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In this paper we describe the molecular characterization
of hrpB, the largest operon in the Xanthomonas campestris
pv. vesicatoria hrp cluster. The hrpB region encompasses 6
kb and encodes eight putative proteins, seven of which
were expressed in Escherichia coli. The HrpB3 protein is
the only one carrying a signal peptide sequence at the N-
terminus and is a putative lipoprotein localized in the
outer membrane of X. campestris pv. vesicatoria. The
HrpB4 and HrpB8 proteins contain one and five putative
transmembrane domains, respectively, and are most likely
associated with the inner membrane. The HrpB3, HrpBS5,
HrpB6, and HrpB8 proteins show sequence similarity to
putative components of different type III protein secretion
pathways in bacteria. Examples include Hrp proteins
from other plant pathogens, YscJ, YscN, YscL, and YscT
of Yersinia spp., and MxiJ, Spad47, and Spa29 of Shigella
flexneri. The transcription start site and the hrpB pro-
moter was identified. The minimal krpB promoter region
of 90 bp contains a novel sequence motif, the PIP-box,
which might play a role in transcription activation of the
hrpB operon and possibly other plant-induced genes of X.
campestris pv. vesicatoria.

Additional keywords: bacterial spot; flagellum; hypersensitive
reaction; Salmonella.

Plant pathogenic bacteria have evolved a number of tools to
overcome the host’s physical barriers and defense responses
against infection by microorganisms. The repertoire includes
toxins, hydrolytic enzymes such as proteases, cellulases,
pectinases (reviewed by Daniels et al. 1988; Collmer and
Bauer 1994) and additional, as yet uncharacterized, virulence
factors. A common feature of most plant pathogenic gram-
negative bacteria are hrp genes which are absent from non-
pathogenic bacteria and which were originally defined for
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The sequence of the hrpB operon, together with the downstream hrpAl
gene, can be retrieved from GenBank, accession #U33548.

Pseudomonas syringae pv. phaseolicola by Lindgren et al.
(1986). Mutations in hrp genes lead to a pleiotropic pheno-
type, i. e., lack of induction of a hypersensitive reaction (HR)
in resistant host and nonhost plants, and lack of disease de-
velopment in susceptible host plants (reviewed by Willis et al.
1991; Bonas 1994).

Our research is focused on the pathogen Xanthomonas
campestris pv. vesicatoria, the causal agent of bacterial spot
disease of pepper and tomato plants. In susceptible plants, the
bacteria colonize the intercellular spaces of the plant tissue
and cause lesions which progress from a water-soaked state to
a necrotic state. Infection of a resistant host plant results in
the induction of a localized HR and cessation of bacterial
multiplication (Minsavage et al. 1990; Brown et al. 1993).
Plant resistance is specified by particular resistance genes in
the host and corresponding avirulence genes in the bacterium
and has mostly been described for the host plant pepper
(Minsavage et al. 1990). The interactions between X, campes-
tris pv. vesicatoria and both susceptible and resistant plants
are controlled by hrp genes, which were identified by com-
plementation of nonpathogenic strains carrying NTG-induced
mutations. Genetic analysis using Tn5 and Tn3-gus insertions
has revealed that the hrp genes map to a 25-kb chromosomal
region and are organized in at least six genetic loci, desig-
nated hrpA to hrpF (Bonas et al. 1991). Using Tn3-gus trans-
poson insertions with B-glucuronidase as a reporter gene, ex-
pression of the hrp loci has been shown to be suppressed in
complex medium but induced in planta and in vitro in “tomato
conditioned medium” (TCM; Schulte and Bonas 1992).

One major goal of the molecular analysis of the hrp cluster
is the elucidation of hrp gene function. A prerequisite for this
is the analysis of its DNA sequence. The first sequence simi-
larities, discovered between the putative HrpAl, HrpB3,
HrpB6, and HrpC2 proteins of X. campestris pv. vesicatoria
and proteins of mammalian bacterial pathogens gave a clue to
what their biochemical function might be (Fenselau et al.
1992). The related proteins are involved in secretion of pro-
teinaceous virulence factors in Yersinia spp. and Shigella
flexneri, and of flagellum structural components in various
bacteria (reviewed in Van Gijsegem et al. 1993).
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Here we report the molecular characterization of the hrpB
operon, which encompasses 6 kb and is flanked by ArpA and
hrpC. The hrpB DNA sequence analysis predicts eight genes,
seven of which could be expressed in E. coli. The promoter
region of ArpB was defined by primer extension analysis and
expression studies, and led to the identification of a novel se-
quence motif, the PIP-box.

RESULTS AND DISCUSSION

DNA sequence analysis of the hrpB operon.

The extent of the hrpB operon of X. campestris pv. vesica-
toria was genetically defined by transposon Tn3-gus inser-
tions #35 and #2, and TnY$ insertions #14 and #77 (Bonas et
al. 1991; Fig. 1). The orientation of ArpB transcription was
deduced from GUS-active insertions within ~rpB and found
to be the same as the downstream hrpA locus but divergent
from the upstream ArpC locus (Schulte and Bonas 1992). The
transcriptional organization of hrpB was confirmed by comple-
menting the Tn3-gus insertion mutant 85-10::ArpB3S using
the 7.3-kb BamHI fragment subcloned from pXV9 into
pLAFR3 (Fig. 1). Plasmid pL373 in which expression of the
genes is under the control of the lacZ promoter (constitutive
in X. campestris pv. vesicatoria), but not pL337, was able to
complement. The orientation-dependent complementation
suggested that the 7.3-kb BamHI fragment does not carry the
hrpB promoter.

The DNA sequence of the 6-kb ArpB operon was deter-
mined. Eight ORFs were identified and found to have a codon

usage typical for Xanthomonas genes. The genes were desig-
nated ArpBI to hrpB8 (Fig. 1). The GTG codon at position
338 which is preceded by a putative ribosome binding site is
most likely used as translation start of HrpB1 according to
codon preference studies and primer extension data (Fig. 2;
see below). The ATG of the second OREF starts 33 nucleotides
after the TGA stop codon of hrpBI, and is also preceded by a
putative ribosome binding site. Translation of this and the
following six ORFs (encoding HrpB3-HrpB8) is probably
coupled, i. e., the ATG codons either overlap with the last
nucleotides or are present right after the stop codon of the
previous ORE

The insertion sites of transposon insertions in the operon
have been sequenced. Tn3-gus insertions #35 and #2 interrupt
translation after codon 99 in the ArpB2 gene and after codon
75 in the hrpB7 gene, respectively. TnS insertions #14 and
#77 are localized within hrpB8 (K. Wengelnik and U. Bonas,
unpublished). No typical transcription termination sequence
is present downstream of the hrpB8 gene which contains the
promoter of the downstream hrpA locus. Transcription of
hrpA starts 63 bp upstream of the hrpB8 stop codon (K.
Wengelnik and U. Bonas, unpublished).

Mapping of the ArpB transcription start site.

RNA dot blot experiments indicated that ArpB expression is
induced 30 to 60 min after transfer of X. campestris pv. vesi-
catoria from NYG medium into TCM, and hrpB RNA is still
detectable at 22 h after transfer (data not shown). To deter-
mine the transcription start of the ArpB operon, oligonucleo-
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Fig. 1. Transcriptional organization of the hrpB region in Xanthomonas campestris pv. vesicatoria. The hrpB operon contains 8 genes, hrpBI-hrpB8, and
is flanked upstream by hrpC and downstream by hrpA. The arrowheads indicate direction of transcription. Only relevant restriction sites are shown: B =
BamHI; E = EcoRl; V = EcoRV, X = Xhol. The triangles indicate the positions of sequenced transposon insertions mentioned in the text (#2, #35: Tn3-
gus; #14, #77: Tn5). The plasmids pL373 and pL337 contain the 7.3-kb BamHI fragment in different orientations with respect to the lacZ promoter in

pLAFR3.

TAACGCGCCGAAGAGCACCGCCGCTGCAGTGACGTCCGGGCTGACCGGAACTTCCCCGTCCTTGCGCGCATCCCGCAGTTTCTTCTCGGTCGGCTTCTCG 100

Pvull

GTTTTTTCTTCCGACATTGCCTTCTCCTTCCGCGATCGCTGCGCCCCCGATTGTGGGCAGCTGTGGTGGAGCGATCCGTTTTCCAGGCGAATGTGTGGAT 200

EcoRI.
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GGCCTGGCGAAGCTGGAATGATTT(TITCCOCAGCGAATTCCGAT TTCCGAAAGGATCCGGCCGGCGTGGCGAGCGTAGCGTTCCCCAC%TGTAC 300
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GGTCCGCATGCCATTAAARACGAGGTGCAGTCTCCGAGAAGACTCAATGTCCCGGGTCGGTCGTGACTGGGC TCATCGAACTGATCACGETCGGACTCACC 400

CATGAAAAGATTCAGGACGCTGCCGCTCTGCTEGCCECACTCCGCGTCCTGCCGCCAGAGCTCAAACCGCTGGACA

4756

Fig. 2. Promoter region of the hrpB operon of Xanthomonas campestris pv. vesicatoria. The DNA sequence shown starts with the first nucleotide of oli-
gonucleotide B3 and ends with the first nucleotide of pKS3 deletion clone pKSA2.1 which extends to the left. The transcription start site (+1) is marked
with a dot at position 295; the putative ribosome binding site (S/D) is indicated. Putative —35/-10 elements and translation start site are underlined. The

boxed sequences refer to the PIP-box. Only relevant restriction sites are shown.
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tides were designed based on the sequence of the 5"-region of
the putative hrpB! ORF (Fig. 2). Figure 3 shows a typical
primer extension experiment. RNAs isolated from X. campes-
tris pv. vesicatoria strain 85-10 after growth in different me-
dia were used for primer extension with oligonucleotide #58.
hrpB-specific extension products were clearly detected after
hrp gene induction in TCM (15 h) or after 3 days of growth in
pepper ECW (susceptible line). Experiments using RNA iso-
lated from bacteria grown in 2MS medium (Fig. 3) orin NYG
medium (not shown) did not result in a complementary DNA.
The transcription start site of ArpB is at position 295 (G; +1)
in Figure 2, which was confirmed using oligonucleotides #59
and PEXB. This result suggests that the GTG codon located
37 nucleotides downstream, at position 332, is the translation
start of HrpB1. The next GTG codon is 30 nucleotides further
downstream but unlikely to be the start site since there is no
ribosome binding site.

The PIP-box-containing irpB promoter.

To identify the regulatory region needed for hrpB expres-
sion, several fragments were subcloned into promoter probe
plasmid pL6GUSB, and their activity was measured after
growth of X. campestris pv. vesicatoria under different con-
ditions using gusA as a reporter gene (Fig. 4). The constructs
pPB3, pPB4, and pPBS5 that were shortened at the 5”-end, all
carried the region up to +180 (with respect to the +1 tran-
scription start) to facilitate subcloning. After transfer of the
plasmids into X. campestris pv. vesicatoria strain 85-10, the
transconjugants were grown for 14 h in NYG or in TCM, or
for 3 days in the susceptible pepper plant ECW, While ex-
pression in all cases was suppressed in complex NYG me-
dium (0.02 units/10'° CFU), induction occurred in TCM or in
pepper (2 to 12 units/10' CFU). These activities are in the
same order of magnitude as obtained previously for tran-
scriptional fusions in Tn3-gus insertion derivatives (Schulte
and Bonas 1992). Fragments containing at least 90 bp up-
stream of the determined transcription start site, as in pPBI,
pPB3 and pPB4, were found to be inducible in TCM and in
the plant, and thus contain the entire hrpB promoter. Removal
of a further 30 bp from the 5”-end completely abolished pro-
moter activity (pPBS, starting from the EcoRI site). These
results explain why the 7.3-kb hrpB BamHI fragment, which
contains 35 bp of upstream sequence, can only complement a
hrpB mutant when expressed under control of the lacZ pro-
moter in pLAFR3 (Figs. 1 and 2). Surprisingly, construct
pPB2 which contains a 294-bp upstream region but ends right
after the transcription start site is only weakly active (0.1 to
0.3 units/10'° CFU).

Inspection of the hrpB promoter sequence revealed only
weak homology to the E. coli canonical sequence elements of
sigma 70 transcription factor regulated promoters. There is no
homology between the hrpB promoter and the consensus for
sigma 54-dependent promoters. Little information is available
on other promoter sequences in Xanthomonas. The consensus
motif described for promoters of Arp genes and hrp-
dependent avr genes in pathovars of Pseudomonas syringae
(Salmeron and Staskawicz 1993; Innes et al. 1993 Xiao and
Hutcheson 1994) is not present in the hrpB promoter of X.
campestris pv. vesicatoria. Instead, a novel sequence motif,
TTCGC-N15-TTCGC, is present 44 bp upstream of the hrpB
transcription start site. This sequence is partially deleted in

the inactive promoter construct pPBS (Fig. 4). We have
named this motif PIP-box (Plant /nducible Promoter). In
summary, a fragment containing 90 bp upstream of the puta-
tive transcription start (pPB4) is sufficient for regulated pro-
moter activity. This construct contains only 21 bp upstream of
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Fig. 3. Mapping of the 4rpB transcription start site by primer extension
analysis. The RNAs were extracted from strain 85-10 after growth in pep-
per ECW (3 d), TCM (15 h), and 2MS medium (15 h), annealed with oli-
gonucleotide #58, and used as templates for reverse transcriptase. The se-
quence is the reverse complement of the coding strand, and was obtained
with plasmid pKS3 as template and oligonucleotide #358 as primer,

HrpCl = !‘ — HrpB1 r—»HrpBZ-BS
P EB E
100 bp 41
NYG TCM ECW
-294 +40
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294 1
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134 -180
DPB3 | S - + +
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PPBS -60 -180 ) i )

Fig. 4. Activity of hrpB promoter fragments in Xanthomonas campestris
pv. vesicatoria strain 85-10. The top part illustrates the ArpB/C inter-
genic region. The positions of translation start sites of the first genes in
the hrpB operon and of the divergent h7pC! are indicated by arrows: the
black box refers to the PIP-box. Relevant restriction sites are indicated:
BamHI (B), EcoRI (E), and Pvull (P). The positions of DNA fragments
subcloned into promoter probe vector pL6GUSB are indicated in the
lower part of the figure. The arrows refer to orientation of transcription.
B-glucuronidase activity was measured in vitro (NYG or TCM medium)
or in pepper line ECW (see Materials and Methods for details). (+) ac-
tivity in the range of 2 to 12 units/10'" CFU; () no detectable activity,
(+/-) weak activity (0.1 to 0.3 units/10'° CFU).
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the PIP-box. The weak activity of construct pPB2 indicates
that sequences downstream of the transcription start might be
needed for optimal promoter activity or for RNA stability.
Similar observations have been made in other bacterial sys-
tems, e. g., with the figF promoter of Caulobacter crescentus.
Marques and Gober (1995) attributed the effect of a down-
stream element to transcriptional activation of flgF rather than
to RNA stability.

Identical PIP-boxes with the same spacing to the transcrip-
tion start site are present also in the promoters of the ArpC,
hrpD, and hrpF loci of X. campestris pv. vesicatoria (U.
Bonas, unpublished), suggesting an important role of this
motif in transcriptional control of Arp genes. Future experi-
ments will show whether the hrp regulatory protein HrpX, the
gene of which was recently isolated from X. campestris pv.
vesicatoria (K. Wengelnik and U. Bonas, unpublished) binds
to the PIP-box sequences thereby activating transcription. In-
terestingly, a PIP-box with the same spacing as in ArpB is also
present in the putative promoter region of the avirulence gene
avrRxv from X. campestris pv. vesicatoria (Whalen et al.
1993). This might indicate that the avrRxv gene is regulated
in a similar way to hrp genes. If this is so, it would be in con-
trast to avrBs3, which was shown to be constitutively ex-
pressed (Knoop et al. 1991), but reminiscent of the situation
in pathovars of P. syringae. In P. syringae, expression of sev-
eral avirulence genes is under control of the regulatory genes
hrpRS (Grimm et al. 1995) and hrpL, which regulate also Arp
expression (Salmeron and Staskawicz 1993; Shen and Keen
1993; Innes et al. 1993; Xiao and Hutcheson 1994; Xiao et al.
1994).

Moreover, we found a similar motif (TTCGG-N15-
TTCGC) upstream of the first gene in firp transcription unit II
of Pseudomonas solanacearum which is homologous to the
hrpB operon of X. campestris pv. vesicatoria. PIP-boxes are
also present upstream of hrp transcription units III and IV
(Van Gijsegem et al. 1995) which are related to the ArpC and
hrpD loci, respectively, of X. campestris pv. vesicatoria (U.
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Fig. 5. Expression of irpB sequences in E. coli. Proteins were separated
on a 15% SDS polyacrylamide gel and stained with Coomassie Blue.
Lanes next to the molecular weight marker contain: lane 1: total extract
of induced E. coli BL21(DE3) (pET-3a). Lanes 2 to 6 show proteins of
solubilized inclusion bodies of E. coli BL21(DE3) expressing hrpBi
(lane 2), ArpB2 (lane 3), hrpB3 (lane 4), hrpB4 + hrpB5 (lane 5), and
hrpB6 (lane 6). Lanes 7 to 12 contain total extracts of E. coli
BL21(DE3) pLysS carrying expression constructs of ArpB6 (lane 7, 8),
hrpB7 (lane 9, 10; 16 kDa), and ArpB8 (lane 11, 12), before (lanes 7, 9,
11} and after induction with IPTG (lanes 8, 10, 12).
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Bonas, unpublished). Since transcription start sites have not
been defined for any of the P. solanacearum hrp genes, the
presence of PIP-boxes in front of genes that are regulated in a
similar way as in X. campestris pv. vesicatoria is only an in-
dication that this motif might also be important in other
pathogenic bacteria.

Expression of hrpB-encoded proteins in E. coli.

To study expression of ArpB genes, DNA fragments carry-
ing the different ORFs were ligated in frame into expression
vector pET-3 which allows IPTG-inducible expression under
the control of the T7 promoter in E. coli. To facilitate con-
struction, some genes were cloned with small 5° deletions
(see Materials and Methods). This, and the fact that all pro-
teins were (ranslationally fused to the first 13 amino acids of
the phage gene /0 protein should be considered for size esti-
mation of the produced proteins which, except for HrpB7,
were exclusively produced in inclusion bodies. As shown in
Figure 5, the sizes of HrpB2, HrpB4, HrpB6, and HrpB7
were in good agreement with the predicted molecular mass of
the proteins. Since the ArpB4 construct also contained the
hrpB5 gene, expression of which is translationally coupled
with HrpB4, two predominant proteins were observed (Fig. 5,
lane 5). HrpB1, HrpB3, and HrpB35 had a lower mobility than
expected. HrpB7 was detected only after transformation of
the expression construct into E. coli carrying pLysS, which
prevents expression of T7 directed genes under noninducing
conditions (Studier et al. 1990). After induction with IPTG a
protein of about 15 kDa was detected, which corresponds
well to the expected size (Fig. 5, compare lanes 9 and 10).
The HrpB8 protein was repeatedly undetectable even in E.
coli carrying pLysS indicating that it might be toxic or poorly
resolved by SDS-PAGE. This could be due to its five pre-
dicted membrane spanning domains. Because HrpB& has
significant sequence similarity to other (predicted) proteins,
and Tn5 insertions in hrpB8§ result in a mutant phenotype
(Fig. 1), we believe that this protein is expressed in X. cam-
pestris pv. vesicatoria. HrpE, the HrpB8 counterpart of P
solanacearum, was visualized only in a coupled in vitro tran-
scription-translation assay (Van Gijsegem et al. 1995).

In summary, seven HrpB proteins of X. campestris pv. vesi-
catoria could be expressed in E. coli, which is an important
basis for further studies. The HrpAl protein of X. campestris
pv. vesicatoria is so far the only Hrp protein that was detected
and localized in a plant pathogenic bacterium (K. Wengelnik
and U. Bonas, unpublished).

Relevant features and sequence similarities
of HrpB proteins.

The main characteristics of the eight predicted HrpB pro-
teins and their sequence similarities are described below and
summarized in Tables 1 and 2, which also gives the corre-
sponding references.

HrpBl.

The HrpB1 protein is predicted to be 151 amino acids long,
with an isoelectric point of 4.6. The protein contains several
short hydrophobic regions which are, however, too short to
span the membrane. The protein sequence is 36% identical
and 63% similar to the 159 aa HrpK protein of P. solana-
cearum.



HrpB2.

The predicted HrpB2 protein (130 aa) is hydrophilic, has a
high isoelectric point (9.4), and shares sequence similarity
only to the HrpJ protein of P. solanacearum. The identity is
31%, and similarity 54%. The C-termini of both proteins are
highly conserved: 14 out of the last 16 amino acids are identi-
cal and the remaining two are similar.

HrpB3.

As described earlier, the N-terminal region of HrpB3 re-
sembles lipoprotein signal peptide sequences that are rec-
ognized by lipoprotein signal peptidase, with a putative
cleavage site between amino acids 18 (alanine) and 19
(cysteine; position +1 of processed protein) (Fenselau et al.
1992). The serine residue in position +2 appears to deter-
mine the localization of the lipoprotein to the outer mem-
brane (Braun and Wu 1994). The biosynthesis of lipopro-
teins involves post-translational modification of the invari-
ant cysteine residue at the cleavage site by attachment of a
diglyceride moiety which is subsequently fatty acylated

(Wu and Tokunaga 1986). The amino acid sequence of the
mature form of HrpB3 contains one hydrophobic domain
near the C-terminus. Searches in the databank revealed that
HrpB3 is most similar to several proteins from plant-
associated bacteria: to Hrpl of P. solanacearum, HrpC of P.
syringae, and to NolT of Rhizobium fredii, which is a sym-
biont of soybean. Mutations in rolT cause a broader host
spectrum of nodulation and a difference in protein secretion
(Meinhardt et al. 1993). In addition, HrpB3 shares similar-
ity to Yscl of Yersinia spp., to PrgK of Salmonella ty-
phimurium, and to MxiJ of Shigella flexneri. These proteins
play a role in secretion of proteinaceous virulence factors.
All HrpB3 homologues are predicted to be lipoproteins. For
YscJ in Yersinia enterocolitica (Michiels et al. 1991) and an
MxiJ-PhoA fusion in Shigella flexneri (Allaoui et al. 1992),
fatty acylation of the protein was demonstrated using [*H]-
palmitate. Attempts to visualize fatty acylated HrpB3 pro-
tein in X. campestris pv. vesicatoria were unsuccessful be-
cause of other labeled proteins in the same molecular
weight range as HrpB3.

Table 1. Main features of predicted HrpB proteins from Xanthomonas campestris pv. vesicatoria

Molecular mass Isoelectric
Protein Length (aa) (kDA) point Characteristics
HrpBl1 151 16.0 4.6 Hydrophilic; no transmembrane domains
HrpB2 130 13.7 9.4 Hydrophilic
HrpB3 (+) 253 272 6.5 2 Hydrophobic domains; lipoprotein signal sequence
HrpB3 235 253 6.0 Processed form of HrpB3 (+); 1 hydrophobic domain
HrpB4 209 224 8.1 Hydrophilic
HrpBS 233 25.2 4.8 1 Small hydrophobic domain
HrpB6 442 47.7 49 Walker boxes A (P-loop), B, C (Mgz"-binding motif)
HrpB7 169 18.8 7.6 Hydrophilic
HrpB8 276 29.0 47 5 Hydrophobic domains

Table 2. Protein sequence similarities between Xanthomonas campestris pv. vesicatoria HrpB proteins and other bacterial proteins; the values give

%similarity/identity calculated using GAP

X. campestris pv. vesicatoria HrpB1 HrpB2 HrpB3 HrpB4 HrpBS5S HrpB6 HrpB7 HrpB8
Pseudomonas solanacearum HrpK?* HrpJ? HrpP? HrpH? HrpF® HrpE? HrpD? HrpC?
63/36% 54/31% 70/59% 57/31% 52/33% 84/69% 42/24% 69/47%
Pseudomonas syringae HrpC? HrpJ4© HrpX¢
60/37% 66/47% 53/24%
Yersinia spp. Yscle LerKc! YscNeé YscTh
56/34% 41/22% 73/57% 56/30%
Shigella flexneri MxiJt Spad7i Spa29*
52/27% 65/45% 53/26%
Salmonella typhimurium Prgk! SpaL™ SpaR™
56/28% 70/47% 54/26%
Flil®
65/48%
InvC®
64/42%
Bacillus subtilis FlaA-ORF4P FliRY
68/50% 52/24%
Escherichia coli B-F1* FliR®
53/28% 50/23%
Caulobacter crescentus FliR*
50/26%
Erwinia carotovora MopE*
50/23%
Rhizobium fredii NolT"
61/41%

References for the different proteins: *Van Gijsegem et al. 1995; "Preston et al. 1995; “Lidell and Hutcheson 1994; “Huang et al. 1995; *Michiels et al.
1991; Rimpildinen et al. 1992; EWoestyn et al. 1994; "Bergman et al. 1994; ‘Allaoui et al. 1992; iVenkatesan et al. 1992; *Sasakawa et al. 1993; 'Pegues
et al. 1995; ™Groisman and Ochman 1993; "Vogler et al. 1991; °Eichelberg et al. 1994; PAlbertini et al. 1991; 9Carpenter et al. 1993; "Saraste et al. 1981;
*Malakooti et al. 1994°'Zhuang and Shapiro 1995; *Mulholland et al. 1993; *Meinhardt et al. 1993.
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HrpB4.

The HrpB4 protein is 209 aa in length. The sequence con-
tains one putative transmembrane domain, from position 165
to 186, but no signal peptide sequence at the N-terminus ac-
cording to the rules from Von Heijne (1986), suggesting that the
protein is localized in the inner membrane. The only sequence
similarity was found to the HrpH protein of P. solanacearum
and extends over the entire lengths of the two proteins.

HrpBS.

The HrpBS5 protein has an overall hydrophilic amino acid se-
quence with two small hydrophobic regions which are too short
to span the membrane. The related HrpF protein of P. solana-
cearum is 70 amino acids longer than HrpBS5; the C-terminal
region of HrpF is remarkable in being highly acidic. Both
HrpB5 and HrpF contain 22% alanine residues. The similarity
of HrpBS5 to the Yersinia LerKe protein (= YscL) is weak but
statistically significant as tested with the GCG program GAP in
comparison to a randomized sequence. A sequence comparison
of these three proteins is shown in Figure 6A.

HrpBo6.

Among the proteins encoded by the hrpB operon, HrpB6 is
the most conserved between species. Searches in the databank
revealed previously that the HrpB6 protein is a putative ATP-
ase (Fenselau et al. 1992). Since then, a number of homo-
logues from plant and animal bacterial pathogens were found
which all contain the Walker boxes A (P-loop) and B, a mag-
nesium binding domain (Walker box C), and an o3-signature
(see Table 2). Interestingly, these putative ATPases share ho-
mology over the entire lengths of their protein sequences and
are part of several different protein secretion systems translo-
cating either factors involved in host or nonhost interactions,
or flagellum structural proteins. Hence, the ATPase probably
energizes the transport system. The ability to hydrolyze ATP
has been recently demonstrated for the InvC protein of S. zy-
phimurium (Eichelberg et al. 1994).

HrpB7.
HrpB7 (169 aa) is hydrophilic, and its sequence shares
weak similarity with the HrpD protein of P. solanacearum.

HrpBS.

The HrpB8 protein (276 aa) contains five putative trans-
membrane domains. The lack of a signal peptide sequence at
the N-terminus suggests that it is localized in the inner mem-
brane. HrpB8 is related to numerous proteins, for example, to
Spa29 and SpaR from Shigella and Salmonella, respectively,
and to FliR proteins which play a role in flagellum assembly
in different bacteria (see Fig. 6B). The HrpB8 counterparts
also contain several putative transmembrane domains. To our
knowledge, the localization of a HrpB8 homologue has in no
case been demonstrated.

In summary, four HrpB proteins (HrpB3, HrpBS5, HrpB6,
HrpB8) are most similar to Hrp proteins in the plant patho-
gens P. solanacearum (Gough et al. 1992; Van Gijsegem et
al. 1995) and P. syringae (Huang et al. 1995; Preston et al.
1995). The HrpB1, HrpB2, HrpB4, and HrpB7 proteins have
only counterparts in P. solanacearum with sequence identi-
ties that are lower than for HrpB3, HrpB6, and HrpB8 and the
corresponding homologues in P. solanacearum (see Table 2).
Whether this points to a specialized function tailored for the
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particular bacterium-plant interaction has to await functional
analysis. Interestingly, the genes in the hrpB operon of X.
campestris pv. vesicatoria and the related genes present in P.
solanacearum are organized colinearly and, except for hrpB5,
are similar in length. Similarity between the two hrp regions
of these taxonomically very different bacteria was already
obvious from results of DNA hybridization experiments
(Arlat et al. 1991) and suggests a common origin of the hrp
genes in X. campestris pv. vesicatoria and P. solanacearum.
The colinearity is, however, interrupted between the loci hrpB
and hrpA, which is the locus downstream of the ArpB8 gene,
in X. campestris pv. vesicatoria (Fig. 1). In P. solanacearum,
this region harbors the ArpB gene, which encodes the tran-
scriptional activator of the hrp regulon (Genin et al. 1992).
An equivalent gene is absent from the hrp cluster of X. cam-
pestris pv. vesicatoria.

To date, no sequence information on ArpB related genes
from other xanthomonads is available. Recent studies on
DNA amplification using specific primer pairs that corre-
spond to sequences in the ArpBS5-B6-B7 region, and Southern
hybridization suggest a high degree of sequence conservation
among numerous pathogenic strains belonging to different
pathovars of X. campestris or other Xanthomonas species (Leite
et al. 1994a, 1994b). It was established that the amplification by
PCR is sufficiently sensitive to differentiate pathogenic xan-
thomonads from nonpathogenic strains which normally lack the
hrp cluster. Based on conservation on the amino acid level, dis-
cussed above, different primer combinations specific for the
hrpB operon can now be designed and used for detection or
phylogenetic analysis of pathogenic xanthomonads.

Among the new sequences reported here, the HrpB5 and
HrpB8 proteins share similarities with type III secretion sys-
tems. This type of secretion system, which is distinct from the
hemolysin (type I) and the sec-dependent (general or type II)
systems was first described for secretion of Yop proteins by
Yersinia spp. (Cornelis et al. 1989; Michiels et al. 1991). The
Yop proteins lack a classical signal peptide sequence, are not
processed, and require the presence of numerous Ysc and Ler
proteins for their polarized transport across both bacterial
membranes (for a recent review see Forsberg et al. 1994). The
finding of significant sequence conservation between bacte-
rial Hrp proteins of plant pathogens and the putative compo-
nents of transport systems for virulence factors of mammalian
bacterial pathogens led to the hypothesis that hrp genes in
plant pathogens encode a specialized protein secretion appa-
ratus through which virulence proteins and elicitors of the
plant defense response are secreted during infection (Fenselau
et al. 1992; Gough et al. 1992). hrp-dependent secretion of
HR-inducing proteins (harpins and PopAl) has indeed re-
cently been shown for Erwinia amylovora (Wei and Beer
1993), P. syringae pv. syringae (He et al. 1993), and P. sola-
nacearum (Arlat et al. 1994). For X. campestris pv. vesicato-
ria, the nature of secreted elicitors and virulence proteins is
still enigmatic. Ultrastructural analysis of hrp mutants re-
cently revealed that mutations in any of the six loci lead to
localized deposition of papillae in the cell wall of pepper
mesophyll cells which is suppressed in the interaction ‘of the
plant with a wild-type strain (Brown et al. 1995). The chemi-
cal nature of the suppressor(s) of the plant reaction is a matter
of speculation, but it is conceivable that it could very well be
a protein secreted in a hrp-dependent manner.



MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions.

The bacterial strains and plasmids used are described in
Table 3. Plasmids were introduced into Escherichia coli by
electroporation and into Xanthomonas by conjugation, using
pRK2013 as a helper plasmid in triparental matings (Ditta et
al. 1980; Figurski and Helinski 1979). E. coli cells were cul-
tivated at 37°C in Luria-Bertani (LB) medium and Xantho-
monas strains at 28°C in NYG broth (Daniels et al. 1984) or
on NYG 1.5% agar. For in vitro studies of hrp gene expres-
sion bacteria were incubated in 2 MS (Murashige and Skoog
medium containing 2% sucrose) or in tomato conditioned
medium (TCM) as described previously (Schulte and Bonas
1992). Antibiotics were added to the media at the following
final concentrations: ampicillin, 100 pg/ml; kanamycin, 50
pg/ml; tetracycline, 10 pg/ml; rifampicin, 100 pg/ml.

Plant material and plant inoculations.
Inoculation of the near-isogenic pepper lines ECW and
ECW-10R, and reisolation of bacteria from plant tissue 3 days
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after inoculation were performed as described (Bonas et al.
1991).

Sequence analysis.

For sequence analysis fragments of pXV9 were subcloned
into pBluescript KS generating pKE4.2, pKE10B, pKS3, and
pKS4. A series of nested deletions of these plasmids were
generated using DNasel as previously described (Bonas et al.
1989). The DNA sequence of both strands of overlapping
deletion subclones was determined by using commercial
(Stratagene) or custom primers, and the T7 DNA polymerase
sequencing kit containing deaza-dGTP (Pharmacia; Uppsala,
Sweden). Tn3-gus insertion sites and promoter-gusA fusions
were sequenced using an oligonucleotide complementary to
the 5%-region of the [B-glucuronidase gene (5° GATTTCA-
CGGGTTGGGG 37). Sequence data were analyzed using the
University of Wisconsin GCG package (Version 8.0; De-
vereux et al. 1984), PRODOM (Sonnhammer and Kahn 1994)
and TBLAST (Altschul et al. 1990). GAP was used for se-
quence alignments applying the following parameters: gap
weight of 3.0 and length weight of 0.1. Randomization of 10
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Fig. 6. Amino acid sequence alignments of HrpB5 and HrpB8 and their corresponding related proteins described in this paper. A, HpB5 of Xantho-

monas campestris pv. vesicatoria; HrpF of P. solanacearum (Van Gijsegem et al. 1995); and LerKe of ¥ pseudotuberculosis (Rimpildinen et al. 1992). B
HrpB8 of X. campestris pv. vesicatoria; HrpC of P. solanacearum (Van Gijsegem et al. 1995); HrpX of P solanacearum pv. syringae (Huang et al

1995); YscT of Y. pseudotuberculosis (Bergman et al. 1994); Spa29 of S. flexneri (Sasakawa et al. 1993), SpaR of S. fyphimurium (Groisman and Och-
man 1993), and FliR of B. subrilis (Carpenter et al. 1993). The alignments were performed using PrettyPlot and Pileup.
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sequences determined the average quality of alignments. The
sequence of the ArpB operon, together with the downstream
hrpAl gene, can be retrieved from GenBank, accession
#U33548.

Primer extension.

Isolation of bacterial RNA (Aiba et al. 1981) and primer ex-
tension analysis (Ausubel et al. 1992) were performed essen-
tially as described. The following oligonucleotides were used:

#58: (5"-CACTCACGACCGACCCGGGACATTGAGTC-3%;

#59: (5'-CAGCTCTGGCCGCAGGACGCGGACTGCG-3Y;

and PEXB (5-TGAATCTTTTCATGGGTGAGTCCG-
ACCGTG-3").

Fifty micrograms of bacterial RNA and a [**P]-labeled oli-
gonucleotide were annealed overnight at 37°C. Primer exten-
sion was performed with 200 units of Superscript II reverse
transcriptase (Gibco-BRL) at 42°C for 60 min and the resulting
extension products were analyzed on 6% denaturing polyacry-
lamide gels.

Construction of promoter subclones.

Standard molecular bioclogical techniques were used
(Sambrook et al. 1989). DNA fragments generated using PCR
were subcloned into the HindlII-SaclI sites of pL6GUSB. The
sequences of the oligonucleotides which contained a HindIII
or Sacl site (italics) at their 5”-end, were as follows:

B1l: 5'-TCGATAAGCTTGGCGAAGCTGGAATGATTTG-3",

B3: 5“TCGATAAGCTTAACGCGCCGAAGAGCACCGCC-3,

B4: 5-GCGGTGGAGCTCGTGGGGAACGCTACGCTCGC-3",

B5: 5-GCGGTGGAGCTCACACTGCACCTCGTTTTTAATG-3".

For most constructs, pKSA2.1, a deletion clone of plasmid
pKS3 was used; the first 476 bp of its insert sequence is de-
picted as reverse complement in Figure 2. Plasmid pPBI
contains a fragment amplified by PCR using oligonucleotides
B3 and B5 which corresponds to positions 1 to 337 in the se-

Table 3. Bacterial strains and plasmids used in this study

quence shown in Figure 2. pPB2 was generated using primers
B3 and B4 (position 1-295). The 320-bp Pvull-Sacl fragment
of clone pKSA2.1 is present in construct pPB3 (position 158—
476). For pPB4 a 280-bp fragment was amplified from
pKSA2.1 using oligonucleotide B1 and the T7 promoter
primer (position 205-476), followed by HindHI-Sacl diges-
tion. The insert of pPB5 is an EcoRI-Sacl fragment from
pKSA2.1 (position 235-476) which was ligated into the
BamHI-Sacl site of pL6GUSB. The Sacl site of the latter
constructs originates from pBluescript KS. The 3~ fusion sites
of all constructs were sequenced using an oligonucleotide
complementary to the 5”-region of the B-glucuronidase gene
(see above). After transfer of the plasmids into X. campestris
pv. vesicatoria strain 85-10, B-glucuronidase (GUS) activities
were determined as described (Schulte and Bonas 1992).

Protein expression.

For hrpB expression in E. coli appropriate DNA fragments
were subcloned into the filled-in BamHI site of expression
vectors pET-3a, 3b, or 3c (Studier et al. 1990) to generate
translational fusions with the first 13 amino acids of the
phage T7 gene 10 protein which results in an additional mass
of the expressed protein of 1.4 kDa. For practical reasons sev-
eral subcloned ORFs lacked N-terminal sequences. For hrpBl
expression a 1-kb BamHI-Pvull fragment from pKS4 dele-
tion clone #11-8 was ligated into pET-3c; this way the first 12
bp of the ORF are deleted. For ArpB2, a 445-bp Spel (vector
site)-Pvull fragment from pKE4.2 deletion clone #2 was
ligated into pET-3b; the first 17 bp of the gene are not pres-
ent. The hrpB3 gene was expressed in pET-3c from a 745 bp
Spel (vector site)-Pvull fragment from pKE10B deletion
clone #G25; to exclude possible problems due to the signal
sequence the first 66 bp of the ORF were deleted. To express
hrpB4 and hrpBS, a 1,235-bp Spel (vector site)-Pvull frag-
ment from pKE-4.2 deletion clone #6 was ligated into pET-

Strain or plasmid Relevant characteristics

Reference/ source

X. campestris pv. vesicatoria

85-10 Pepper race 2; wild type; Rif® Bonas et al. 1989
E. coli
DHS5a F~recA 080dlacZ AM15 Bethesda Research Laboratories; Bethesda, MD
HMS174 F~ hsdR recA Rif® Studier and Moffat 1986
BL21(DE3) F- hsdR gal; lysogenic for phage DE3; carries lacUV5-T7 gene / Studier and Moffat 1986
Plasmids

pBluescript IT KS phagemid, pUC-derivative; Ap® Stratagene; La Jolla, CA, USA
pET-3a,b, ¢ pT7 protein expression vectors; Ap® Studier et al. 1990
pLAFR3 RK2 replicon Mob*Tra™;Tc¥; contains plac Staskawicz et al. 1987
pLAFR6 RK2 replicon Mob*Tra™;Tc® multicloning site flanked by transcrip- B. Staskawicz

tional terminators
pL6GUSB Carries promoterless gusA gene in pLAFR6 B. Staskawicz
pXV9 pLAFR3 hrpA-E clone from X. campestris pv. vesicatoria 75-3 Bonas et al. 1991
pXV9::35 Tn3-gus insertion derivative of pXV9 Bonas et al. 1991
pXV9::2 Tn3-gus insertion derivative of pXV9 Bonas et al. 1991
pL373 7.3 kb BamHI fragment from pXV?9 in pLAFR3; expresses hrpB This study

genes under control of placZ
pL337 As pL373 but inverted orientation This study
pKE4.2 4.3 kb EcoRV-EcoRI fragment of pXV9 in pBluescript II KS; con- This study

tains internal part of hrpB
pKE10B 5.5 kb EcoRI fragment of pXV9 in pBluescript I KS; contains This study

hrpA/B region but inverted as compared to pKE4.2
pKS3 3 kb Xhol-EcoRV fragment of pXV9 in pBluescript II KS; contains This study

hrpB/C region
pKS4 As pKS3; inverted orientation This study
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3¢. This would be predicted to express both proteins full size.
For hrpB6 expression a 1.4-kb Spel (vector site)-EcoRV
fragment from pKE4.2 deletion clone #12a was ligated into
pET-3b; the first 125 bp of the ORF are not present. For
hrpB7 and hrpB8 expression a 425-bp Stul-Spel fragment
(the first 145 bp are missing) and a 800-bp HindIII-Spel
fragment (the first 56 bp of the ORF are missing) from
pKE10B deletion clones #G6c and #G2, respectively, were
subcloned in pET-3b and 3a. The recombinant plasmids were
transformed into E. coli strain HMS174 (Studier and Moffat
1986) and fusion sites of all constructs were sequenced.

For expression of the different hrpB genes, the plasmids
described above were transformed into E. coli strain BL21
(DE3) with or without pLysS. The transformants were used
for protein production by induction of an early log phase
culture at 30°C for 1 h by IPTG (isopropyl-B-thiogalac-
topyranoside; 0.5 mM) to express the T7 RNA polymerase
gene. After induction the cells were harvested by centrifuga-
tion, and proteins were extracted and analyzed by SDS-PAGE
as described (Knoop et al. 1991). Briefly, total proteins were
isolated by three passages of bacterial cell suspension through
a French pressure cell. After centrifugation of the extract, ali-
quots of the supernatant or of the pellet (if containing inclu-
sion bodies) were separated on 15% SDS-polyacrylamide
gels in Laemmli buffer and visualized by Coomassie brilliant
blue (Bio-Rad).
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