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Many gram-negative plant and animal pathogenic bacteria employ a type III secretion (T3S) system to inject
effector proteins into the cytosol of eukaryotic host cells. The membrane-spanning T3S apparatus is associated
with an ATPase that presumably provides the energy for the secretion process. Here, we describe the role of the
predicted ATPase HrcN from the plant pathogenic bacterium Xanthomonas campestris pathovar vesicatoria. We
show that HrcN hydrolyzes ATP in vitro and is essential for T3S and bacterial pathogenicity. Stability of HrcN
in X. campestris pv. vesicatoria depends on the conserved HrcL protein, which interacts with HrcN in vitro and
in vivo. Both HrcN and HrcL bind to the inner membrane protein HrcU and specifically localize to the bacterial
membranes under T3S-permissive conditions. Protein-protein interaction studies revealed that HrcN also
interacts with the T3S substrate specificity switch protein HpaC and the global T3S chaperone HpaB, which
promotes secretion of multiple effector proteins. Using an in vitro chaperone release assay, we demonstrate
that HrcN dissociates a complex between HpaB and the effector protein XopF1 in an ATP-dependent manner,
suggesting that HrcN is involved in the release of HpaB-bound effectors. Effector release depends on a
conserved glycine residue in the HrcN phosphate-binding loop, which is crucial for enzymatic activity and
protein function during T3S. There is no experimental evidence that T3S can occur in the absence of the
ATPase, in contrast to recent findings reported for animal pathogenic bacteria.

The majority of gram-negative bacteria employ a type III
secretion (T3S) system to transport proteins across both bac-
terial membranes. The term “T3S system” refers to transloca-
tion-associated and flagellar T3S systems that probably evolved
from a common ancestor (24). Both T3S systems consist of a
structurally conserved membrane-spanning basal body, which
presumably contains two pairs of cylindrical rings in the inner
and outer membrane (21, 74). The flagellar basal body is con-
nected to an extracellular hook and the flagellar filament,
which is the key bacterial motility organelle. In contrast, the
basal body of translocation-associated T3S systems is associ-
ated with an extracellular pilus (plant pathogens) or needle
(animal pathogens), which serves as a conduit for secreted
proteins to the host-pathogen interface (32). Translocation-
associated T3S systems translocate bacterial effector proteins
directly into the eukaryotic host cell cytosol and are major
pathogenicity determinants of most plant and animal patho-
genic bacteria. Translocation of effector proteins is mediated
by the T3S translocon, a predicted transport channel that in-
serts into the host plasma membrane (12, 20, 32). Since T3S
translocon mutants are completely nonpathogenic, effector
protein delivery is presumably crucial for the host-pathogen
interaction.

The signal for T3S and translocation is often located in the
N-terminal regions of secreted proteins and is not conserved
on the amino acid level (32, 33, 41). In addition to the T3S
signal, efficient secretion of some T3S substrates also depends
on cytoplasmic T3S chaperones, which are small, acidic, and

leucine-rich proteins. T3S chaperones bind to effector or trans-
locon proteins and promote stability and/or secretion of their
cognate interaction partners (26, 32, 54). While most known
T3S chaperones are specific for one or several homologous
T3S substrates, a few chaperones with a broad substrate spec-
ificity for effector proteins have been described (54).

Several chaperones from flagellar and translocation-associ-
ated T3S systems of animal pathogenic bacteria were shown to
interact with the cytoplasmic ATPase of the T3S system (1, 31,
62, 71). The ATPase forms a ring structure associated with the
secretion apparatus at the inner bacterial membrane and was
predicted to provide the energy for the secretion process (50,
74, 75). Experimental evidence reported for the T3S-associ-
ated ATPase of the animal pathogenic bacterium Salmonella
enterica suggests that ATP hydrolysis is required to release
effectors from their cognate chaperones. Furthermore, the
ATPase presumably unfolds effector proteins prior to their
secretion. T3S substrates have to be at least partially unfolded
before passage through the secretion channel, which has an
inner diameter of 2 to 3 nm and is thus too narrow for fully
folded proteins (1, 9, 43). Interestingly, however, it has recently
been reported that T3S in flagellar and translocation-associ-
ated T3S systems from animal pathogenic bacteria can also
occur in the absence of a functional ATPase (48, 55). Accord-
ing to a current model, the ATPase promotes the initial dock-
ing of T3S substrates to the secretion apparatus, whereas sub-
sequent progression of proteins through the T3S system
presumably depends on the proton motive force (PMF) (1, 48,
55, 72).

In our laboratory, we study T3S in the plant pathogenic
bacterium Xanthomonas campestris pathovar vesicatoria, which
is the causal agent of bacterial spot disease in pepper and
tomato. The T3S system from X. campestris pv. vesicatoria is
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encoded by the chromosomal hrp (hypersensitive response and
pathogenicity) gene cluster, which consists of 25 genes in eight
operons and is activated in planta or in special minimal media
by the products of two regulatory genes, HrpG and HrpX (10,
16, 65, 67, 70). HrpG is a member of the OmpR family of
two-component system response regulators and controls the
expression of a genome-wide regulon including hrpX (52, 70).
HrpX is an AraC-type transcriptional activator that binds to a
conserved DNA motif (plant-inducible promoter box; consen-
sus, TTCGC-N15-TTCGC) which is present in the promoter
regions of most HrpG-regulated genes (38, 67). The isolation
of a constitutively active version of hrpG, hrpG*, was key for
the analysis of hrp genes under noninducing conditions and
thus for the establishment of an in vitro secretion assay (58,
69). The analysis of bacterial culture supernatants revealed
that the X. campestris pv. vesicatoria T3S system secretes at
least two different sets of proteins, i.e., (i) extracellular com-
ponents of the secretion apparatus such as the pilus protein
HrpE, the putative translocon proteins HrpF and XopA, and
the pilus assembly protein HrpB2, and (ii) 20 to 30 effector
proteins that are translocated into the plant cell cytosol (53, 57,
58, 61, 66). Secretion of different sets of T3S substrates is
presumably controlled by Hpa (Hrp-associated) proteins that
are encoded in the hrp gene cluster and contribute to bacterial
pathogenicity (13, 14, 35). One example is the T3S chaperone
HpaB, which promotes secretion and translocation of multiple
effector proteins, including AvrBs1, AvrBs3, AvrBsT, XopC,
XopJ, and XopF1 (13). HpaB interacts with several effector
proteins (AvrBs1, AvrBs3, and XopF1) that do not share se-
quence homology on the amino acid level, indicating that
HpaB is a general T3S chaperone with a broad substrate spec-
ificity (13, 14).

In addition to HpaB, T3S in X. campestris pv. vesicatoria is
controlled by the cytoplasmic HpaC protein, which interacts
with HpaB. HpaC promotes secretion of translocon and effec-
tor proteins and inhibits secretion of the pilus assembly protein
HrpB2. It was therefore postulated that HpaC acts a substrate
specificity switch protein of the T3S system (14, 42). Since both
HpaB and HpaC bind to the inner membrane protein HrcV,
they presumably act as linker proteins between T3S substrates
and the secretion apparatus (13, 14).

HrcV is one out of 11 proteins encoded by the hrp gene
cluster that are conserved among plant and animal pathogenic
bacteria and presumably constitute the core structural ele-
ments of the secretion apparatus. They were therefore termed
Hrc (Hrp conserved) followed by a letter, which refers to the
nomenclature of Yersinia Ysc (Yersinia secretion) proteins
(34). HrcC, which belongs to the secretin protein family, forms
a multimeric protein channel and is the only known outer
membrane component of the T3S system from X. campestris
pv. vesicatoria (68). Six Hrc proteins (HrcU, HrcV, HrcR,
HrcS, HrcT, and HrcD) insert into the inner membrane,
whereas HrcQ, HrcL, and HrcN are cytoplasmic proteins that
presumably associate with the cytoplasmic site of the secretion
apparatus (7, 57, 68). HrcQ belongs to the YscQ protein fam-
ily, members of which are involved in the formation of the
cytoplasmic ring of the T3S apparatus (73). HrcN and HrcL
are homologous to T3S-associated ATPases and their cognate
negative regulators, respectively (6, 8, 46).

In X. campestris pv. vesicatoria, the contribution of the pre-

dicted ATPase HrcN to T3S has not yet been studied. Like
other T3S-associated ATPases, HrcN is homologous to the �
subunit of F0F1 ATPases and contains the Walker boxes A and
B that are predicted to mediate ATP binding and hydrolysis
(32, 64, 75). In this study, we show that HrcN from X. campes-
tris pv. vesicatoria hydrolyzes ATP in vitro and is essential for
T3S and bacterial pathogenicity. In vitro assays revealed that
HrcN dissociates a complex between the effector protein
XopF1 and the general T3S chaperone HpaB in an ATP-
dependent manner, suggesting that HrcN is involved in the
release of HpaB-bound effectors. Notably, however, HrcN is
also required for T3S of translocon and pilus proteins that do
not depend on HpaB for efficient secretion. Protein studies
revealed that stability of HrcN depends on HrcL, which binds
to HrcN in vitro and in vivo. Both proteins interact with the
conserved inner membrane protein HrcU and specifically co-
localize to the bacterial membranes under secretion-permis-
sive conditions.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. Escherichia coli cells were grown at 37°C
in lysogeny broth (LB) or Super medium (Qiagen, Hilden, Germany). X. campes-
tris pv. vesicatoria strains were cultivated at 30°C in nutrient-yeast-glycerol me-
dium (23) or in minimal medium A (5) supplemented with sucrose (10 mM) and
Casamino Acids (0.3%). Plasmids were introduced into E. coli by electroporation
and into X. campestris pv. vesicatoria by conjugation, using pRK2013 as a helper
plasmid in triparental matings (30). Antibiotics were added to the media at the
following final concentrations if not stated otherwise: ampicillin, 100 �g/ml;
kanamycin, 25 �g/ml; rifampin (rifampicin), 100 �g/ml; spectinomycin, 100 �g/
ml; tetracycline, 10 �g/ml.

Plant material and plant inoculations. The near-isogenic pepper cultivars
Early Cal Wonder (ECW), ECW-10R, and ECW-30R (39) were grown and
inoculated with X. campestris pv. vesicatoria as described previously (10). Briefly,
bacteria were inoculated into the intercellular spaces of leaves using a needleless
syringe at a concentration of 2 � 108 CFU ml�1 in 1 mM MgCl2 if not stated
otherwise. The appearance of disease symptoms and the hypersensitive response
(HR) were scored over a period of 1 to 7 days after inoculation. For better
visualization of the HR, leaves were bleached in 70% ethanol.

Generation of X. campestris pv. vesicatoria mutants. (i) hrcN deletion mutant.
To create a 1,260-bp in-frame deletion of hrcN (deletion of codons 13 to 432), we
amplified the flanking regions of hrcN including the first 36 and the last 33 bp of
the gene by PCR and cloned the PCR products into the ApaI/BamHI sites of the
suicide plasmid pOK1. The resulting construct, pOK�hrcN, was conjugated into
X. campestris pv. vesicatoria strains 85-10, 85*, 85*�hpaC, and 82*. Double
crossovers resulted in hrcN deletion mutants, which were selected as described
previously (35). The sequences of primers used in this study are available upon
request.

(ii) hrcLN double deletion mutant. For the generation of an hrcLN double
deletion mutant, the 1-kb upstream region of hrcL including the first 45 bp of
hrcL and the 1-kb downstream region of hrcN including the last 336 bp of hrcN
were amplified by PCR and cloned into the ApaI/BamHI sites of pOK1. The
resulting construct, pOK�hrcLN, was conjugated into strain 85*. Double cross-
overs resulted in strain 85*�hrcLN.

(iii) hrcUP24T mutant. For the introduction of a point mutation in hrcU, we
amplified fragments corresponding to 1 kb upstream and 1 kb downstream of
codon 24 from hrcU. Both PCR products overlap by 9 bp spanning codons 22 to
24. Mutations of codons 22 (GAA replaced by GAG, a silent mutation that
creates an Eco91I restriction site) and 24 (CCG replaced by ACC, leading to a
replacement of proline by threonine in HrcU) were introduced by primer se-
quences. PCR products were digested with XbaI/Eco91I and Eco91I/SalI and
cloned into the XbaI/SalI sites of plasmid pOK1. The resulting construct,
pOKhrcUP24T, was conjugated into strains 85* and 85*�hrcLN. Double cross-
overs resulted in strains 85*hrcUP24T and 85*hrcUP24T�hrcLN, respectively.

Generation of expression constructs. (i) hrcL and hrcN expression constructs.
For the generation of hrcN and hrcL expression constructs, hrcN and hrcL were
amplified by PCR from X. campestris pv. vesicatoria strain 85-10 and cloned into
the EcoRI/SacI sites of pDSK604, giving pDhrcN and pDhrcL. To generate a
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dicistronic construct expressing hrcL and hrcN, a genomic fragment carrying both
genes was amplified by PCR and cloned into the EcoRI/SacI sites of pDSK604,
giving pDhrcLN.

For the construction of a C-terminally c-Myc epitope-tagged HrcL derivative,
hrcL was amplified by PCR and cloned into the EcoRI/SacI sites of pC3003 in
frame with a triple-c-Myc epitope-encoding sequence. The resulting insert was
ligated into the EcoRI/HindIII sites of plasmid pDSK602, giving pDMhrcL. To
generate an N-terminally Strep epitope-tagged HrcL derivative, hrcL was am-
plified by PCR and cloned into the EcoRI/SacI sites of pDSK604, giving
pDStrephrcL. The Strep epitope-encoding sequence was included in the primer
sequence. For the generation of a glutathione S-transferase (GST)-HrcL fusion
protein, hrcL was amplified by PCR and cloned into the EcoRI/XhoI sites of
pGEX-2TKM, respectively, downstream and in frame with the GST-encoding
sequence.

To generate a Strep-tagged HrcN derivative, hrcN was amplified by PCR and
cloned into the EcoRI/SacI sites of plasmid pDSK604, giving pDStrephrcN. The
Strep epitope-encoding sequence was included in the primer sequence. For the
generation of a Strep-hrcNG175C expression construct, a point mutation leading to
amino acid exchange G175C was introduced by site-directed mutagenesis. For
this, an hrcN fragment comprising codons 170 to 443 was amplified and used to
replace a PstI/SacI fragment of pDStrephrcN, giving pDStrephrcNG175C. This
construct encodes an HrcN derivative in which the P-loop motif
170AAAGVGKS177 is replaced by amino acids 170AAAGVCKS177. To express
hrcNG175C with a C-terminal c-Myc epitope-encoding sequence, the insert of
construct pDStrephrcNG175C was amplified by PCR and introduced into the
EcoRI/SacI sites of plasmid pC3003. The resulting insert was cloned into the
EcoRI/HindIII sites of pDSK602, giving pDMhrcNG175C.

(ii) xopF1 expression construct. To generate an xopF1-c-myc expression con-
struct, xopF1 was amplified by PCR from X. campestris pv. vesicatoria strain

85-10 and cloned into the EcoRI/SacI sites of pC3003 in frame with a triple-c-
Myc epitope-encoding sequence. The resulting insert was ligated into the EcoRI/
HindIII sites of pDSK602, giving pDMxopF1.

Protein secretion studies and immunoblot analysis. In vitro secretion assays
were performed as described previously (15). Briefly, bacteria were incubated in
secretion medium (58) in the presence or absence of the protonophore carbonyl
cyanide m-chlorophenylhydrazone (CCCP) as indicated. CCCP was added to the
secretion medium at final concentrations ranging from 0.1 to 5 �M. Equal
amounts of bacterial total cell extracts and culture supernatants were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting. We used polyclonal antibodies specific for HrpF (15), XopA
(53), HrpE (66), AvrBs3 (37), HrpB2 (57), and HrcN (57) and monoclonal
anti-c-Myc (Roche Applied Science, Mannheim, Germany), anti-GST (Amer-
sham Pharmacia Biotech, Freiburg, Germany), and anti-Strep (IBA GmbH,
Göttingen, Germany) antibodies. Horseradish peroxidase-labeled anti-rabbit,
anti-mouse, and anti-goat antibodies (Amersham Pharmacia Biotech) were used
as secondary antibodies. Antibody reactions were visualized by enhanced chemi-
luminescence (Amersham Pharmacia Biotech).

Protein-protein interaction studies. For Strep pull-down assays, proteins were
synthesized in E. coli BL21(DE3) and bacterial cells from 50-ml cultures were
resuspended in 3 ml buffer W (100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA,
pH 8.0) and broken with a French press. One hundred microliters of lysate
containing Strep epitope-tagged proteins was incubated with 40 �l Strep-Tactin
Sepharose (IBA GmbH) for 30 min at room temperature. Unbound E. coli
proteins were removed by washing twice with buffer W. Immobilized proteins
were incubated for 1 h with 600 �l E. coli lysate containing the putative inter-
action partner. Unbound proteins were removed by washing four times with
buffer W. Bound proteins were eluted with 40 �l elution buffer (buffer W with 2.5
mM desthiobiotin) for 2 h at room temperature. Five microliters of total protein

TABLE 1. Published bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristicsa Reference(s) or source

X. campestris pv. vesicatoria
strains

85-10 Pepper race 2; wild type; Rifr 17, 39
85* 85-10 derivative containing the hrpG* mutation 69
85E*�hrcU hrcU deletion mutant derivative of strain 85E* 66
85*�hpaC hpaC deletion mutant derivative of strain 85* 14
82-8 Pepper race 1; wild type; Rifr 17, 39
82* 82-8 derivative containing the hrpG* mutation 69

E. coli strains
BL21(DE3) F� ompT hsdSB (rB

� mB
�) gal dcm (DE3) Stratagene, Heidelberg, Germany

DH5� F� recA hsdR17(rK
� mK

�) �80dlacZ�M15 Bethesda Research Laboratories,
Bethesda, Md.

DH5� 	pir F� recA hsdR17(rK
� mK

�) �80dlacZ�M15 
	pir� 44

Plasmids
pBluescript(II) KS Phagemid, pUC derivative; Apr Stratagene
pUC119 ColE1 replicon; Apr 63
pC3003 pUC19 containing a triple c-myc tag; Apr Kindly provided by J. Kämper;

unpublished
pRK2013 ColE1 replicon, TraRK� Mob�; Kmr 30
pOK1 Suicide vector; sacB sacQ mobRK2 oriR6K; Smr 35
pGEX-2TKM GST expression vector; ptac GST lacIq pBR322 ori; Apr, derivative of

pGEX-2TK with polylinker of pDSK604
GE Healthcare, Munich,

Germany (25)
pGhpaB pGEX-2TKM expressing GST-HpaB 14
pGhpaC pGEX-2TKM expressing GST-HpaC 14
pDSK602 Broad-host-range vector; contains triple lacUV5 promoter; Smr 25
pDSK604 Derivative of pDSK602 with modified polylinker 25
pDMhpaB pDSK604 derivative encoding HpaB-c-Myc 13
pDMhpaC pDSK604 derivative encoding HpaC-c-Myc 14
pLAFR6 RK2 replicon, Mob� Tra�; multicloning site flanked by transcription

terminators; Tcr
11

pL6xopC356 pLAFR6 derivative encoding XopC1–200-AvrBs3�2 under control of the
native promoter

51

pL6xopJ356 pLAFR6 derivative encoding XopJ1–155-AvrBs3�2 under control of the
native promoter

51

a Ap, ampicillin; Km, kanamycin; Rif, rifampin; Sm, spectinomycin; Tc, tetracycline.
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lysate and 20 �l of eluted proteins were analyzed by SDS-PAGE and immuno-
blotting. The same blot was always incubated with an anti-c-Myc antibody and
with an anti-Strep antibody.

GST pull-down assays were performed as described previously (14). Briefly,
GST and GST fusion proteins were expressed in E. coli BL21(DE3), and bac-
terial cells from 50 ml cultures were broken with a French press. GST and GST
fusions were immobilized on glutathione-Sepharose and incubated with a c-Myc
epitope-tagged derivative of the putative interaction partner. Bound proteins
were eluted with 10 mM reduced glutathione. Five microliters of total protein
lysates and 20 �l of eluted proteins were analyzed by SDS-PAGE and immuno-
blotting.

For coimmunoprecipitation experiments, X. campestris pv. vesicatoria was
grown in minimal medium A supplemented with sucrose and Casamino Acids.
Cells of 50-ml exponentially growing cultures were harvested by centrifugation,
resuspended in 3 ml immunoprecipitation buffer (25 mM Tris-HCl [pH 7.5], 1
mM EDTA, 150 mM NaCl, 10% [vol/vol] glycerol, 5 mM dithiothreitol, 0.15%
[vol/vol] Nonidet P-40), and lysed with a French press. Insoluble cell debris was
removed by centrifugation, and 1 ml of lysate was incubated for 1 h with 2 �l of
anti-c-Myc antibody (Roche Applied Science) at 4°C to capture c-Myc epitope-
tagged proteins. The immunocomplexes were incubated with 25 �l protein G-
agarose beads (Roche Applied Science) overnight at 4°C. The protein G-agarose
matrix was washed four times with 1 ml immunoprecipitation buffer and resus-
pended in 40 �l Laemmli buffer. Five microliters of total cell lysate and 20 �l of
immunoprecipitate were analyzed by SDS-PAGE and immunoblotting. The
same blot was incubated with an anti-c-Myc antibody and an HrcN-specific
antiserum. To avoid detection of the light and heavy chains of the immunopre-
cipitating antibody, we used TrueBlot immunoglobulin G (eBioscience, San
Diego, CA) as a secondary antibody.

ATPase assay. For the analysis of ATPase activity, Strep-HrcN and Strep-
HrcNG175C were synthesized in E. coli BL21(DE3) and purified using Strep-
Tactin Sepharose as described above. Immobilized proteins were eluted by in-
cubation with 40 �l buffer E for 2 h, and ATPase activity was determined using
a malachite green phosphatase assay kit (BioAssay Systems, Hayward, CA). Nine
micrograms of purified Strep-HrcN or StrepHrc-NG175C and 25 �l of 100 mM
ATP dissolved in buffer W were incubated in a total volume of 900 �l at 37°C for
30 min according to the manufacturer’s instructions. To determine the Km value
of HrcN, we used ATP at final concentrations ranging from 0 to 30 mM ATP. For
the measurement of the ATPase activity, 100 �l of reaction mixture was added
to 700 �l buffer W and 200 �l malachite green reagent after 1, 5, 10, 15, 20, 25,
and 30 min and incubated for 10 min at room temperature. Color development
was stopped with 34% citric acid, and the absorbance of triplicate samples was
measured at 650 nm. For the calculation of the amounts of released phosphate,
the absorbance was compared to the absorbance of a phosphate standard curve
according to the manufacturer’s instructions.

Chaperone release assay. For the chaperone release assay, we modified the
protocol described by Akeda and Galan (1). GST-HpaB was expressed in E. coli,
immobilized on glutathione-Sepharose as described previously (14), and incu-
bated for 1 h with an E. coli lysate containing XopF1-c-Myc. The Sepharose
matrix was washed four times with phosphate-buffered saline to remove unbound
proteins and incubated with 1 �g purified Strep-HrcN or StrepHrc-NG175C dis-
solved in buffer W (see above) in the presence of 150 �M ATP or ATP�S for 1 h.
Unbound proteins were removed by centrifugation, and the supernatant was
precipitated with trichloroacetic acid and resuspended in 20 �l Laemmli buffer.
Twenty microliters of bound proteins and 20 �l of precipitated supernatants
were analyzed by SDS-PAGE and immunoblotting. The same blot was always
incubated first with an anti-c-Myc antibody and then with an anti-GST antibody.

RNA analyses. For reverse transcriptase PCR (RT-PCR) analysis, bacteria
were grown in nutrient-yeast-glycerol medium. RNA extraction and cDNA syn-
thesis were performed as described previously (52). hrcN and hrpB2 transcripts
were amplified by PCR using gene-specific primers.

Subcellular localization studies. For subcellular localization of proteins, bac-
teria were grown overnight in minimal medium A supplemented with sucrose
and Casamino Acids. Bacterial cells from 50-ml cultures were resuspended in 3
ml of 100 mM HEPES and lysed with a French press. Cell debris was removed
by centrifugation, and 1 ml of each lysate was centrifuged at 200,000 � g for 90
min at 4°C. Protein levels were adjusted to be similar according to optical density
at 600 nm. The pellet, which corresponds to the membrane fraction, was resus-
pended in 1 ml of 100 mM HEPES. Membrane and soluble fractions were mixed
with Laemmli buffer, and 20 �l total bacterial lysate and membrane and soluble
fractions were analyzed by SDS-PAGE, Coomassie blue staining (data not
shown), or immunoblotting.

RESULTS

The predicted ATPase HrcN is an essential pathogenicity
factor. To investigate the contribution of HrcN to the T3S and
pathogenicity of X. campestris pv. vesicatoria, we generated a
nonpolar mutation in hrcN, which is the fourth gene in the
hrpB operon (27). For this, we deleted codons 13 to 432 of
hrcN in the X. campestris pv. vesicatoria wild-type strain 85-10
(see Materials and Methods). The hrcN deletion mutant strain,
85-10�hrcN, encodes a truncated protein containing only the
first 12 and the last 11 amino acids of HrcN. For phenotypic
studies, strains 85-10 and 85-10�hrcN were inoculated into
leaves of susceptible ECW and resistant ECW-10R pepper
plants. ECW-10R plants carry the resistance gene Bs1 and
recognize the effector AvrBs1, which is delivered by strain
85-10. Translocation of AvrBs1 into Bs1-expressing pepper
plants results in the activation of plant defense responses that
are associated with an HR, a rapid local cell death at the
infection site (25, 36).

As expected, strain 85-10 caused water-soaked lesions in
ECW plants and induced the HR in ECW-10R plants; how-
ever, no macroscopic plant reactions were observed with strain
85-10�hrcN (Fig. 1A). The hrcN mutant phenotype was com-
plemented by an N-terminally Strep epitope-tagged HrcN de-
rivative (construct pDStrephrcN), suggesting that loss of
pathogenicity was specifically due to the deletion of hrcN (Fig.
1A). To investigate whether HrcN protein function depends on
the conserved phosphate-binding (P) loop (also termed
Walker box A; consensus, G/AXXXXGKT/S) (64, 75), the
conserved glycine residue at position 175 of HrcN was replaced
by cysteine (see Materials and Methods). Figure 1A shows that
the corresponding Strep epitope-tagged mutant derivative
HrcNG175C failed to complement the phenotype of the hrcN
deletion mutant. This was not due to protein instability, since
both Strep-HrcN and Strep-HrcNG175C were detectable in
comparable amounts in protein extracts (Fig. 1B, last panel).

HrcN is crucial for T3S and effector protein translocation.
Next, we investigated the contribution of HrcN to T3S in vitro.
For this, we used X. campestris pv. vesicatoria strain 85* and a
corresponding hrcN deletion mutant. Strain 85* is a derivative
of strain 85-10 which expresses hrpG*, a constitutively active
version of the master regulatory gene hrpG. The chromosomal
hrpG* gene allows expression of hrp genes under conditions
that are normally repressive for hrp gene induction and is key
for in vitro T3S (69). However, bacterial growth of hrpG*
strains in planta is like wild-type growth (69). Similarly to strain
85-10�hrcN (see above), strain 85*�hrcN failed to induce plant
reactions in susceptible and resistant pepper plants, suggesting
that hrpG* cannot compensate for the loss of hrcN (data not
shown). For the analysis of in vitro T3S, strains 85* and
85*�hrcN were incubated in secretion medium. Total cell ex-
tracts and culture supernatants were analyzed by immunoblot-
ting, using specific antibodies for the putative translocon pro-
teins HrpF and XopA, the pilus protein HrpE, the pilus
assembly protein HrpB2, and the effector AvrBs3. For the
analysis of AvrBs3 secretion, we used strains 82* and
82*�hrcN; these are hrpG* derivatives of strain 82-8, which
naturally expresses avrBs3. All proteins tested were secreted by
the wild-type strain but were not detectable in the culture
supernatants of hrcN deletion mutants, suggesting that secre-
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tion of these proteins depends on HrcN (Fig. 1B). The secre-
tion deficiency was complemented by Strep-HrcN but not by
the mutant derivative Strep-HrcNG175C (Fig. 1B) (see above).

In addition to in vitro T3S, we analyzed the contribution of
HrcN to translocation of selected effector proteins by use of a

reporter-based in vivo assay, which allows monitoring of the
translocation of proteins that are not easily detectable in cul-
ture supernatants (14). For this, we used the established re-
porter protein AvrBs3�2, which is a derivative of the effector
AvrBs3 and lacks amino acids 2 to 152, which harbor the
secretion and translocation signal. However, AvrBs3�2 still
induces the HR in AvrBs3-responsive ECW-30R pepper plants
when expressed in planta or fused to a functional translocation
signal (51, 60). We analyzed translocation of the effector fu-
sions XopC1–200-AvrBs3�2 and XopJ1–155-AvrBs3�2 by
strains 85-10 and 85-10�hrcN. As expected, both fusion pro-
teins induced the HR in ECW-30R pepper plants when deliv-
ered by strain 85-10 (16, 51) (Fig. 1C). In contrast, no HR
induction was observed with derivatives of strain 85-10�hrcN,
suggesting that translocation of both proteins depends on
HrcN (Fig. 1C). The deficiency in HR induction was comple-
mented by Strep-HrcN but not by Strep-HrcNG175C (Fig. 1C).
In summary, these data indicate that HrcN is essential for T3S
and translocation.

HrcN hydrolyzes ATP in vitro. The homology of HrcN to
ATPases prompted us to investigate whether HrcN hydrolyzes
ATP in vitro. For this, Strep-HrcN and Strep-HrcNG175C were
purified from E. coli to near homogeneity using Strep-Tactin
Sepharose (Fig. 2A) and subjected to a malachite green phos-
phatase assay (see Materials and Methods). This colorimetric
assay allows the quantification of free phosphate, which forms
a green complex with malachite green and molybdate. Figure
2B shows that Strep-HrcN hydrolyzed ATP in a linear time-
dependent manner, releasing approximately 400 pmol phos-
phate per minute per �g protein. This activity is slightly higher
than the activity measured with the flagellar T3S-associated
ATPase FliI (350 pmol phosphate per minute per �g protein)
(46). No ATP hydrolysis was detected for purified Strep-
HrcNG175C (Fig. 2B). Measurements of the enzymatic activity
of HrcN at different substrate concentrations revealed an in-
crease in the ATPase activity in a range of 3 to 20 mM ATP,
with an apparent Km value of 9.4 mM, as determined using an
Eadie-Hofstee plot (Fig. 2C). However, the ATPase activity of
HrcN was inhibited in the presence of more than 20 mM ATP
(Fig. 2C). Similar observations were previously reported for
the ATPase YscN from Yersinia enterocolitica (8).

Since the enzymatic activity of T3S-associated ATPases pre-
sumably depends on the oligomerization state of the protein
(4, 19, 56), we investigated whether the G175C mutation af-
fects the interaction of HrcN with itself. Homo-oligomeriza-
tion was shown for HrcN from X. campestris pv. vesicatoria and
Xanthomonas axonopodis pv. citri by E. coli and yeast two-
hybrid-based interaction studies (2, 7). Here, Strep-HrcN and
Strep-HrcNG175C were synthesized in E. coli, immobilized on
Strep-Tactin Sepharose, and incubated with an E. coli lysate
containing a C-terminally c-Myc epitope-tagged HrcNG175C

derivative. HrcNG175C-c-Myc was detected in the eluates of
Strep-HrcN and Strep-HrcNG175C, suggesting that it interacts
with wild-type HrcN and with itself (Fig. 2D). Taken together,
these data indicate that the conserved glycine residue at posi-
tion 175 is required for catalytic activity but not for self-inter-
action of HrcN. Loss of enzymatic activity of HrcNG175C pre-
sumably explains the failure of this HrcN derivative to
complement the hrcN mutant phenotype (see above, Fig. 1).

Next, we investigated whether the mutant derivative

FIG. 1. The predicted ATPase HrcN is essential for T3S and bac-
terial pathogenicity. (A) HrcN is essential for the interaction of X.
campestris pv. vesicatoria with the plant. X. campestris pv. vesicatoria
strains 85-10 (wild type [wt]) and 85-10�hrcN (�hrcN) carrying the
empty vector (�) or expressing Strep-hrcN (HrcN) and Strep-hrcNG175C
(HrcNG175C) as indicated were inoculated into susceptible ECW and
resistant ECW-10R pepper plants. Disease symptoms were photo-
graphed 7 days after inoculation. For better visualization of the HR in
ECW-10R plants, leaves were bleached in ethanol 3 days after inocu-
lation. Dashed lines indicate the inoculated areas. (B) HrcN is crucial
for efficient in vitro T3S. Strain 85* (wt) and 85*�hrcN (�hrcN) car-
rying the empty vector (�) or synthesizing Strep-HrcN or Strep-
HrcNG175C as indicated were incubated in secretion medium. Total
protein extracts (TE) and culture supernatants (SN) were analyzed by
immunoblotting, using HrpF-, XopA-, HrpE-, HrpB2-, AvrBs3-, and
HrcN-specific antibodies. HrpF, XopA, HrpE, and HrcN were ana-
lyzed in strains 85* and 85*�hrcN. For the analysis of AvrBs3 secre-
tion, we used strains 82* and 82*�hrcN, which naturally deliver
AvrBs3. Note that HrpB2 secretion was analyzed in the hpaC deletion
mutant strains 85*�hpaC and 85*�hrcN�hpaC, since HrpB2 secretion
in hpaC wild-type strains is at the detection limit of the HrpB2-specific
antibody (42). (C) HrcN is essential for translocation of XopJ and
XopC. XopJ1–155-AvrBs3�2 and XopC1–200-AvrBs3�2 were synthe-
sized in strains 85-10 and 85-10�hrcN carrying the empty vector (�) or
the Strep-hrcN or Strep-hrcNG175C expression construct as indicated.
Bacteria were inoculated into AvrBs3-responsive ECW-30R pepper
plants. Three days after inoculation, leaves were bleached in ethanol to
better visualize the HR. Dashed lines indicate the inoculated areas.
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HrcNG175C exerts a dominant-negative effect on the host-
pathogen interaction. Figure 2E shows that ectopic expression
of Strep-HrcNG175C in strain 85* affects in vitro T3S as shown
for the secretion of the putative translocon proteins HrpF and

XopA. Furthermore, in the wild-type strain 85-10, ectopic ex-
pression of Strep-HrcNG175C leads to a significant decrease in
symptom formation in susceptible and resistant pepper plants,
respectively (Fig. 2F). However, the negative effect of Strep-

FIG. 2. HrcN hydrolyzes ATP in vitro. (A) Purification of Strep-HrcN and Strep-HrcNG175C. Strep-HrcN and Strep-HrcNG175C were purified
from E. coli using Strep-Tactin Sepharose. E. coli total cell extracts (TE) and proteins eluted from the matrix (eluate) were analyzed by SDS-PAGE
and stained with Coomassie brilliant blue. (B) ATPase activity of Strep-tagged HrcN. ATP hydrolysis by purified Strep-HrcN and Strep-HrcNG175C
was measured using a malachite green phosphatase assay over a period of 30 min after application of malachite green reagent (see Materials and
Methods). Error bars indicate standard deviations. (C) ATPase activity of HrcN is inhibited by high substrate concentrations. ATP hydrolysis by
purified Strep-HrcN was measured after 10 min as described for panel B at ATP concentrations ranging from 1 to 30 mM. (D) HrcNG175C
self-interacts and interacts with wild-type HrcN. Strep-HrcN and Strep-HrcNG175C were immobilized on a Sepharose matrix and incubated with
an E. coli lysate containing HrcNG175C-c-Myc. As a negative control, HrcNG175C-c-Myc was incubated with the matrix alone. The total extract of
hrcNG175C-c-myc-expressing E. coli (TE) and eluted proteins (eluate) were analyzed by immunoblotting using c-Myc- and Strep-specific antibodies.
(E) Overexpression of Strep-hrcNG175C affects in vitro T3S of HrpF and XopA. Strain 85* carrying the empty vector (�) or synthesizing Strep-HrcN
and Strep-HrcNG175C as indicated was incubated in secretion medium. Total protein extracts (TE) and culture supernatants (SN) were analyzed
by immunoblotting using antibodies directed against HrpF, XopA, and the Strep epitope. (F) Overexpression of Strep-hrcNG175C affects bacterial
pathogenicity. X. campestris pv. vesicatoria strains 85-10 and 85* carrying the empty vector (�) or synthesizing Strep-HrcN or Strep-HrcNG175C
as indicated were inoculated into susceptible ECW and resistant ECW-10R pepper plants. For better visualization of the HR, leaves were bleached
in ethanol 3 days after inoculation. Disease symptoms were photographed 7 days after inoculation. Dashed lines indicate the inoculated areas.
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HrcNG175C on the host-pathogen interaction was less pro-
nounced in strain 85*, suggesting that constitutive expression
of the hrpG regulon partially counteracts the inhibitory effect
of Strep-HrcNG175C in vivo (Fig. 2F). We speculate that a
mixture of wild-type HrcN and HrcNG175C leads to the assem-
bly of nonfunctional ATPase complexes.

HrcN interacts with HpaB and HpaC and dissociates a
complex between HpaB and the effector protein XopF1. The
essential role of HrcN during T3S prompted us to investigate
whether HrcN interacts with the T3S chaperone HpaB (13, 14,
42). For this, Strep-HrcN was immobilized on Strep-Tactin
Sepharose and incubated with a C-terminally c-Myc epitope-
tagged HpaB derivative. HpaB-c-Myc specifically bound to
Strep-HrcN but not to the matrix alone, suggesting that both
proteins interact. A similar result was obtained for the catalyt-
ically inactive Strep-HrcNG175C derivative (Fig. 3A).

It was previously reported that the T3S-associated ATPase
InvC from S. enterica dissociates a chaperone-effector complex
in an ATP-dependent manner (1). To analyze whether HrcN
from X. campestris pv. vesicatoria behaves similarly, we immo-
bilized a complex consisting of a GST-HpaB fusion protein and
the effector protein XopF1-c-Myc on glutathione-Sepharose.
XopF1 was previously shown to interact with HpaB (14). The
GST-HpaB/XopF1-c-Myc complex was incubated with purified
Strep-HrcN in the presence of ATP (see Materials and Meth-
ods) (1), and proteins bound and released from the matrix
were analyzed by immunoblotting using antibodies against
GST and the c-Myc epitope, respectively. As expected, GST-
HpaB was present only in the matrix-bound fraction, whereas

XopF1-c-Myc was also detected in the supernatant, suggesting
that it was released from the chaperone (Fig. 3B). We did not
detect release of XopF1-c-Myc in the presence of the nonhy-
drolyzable ATP derivative ATP�S or the catalytically inactive
Strep-HrcNG175C protein (Fig. 3B). The latter observation was
not due to a lack of protein-protein interaction, since Strep-
HrcNG175C binds to HpaB (Fig. 3A). Taken together, our re-
sults indicate that HrcN releases the effector protein XopF1
from the global T3S chaperone HpaB in an ATP-dependent
manner.

In addition to HpaB, we investigated a possible interaction
between HrcN and the substrate specificity switch protein
HpaC. For this, GST and a GST-HpaC fusion protein were
synthesized in E. coli, immobilized on glutathione-Sepharose,
and incubated with a bacterial lysate containing Strep-HrcN.
Figure 3C shows that Strep-HrcN coelutes with GST-HpaC,
but not with GST alone. Taking our results together, we con-
clude that HrcN binds to both HpaB and HpaC.

HrcN interacts with the conserved HrcL protein. In animal
pathogenic bacteria it was shown that T3S-associated ATPases
interact with members of the YscL/FliH family of cytoplasmic
proteins that presumably negatively regulate the ATPase ac-
tivity (8, 46, 47). Heterodimerization of HrcN and HrcL from
X. campestris pv. vesicatoria was previously observed by bacte-
rial two-hybrid-based interaction studies (7). To confirm the
interaction between HrcL and HrcN, we performed in vitro
pull-down assays. For this, we immobilized Strep-HrcN and
Strep-HrcNG175C on Strep-Tactin Sepharose and incubated
them with an E. coli lysate containing a C-terminally c-Myc

FIG. 3. HrcN dissociates the HpaB-XopF1 effector complex. (A) Interaction studies with HrcN and HpaB. Strep-HrcN and Strep-HrcNG175C
were immobilized on Strep-Tactin Sepharose and incubated with an E. coli lysate containing HpaB-c-Myc. Total cell extracts (TE) and eluted
proteins (eluate) were analyzed by immunoblotting using antibodies directed against the c-Myc and the Strep epitopes. (B) HrcN releases the
HpaB-bound effector protein XopF1. Purified Strep-HrcN or Strep-HrcNG175C was incubated with the GST-HpaB/XopF1-c-Myc complex in the
presence of ATP or the nonhydrolyzable ATP derivative ATP�S as indicated. The total cell lysate of E. coli expressing XopF1-c-Myc (TE), bound
proteins (bound), and proteins in the supernatant (SN) were analyzed by immunoblotting using c-Myc- and GST-specific antibodies. (C) HrcN
interacts with the T3S substrate specificity switch protein HpaC. GST and GST-HpaC were immobilized on glutathione-Sepharose and incubated
with an E. coli lysate containing Strep-HrcN. The total cell lysate containing Strep-HrcN (TE) and eluted proteins (eluate) were analyzed by
immunoblotting using antibodies directed against the Strep epitope and GST, respectively. GST and GST fusion proteins are indicated by asterisks.
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epitope-tagged derivative of HrcL. Figure 4A shows that HrcL-
c-Myc was present in the eluate of Strep-HrcN and Strep-
HrcNG175C but did not elute with the matrix alone, suggesting
that HrcL specifically binds to HrcN. To confirm the interac-
tion between HrcL and HrcN in vivo, we performed coimmu-
noprecipitation studies. Due to the lack of an HrcL-specific
antibody, HrcL was synthesized with a C-terminal c-Myc
epitope in X. campestris pv. vesicatoria strain 85*�hrcL grown
in secretion-permissive medium. Immunoblot analyses re-
vealed that HrcN coimmunoprecipitated with HrcL-c-Myc but
was not detectable in the precipitate in the absence of c-Myc-
specific antibody or HrcL-c-Myc (Fig. 4B). These results indi-
cate that HrcN and HrcL are present in a protein complex in
X. campestris pv. vesicatoria. Unfortunately, we could not in-
vestigate a possible influence of HrcL on the ATPase activity
of HrcN, since Strep-HrcL is only weakly expressed in E. coli
and could not be purified in sufficient amounts for enzyme
activity assays. We encountered similar problems with GST-
tagged HrcL, suggesting that HrcL derivatives are not well
expressed or are unstable in E. coli.

Stability of HrcN depends on HrcL. In the course of our
protein studies we noticed reduced HrcN levels in strain
85*�hrcL (Fig. 5A). This was specifically due to the deletion of
hrcL, since wild-type levels of HrcN were restored by ectopic
expression of a c-Myc epitope-tagged HrcL derivative in strain
85*�hrcL (Fig. 5A). In contrast to the case for HrcN, the
amounts of the pilus assembly protein HrpB2 and the putative
translocon protein HrpF were not affected in strain 85*�hrcL
(Fig. 5A). Since HrpB2 is encoded in the same operon as

FIG. 4. HrcN interacts with the conserved HrcL protein. (A) In
vitro interaction studies with HrcL and HrcN. Strep-HrcN and Strep-
HrcNG175C were immobilized on Sepharose matrix and incubated with
an E. coli lysate containing HrcL-c-Myc. Bacterial total cell extracts
(TE) and proteins eluted from the matrix (eluate) were analyzed by
immunoblotting using c-Myc- and Strep epitope-specific antibodies.
(B) Coimmunoprecipitation experiments with HrcN and HrcL in X.
campestris pv. vesicatoria. Strains 85*�hrcL (�hrcL) and 85*�hrcN
(�hrcN) carrying the empty vector (�) or synthesizing HrcL-c-Myc as
indicated were incubated in the presence or absence of a c-Myc-
specific antibody coupled to protein G-Sepharose as indicated. Bacte-
rial total cell extracts (TE) and proteins bound to the Sepharose matrix
(pull-down) were analyzed by immunoblotting using c-Myc- and HrcN-
specific antibodies.

FIG. 5. HrcL contributes to HrcN stability. (A) HrcN protein amounts are reduced in the absence of HrcL. X. campestris pv. vesicatoria strains
85* (wild type [wt]) and 85*�hrcL (�hrcL) carrying the empty vector (�) or synthesizing HrcL-c-Myc as indicated were grown in minimal medium
A supplemented with sucrose and Casamino Acids. Total protein extracts were analyzed by immunoblotting using HrcN-, HrpB2-, and HrpF-
specific antibodies. (B) Transcription of hrcN is not affected in an hrcL deletion mutant. RNA was isolated from X. campestris pv. vesicatoria strains
85* (wt) and 85*�hrcL (�hrcL). RT-PCR was performed using cDNA and primers specific for hrcN, hrpB2, and the 16S rRNA, which was
amplified as a constitutive control. As a positive control for the PCR, we used genomic DNA of strain 85* (DNA). As negative controls, the
template was replaced by water (�) or the reaction was performed in the absence of RT (no RT). Amplicons were separated on a 2% agarose
gel and stained with ethidium bromide. (C) Protein stability of HrcN is decreased in an hrcL deletion mutant. X. campestris pv. vesicatoria strains
85* (wt) and 85*�hrcL (�hrcL) were grown in minimal medium A supplemented with sucrose and Casamino Acids. Bacterial cultures were
adjusted to an optical density at 600 nm of 0.2 and incubated at 30°C in the absence or presence of spectinomycin (spec) at a final concentration
of 400 �g/ml. Samples were taken over a period of 7 h after addition of spectinomycin. Equal amounts of total protein extracts were analyzed by
immunoblotting using HrcN- and HrpF-specific antibodies, respectively.
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HrcN, it was unlikely that deletion of hrcL affected transcript
stability. Nevertheless, we performed semiquantitative RT-
PCR experiments. Figure 5B shows that hrcN and hrpB2 tran-
script levels were comparable in strains 85* and 85*�hrcL.

To investigate whether HrcL contributes to HrcN protein
stability, we blocked protein synthesis in strains 85* and
85*�hrcL with spectinomycin, which inhibits the elongation
factor G cycle and the peptidyl tRNA translocase reaction
(18). The HrcN levels in strain 85* decreased 3 hours after
addition of spectinomycin, whereas in the hrcL deletion mu-
tant, the HrcN protein level was reduced earlier (Fig. 5C). This
result cannot be explained by a general effect of HrcL on
protein stability, since the amounts of the translocon protein
HrpF were comparable in strains 85* and 85*�hrcL (Fig. 5C).

Taken together, our data suggest that HrcL contributes to
HrcN protein stability in X. campestris pv. vesicatoria.

Overexpression of HrcL affects bacterial pathogenicity. We
previously reported that HrcL is an essential pathogenicity
factor that is required for the efficient secretion of the effector
protein AvrBs3 and the pilus assembly protein HrpB2 (57).
Here, we show that HrcL is also required for secretion of the
putative translocon proteins HrpF and XopA and for translo-
cation of the effector proteins XopJ1–155-AvrBs3�2 and
XopC1–200-AvrBs3�2, suggesting that HrcL has a general im-
pact on type III-dependent protein export (Fig. 6A and B). The
secretion and translocation deficiency of hrcL deletion mutants
was complemented with a C-terminally c-Myc epitope-tagged
HrcL derivative, suggesting that the observed phenotypes were

FIG. 6. The conserved HrcL protein is essential for T3S and effector protein translocation. (A) HrcL is essential for in vitro T3S of HrpF and
XopA. Strains 85* (wild type [wt]) and 85*�hrcL (�hrcL) carrying the empty vector (�) or synthesizing HrcL-c-Myc as indicated were incubated
in secretion medium. Total cell extracts (TE) and culture supernatants (SN) were analyzed by immunoblotting using antibodies directed against
HrpF, XopA, and the c-Myc epitope. (B) HrcL is essential for translocation of XopJ and XopC. XopJ1–155-AvrBs3�2 or XopC1–200-AvrBs3�2 was
synthesized in strains 85-10 (wt) and 85-10�hrcL (�hrcL) carrying the empty vector or synthesizing HrcL-c-Myc as indicated, and bacteria were
inoculated into AvrBs3-responsive ECW-30R pepper plants. Three days after inoculation, leaves were bleached in ethanol. Dashed lines indicate
the inoculated areas. (C) Overproduction of HrcN does not bypass the effect of the hrcL mutation. Strains 85-10 and 85-10�hrcL carrying the
empty vector or expressing Strep-hrcN as indicated were inoculated into resistant ECW-10R pepper plants. Three days after inoculation, leaves
were bleached in ethanol. Dashed lines indicate the inoculated areas. (D) Overexpression of hrcL affects the host-pathogen interaction. X.
campestris pv. vesicatoria strain 85-10 (wt) carrying the empty vector (�) or expressing hrcL-c-myc or both hrcL and hrcN from construct pDhrcLN
as indicated was inoculated into resistant ECW-10R and susceptible ECW pepper plants. Disease symptoms were photographed 7 days after
inoculations. For better visualization of the HR, leaves were bleached in ethanol 3 days after inoculation. Dashed lines indicate the inoculated
areas. (E) Construct pDhrcLN complements the hrcL and hrcN mutant phenotypes. Strains 85-10 (wt), 85-10�hrcL (�hrcL), and 85-10�hrcN
(�hrcN) carrying the empty vector (�) or expressing hrcL-c-myc, hrcN, or both hrcL and hrcN from plasmid pDhrcLN as indicated were inoculated
into resistant ECW-10R pepper plants. Leaves were bleached in ethanol 3 days after inoculation. Dashed lines indicate the inoculated areas.
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specifically due to the deletion of hrcL (Fig. 6A and B). In
contrast, overproduction of Strep epitope-tagged HrcN in
strain 85-10�hrcL did not compensate for the loss of bacterial
pathogenicity and HR induction caused by the hrcL deletion,
indicating that the effect of the hrcL deletion cannot be by-
passed by overproduction of the ATPase (Fig. 6C and data not
shown).

Interestingly, ectopic expression of hrcL-c-myc in strain
85-10 led to a significant reduction in disease symptoms and
the HR in susceptible and resistant pepper plants, respectively
(Fig. 6D). Similar results were obtained with untagged HrcL
(data not shown). In contrast, plant reactions were not reduced
when hrcL was ectopically expressed together with hrcN in
strain 85-10 (Fig. 6D). The corresponding expression construct
pDhrcLN complemented the phenotype of hrcL and hrcN de-
letion mutants, suggesting that both hrcL and hrcN were ex-
pressed (Fig. 6E). We therefore conclude that the dominant-
negative effect of HrcL overexpression on the host-pathogen
interaction can be counteracted by increased levels of HrcN.
As described above for the ectopic expression of hrcNG175C

(Fig. 2F), the negative effect of ectopic hrcL expression was
less pronounced in strain 85*, suggesting that constitutive ex-
pression of the hrpG regulon compensates at least in part for
the negative effect of elevated HrcL levels (data not shown).

HrcN, HrcL, and HpaB colocalize to the bacterial mem-
brane under secretion-inducing conditions. Next, we investi-
gated the subcellular localization of HrcN and HrcL under
secretion-permissive and nonpermissive conditions. For this,
strain 85* was incubated in minimal medium A at pH 5.3
(secretion permissive) and pH 7.0 (secretion nonpermissive).
Membrane fractions and soluble proteins were separated by
ultracentrifugation and analyzed by SDS-PAGE and immuno-
blotting. When bacteria were incubated at pH 7.0, HrcN was
detected in the membrane and the soluble fraction, which
confirms previous localization data (Fig. 7) (57). However, at
pH 5.3 the amounts of soluble HrcN were significantly re-
duced, suggesting a shift to the membranes that is dependent
on the activation of the secretion apparatus (Fig. 7). A similar
shift in HrcN localization was observed in strain 85*�hrcL,
suggesting that HrcL is not required for membrane association
of HrcN (Fig. 7).

To analyze the localization of HrcL, the c-Myc epitope-
tagged derivative of HrcL was synthesized in strains 85* and
85*�hrcN. HrcL-c-Myc was detected in the membrane and the
soluble fraction under nonpermissive secretion conditions (pH
7.0). Under secretion-permissive conditions, however, we ob-
served a shift of HrcL-c-Myc to the membranes in both strains,
similar to the case for HrcN. As a control, the blot was reacted
with an antibody against the outer membrane secretin HrcC
(68). As expected, HrcC was present only in total cell extracts
and the membrane fraction (Fig. 7). Taken together, our data
suggest that HrcN and HrcL colocalize to the bacterial mem-
branes upon activation of the T3S system. Notably, we ob-
tained a similar result for a c-Myc epitope-tagged derivative of
the global T3S chaperone HpaB (Fig. 7). Membrane associa-
tion of HpaB-c-Myc under secretion-permissive conditions was
comparable in wild-type and hrcN deletion mutant strains,
suggesting that the ATPase HrcN is not essential for the dock-
ing of HpaB to the bacterial membranes upon activation of the
T3S system (Fig. 7). We also investigated the localization of

the T3S substrate specificity switch protein HpaC, which inter-
acts with HpaB and HrcN (14) (Fig. 3C). Under nonpermissive
secretion conditions the c-Myc epitope-tagged derivative of
HpaC was detected predominantly in the soluble fraction. Un-
der secretion-permissive conditions, however, comparable
amounts of HpaC-c-Myc were present in both the soluble and
the membrane fractions, suggesting that membrane association
of HpaC is enhanced upon activation of the T3S system
(Fig. 7).

HrcN, HrcL, and HpaB interact with the conserved inner
membrane protein HrcU. The membrane association of HrcN
and HrcL under T3S-permissive conditions (see above)
prompted us to investigate whether both proteins interact with
conserved inner membrane components of the secretion appa-
ratus. We therefore tested a possible interaction of HrcN and
HrcL with HrcU, which belongs to the YscU/FlhB family of
inner membrane proteins. HrcU and homologs contain four
predicted transmembrane domains and a C-terminal cytoplas-
mic region that is proteolytically cleaved and presumably in-
volved in substrate recognition (3, 28, 40, 42, 45, 59). For
interaction studies, we used GST fusion proteins containing
full-length HrcU or amino acids 255 to 357 of HrcU, which
correspond to the C-terminal cytoplasmic domain. GST-HrcU
and GST-HrcU255–357 were immobilized on glutathione
Sepharose and incubated with E. coli lysates containing Strep-
HrcN or HrcL-c-Myc. Figure 8A shows that Strep-HrcN pref-
erentially coelutes with the GST derivative containing the C-
terminal domain of HrcU but not the full-length HrcU protein.
Since GST-HrcU was recently shown to be proteolytically
cleaved, we assume that the protein is correctly folded (42). In
contrast to Strep-HrcN, HrcL-c-Myc was detected only in the
eluate of GST-HrcU and not in that of GST-HrcU255–357. We

FIG. 7. Subcellular localization studies with HrcN and HrcL.
HrcN, HrcL, and HpaB colocalize to the bacterial membranes upon
activation of the T3S system. Strains 85* (wild type [wt]) 85*�hrcL
(�hrcL), 85*�hrcN (�hrcN), and 85E*�hrcU (�hrcU) were grown in
minimal medium A supplemented with sucrose and Casamino Acids
under secretion-permissive (pH 5.3) and nonpermissive (pH 7.0) con-
ditions. Membrane (M) and soluble (S) fractions were separated by
ultracentrifugation. For the analysis of HrcL, HpaB, and HpaC, pro-
teins were synthesized as C-terminally c-Myc epitope-tagged deriva-
tives. Total protein extracts (TE), M, and S were analyzed by immu-
noblotting using antibodies directed against HrcN, HrcC, and the
c-Myc epitope.

VOL. 191, 2009 HrcN AND HrcL FROM XANTHOMONAS 1423



therefore speculate that HrcN and HrcL bind to different sites
in HrcU (Fig. 8B). Notably, however, membrane association of
HrcN and HrcL in an hrcU deletion mutant strain under T3S-
permissive conditions was like that in the wild type, suggesting
that HrcU is not crucial for the docking of the ATPase com-
plex to the bacterial membranes (Fig. 7).

In addition to HrcN and HrcL, we analyzed a possible in-
teraction between the global T3S chaperone HpaB and HrcU.
Similarly to HrcL-c-Myc, a C-terminally c-Myc epitope-tagged
derivative of HpaB coeluted with GST-HrcU but not with the
GST derivative containing the C-terminal domain of HrcU
(Fig. 8C and D). We conclude from our results that a protein
complex containing HrcN, HrcL, and HpaB binds to the con-
served inner membrane protein HrcU.

An hrcL hrcN double deletion mutant is defective in T3S and
pathogenicity. In S. enterica it was recently shown that flagellar
assembly and T3S can occur in the absence of the hrcL and
hrcN homologs fliH and fliI, albeit in reduced amounts, sug-
gesting that the presence of a functional ATPase is not crucial
for secretion (48, 55). To test this hypothesis for X. campestris
pv. vesicatoria, we deleted both hrcL and hrcN from the ge-
nome of X. campestris pv. vesicatoria strain 85* and analyzed
the corresponding double deletion mutant strain 85*�hrcLN
for in vitro T3S and pathogenicity. When bacteria were incu-
bated in secretion medium, the translocon protein HrpF was

not detectable in the culture supernatant of strain 85*�hrcLN
(Fig. 9A). Furthermore, strain 85*�hrcLN did not induce phe-
notypic reactions when inoculated into resistant ECW-10R
and susceptible ECW pepper plants, suggesting that effector
protein translocation is abolished (Fig. 9B). The mutant phe-
notype of strain 85*�hrcLN was complemented by plasmid
pDhrcLN, which expresses both hrcL and hrcN (see above). In
contrast, no complementation was observed upon expression
of hrcL or hrcN alone (Fig. 9A and B).

We also introduced a mutation into codon 24 of hrcU from
strain 85*�hrcLN that leads to an amino acid change from
proline to threonine in HrcU (P24T). The proline residue at
position 24 is conserved in HrcU and the HrcU homolog FlhB
and is located outside of the transmembrane helices of these
proteins. The equivalent mutation in FlhB (P28T) was shown
to substantially improve bacterial motility and secretion in the
S. enterica fliH fliI double deletion mutant (48). In X. campes-
tris pv. vesicatoria strain 85*hrcUP24T�hrcLN, however, the
P24T mutation in HrcU did not change the hrcLN mutant
phenotype; i.e., it did not restore T3S and effector protein
translocation in the absence of a functional ATPase (Fig. 9A
and B). In the hrcL hrcN wild-type strain 85*hrcUP24T, the
P24T mutation in HrcU did not affect HrpF secretion in vitro
or the plant-pathogen interaction (Fig. 9A and B). This sug-
gests that the proline residue at position 24 of HrcU is not

FIG. 8. Interaction studies with HrcN and HrcL. (A) HrcN binds to the C-terminal domain of HrcU. GST, GST-HrcU and GST-HrcU255–357
were immobilized on glutathione-Sepharose and incubated with an E. coli lysate containing Strep-HrcN. Total cell extracts (TE) and eluted
proteins (eluate) were analyzed by immunoblotting using antibodies against the Strep epitope and GST. GST and GST fusion proteins are
indicated by asterisks. (B) HrcL interacts with the conserved HrcU protein. GST, GST-HrcU, and GST-HrcU255–357 were immobilized on
glutathione Sepharose and incubated with an E. coli lysate containing HrcL-c-Myc. TE and eluate were analyzed by immunoblotting using
antibodies against the c-Myc epitope and GST. (C) HpaB interacts with HrcU. GST and GST-HrcU were immobilized on glutathione-Sepharose
and incubated with an E. coli lysate containing HpaB-c-Myc. TE and eluate were analyzed as described for panel B. (D) Interaction studies with
HpaB and HrcU255–357. GST and GST-HrcU255–357 were immobilized on glutathione-Sepharose and incubated with an E. coli lysate containing
HpaB-c-Myc. TE and eluate were analyzed as described for panel B.
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essential for T3S and pathogenicity. Taken together, our ex-
perimental data did not provide evidence that the ATPase
HrcN is dispensable for T3S in X. campestris pv. vesicatoria.

The protonophore CCCP inhibits in vitro T3S and bacterial
growth. Next, we investigated a possible contribution of the
PMF to T3S in X. campestris pv. vesicatoria. It was previously
shown for the animal pathogenic bacteria Y. enterocolitica and
S. enterica that T3S is inhibited by the protonophore CCCP,
suggesting a role of PMF during T3S (48, 55, 72). Here, we

incubated X. campestris pv. vesicatoria strain 85* in secretion
medium in the absence or presence of CCCP at final concen-
trations ranging from 0.1 to 5 �M. Total cell extracts and
culture supernatants were analyzed by immunoblotting using
an antibody directed against the putative translocon protein
HrpF. Notably, intracellular levels of HrpF in strain 85* were
unaffected by addition of CCCP; however, HrpF was not de-
tected in the culture supernatant at a final CCCP concentra-
tion of 1 �M, suggesting an inhibitory effect of CCCP on in
vitro T3S (Fig. 10A). We also analyzed a possible influence of
CCCP on bacterial growth in vitro. For this, strain 85* was
incubated in minimal medium at pH 7.0 (T3S-restrictive con-
ditions) and pH 5.3 (T3S-permissive conditions) in the pres-
ence or absence of 1 �M CCCP, and the optical density of the
cultures was monitored over 8 hours. Figure 10B shows that
bacterial growth in minimal medium at pH 7.0 was reduced in
the presence of CCCP. Furthermore, at pH 5.3 CCCP led to an
arrest of bacterial growth, suggesting that under T3S-permis-

FIG. 9. An hrcL hrcN double deletion mutant is impaired in in vitro
T3S and bacterial pathogenicity. (A) In vitro T3S of the translocon
protein HrpF is abolished in an hrcL hrcN double deletion mutant.
Strains 85* (wild type [wt]), 85*hrcUP24T (hrcUP24T), 85*�hrcLN
(�hrcLN), and 85*hrcUP24T�hrcLN (hrcUP24T�hrcLN) carrying the
empty vector (�) or synthesizing Strep-HrcN, HrcL-c-Myc, or both
HrcL and HrcN from construct pDhrcLN as indicated were incubated
in secretion medium. Total protein extracts (TE) and culture super-
natants (SN) were analyzed by immunoblotting using antibodies di-
rected against HrcN, HrpF, the c-Myc, and the Strep epitope. (B) An
hrcL hrcN double deletion mutant does not elicit phenotypic reactions
in susceptible and resistant pepper plants. Strains 85* (wt) and
85*�hrcLN (�hrcLN) containing the hrcU wild-type (hrcU�) or the
hrcUP24T (hrcUP24T) gene and carrying the empty vector (�) or Strep-
hrcN, hrcL-c-myc, and hrcL hrcN expression constructs, as indicated,
were inoculated into resistant ECW-10R and susceptible ECW pepper
plants. For better visualization of the HR, leaves were bleached in
ethanol 2 days after inoculation. Disease symptoms were photo-
graphed 7 days after inoculation. Dashed lines indicate the inoculated
areas.

FIG. 10. The protonophore CCCP negatively affects in vitro T3S
and bacterial growth of X. campestris pv. vesicatoria. (A) In vitro T3S
of HrpF is inhibited by a final CCCP concentration of 1 �M. X.
campestris pv. vesicatoria strain 85* was incubated in secretion medium
in the absence or presence of CCCP at final concentrations ranging
from 0.5 to 5 �M as indicated. Total cell extracts (TE) and culture
supernatants (SN) were analyzed by immunoblotting using an HrpF-
specific antibody. (B) CCCP affects bacterial growth in minimal me-
dium. X. campestris pv. vesicatoria strain 85* was incubated in minimal
medium at pH 7.0 in the presence or absence of 1 �M CCCP as
indicated, and the optical density of the cultures was measured over 8
hours. (C) CCCP inhibits bacterial multiplication under secretion-
permissive conditions. X. campestris pv. vesicatoria strain 85* was in-
cubated in minimal medium at pH 5.3 as described for panel B, and the
optical density was measured over 8 hours.
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sive conditions, 1 �M CCCP inhibits both in vitro T3S and
bacterial multiplication (Fig. 10C).

DISCUSSION

T3S-associated ATPases have long been predicted to be the
key energizers of the T3S system. So far, the role of the
ATPase during T3S has been intensively studied in animal
pathogenic bacteria. In contrast, little is known about T3S-
associated ATPases from plant pathogenic bacteria. In this
study, we demonstrate that HrcN from the plant pathogenic
bacterium X. campestris pv. vesicatoria is an active ATPase that
is crucial for T3S and bacterial pathogenicity. In vitro and in
vivo protein-protein interaction studies revealed that HrcN
interacts with HrcL, which belongs to the conserved YscL/FliH
protein family. HrcL homologs from animal pathogenic bacte-
ria were shown to bind to the T3S-associated ATPase and to
negatively regulate the enzymatic activity (6, 8, 46). Although
for technical reasons we could not address the latter point, we
noticed that HrcL positively regulates HrcN protein stability.
Interestingly, however, elevated amounts of HrcL interfere
with bacterial pathogenicity and T3S. This negative effect was
counteracted by increased levels of HrcN, suggesting that the
ratio of ATPase and the putative regulator is important. Sim-
ilar observations were previously reported for the flagellar
HrcL and HrcN homologs FliH and FliI from S. enterica (47).

Pull-down assays with HrcN and HrcL from X. campestris pv.
vesicatoria showed that both proteins bind to the inner mem-
brane protein HrcU, suggesting that they exist in a hetero-
oligomeric protein complex that is associated with the T3S
system at the inner membrane. HrcU belongs to the FlhB/
YscU family of inner membrane proteins that are presumably
involved in substrate recognition and interact with T3S sub-
strate specificity switch proteins (3, 7, 22, 29, 42, 45). Experi-
mental evidence reported for animal pathogenic bacteria sug-
gested that binding of T3S substrate specificity switch proteins
induces a conformational change in the C-terminal domain of
FlhB/YscU family members and thus alters the substrate spec-
ificity of the secretion apparatus (22, 49). In agreement with
this model, we have previously shown that the T3S substrate
specificity switch protein HpaC interacts with the C-terminal
domain of HrcU from X. campestris pv. vesicatoria (42). No-
tably, we did not observe an interaction between HpaC and
full-length HrcU, suggesting that binding of HpaC to the C-
terminal domain of HrcU depends on a certain protein con-
formation that is altered in the context of the full-length HrcU
protein (42). Here, we obtained similar results for the ATPase
HrcN, which preferentially binds to the C-terminal domain of
HrcU but not to full-length HrcU. In contrast to HrcN, HrcL
interacts with the full-length HrcU protein but no interaction
was detected between HrcL and the C-terminal domain of
HrcU, suggesting that HrcN and HrcL do not compete for the
same binding site in HrcU. We conclude from our data that a
protein complex containing HrcN and HrcL interacts with
HrcU and that binding of HrcN to HrcU might be favored by
a certain conformation of the HrcU C-terminal domain. No-
tably, the results of fractionation studies suggest that HrcN and
HrcL specifically localize to the bacterial membranes under
secretion-permissive conditions. So far, membrane association
of the ATPase has been reported only for HrcN from the plant

pathogens Pseudomonas syringae and X. campestris pv. vesica-
toria (56, 57). However, it was not yet known that localization
of the ATPase can be altered under secretion-permissive con-
ditions. Based on our observations, it is tempting to speculate
that activation of the T3S system leads to conformational
changes in components of the secretion apparatus at the inner
membrane that promote docking of the ATPase complex.
However, since HrcU is not crucial for membrane localization
of HrcN and HrcL, it is conceivable that multiple components
of the secretion apparatus contribute to the association of
HrcN and HrcL with the bacterial membranes.

The results of our protein-protein interaction studies show
that HrcN binds to the global T3S chaperone HpaB, which
colocalizes with HrcN and HrcL to the bacterial membranes
under secretion-permissive conditions. Similarly to HrcN and
HrcL, HpaB interacts with the inner membrane protein HrcU,
suggesting that it is part of a hetero-oligomeric protein com-
plex that contains HrcN and HrcL and associates with the
secretion apparatus. Using an in vitro chaperone release assay
previously described by Akeda and Galan (1), we could show
that HrcN dissociates a complex between the effector protein
XopF1 and HpaB in an ATP-dependent manner. HrcN-medi-
ated release of XopF1 depends on a conserved glycine residue
in HrcN that is located in the P-loop motif and is crucial for
ATP hydrolysis and T3S. This indicates that the ATPase ac-
tivity and hence presumably the dissociation of HpaB-effector
complexes play a key role in T3S in X. campestris pv. vesicato-
ria. Similar findings were previously reported for the T3S-
associated ATPase InvC from the animal pathogen S. enterica,
suggesting that the T3S ATPase is required for release of
chaperone-bound effector proteins (1). However, the results of
our in vitro secretion assays also indicate that HrcN function
must go beyond the dissociation of HpaB-effector complexes.
We found that HrcN is also crucial for secretion of T3S sub-
strates that do not depend on HpaB for efficient secretion,
such as the pilus protein HrpE, the pilus assembly protein
HrpB2, and the putative translocon proteins HrpF and XopA.
T3S chaperones that promote secretion of these proteins have
not yet been identified in X. campestris pv. vesicatoria. Mutant
studies suggest that secretion of HrpE is independent of all
known T3S control proteins and presumably does not require
the assistance of a helper protein (14; D. Büttner, unpublished
data). In contrast, efficient secretion of the putative translocon
proteins HrpF and XopA depends on the substrate specificity
switch protein HpaC (42). It was previously shown that HpaC
binds to translocon and effector proteins and to the conserved
HrcV and HrcU proteins at the inner membrane, suggesting
that it is involved in targeting proteins to the secretion appa-
ratus (14). Here, we found that HpaC also interacts with HrcN.
The ATPase might therefore provide a docking site for HpaC
and thus promote secretion of HpaC-bound translocon pro-
teins. However, the precise mechanisms underlying HrcN-de-
pendent secretion of extracellular components of the secretion
apparatus such as pilus and translocon proteins are not yet
understood.

The model of the ATPase as the key energizer of the T3S
system was recently challenged by the finding that T3S in S.
enterica can occur, albeit at reduced efficiency, in the absence
of both the ATPase FliI and its regulator FliH. FliI-FliH-
independent protein secretion was substantially improved in
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the presence of point mutations in the conserved inner mem-
brane proteins FlhA and FlhB, suggesting that the ATPase is
dispensable for T3S (48, 55). It has therefore been proposed
that progression of T3S substrates through the secretion ap-
paratus depends on the PMF (48, 55, 72). In agreement with
this hypothesis, in vitro T3S in the animal pathogenic bacteria
S. enterica and Y. enterocolitica is inhibited by final CCCP
concentrations of more than 10 �M (48, 55, 72). Notably, in X.
campestris pv. vesicatoria a CCCP concentration of 1 �M is
sufficient to prevent detectable in vitro secretion of the puta-
tive translocon protein HrpF. However, 1 �M CCCP also in-
hibits bacterial multiplication under secretion-permissive con-
ditions. It therefore cannot be excluded that loss of in vitro T3S
in the presence of CCCP is due to a general inhibitory effect of
the protonophore on the bacterial metabolism.

In vitro T3S assays with a X. campestris pv. vesicatoria hrcN
hrcL double deletion mutant strain revealed that secretion of
HrpF is abolished in the absence of both HrcN and HrcL. This
is in contrast to the case for the fliH fliI mutant of S. enterica
and suggests that the ATPase is crucial for the activity of the
T3S system from X. campestris pv. vesicatoria. The hrcLN mu-
tant phenotype could not be reverted by introduction of a P24T
point mutation in HrcU, although the equivalent mutation in
the HrcU homolog FlhB from S. enterica substantially in-
creased bacterial motility and T3S in the fliH fliI double dele-
tion mutant (48). In future studies, it will therefore be inter-
esting to investigate whether the contribution of different
energy sources such as ATP and the PMF to T3S varies among
plant and animal pathogenic bacteria.
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