LT, we detected
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and hpaJ mutants. X. campestris pv. vesicatoria strains 85-10 (wt), 85-10hpaHoof (hpaHoof), 85-10ΔhpaJ
(ΔhpaJ), and 85-10ΔhpaHoofΔhpaJ (hpaHoofΔhpaJ) were inoculated into leaves of resistant ECW-10R and
susceptible ECW pepper plants. Disease symptoms were photographed at 8 dpi. For better visualization
of the HR, leaves were destained in ethanol at 2 dpi. Dashed lines mark the infiltrated areas. (B) Ectopic
expression of hpaJ does not restore the wild-type phenotype in hpaH mutants. X. campestris pv.
vesicatoria strains 85-10 (wt) and 85-10hpaHoof (hpaHoof) containing vector pBRM (EV) or expression
constructs encoding HpaH– c-Myc (HpaHMyc), HpaJ, or HpaJ– c-Myc (HpaJMyc) as indicated were inocu-
lated into leaves of resistant ECW-10R and susceptible ECW pepper plants. Disease symptoms were
photographed at 8 dpi. For better visualization of the HR, leaves were bleached in ethanol at 2 dpi.
Dashed lines mark the infiltrated areas.
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interactions between HpaH and periplasmic components of the T3S systems. Thus, the
results of in vitro interaction studies suggest that HpaH interacts with the pilus protein
HrpE, the IM protein HrcD, and the predicted inner rod proteins HrpB1 and HrpB2 (Fig.
3). The association of HpaH with HrpB1 and HrpB2 was confirmed by the results of
coimmunoprecipitation experiments with X. campestris pv. vesicatoria lysates (Fig. 3).
HpaH was also found in a complex with the OM secretin HrcC, which was not identified
as an HpaH interaction partner by GST pulldown assays (Fig. 3). HrcC might, therefore,
indirectly interact with HpaH. An interaction between the periplasmic domain of the
OM secretin HrcC was previously reported for the predicted LT VrpA from Xanthomonas
citri subsp. citri (21). Similarly to HpaH, VrpA localizes to the bacterial periplasm and
contributes to T3S (21).

In X. campestris pv. vesicatoria, the interaction of HpaH with HrcC might occur via
the predicted inner rod structure, which consists of HrpB1 and HrpB2. HrpB1 was
previously reported to associate with HrcC as well as with HrpB2 and the pilus protein
HrpE, suggesting that the predicted inner rod is connected to the pilus of the T3S
system in the periplasm (34, 35). Furthermore, HrpB1 interacts with peptidoglycan and
shares predicted structural similarity with the putative peptidoglycan-binding domain
of the LT Slt70 from E. coli (35). It was therefore proposed that HrpB1 facilitates the
stable anchoring of the T3S system to peptidoglycan. The interaction of HpaH with
HrpB1 is reminiscent of the previous finding that the LT EtgA from EPEC interacts with
the putative inner rod protein EscI (31, 53). The binding of LTs to periplasmic compo-
nents of the T3S system might help to control LT activity and to ensure that the
degradation of peptidoglycan is locally restricted. In agreement with this hypothesis,
the interaction of the putative inner rod protein EscI with the LT EtgA from EPEC leads
to an increase in EtgA activity (31).

The mechanisms that control the transport of HpaH into the periplasm and its associ-
ation with components of the T3S system remain to be investigated. The periplasm is
presumably not the final destination of HpaH, suggesting that its association with pepti-
doglycan and components of the T3S system is only transient. As was reported for other
LTs, HpaH is released into the extracellular milieu, possibly to avoid a periplasmic accumu-
lation of HpaH and thus deleterious effects resulting from enhanced local degradation of
peptidoglycan (17, 18). Secreted putative LTs include HrpH and HopP1 from P. syringae,
which are translocated into the plant cell (17). Furthermore, type III-dependent secretion
was reported for the HpaH homolog Hpa2 from X. oryzae pv. oryzicola, which lacks a
predicted Sec signal (18). Interestingly, efficient secretion of Hpa2 depends on the T3S
chaperone HpaB, which promotes effector protein secretion (18). In contrast to Hpa2, HpaH
from X. campestris pv. vesicatoria is secreted in a T3S-independent manner (Fig. 4). The
transport pathway which mediates secretion of HpaH across the OM remains to be
identified. We did not detect a contribution of T2S systems or OMVs to the secretion of
HpaH (Fig. 5). In future studies, therefore, we will investigate a possible influence of
additional protein secretion systems, including type I and type IV secretion systems, to the
transport of HpaH across the OM. X. campestris pv. vesicatoria contains predicted compo-
nents of type I to type VI secretion systems, including two type IV secretion systems, which
have not yet been studied (51).

In summary, we conclude from our data that the predicted LT HpaH from X.
campestris pv. vesicatoria is transported to the bacterial periplasm, possibly via the Sec
system, and interacts with periplasmic components of the T3S system and peptidogly-
can. The predicted lytic activity of HpaH presumably induces a local degradation of
peptidoglycan, which might facilitate the assembly of the T3S system and thus the
translocation of T3S substrates into plant cells (Fig. 8). In agreement with this hypoth-
esis, HpaH promotes the T3S-dependent translocation of different effector proteins as
well as of the translocon protein HrpF and the predicted inner rod protein HrpB2 (Fig.
6). The subsequent secretion of HpaH into the extracellular milieu presumably helps to
control the local degradation of peptidoglycan and depends on a yet-unknown trans-
port pathway, which will be the subject of future studies.
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MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids that were used in this

study are listed in Table 1. Escherichia coli cells were cultivated at 37°C in lysogeny broth (LB) and X.
campestris pv. vesicatoria strains at 30°C in nutrient-yeast-glycerol (NYG) medium (54) or in minimal
medium A (55) supplemented with sucrose (10 mM) and Casamino Acids (0.3%).

Plant material and plant inoculations. X. campestris pv. vesicatoria strains were inoculated into
leaves of the near-isogenic pepper cultivars Early Cal Wonder (ECW), ECW-10R, ECW-20R, and ECW-30R
at a concentration of 1 � 108 CFU ml�1 in 10 mM MgCl2 if not stated otherwise (28, 56, 57). After
infection, plants were incubated in an incubation chamber for 16 h of light at 28°C and 65% humidity
and 8 h of darkness at 22°C and 65% humidity. The appearance of disease symptoms and the
hypersensitive response (HR) were scored over a period of 1 to 8 dpi. For the better visualization of the
HR, leaves were destained in 70% ethanol. Experiments were repeated at least twice. In planta bacterial
growth curves were determined as described previously (57).

Generation of expression constructs. For the generation of expression constructs, hpaJ, hpaH, and
derivatives thereof were amplified with or without stop codons by PCR from X. campestris pv. vesicatoria
strain 85-10 and cloned into the Golden Gate-compatible expression vector pBRM, which contains a
C-terminal c-Myc epitope-encoding sequence downstream and a lac promoter upstream of the cloning
site (43, 58). Alternatively, PCR amplicons were cloned into vector pBRM-Stop, which was generated by
PCR amplification of pBRM with phosphorylated primers that introduced a stop codon upstream of the
c-Myc epitope-encoding sequence. Ligation of the PCR amplicon resulted in vector pBRM-Stop. To
generate an expression construct encoding HpaHE58A, pBRMhpaH was amplified with primers containing
BsaI sites and the mutation leading to the E58A exchange. The PCR amplicons were digested with BsaI
and ligated, resulting in pBRMhpaHE58A. To express hpaH under the control of the native promoter, hpaH
with 321 bp upstream region was amplified by PCR and cloned into pBRM-P, which is a derivative of
pBRM and lacks the lac promoter. The mutation leading to the exchange of the annotated start codon
to CTG was introduced by primer sequences. To obtain constructs encoding N- or C-terminally His6-
tagged derivatives of HpaH and HpaHΔ2–35, respectively, the His6 epitope-encoding sequence was
introduced by primers. For in vitro transcription/translation, hpaH was amplified by PCR and first inserted
into the SmaI site of vector pUC57ΔBsaI in a restriction-ligation reaction (59). hpaH was subsequently
cloned into the Golden Gate-compatible vector pEGG and then recombined into plasmid pDEST17,
resulting in pDEST17hpaH.

For the generation of an alkaline phosphatase (phoA) expression construct, a fragment spanning
nucleotides 361 to 1690 and including the stop codon of phoA from E. coli (GenBank accession number
M29668) was amplified. The amplicon, which encodes an N-terminal derivative of PhoA lacking the signal
peptide (PhoAΔ2–120) (36), was ligated with hpaH, hpaHΔ2–34, or hpaHΔ2–35 into the BsaI sites of the Golden
Gate-compatible expression vector pBRM in a single restriction/ligation reaction. All plasmids and
constructs are summarized in Table 1, and primer sequences are listed in Table S1 in the supplemental
material.
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristicsa

Reference(s)
or source

Strains
X. campestris pv. vesicatoria

85-10 Pepper race 2; wild type; Rifr 56, 66
85-10ΔEEE Derivative of strain 85-10 deleted in the predicted ATPase-encoding genes xpsE, xcsE,

and XCV4312 of the Xps and Xcs T2S systems
43

85* 85-10 derivative containing the hrpG* mutation 33
85*ΔhpaB Derivative of strain 85* deleted in the T3S chaperone gene hpaB 25
85*ΔhpaC Derivative of strain 85* deleted in the T3S4 gene hpaC 26
85-10hpaHoof 85-10 derivative containing a frameshift mutation at codon 38 in hpaH 15
85*hpaHoof 85* derivative containing a frameshift mutation in hpaH 15
85*ΔhpaBhpaHoof Derivative of strain 85*ΔhpaB containing a frameshift mutation in hpaH This study
85*ΔhpaChpaHoof Derivative of strain 85*ΔhpaC containing a frameshift mutation in hpaH This study
85-10ΔhpaJ 85-10 derivative deleted in codons 2 to 425 of hpaJ This study
85-10hpaHoofΔhpaJ 85-10 derivative containing a frameshift mutation in hpaH and a deletion in hpaJ This study
85-10ΔphoA 85-10 derivative containing a 1,431-bp in-frame deletion in the phoA gene This study
85*ΔphoA 85* derivative containing a 1,431-bp in-frame deletion in the phoA gene This study
85*ΔhrcV 85* derivative deleted in codons 324 to 642 of hrcV 63
85E*ΔhrcC 85* derivative with a mutation in the eps gene cluster and deleted in hrcC 67

E. coli
BL21(DE3) F� ompT hsdSB (rB

� mB
�) gal dcm (DE3) Stratagene

DH5� �pir F� recA hsdR17(rK
� mK

�) �80dlacZΔM15 (�pir) 68
Top10 F� mcrA Δ(mrr-hsdRMS-mcrBC) �80lacZΔM15 ΔlacX74 recA1 araΔ139 Δ(ara-leu)7697

galU galK rpsL endA1 nupG
Invitrogen

Plasmids
pBRM Golden Gate-compatible derivative of pBBR1MCS-5 containing BsaI sites flanked by the

lac promoter and a 3� c-Myc epitope-encoding sequence, respectively; Gmr

43

pBRM-Stop Derivative of pBRM containing a stop codon upstream of the c-Myc epitope-encoding
sequence

This study

pBRM-P Derivative of pBRM lacking the lac promoter upstream of the BsaI recognition site; Gmr 43
pBRMhpaH Derivative of pBRM encoding HpaH–c-Myc This study
pBRMhpaHΔ2–34 Derivative of pBRM encoding HpaHΔ2–34–c-Myc This study
pBRMhpaHΔ2–35 Derivative of pBRM encoding HpaHΔ2–35–c-Myc This study
pBRMhpaHE58A Derivative of pBRM encoding HpaHE58A–c-Myc This study
pBRMhrcC1–33-hpaHΔ2–34 Derivative of pBRM encoding HrcC1–33-HpaHΔ2–34–c-Myc This study
pBRMhpaHAS Derivative of pBRM encoding HpaHAS–c-Myc This study
pBRM-PhpaHAS Derivative of pBRM-P containing hpaH and 321-bp upstream region This study
pBRM-PhpaHAS/CTG Derivative of pBRM-P containing hpaH with 321-bp upstream region and a mutation of

the annotated start codon to CTG
This study

pBRMhpaH-phoAΔ2-120STOP Derivative of pBRM encoding HpaH-PhoAΔ2–120 This study
pBRMhpaHΔ2–34-phoAΔ2-120STOP Derivative of pBRM encoding HpaHΔ2–34-PhoAΔ2–120 This study
pBRMhpaHΔ2–35-phoAΔ2-120STOP Derivative of pBRM encoding HpaHΔ2–35-PhoAΔ2–120 This study
pBRMhpaJ Derivative of pBRM encoding HpaJ–c-Myc This study
pBRMhpaJSTOP Derivative of pBRM encoding HpaJ This study
pBRM4360 Derivative of pBRM encoding XCV4360–c-Myc 44
pDEST17 Gateway-compatible expression vector, contains the T7 promoter and a 6�

His-encoding sequence; Ampr

Invitrogen

pDEST17hpaH Derivative of pDEST17 encoding His6-HpaH This study
pDSK602 Broad-host-range vector; contains triple lacUV5 promoter; Smr 69
pDSK604 Derivative of pDSK602 containing an alternative polylinker 46
pDSF300 Derivative of pDSK602 encoding AvrBs3-FLAG 70
pDSM400 Derivative of pDSK602 encoding AvrBsT–c-Myc 46
pEGG Golden Gate-compatible pENTR/D; Kmr U. Bonas et al.,

unpublished
pEGGhpaH Derivative of pEGG containing hpaH This study
pGEX-2TKM GST expression vector; ptac GST, lacIq, pBR322 ori; Apr; derivative of pGEX-2TK with

polylinker of pDSK604
46, Stratagene

pGhpaB Derivative of pGEX-2TKM encoding GST-HpaB 26
pGhrcC Derivative of pGEX-2TKM encoding GST-HrcC 71
pGhrcD Derivative of pGEX-2TKM encoding GST-HrcD 35
pGhrcU255–357 Derivative of pGEX-2TKM encoding GST-HrcU255–357 24
pGhrcV324–645 Derivative of pGEX-2TKM encoding GST-HrcV324–645 71
pGhrpB1 Derivative of pGEX-2TKM encoding GST-HrpB1 35

(Continued on next page)
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Expression studies with hpaH derivatives. To express hpaH and derivatives thereof in E. coli
BL21(DE3), bacteria were transformed with constructs encoding N- or C-terminally His6-tagged or
C-terminally c-Myc epitope-tagged HpaH derivatives and cultivated in LB medium at 37°C until the
optical density at 600 nm (OD600) had reached a value of 0.4. After addition of isopropyl-�-D-
thiogalactopyranoside at a final concentration of 2 mM, bacteria were incubated for 2 h at 37°C or 30°C
in the presence of 3% (vol/vol) ethanol. Cell extracts were analyzed by SDS-PAGE and immunoblotting
using antibodies specific for the His6 or the c-Myc epitope (data not shown). HpaH was stably synthesized
only when present as a deletion derivative lacking the predicted Sec signal. In contrast, full-length HpaH
derivatives were not detected in E. coli cell extracts and could not be purified in sufficient amounts from
X. campestris pv. vesicatoria (data not shown).

Coupled in vitro transcription and translation. For in vitro transcription and translation of hpaH, we
used construct pDEST17hpaH and the TNT Quick coupled transcription/translation system (Promega
GmbH). Reactions were performed according to the manufacturer’s instructions.

Generation of X. campestris pv. vesicatoria deletion mutants. To generate a 1,272-bp in-frame
deletion of codons 2 to 425 of hpaJ (total length, 1,278 bp), 750-bp fragments downstream of codon 2
and upstream of codon 425 of hpaJ were amplified by PCR and cloned into the Golden Gate-compatible
suicide vector pOGG2. The resulting construct, pOGG2hpaJ, was conjugated into X. campestris pv.
vesicatoria strains 85-10 and 85-10hpaHoof. Double crossovers resulted in strains 85-10ΔhpaJ and
85-10hpaHoofΔhpaJ, respectively, which were selected as described previously (60).

For the generation of a phoA deletion mutant, a 702-bp fragment upstream of nucleotide 303 and
a 651-bp fragment downstream of nucleotide 1734 of phoA (XCV2913; total length, 1,734 bp) were
amplified by PCR and cloned into the Golden Gate-compatible suicide vector pOGG2. The resulting
vector, pOGG2phoA, was conjugated into strains 85-10 and 85*. Double crossovers led to the generation
of strain 85-10ΔphoA, which contains a 1,431-bp in-frame deletion in the phoA gene.

Generation of polyclonal HpaH antibodies. For the generation of HpaH antibodies, rabbits were
immunized with an HpaH-specific peptide (VGAYHSETPGERDK, amino acids 127 to 140) (Biogenes). The
serum after the second booster injection was used for immunoblot analysis.

In vitro secretion assays and immunoblot analyses. In vitro secretion assays were performed as
described previously (32, 43). Equal amounts of bacterial total cell extracts and culture supernatants were
analyzed by SDS-PAGE and immunoblotting. Immunoblot analyses were performed using antibodies
specific for the c-Myc epitope (Roche Applied Science), the predicted periplasmic inner rod proteins
HrpB1 and HrpB2, the translocon protein HrpF, the inner membrane protein HrcJ, the putative LT HpaH
and the effector protein AvrBs3 (61–63). Horseradish peroxidase-labeled anti-rabbit or anti-mouse
antibodies (GE Healthcare) were used as secondary antibodies. For the analysis of protein secretion via
outer membrane vesicles, bacteria were incubated on a rotary shaker overnight at 30°C and supernatants
were incubated with proteinase K as described previously (44). Experiments were performed three times
with similar results.

Analysis of extracellular enzyme activities. For the analysis of extracellular protease, cellulase, and
amylase activities, X. campestris pv. vesicatoria strains were incubated at a density of 109 CFU ml�1 on
NYG plates containing 1% agar and 1% skim milk, 1% carboxymethyl cellulose (CMC), or 1% starch. Plates
were incubated at 30°C for 2 days, and bacteria were removed before documentation of the halos.

Subcellular fractionation studies. Subcellular fractionation studies were performed according to a
previously described protocol (64). For this, X. campestris pv. vesicatoria strains grown overnight in
minimal medium were incubated in secretion medium for several hours until the culture had reached an
OD600 of approximately 0.8. After centrifugation, bacterial cells were resuspended in 10 ml resuspension
buffer (0.2 M Tris-HCl [pH 8.0], 1 M sucrose, 1 mM EDTA, and lysozyme at a final concentration of 1
mg/ml) and incubated for 5 min at room temperature. The suspension was mixed with 40 ml deionized
water and incubated for 30 min on ice, and cells were centrifuged at 200,000 � g for 45 min at 4°C. The
supernatant contained the fraction enriched in the periplasm. The pellet was resuspended in 7.5 ml 10
mM Tris-HCl (pH 7.5), 5 mM EDTA, 0.2 mM dithiothreitol (DTT), and DNase at a final concentration of 1
mg/ml with an Ultra-Turrax. Cells were broken with a French press, and unbroken cells were removed by
centrifugation (1,789 � g for 10 min at 4°C). The supernatant was subsequently centrifuged for 2 to 3 h

TABLE 1 (Continued)

Strain or plasmid Relevant characteristicsa

Reference(s)
or source

pGhrpB2 Derivative of pGEX-2TKM encoding GST-HrpB2 72
pGhrpE Derivative of pGEX-2TKM encoding GST-HrpE 61
pOGG2 Golden Gate-compatible derivative of pOK1; Smr 73
pOGG2hpaJ Derivative of pOGG2 containing the flanking regions of hpaJ This study
pOGG2phoA Derivative of pOGG2 containing the flanking regions of phoA This study
pRK2013 ColE1 replicon, TraRK� Mob�; Kmr 74
pUC57ΔBsaI Derivative of pUC57 with mutated BsaI site 75
pUC57ΔBsaIhpaH Derivative of pUC57ΔBsaI containing hpaH This study
pL6hpaAN356 Derivative of pLAFR6 encoding HpaA1–72-AvrBs3Δ2 48
pL6xopL(1-92)-356 Derivative of pLAFR6 encoding XopL1–92-AvrBs3Δ2 49
pL6xopC356 Derivative of pLAFR6 encoding XopC1–200-AvrBs3Δ2 45

aAp, ampicillin; Km, kanamycin; Rif, rifampin; Sm, spectinomycin; Gm, gentamicin; r, resistant.
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at 300,000 � g at 4°C. The supernatant after the last centrifugation step contained the cytoplasm-
enriched fraction. The pellet corresponds to the membrane-enriched fraction and was resuspended in 9
ml 50 mM Tris-HCl (pH 8.0), 2% (wt/vol) Triton X-100, and 10 mM MgCl2. After centrifugation (85,000 �
g for 30 min at 4°C), the supernatant contained the IM-enriched fraction whereas the pellet corresponded
to the OM-enriched fraction and was washed in 1 ml 50 mM Tris-HCl (pH 8.0), 2% (wt/vol) Triton X-100,
and 10 mM MgCl2. The sample was centrifuged as described above, and the pellet was washed three
times in 500 �l deionized water before it was resuspended in 1 ml Laemmli buffer. Proteins in the
periplasm-, cytoplasm-, and IM-enriched fractions were precipitated using trichloroacetic acid (TCA) and
sodium-deoxycholate (DOC) as described previously (34). Fifteen microliters of each fraction was
analyzed by SDS-PAGE and immunoblotting. The experiment was repeated three times with similar
results.

Peptidoglycan-binding assay. To analyze a putative binding of in vitro-synthesized HpaH to
peptidoglycan, a peptidoglycan-binding assay was performed as described previously (35). Briefly, in
vitro-transcribed and translated HpaH, 150 �g lysozyme (Applichem), and 150 �g bovine serum albumin
(BSA) (Roth) were preincubated in phosphate-buffered saline (PBS) and centrifuged at 21,130 � g for 30
min at 4°C to precipitate insoluble proteins. The supernatants were subsequently incubated with 150 �g
insoluble peptidoglycan from E. coli K-12 (Invivogen) in 1 ml PBS for 1 h at 4°C. After centrifugation at
21,130 � g for 20 min at 4°C, precipitated peptidoglycan was washed three times with 1 ml PBS to
remove unbound proteins. Bound proteins were eluted with 100 �l Laemmli buffer, and boiled samples
were analyzed by SDS-PAGE, Coomassie blue staining, or immunoblotting using antibodies specific for
HpaH. The experiment was performed three times with similar results.

GST pulldown assays. For the analysis of protein-protein interactions, bacterial cells from 50-ml
cultures were resuspended in PBS and broken with a French press. After centrifugation, GST and GST
fusion proteins were immobilized on a glutathione-Sepharose matrix according to the manufacturer’s
instructions. After several washing steps, the matrix was incubated with 600 �l E. coli cell lysate
containing the putative interaction partner for 1 to 2 h at 4°C. The matrix was washed four times with
PBS, and bound proteins were eluted with 10 mM reduced glutathione at room temperature for 2 h. Total
protein lysates and eluted proteins were analyzed by SDS-PAGE and immunoblotting using antibodies
specific for the c-Myc epitope and GST, respectively. Experiments were performed at least three times
with similar results.

Coimmunoprecipitation studies. For coimmunoprecipitation studies, 100-ml bacterial cultures
were grown in secretion medium (minimal medium A [pH 5.3] supplemented with BSA [50 mg/ml] and
thiamine). Cells were harvested by centrifugation, resuspended in 1 ml coimmunoprecipitation buffer (20
mM Tris-HCl [pH 7.5], 150 mM NaCl, 3 mM MgCl2, 1 mM CaCl2, 2.5% glycerol), and broken with a French
press. The cell lysate was incubated with 0.1% Nonidet P-40 for 15 min on ice. Cell debris was removed
by centrifugation, and the supernatant was incubated with 20 �l protein G-agarose beads for 1 h at 4°C.
The mixture was subsequently centrifuged for 90 s at 500 � g, and 450 �l of the supernatant was
incubated with 60 �l protein G-agarose in the presence or absence of 4 ng anti-c-Myc antibody overnight
at 4°C. The protein G-agarose was washed three times with coimmunoprecipitation buffer and resus-
pended in 50 �l Laemmli buffer. Cell lysates and unbound and immunoprecipitated proteins were
analyzed by immunoblotting.

PhoA activity assays. The PhoA activity assays were performed according to a protocol described
previously (65). Briefly, bacteria grown overnight in MA medium were resuspended in secretion medium
at an OD600 of 0.3. After 3 h of incubation at 30°C, the OD600 was measured, and cells of 500 �l of each
culture (in triplicates) were collected by centrifugation and resuspended in resuspension buffer (0.1 M
Tris-HCl [pH 7.8], 5 mM EDTA). The cells were incubated for 15 min at 30°C, permeabilized by addition
of chloroform and SDS as described previously (65), and incubated as described above. Five hundred
microliters of para-nitrophenylphosphate (pNPP) buffer (20 mM pNPP, 1 M Tris-HCl [pH 9.0], 10 mM
MgCl2, 10 mM CaCl2) was added, and the samples were incubated at room temperature until a color
change was observed. The reaction was stopped by addition of 500 �l 2 M NaOH, cell debris was pelleted
by centrifugation, and the optical density of the culture supernatant was measured at 420 nm. PhoA
activity was calculated as OD420 � 1,000/time (min) � OD600 � 18 (mmol�1 � cm�1) � 1 cm as units/liter
(18 mmol�1 � cm�1 is the extinction coefficient of para-nitrophenol). To investigate a potential activity
and thus a correct folding of PhoA fusion proteins in the absence of a periplasmic localization, proteins
were analyzed in lysates of E. coli DH5� �pir cells. For this, cells were resuspended as described above
and incubated for 24 h on ice before the PhoA activity was measured (40). Derivatives of PhoA were
detected by immunoblotting using PhoA-specific antibodies (Thermo Fisher).

SUPPLEMENTAL MATERIAL
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