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Pseudomonas syringae pv. syringae 61 contains a 25-kb
hrp cluster that is sufficient to elicit the hypersensitive re-
sponse (HR) in nonhost plants. Previous studies have
shown that mutations in complementation groups VIII,
IX, and XI in the hrp cluster abolished the ability of the
bacterium to cause the HR. The sequence of a 3.7-kb
Smal-Sst] fragment covering groups VIII and IX now re-
veals five open reading frames (ORFs) in the same tran-
script, designated as hrpU, hrpW, hrpO, hrpX, and hrpY,
and predicted to encode proteins of 14,795, 23,211, 9,381,
28,489, and 39,957 Da, respectively. The hrpU, hrpW,
hrpO, hrpX, and hrpY genes are homologous and arranged
colinearly with the yscQ/spa33/spaO, yscR/spa24/spaP,
yscS/spa9/spaQ, yscT/spa29/spaR, and yscU/spa40/spaS
genes of Yersinia spp., Shigella flexneri, and Salmonella ty-
phimurium, respectively. These proteins also show similarity
to Fli/Flh proteins of Bacillus and enteric bacteria. The Ysc
and Spa proteins are involved in the secretion of virulence
factors, like the Yop and Ipa proteins. Fli/Flh proteins are
involved in flagellar biogenesis. The sequence of a 2.9-kb
EcoRV-EcoRI DNA fragment containing mainly group XI
revealed five ORFs, designated hrpC, hrpD, hrpE, hrpF, and
hrpG, predicted to encode proteins of 29,096, 15,184, 21,525,
7,959, and 13,919 Da, respectively. The first three genes be-
long to an operon conaining hrpZ, which encodes an extra-
cellular protein that elicits the HR. ArpF and hrpG are two
potential ORF's upstream of hArpH in the hrpH operon. HrpC
is homologous to Yersinia YscJ, Pseudomonas solanacearum
Hrpl, Xanthomonas campestris pv. vesicatoria HrpB3, and
Rhizobium fredii NolT. HrpE is similar to YscL of Yersinia
spp. P s. pv. syringae 61 Hrp proteins are most similar to
Ysc proteins among those homologs. TnphoA insertions in
hrpC, hrpE, hrpW, hrpX, and hrpY abolished the ability of P.
s. pv. syringae 61 to secrete HrpZ (harpinp), as determined
by immunoblot analysis of cell-bound and culture super-
natant fractions. Thus, many of the proteins required for
flagellar biogenesis and virulence protein secretion in plant
and animal pathogens may have a common ancestry.
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Higher plants invaded by an incompatible pathogen (a mi-
croorganism that is pathogenic on a different plant) often pro-
duce the hypersensitive response (HR), a defense-associated
response characterized by the death of plant cells at the site of
infection (Klement 1982). The ability of bacteria to elicit the
HR in plants is controlled by hrp genes, which are so named
because they are required for both the HR (on nonhost plants)
and pathogenicity (on host plants) (Lindgren et al. 1986). The
hrp genes, first demonstrated in Pseudomonas syringae, are
now known to be widespread and conserved in phytopatho-
gens in the genera Pseudomonas, Xanthomonas, and Erwinia,
and are typically clustered in the bacterial genome or on a
large plasmid (Lindgren et al. 1986; Boucher et al. 1987; Ar-
lat et al. 1991; Beer et al. 1991; Bonas et al. 1991; Bonas
1994).

Potential biochemical functions of Arp gene products in the
elicitation of the HR are now being revealed. In particular, the
initial sequencing of a portion of the Arp genes in P. solana-
cearum, X. campestris pv. vesicatoria, and P. syringae pv.
syringae revealed homologies with components of the type III
protein secretion pathway in animal pathogens in the genera
Yersinia, Shigella, and Salmonella (Fenselau et al. 1992;
Gough et al. 1992; Huang et al. 1992; Van Gijsegem et al.
1993). In phytopathogens, this pathway controls the secretion
of several proteinaceous elicitors of the HR, for example, the
products of the E. amylovora hrpN (Wei and Beer 1993), P
syringae hrpZ (He et al. 1993), and P. solanacearum popA
genes (Arlat et al. 1994). The E. amylovora harpin, the first of
these elicitors to be reported, is required for the pathogen to
elicit the HR in nonhost tobacco leaves or to cause disease in
susceptible pear fruit (Wei et al. 1992). The P. solanacearum
PopA1l protein also elicits the HR in tobacco and resistant
petunia lines, but popA mutants retain their ability to elicit the
HR or disease in appropriate plants (Arlat et al. 1994). These
elicitor proteins differ in primary sequence, but they have
several features in common: They are glycine rich, heat sta-
ble, lack an N-terminal signal peptide, and are secreted to the
medium in a hrp-dependent manner (He et al. 1993; Wei et al.
1992, 1993; Arlat et al. 1994).

The hrp/hrmA genes of P. s. pv. syringae strain 61 are
clustered in a 25-kb region of the genome and constitute a
minimum genetic unit for bacterial elicitation of the HR in
tobacco leaves, as demonstrated by the ability of Pseudo-
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monas fluorescens and Escherichia coli cells carrying cosmid
pHIR11 to elicit the HR (Huang et al. 1988, 1991). DNA se-
quence and function analyses have revealed that the hrp
cluster on pHIR11 encodes a dedicated regulatory system, a
protein secretion pathway, and the HrpZ (harpingg) elicitor
protein. The HrpRS proteins presumably control the expres-
sion of other hrp genes through a cascade mediated by HrpL
(Xiao et al. 1994). The HrpRS proteins are members of the
NtrC family of regulatory proteins (Grimm and Panopoulos
1989; Xiao et al. 1994), and HrpL appears to be an alternative
sigma factor (Xiao et al. 1994; Xiao and Hutcheson 1994).
The amino acid sequences of HrpH, Hrpl, and HrpJ4 reveal
significant similarity with components of the type III pathway
in animal pathogens, Hrpl and HrpJ4 also show significant
similarity with flagellar biogenesis proteins, and HrpH has
been shown to be required for P s. pv. syringae to secrete
HrpZ to the medium (Huang et al. 1992, 1993; He et al. 1993;
Lidell and Hutcheson 1994). The pHIR11 hrp/hrmA cluster is
organized into eight transcriptional units, as determined by
the combined results of complementation analyses,
Tn5-gusAl mutagenesis, and DNA sequence data (Huang et
al. 1991 and 1992; Xiao et al. 1992; Xiao and Hutcheson
1994). DNA sequences have been reported for approximately
half of the pHIR11 hrp/hrmA genes, which are in the operons
hrmA (Heu and Hutcheson 1993), hrpK, hrpL (Xiao et al.
1994), hrpJ (Huang et al. 1993; Lidell and Hutcheson 1994),
hrpU (the first two ORFs) (Lidell and Hutcheson 1994), hrpH

(last ORF) (Huang et al. 1992), hrpZ (second ORF) (He et al.
1993), and ArpRS (Xiao et al. 1994). This has left 12 possible
genes in the hrp cluster uncharacterized.

In this study, we further investigate the hrpU, hrpH, and
hrpZ operons. The nucleotide sequences were determined for
the 2.9-kb EcoRV-EcoRI fragment containing part of the
hrpZ (hrpC, hrpD, and hrpE) and hrpH (hrpG and hrpF) op-
erons and the 3.7-kb Smal-SsiI fragment containing part of
the hrpU operon (hrpU, hrpW, hrpO, hrpX, and hrpY). The
hrpC, hrpD, and hrpE gene products were confirmed by using a
T7 RNA polymerase expression system, and Western blots of
cell fractions probed with anti-harpin antibodies indicated that
HrpC, HrpE, HrpW, HrpX, and HrpY are required for the se-
cretion of HrpZ. In conjunction with an accompanying study
focusing on the first three ORFs of the hrpZ operons of P. s. pv.
syringae 61 and two other P. syringae pathovars (Preston et al.
1995), this work completes the inventory of genes required for
gram-negative bacteria to elicit the HR in plants and reveals a
particularly close relationship between the Arp genes of P sy-
ringae and two blocks of ysc genes in Yersinia spp.

RESULTS

Nucleotide sequence of the 3.7-kb Smal-Ss¢I fragment.

To further characterize the loci in the hrpU operon, the nu-
cleotide sequence of the 3.5-kb BglII-SstI fragment was de-
termined (Fig. 1). This region contains the complementation
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Fig. 1. The location of the hrpZ, hrpH, and hrpU operons in relation to the entire pHIR11 Arp cluster and the regions subcloned for DNA sequencing and
T7 polymerase-dependent expression of hrpC, hrpD, and hrpE. A, The complementation groups were assigned as described previously (Huang et al.
1991). The hrp genes are organized into eight transcriptional units, and arrows indicate the direction of transcription (Xiao et al. 1992 and references in
Table 3). B, The 3.7-kb Smal-Ss:1 fragment containing the hrpU, hrpW, hrpO, hrpX, and hrpY genes was sequenced. C, The nucleotide sequence of the
2.9-kb EcoRV-EcoRII fragment containing the hrpC, hrpD, hrpE, hrpF, and hrpG genes was also determined. pPNCHU62 was used for T7 promoter-
dependent expression of hrpC, and pNCHU63 was similarly used to express hrpD and hrpE. Restriction sites: Bg, BglIl; Bm, BamHI; E, EcoRI; EV,

EcoRV H, HindllI; P, PstI; Sa, Sall, Sm, Smal; Ss, Sstl.
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groups VIII and IX defined by TnphoA mutagenesis (Huang
et al. 1991). Five ORFs were found to extend from the left-
hand Bg/II site to the right-hand Ssd site (Fig. 1B). The puta-
tive translational initiation site of ORF1 was to the left of the
BglIl site, downstream of ArpU2, and in the previously re-
ported nucleotide sequence of the adjoining 4.3-kb BglII
fragment (Lidell and Hutcheson 1994). Including the relevant
portion of the 4.3-kb Bgl/II fragment, the nucleotide sequence
of the 3.7-kb Smal-SsfI fragment is shown in Figure 2. The
ORFs were predicted to encompass nucleotides 175-573,

600-1223, 1234-1497,

1501-2292, and 2292-3368, and

were designated hrpU, hrpW, hrpO, hrpX, and hrpY, respec-
tively. These genes, as well as the previously reported hrpUl
and hrpU2 genes, appear to form one transcriptional unit
since one putative hrp/avr promoter was discerned upstream
of the hrpUI gene (Lidell and Hutcheson 1994; Xiao and
Hutcheson 1994). The predicted molecular weight, pI, and
ribosome binding sites for these genes are listed in Table 1.
Unlike the hydrophilic HrpU protein, HrpW, HrpO, HrpX,
and HrpY are predicted to be inner membrane proteins since
each of them contains two to four potential membrane span-
ning domains according to hydrophobicity plots (see Table 3
below).
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..>hrpu2
CCCGGGAACAAATCGCCTCGCTACGCCCCGGTGACGTGGTGCTGCCCGCCCGCTGCCGCT
R E Q I A s P G DV VL P A R C R
TCGACAGCGCCGGACAAGGGTCCGTGACACTCGCTGGCCGTCAATGGGCGGCCCGTACCG

F D S s vV T A G R Q WA AR T
ACCAACAGGCACAGCATCTTTTTCTGCAGCTCAGTCATGAGGAGCACAGTCACCATGAGT
D Q 0 A Q H L F L Q L

«...>hrpu M s
ACTGAAGATCTGTATCAGGACGACGTCGAGATGCTCGACGACTATGAAGAACCGGTGCCT
Y *

T E D L D DV EMTLDUDYEE P V P
GAACAGGCTGATCAGCAACAGCGTGACGACGAATACGCCGAGCACGCATTCGGCTACGCG
E Q A D D D A E G Y A
GACAGCGACGCGGAGCATGAAGAGCAGTCGGGAGACCACCATGAATCGCCGATGCTCGAT
D s DA E H EE Q S G D P M L D
TCACTGGAGCTGGACCTGACCTTGCGCTGCGGCGATCTCAGATTGACCCTTGCCGAACTG
S L E L L R CG D L R L T L A E L
CGTCGACTGGACGCCGGAAGCATTCTTGAAGTCAGCGGCATCGCGCCAGGGCACGCCACG
R R L A G 5§ I L E V S G I A P H A T
CTGTGCCACGGTGAGCAGGTGGTTGCCGAAGGCGAACTGGTCGACGTCGAAGGCCGCCTC
L C H G E VvV AEGETL VDV EGRL
GGTTTGCAGATTACCCGGCTGGTGGCGCGCTCATGATCATGGAGGGCGTCAACCCGATCA
G L Q¢ I TR L V A R § * «..> hrpw
TGCTGGCGCTGTTTCTCGGCTCGCTGTCGCTGATCCCGTTCCTGTTGATCGTCTGCACCG

M L AL F LG SUL S LI PFUL LI V C T
CCTTTCTGAAGATCGCCATGACGCTGCTGATCACCCGCAACGCGATCGGCGTTCAGCAAG
A F L K I A L L N A I G Q
TACCGCCGAACATGGCGTTGTATGGCATCGCCCTGGCCGCGACGATGTTCGTCATGGCCC
vV P P NMAL Y G I AL AATMTF V M A
CGGTGGCGCACGACATACAACAGCGGGTCCATGAACATCCGCTGGAACTGAGCAACGCCG
P V A H D R V H E H P L E L S N A
ACAAACTGCAGAGCAGCCTCAAAGTGGTCATCGAGCCGCTGCAACGCTTCATGACACGCA
D XK L Q 8§ § L K vV V I E M T R
ACACCGACCCGGACGTCGTCGCCCACCTGCTGGAAAATACCCAGCGCATGTGGCCCAAGG
T D P V V A H L L E N W P K
AAATGGCCGATCAGGCCAACAAAAACGATCTTCTGCTGGCGATCCCGGCCTTTGTGCTGT
M A D Q A N K N D L L F V L
CGGAACTGCAGGCCGGTTTCGAGATCGGTTTTCTGATCTATATCCCCTTCATCGTCATTG
S E L A G F E I G F L I Y I P F I V
ACCTGATTGTCTCCAACCTGTTGCTGGCACTGGGCATGCAGATGGTCTCGCCGATGACAC
L I v 8§ N L L L AL G M M V. s P M T
TGTCGCTGCCACTCAAACTGCTGCTGTTCGTGCTTGTATCGGGCTGGTCACGTCTGCTCG
S L P L K L L L L VvV s G W S R L L
ACAGCCTGTTCTATTCCTATATGTGAGGCGGTCATGGAAGCGTTGGCGTTGTTCAAGCAA
D § L F Y S Y M * ., .>hrpOM E A L A L
GGCATGTTTCTGGTCGTCATCCTGACCGCCCCGCCGCTGGCCGTTGCGGTGCTGGTGGGT
M F L VvV VvV I L T A P P L A L V G
GTGGTCACCTCGCTGCTGCAGGCACTCATGCAGATTCAGGATCAGACATTGCCCTTCGGC
V VvV T s L L Q A L M L P F G
ATCAAACTGGGGGCCGTCGGACTGACCCTGGCCATGACCGGCCGCTGGATCGGCGTCGAG
I K L G A V G L L A T G R W I G V E
CTGATCCAGTTCATCAATATGGCCTTCGACCTGATTGCCCGCTCCGGGGTCAGTCACTAA
L I Q F I N M A F D A R S G V S H *
.>hrpx
ATGCCCTTCGACGCGCACAGCGCCT’I‘TCAATTCATGCTGGGCATGGGACTGGCAATGGCG
M P F D S A F M L M G L A M A
CGGCTGATGCCCTGCATGCTGCTGGTGCCAGCCTTCTGCTTCAAATACCTCAAAGGCCCG
L M P C L L VP A F CVF K Y L K G P
TTGCGTTATGCCGTCGTGGCGGTGATGGCGATGATCCCGGCACCGGCCATCACCCGGGCT
L R Y AV V A VMAMTIUPAUP A T R A
CTGGAGTCCCTCGACGACAACTGGTTCGCAATCGGCGGCCTGCTGATCAAGGAAGCGGTA
L ES L DDNWT FATIGTGTLTLTI K E A V

Nucleotide sequence
of the 2.9-kb EcoRV-EcoRI fragment.

To characterize the loci in the second half of the hrpZ op-
eron and the first half of the hrpH operon, we analyzed the
nucleotide sequence of the 2.9-kb EcoRV-EcoRI fragment
(internal to the 3.7-kb HindIlI-EcoRI fragment) (Fig. 1). This
region involves the complementation groups X and XI that

Table 1. The features of deduced Hrp proteins

Amino
Protein acids (no.) M.W (Da) pI RBS*
HrpU 133 14,795 395 GAGGAG
HrpW 208 23,211 5.72 GGAGGG
HrpO 88 9,381 7.64 TGAGG
HrpX 264 28,489 4.70 GGGGT
HrpY 359 39,957 9.14 P
HrpC 268 29,096 9.33 AGAGG
HrpD 133 15,184 5.57 TGAAG
HrpE 193 21,525 461 AGGAA
HrpF 74 7,959 3.79 TGGAG
HrpG 130 13,919 11.21 AGGAGG

* RBS: putative ribosomal binding site
® RBS can not be determined.

1741
1801
1861
1921
1981
2041
2101
2161
2221

2281

2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001

3061
3121
3181
3241
3301
3361
3421
3481
3541

3601
3661

CTCGGCACCCTACTGGGGCTTTTGCTGTATGCGCCGTTCTGGATGTTCGCCTCGGTCGGC
L G T G L L L Y A P F WM F A S V G
GCACTGCTCGACAGCCAGCGCGGTGCGCTCAGCGGCGGCCAGTTGAACCCGGCGCTGGGC
A L L D s R G A L s G Q L N P A L G
CCTGACGCCACGCCACTGGGCGAATTGTTTCAAGAAACCCTGATCATGCTGGTCATCCTC

b ATU®PUL GEULTF QETUL I MLV I L
ACCGGGGGGCTATCGCTGATGACTCAGATCATCTGGGACAGCTACAGCGTCTGGCCTCCG
G 6 L s L T Q I I W D S Y S V W P P
ACGGCCTGGCTGCCGGGCATGAACGCTGGCGGCCTGGATGTATTTCTGGAGCAGTTGAAC
A W L P M N A G vV F L E L N
CAGACGATGCAGCACATGCTGTTGTACGCCGCGCCCTTCATTGCGCTGCTGTTGTTGATC
T M L L YAA PV F I AL L L L I
GAAGCGGCGTTCGCGATCATCGGCCTGTATGCGCAACAGCTGAACGTTTCGATCCTCGCC
E A A F A I I GL Y AQ QUL NV sSs I L A
ATGCCGGCCAAGAGTATGGCCGGCCTCGCGTTTCTGCTGATCTATCTGCCGACGCTGCTG
P A K S M T L L
GAACTGGGCACAGGTCAACTATTGAAGCTGGTTGATCTGAAGTCGCTACTGACACTTCTG
L G T G L L XK L v DL K s L L T L L
GTGCAAGTGCCGTGAGCGAAAAAACCGAAAAGGCCACGCCCAAGCAACTGCGTGACGCGC
v Q P
.>hrpYy v s T E K A T P K L R D A
GGGAAAAGGGTCAGGTCGGGCAGAGTCAGGACCTCGGCAAACTGCTGGTGCTGATGGCTG
E K G Q Vv D L G K L L V L M A
TCAGTGAAATTACCCTGGCCCTGGCTGATGARAGCGTCAACCGCCTGGAGGCGCTGTTGT
S E I T L L A D E S V N R L E A L L
CGCTGTCCTTTCAAGGTATCGACCGCAGCTTTGCCGCCTCGGTCGAGCTGATTGCCAGCG
L S F Q G I D R s A A S V E L A S
AAGGATTCTCCGTACTGCTCAGCTTTACCTTGTGCAGCGTCGGTATAGCGATGCTGATGC
E G F s L L 8§ F T L C S V G I A MTULM
GTTTGATCAGCAGCTGGATGCAGATCGGCTTTCTGTTCGCGCCCAAGGCGCTGAAAATCG
R L I s s W M Q I G F F A P K A L K I
ATCCCAACAAGATCAACCCGTTTTCCCACGCCAAACAGATGTTTTCCGGGCAAARACCTGC

D P N K I NP F S HA K QMTF S G Q N L
TCAACCTGCTGCTCAGTGTGCTCAAGGCCATTGCCATCGGCGCGACGCTGTATGTGCAAG
L N L VL KA I A I G A T L

TCAAACCTGTGCTGGGTACCCTTGCAGTGCTGGCCAACAGCGATCTGACGACCTACTGGC
vV K P L A NS DL T T Y W
ACGCGCTGGTCGAGCTGTTCAGGCATATTTTGCGAGTGATATTGGGACTGCTGCTGGCGA
AL V E L F R H I L RV I L G L L L A
TCGCCATGATCGACTTCGCCATGCAGARATACTTCCATGCGAAAAAACTGCGCATGAGCC
A M F A M K Y F H A K L R M s
ACGAAGACATCAAGAAAGAGTACAAGCAATCGGAAGGCGACCCCCACGTCAAAGGCCATC
E D I K K E Y K Q S E G P H V K G H
GTCGGCAACTTGCCCAGGAGATCCTCAATCAGGAGCCCAGCGCTGCGCCCAAGCCGTTGG
R Q L A Q E I L N Q E P S A A P K P L
AAGACGCCGACATGCTGCTGGTCAACCCGACCCACTATGCGGTGGCCCTGTATTACCGAC
D A D M L N P T H
CAGGCGAAACGCCTCTGCCTCTGATTCATTGCAAAGGGGAAGACGAGGAAGCCCTGGCAT
P G E TP L P L I HCK G EDTEE A L A
TGATTGCCCGGGCCAAAAAAGCCGGCATCCCGGTGGTGCAAAGCATCTGGCTGACCCGCA
I A R A K K A G P V V. Q § I W L T R
CGCTGTACCGCTCCAAGGTCGGCAAATACATCCCCCGCCCCACCCTGCAGGCTGTCGGCC
T L Y R S K V G K Y I P R P vV G
ACATCTACAAAGTGGTTCGGCAACTGGACGAAGTCACCGATGAAGTGATTCAGGTCGAAG
I v v v L DE V TDE V I Q V E
TCGAGCTGTGATGGCTGTTTAGCCATACGCGTACCCTTCCAGCCAAGTGACCTCAACCGA
v L
CGTTATCTCGTGGTCGTCGAAGCCTGCATGAATCACAGACAGAGTCATACCGGGTCATAC
CGGCTGCATTGCCCATTGGCGGCCTGGATGTCGGGGCTGCTCCGATGCCATGGCGCTTGA
CCAGGCCGCTGCTTGATCTCGGCTATGGTCTTTTTTATCGCTGGCGTCCGCAGTTGGCCT
GGTCGTCCCATCCTGATGGCAGTGCTCGCTGCCGGGGTGACAGCTGTGCAGTGTCGAAAA
CCGACCGAGCTC

Fig. 2. Nucleotide sequence of the 3,672-bp Smal-Sst1 fragment containing the hrpU operon. Potential ribosome binding sites preceding the hrpU, hrpW,
hrpO, and hrpY genes are underlined; vertical arrows denote TnphoA insertions in hrpW, hrpX, and hrpY genes.
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were defined by TnphoA mutagenesis (Huang et al. 1991).
Seven ORFs were identified within the nucleotide sequence
extending from the right-hand EcoRV site to left-hand EcoRI
site (Fig. 1C). ORF1, from nucleotide 1 to 111, was the
C-terminal part of the hrpB gene product (Preston et al.
1995). ORF7, from nucleotide 2800 to 2956, corresponded to
the N-terminal part of the HrpH protein (Huang et al. 1992).
ORFs 2, 3, 4, 5, and 6 were predicted to encompass nucleo-
tides 123-926, 1055-1453, 1490-2068, 2155-2376, and
2406-2795, and were designated hrpC, hrpD, hrpE, hrpF,
and hrpG, respectively (Fig. 3). Because of the short inter-
genic regions and lack of apparent promoter sequences be-
tween them, hrpB, hrpC, hrpD, and hrpE appear to belong to
the hrpZ operon (Preston et al. 1995). Since a putative
hrp/avr promoter sequence was noted between hrpE and
hrpF (Xiao and Hutcheson 1994; Fig. 3), hrpF—H may form a
separate transcriptional unit.

The putative ribosome binding sites, molecular weight, and
pI for these genes and their products are listed in Table 1. For
the hrpC product, a putative amino-terminal signal peptide
(18 amino residues) was identified by several characteristics
of signal peptide sequences (Fig. 3): a positively charged
N-terminus followed by a stretch of uncharged, mostly hy-
drophobic residues ending in Gly (von Heijne 1985). Fur-
thermore, HrpC is a potential lipoprotein, since a cysteine
residue follows the signal peptide cleavage site, and its ho-

«...> hrpB
GATATCGCGGCGATGACCAGAACCTTGTCGCAATGCTCGTTGCAGACTGCGCTCACCACC
b I AAM T RTUL S Q C S L A L T T
AAGGTGGTGAGCAAGACTGCGCAGGCGCTCGACAAGCTGACTAACTTGCAGTAGAGGTTT

K vv s K TA QAL DI KL TNTL Q *
«+..> hrpCc
121 CCGTGAAATTTCTGAGCGCAGGGCTGTTGCTGATTTGCATGGTGTTGCTCGGCGGCTGTA
V K F L S A L L L I C M V L
181 GTGATGAAACCGATCTGTTCACCGGCCTGTCCGAGCAGGACTCCAACGAGGTCGTTGCGC
S b ETDULVFTGUL S E Q D S NE V V A
GCCTTGCCGATCAGCATATCGACGCGCGCAAACGTCTGGAAAAAACCGGCGTTGTCGTCA
R L A D Q H I D A R R L E K T G V VvV Vv
CCGTCGCCACAAGCGACATGAACCGCGCCGTCAGAGTGCTCAACGCTGCCGGCCTGCCAC
T VA T S DMNIRA AUV RV L NAAG L
GTCAGTCCCGCGCCAGTCTGGGGGATATCTTCAAGAAAGAAGGGGTCATTTCGACCCCGC
R Q0 S RA S L G DI F K X E G V I S T
421 TCGAAGAGCGCGCCCGCTACATCTATGCCCTGTCTCAGGAACTCGAAGCGACACTTTCGC
L E E R A R Y I Y A E L E A T L S
AGATAGACGGCGTCATCGTGGCCAGGGTGCACGTGGTACTTCCGGAACGCATCGCACCGG
I DG V I V H VvV v L P E R I A P
541 GCGAACCGGTGCAACCTGCTTCTGCTGCGGTGTTCATCAAACACTCCGCAGCGCTTGACC
G E P V Q PA S A AV F I K H S A A L D
601 CGGACAGCGTGCGCGGACGCATTCAGCAGATGGTCGCCAGCAGTATCCCCGGTATGTCGA
P D s R G R I M vV A S s I P G
661 CGCAAGCGGCAGAATCGAAAAAGTTTTCCATTGTGTTCGTACCGGCTACCGAGTTTCAGG
T Q AAE S K K F s I V F V P A T
721 AAACCACACAGTGGGTCAGTTTCGGACCGTTCAAGCTGGACAGCGCCAATTTGCCGTTCT
E T T Q W V S G P F XK L D S A N
GGAACTTGATGCTCTGGCTGGTGCCGGCTGGCCTGGCGGTATTGCTGCTGATCACGGCGC
W N L M WL V P A G LAV L L L I T A
TGCTGTTGCGCAGTGACTGGCGCGCTTCAGTGCTGCGGCGGATCGGCTTTGCCGGCCGGA
L L L R S D W R A VL R R I G F A G
GTCGCTCGACCGTACCGGCGCGCGCGTGATGGACCTGACCGCCGAGGACTATTGGACTCA
S R § T V P A R A *
961 GTGGTGGTGCAATCCCTGGCCATGGGCGCATCCGGGCTGGCAAAGCCGGTTCGCCGAGCG
«...> hrpD
1021 CTGCGGACTGACCGTCAGCGAATGTGAAGCCCTTATGGTCAGCCGTCACAGTGTGTTCCT
M V S R H S V F L
1081 GCAGAGTATCGGCATCACGCCAAGTCAACCGCCAATGCCTGCGGAGCCTGTTTTGAACTG
Q S I 6 I T P S Q P P M P A E P V L N W
1141 GCTGGCACTGACGCCCGTGCAGCGTGATCAGGCGCTGGATCTGGCGCAGCGCATCTGTTT
L AL TPV Q RDOQAULDTULA AU QT RTITCTF
1201 TTCCCGTAACGAAAGCGACGGCCATGACGGGCAGTGGTGCTGGGCGCTGACCAAAGCGTT
E S D G H D G W C W A L K A L
1261 GCGCCCCGGTGTCTGGCTGGAGCTGGAGCGTGAAGATGCGCGCTTGCTGTTGGGTGCCTG
P GV WL ETLEURTEUDU A RTULTULTILG A W
1321 GCTCGGGCCTGAGTATTGGTCGCGATTGCGTCTGGCCTGGGCGCCCGATGAGGTCACCGA
E Y W S R L R L A W A P D vV T D
1381 CAGACCTTGCGCGGCCCCCGAAAATAAACTTCAGACGTTGTGGCAGGCTGTTCTATGGCG
A A P ENKUL Q TL W Q A V L W R

—

6

—-

24

—_

30

ar

36

-

48

—_

78

—_

84

—

90

-

«...> hrpE
1441 TGTCACCGCGACCTGAGTATCCGCTCCTCTCTGCACCAGGAATTCTCCCATGCTTGCCAA
v T A T * M L A K

molog, MixJ, has been shown to be a lipoprotein (Allaoui et
al. 1992).

T7 RNA polymerase-dependent expression
of hrpC, hrpD, and hrpE in E. coli.

To visualize the hrpC gene product, a 1.4-kb PstI fragment
carrying hrpC was cloned into the expression vector pET21a
in both orientations with respect to the T7 promoter. The
hrpC product was visualized by using the T7 RNA po-
lymerase-dependent system and a construct (pPNCHU62) in
which the predicted transcriptional direction of hrpC was the
same as that of the T7 promoter in the vector (Fig. 1C). The
apparent molecular weight of the HrpC polypeptide (29.5
kDa), as determined by SDS-polyacrylamide gel electropho-
resis, agreed with that predicted from the nucleotide sequence
(Fig. 4A, lane 2). To identify the hrpD and hrpE gene prod-
ucts, a 1.7-kb Sall fragment was cloned into pBluescript KS
to construct pPNCHU63 and pNCHUG64 (representing two ori-
entations of the insert) (Fig. 1C). Again, the construct
(pPNCHU®64), in which the predicted transcriptional direction
of the hrpD and hrpE genes was under control of the T7 pro-
moter, produced two polypeptides, 16.5 and 22.5 kDa, re-
spectively, that were visualized (Fig. 4B, lane 1). These mo-
lecular weights are also in agreement with those predicted by
the nucleotide sequences.

1501 ACGCAGTATTACTTTGACTGCCGACGCGGTGCTGCCCGAGCCGGTATTGCGCCGTGAAGA
R 8§ I T L T A D A L P E P L R R E D
1561 CATCGCCAACAGTTTGCTGGCTCGCGACATTCTGACTGACGCGCGCCGTCAGGCGGAGCA
AN S L L AR DI L T DA AU RU R Q A E
1621 ACTGCTGGTGCTTGAGCAGGCTAAAGCCGATCATCGGCATCAGGAGGCGCTTGCGCAGTT
L L V L E Q A A D HRUHOQEA ATULA AOQF
1681 CTGGGAGCGTGCCAATGCCTTTCTGGACGAGCTGCACGTTCAGCGCGAAGCCTTGCAGCA
E R A NA F L D E L R E A Q
1741 GCAGGCCATGACTGCTGTAGAGGAACTGCTGACTGAGGCATTGTGCCAGTTGCTCGACGA
T AV EE L L T E A L C L D E
1801 AACAACCCTTGCCGAGCGCGCTCGGGCACTGGTCAGGAACCTGGCAGCCAGTCAGCTCAA
T T L A E R AR ATLV RNTULA AR A S Q L N
1861 CGAAGCAGTGGCCACACTCAGCGTTCATCCGGAGATGGCCGAGCCGGTCGCCGAATGGTT
E AV A TUL S V HP E M A P V A E W L
1921 GGCAGAGAGCCGTTTTGCCGAGCACTGGGAGCTCAAGCGCGATGCGACGCTGACCACCGA
A E S F A E H W E L K R D A T T E
1981 AAGCCTGCGCCTGAGCGACGCCAACGGCGCTTTCGAAATCGATTGGGCAACCCTTCGCAA
S DA NG AT FETIDWA ATTUL R N
2041 TGGGCTGGCAGGCGCGGAGCCAGCTGCCTGAAACAGACTCTTGCGGCGAAAATGGAACCG
G L A G A E P A A * ««..> hrpr
2101 CTCCACC TTGCTCCACTCA. TTTGAACCTTTCTGCTGGAGTATCAGGACATGATA
I
2161 AATTTCAAATCCCTGCAAAATAACCTCGATTCCACGCTCACTCGCGCGTTGTCCGACGTG
N F K S L Q NN L D S T L T S D V
2221 GATGACGTGCTGGACGGGGGCAATGGGCATTTCACCGCCGACGACATCGATGCCTTCAGT
D DV L DGGNGUHT FTAD D A F s
2281 GAGGCGAGCCAGCAGGCTGCGGTCAGCTCCAACATCGCTGATCAATGCCAGCAGGCTGGT
E A S Q A AV S 8§ N I ADIOQTZCOQOQA A G
2341 TATAAAATGACCAAAAATGTCATCGATGGATTTCAGTGAGTTCGAGGAGGTCGTCGGCCT
Y K M T K NV I DG F Q ~*
«e..> hrpG
2401 GTGGCGTGATCAGCGTCCGGCGAGCCCGCTCGACTGCTGGGTCGACGACGCCAACGCACG
VI SV RRARSTA AG ST T P
2461 GCTGGAAATGGTGGGTGGCGGAGTCCGTTGCAGCATCGAATTACTCGACCCCTATGACGC
G W K W W V A S V A A S N Y S P M T
2521 CAACGACCCTCAGCGTATCGAAGCATTGCTCAGTCACGGCGGTGCCAGCCTGGCGTGTGC
T T L S V s H C s vV T A A W R V
2581 CTGTGACCGGCGCGTTCGCCATCGATCCGCAAACGCGCTGCATGGTGCTGGTCAGCTGGA
P V T G A F A I D P T R C M V L V S W
2641 TGCCTGGCCCCTGCGGCCTTGCCGATCTGCTGAACCGTCTGGAAAGCCTGGCCAATCAGC
M P G L A DL L NIRTULE S L A N Q
2701 GCGCGGCCTTGCTCAGCCTGATGCACACCACTCTGGTCAATTCCGTGCCCGCCTTAGCCG
R A A L L L M H T TJUL V N S V P A L A
«...> hrpH
2761 GGCGCACGACCCTCAATCACCGGCAACCGGGAGTTTGAAATGCGCAAGGCCTTGATGTGG
G R T T L N H R P G VvV * M, A L M W
2821 TTGCCTTTATTGTTGATCGGGCTGTCCCCCGCCACGTGGGCGGTGACCCCCGAAGCCTGG
L P L L L I G L S P A W A V T P E A W
2881 AARACATACGGCTTACGCCTACGATGCCCGGCAGACCGAGCTGGCGACGGCGCTGGCCGAC
H T A A Y D A Q T E L A T A L A D
2941 TTCGCCAAGGAATTC
F A K E F

Fig 3. Nucleotide sequence of the 2,955-bp EcoRV-EcoRI fragment containing the krpC, hrpD, hrpE, hrpF, and hrpG genes. Potential ribosome binding
sites preceding the hrpC, hrpD, hrpE, hrpF, and hrpG genes are underlined. The underlined amino acids denote the predicted signal peptide of HrpC.
Vertical arrows denote TnphoA insertion sites in ArpC and hrpE mutants. The bold nucleotides are predicted promoter sequences of the hrpH operon.
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Similarities of products of the hrpU and hrpZ operons
to proteins required for the secretion of virulence
factors by animal pathogens and for assembly

of the bacterial flagellum.

The amino acid sequences of all deduced polypeptides en-
coded by hrp genes presented in this study were compared
with sequences in GenBank by the BLAST program (Altschul
et al. 1990; Pearson and Lipman 1988). Alignments were de-
termined with the Cluster method of the DNAStar program
(DNAStar, Inc.) and are presented in Figures 5 and 6. The
similarities of these proteins with those previously reported
are summarized in Table 2 and yield several general observa-
tions. (i) The genes in the hrpU operon encoding the HrpU,
HrpW, HrpO, HrpX, HrpY proteins are arranged colinearly
with similar genes in the lerB(virB) locus of Yersinia spp.
(Allaoui et al. 1994; Bergman et al. 1994; Fields et al. 1994)
and (with slightly less similarity) with related spa genes in
region 5 of Shigella flexneri (Sasakawa et al. 1993; Venkate-
san et al. 1992) and Salmonella typhimurium (Groisman and
Ochman 1993). Additionally, HrpW and HrpO are similar to
ORF?2 of X. c. pv. glycines (Hwang et al. 1992) and InvX of
animal pathogenic E. coli (Hsia et al. 1993). The correspond-
ing loci in these animal pathogens are involved with the se-
cretion of virulence proteins by the type III pathway. (ii) The
genes in the hrpZ operon similarly correspond to a different
block of genes in the virC operon of Yersinia spp. (Michiels
et al. 1991; Rimpilainen et al. 1992). (iii) The similarity of the
five hrpU genes can also be extended to genes involved with
flagellum biogenesis in E. coli (Malakooti et al. 1989, 1994),
S. typhimurium (Kihara et al. 1989), Caulobacter crescentus
(Ramakrishnan, et al. 1994; Zhuang and Shapiro 1995) and B.
subtilis (Bischoff et al. 1992) and with motility and virulence
in Erwinia carotovora (Mulholland et al. 1993). (iv) The hrpC
gene is similar in its predicted product to previously reported
genes from plant-associated bacteria, P. solanacearum hrpl
(Gough et al. 1992), X. campestris hrpB3 (Fenselau et al.
1992), and Rhizobium fredii nolT (Meinhardt et al. 1993). (v)
Among the 10 putative ORFs analyzed, only HrpF and HrpG
showed no similarity to previously characterized proteins.

Involvement of Hrp proteins in the secretion
of the HrpZ protein.

The location of TnphoA mutations in the hrpC, hrpE,
hrpW, hrpX, and hrpY genes was confirmed by directly se-
quencing the insertion sites (Figs. 2 and 3). These mutants,
61-2091 (hrpC), 61-19 (hrpE), 61-12 (hrpW), 61-2087
(hrpX), and 61-2088 (hrpY) were not able to cause the HR in
tobacco leaves (data not shown). The TnphoA insertions in
hrpE and hrpW were isolated and marker-exchanged into the
P. syringae pv. syringae genome as part of this work. The
construction of the others was previously described (Huang et
al. 1991). None of the TnphoA insertions produced fusions
with alkaline phosphatase activity. To determine the function
of these genes in harpin secretion, mutant cultures were
grown in Hrp-inducing minimal medium, and the distribution
of HrpZ between extracellular and cell-bound fractions was
determined with Western blots probed with anti-HrpZ antise-
rum. HrpZ was secreted by the wild-type cells and still syn-
thesized by all of the mutants, but in each mutant the protein
accumulated in the cell-bound fraction (Fig. 7). The results
indicated that the mutations affected the secretion of HrpZ.

DISCUSSION

P. 5. pv. syringae contains a 25-kb hrp/hrmA cluster, cloned
in cosmid pHIR11, that is sufficient for elicitation of the HR
in tobacco leaves (Huang et al. 1991). The 10 ORFs reported
here, in combination with previous and accompanying re-
ports, complete the nucleotide sequence of the pHIRI1
hrp/hrmA cluster, which is apparently organized into eight
transcriptional units and potentially encodes 26 polypeptides
(including HrmA). The biochemical functions of these
polypeptides are expected to be involved in the regulation
(e.g., HrpR, HrpS, and HrpL) (Xiao et al. 1994) and secretion
(e.g., HrpH) of extracellular proteins (e.g., HrpZ) that are
biologically active in plants (He et al. 1993). The 10 ORFs
reported here reveal extensive homologies with proteins as-
sociated with the type III protein secretion pathway in
Yersinia (Allaoui et al. 1994; Bergman et al. 1994; Fields et
al. 1994), Shigella (Sasakawa et al. 1993; Venkatesan et al.
1992), and Salmonella spp. (Groisman and Ochman 1993)
and with proteins required for biogenesis of the bacterial fla-
gellum (Bischoff et al. 1992; Dreyfus et al. 1993; Kihara et al.
1989; Malakooti et al. 1989, 1994; Ramakrishnan, et al.
1994; Vogler et al. 1991; Zhuang et al., unpublished). Particu-
larly striking is the presence in the hArp cluster of nine genes
in two operons involved with HrpZ secretion (hrpB, hrpC,
hrpD, and hrpE in the hrpZ operon; hrpU, hrpW, hrpO, hrpX,
and hrpY in the hrpU operon), that are colinear with two
blocks of ysc genes in Yersinia spp. The genes in the hrpU
operon are also colinear with spa genes of Shigella flexneri
and Salmonella typhimurium.

The complete inventory of pHIR11 hrp genes shown in
Table 3 reveals a large subset that is conserved with type III
pathway and flagellar biogenesis genes, including 12 that ap-
pear related to Yersinia ysc genes. The relationship of the
some of these hrp and ysc genes is relatively weak. The rela-
tively high divergence of HrpB and HrpD within the P. syrin-

49.5—

325—

27.5—

-

Fig. 4. Autoradiograph of the protein products of hirpC (A) and hrpD
and hrpE (B) following T7 RNA polymerase-dependent expression in E.
coli BL21(DE3) and SDS polyacrylamide gel electrophoresis. L-
[¥*S]methionine labeling and electrophoresis were performed as de-
scribed in the text. The samples in each lane were derived from cells
carrying the following plasmids. A, Lane 1, pNCHUG6I; lane 2,
pNCHU®62. B, Lane 1, pNCHUG63; lane 2, pNCHUG64.
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gae pathovars suggests that the sequences of these proteins
are less conserved than that of HrpC, for example, which has
more certain homology with YscJ (Preston et al. 1995). Thus,
the similarities of HrpB with YscI and HrpD with YscK were
initially revealed by BLAST searches with P. 5. pv. tomato
Hrp sequences, which generally show stronger similarity with
Yersinia sequences, and are documented in the context of
comparisons involving multiple P syringae pathovars

(Preston et al. 1995). The notion of a common ancestry for
these genes is supported by multiple pathovar comparisons,
the general similarity of the predicted products, and the
colinearity of the encoding genes (Preston et al. 1995). The
products of eight of the 12 ysc-related hrp genes also show
significant similarity to proteins involved in flagellar bio-
genesis (Table 3). Additional sequences of homologous hrp
genes from other plant pathogens and data on the structure
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Fig 5. Alignment of Pseudomonas syringae pv. syringae hrpU operon proteins with potential homologs from other bacteria using the Cluster method in

DNA Star. YscQ, YscR, YscS, YscT, and YscU are from Y. pseudotuberculosis (see text for all referen

ces). ORF2 is from Xanthomonas campestris pv.

glycines. Spa33, Spa24, Spa9, Spa29, and Spa40 proteins are from S. flexneri. MopA, MopC, Mo

pD, and MopE are from E. carotovora subsp. atrosep-

tica (Mulholland et al. 1993). InvX and FliN are from E. coli. FliY, FIiP, FliQ, FliR and FIhB are from B. subtilis.
the predicted sequences of various hrpU operon proteins and homologs are in shown in the following panels: HrpU
and HrpY (E). (continued next page)
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and function of the Hrp proteins may reveal a common ances-
try for even more of the hrp, ysc, and flagellar genes, and they
may confirm the significance of intriguing but tentative simi-
larities that have already been discerned (Table 3).

Our current evidence for the role of many of the P. s. pv.
syringae Hrp proteins in HrpZ secretion is fragmentary and
sometimes presumptive (Table 3). Some TnphoA mutations in
P. s. pv. syringae apparently permit expression of downstream
genes (Huang et al. 1991), but complementation analyses
with appropriate subclones are required to prove the necessity
of each target gene in secretion. Only with hrpH, hrpE, and
hrpY do we have evidence that an irrefutably nonpolar muta-
tion directly affects HrpZ secretion, as determined by the

Lp
LIS AIGNRV-K LG -
NVPA.H— FA-

visualization of HrpZ localization (Huang et al. 1992; He et
al. 1993; Fig. 7). Nevertheless, indirect evidence argues that
several other Arp genes are also involved in the secretion of
HrpZ and possibly other proteins (Table 3 and references
therein).

In a recent report, Van Gijsegem et al. (1995) present the
remaining unpublished sequences for the P. solanacearum
hrp cluster and an inventory of homologies with Ysc and
flagellar biogenesis proteins that is identical to that found for
P. 5. pv. syringae 61, except for Yscl and YscK. Interestingly,
examination of these two hrp clusters confirms earlier indica-
tions that the P. syringae hrp cluster is more closely related to
the Yersinia ysc genes than is the P. solanacear .m hrp cluster.
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For example, the P. solanacearum hrp homologs of yscT and
yscU are not arranged colinearly with those of yscQ, yscR,
and yscS, as they are in P. s. pv. syringae 61. It is also note-
worthy that completely different positive activator proteins
control the expression of the hrp genes in the two systems:
HrpB of P. solanacearum is homologous to the AraC family
(Genin et al. 1992), but the HrpR and HrpS proteins of P. sy-
ringae belong to the NtrC family involved in two component
regulatory systems (Fellay et al. 1991; Grimm and Panopou-
los 1989; Xiao et al. 1994), and no homolog has been found
in P. solanacearum for P. syringae HrpL, a putative alterna-
tive sigma factor in the AlgU family (Xiao et al. 1994). Our
combined results reveal that gram-negative bacteria possess
conserved sets of proteins involved with flagellar biogenesis,
the polar delivery of antihost proteins to mammalian cells (by
Yersinia and other animal pathogens), and the secretion of
glycine-rich elicitor proteins (by diverse plant pathogens).
Little is known about how the type III secretion pathway
functions to secrete the glycine-rich elicitor proteins of plant
pathogens or the Yop and Ipa virulence factors of animal
pathogens across the cell membranes, as well as the exact

numbers of proteins participating in secretion. Twenty or
more Ysc proteins (encoded by the virC and virB loci)
(Bergman et al. 1994; Michiels et al. 1991), or at least 15 Hrp
proteins may participate in forming an export organelle that
involves outer membrane, inner membrane, and cytoplasmic
proteins. HrpH, one protein of this complex located in the
outer membrane, possesses sequence similarity to the pIV
protein of filamentous phages involved in extruding phage
particles (Huang et al. 1992). Ten to 12 molecules of pIV
protein probably form a disk-shaped multimeric complex in
the outer membrane, whose opening could be gated by an en-
ergized pl protein as soon as it receive a signal of packaging
of phage particles (Kazmierczak et al. 1994; Russel 1993).
Russel (1994) has suggested that homologs of pIV may play
the same role in the type II protein secretion pathway. There-
fore, it is worth investigating whether the HrpH protein forms
the same structure. If HrpH does that, the HrpJ4 protein could
be potentially a candidate to regulate the opening of this pore
since it contains an ATPase domain (Lidell and Hutcheson
1994). The roles played in this secretory machinery of HrpC
and its homolog, YscJ or MixJ proteins located in the outer
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Fig 6. Alignment of Pseudomonas syringae pv. syringae hrpZ operon proteins with potential homologs from other bacteria using the Pileup algorithm
(Devereaux et al. 1984). A, Identical amino acids (open boxes) in the predicted sequences of Pseudomonas syringae pv. syringae HrpC, P. solanacearum
Hrpl, Xanthomonas campestris pv. vesicatoria HrpB3, Y. enterocolitica Yscl, S. flexneri MixJ, and R. fredii NolT. B, Alignment of identical amino acids
in the predicted sequences of P. s. pv. syringae HrpE and Y. enterocolitica YscL.
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membrane, are still a puzzle. They may function in stabilizing
the HrpH multimer, or in mediating any communication with
inner membrane proteins in this complex.

The roles played by a group of inner membrane proteins,
Hrpl, HrpW, HrpO, HrpX, and HrpY, in the secretion process
remain elusive. SpaS, the homolog of HrpY, contains a motif
that defines a group of mitochondrial proteins responsible for
energy transfer (Groisman and Ochman 1993). Also, YscU,
the homolog of HrpY, is thought to interact with cytoplasmic
YscN, the homolog of HrpJ4 (Allaoui et al. 1994). So is it
possible that HrpY interacts with HrpJ4 in energy transfer
during the process? The C-terminal portion of ORF2 of X.
campestris pv. glycines, a homolog of HrpW, is quite similar
to that of the gamma subunit of oxaloacetate decarboxylase,
which is involved in sodium ion transport (Hwang et al.
1992). A reasonable possibility is that all of these proteins
assemble into a very tight channel in the inner membrane.
Several Fli/Flh proteins of enteric bacteria form a complex in

Table 2. Identity/similarity® of homologs of Hrp proteins

the inner membrane to allow the secretion of flagellar pro-
teins (Macnab 1992). However, some Ysc proteins, for in-
stance LerD and YscU, appear to have dual functions, one in
secretion, another in the regulation of Yop protein production
(Allaoui et al. 1994; Plano et al. 1991). The Hrp proteins
which are homologs of these Ysc proteins may not have such
dual functions. For example, Hrpl of E. amylovora, a ho-
molog of LerD, functions only in the secretion of Harping,
(Wei and Beer 1993).

Unlike the type II protein secretion pathway, which em-
ploys the Sec machinery to cross the inner membrane, harpin-
like proteins and Yop proteins bypass the Sec pathway in their
travel to the cell exterior. However, the Yersinia YopE protein
requires a specific chaperone-like SycE protein to protect it
from denaturation and subsequent proteolytic degradation
before being secreted (Wattiau and Cornelis 1993), just as the
Sec-mediated translocation of some envelope proteins re-
quires SecB (Pugsley 1993). Hence, it is reasonable to predict

Pss 61 proteins HrpC HrpE HrpU HrpW HrpO HrpX HrpY
Secretion components
Y. spp Yscl YscL YscQ YscR YscS YscT YscU
37159 21/47 28/53 45/72 46/68 30/59 32/59
S. flexneri MixJ Spa33 Spa24 Spa9 Spa29 Spad0
25/58 16/47 34/61 33/69 25/56 26/56
S. typhimurium SpaO SpaP SpaQ SpaR SpaS
28/53 37/63 36/63 27/59 28/57
P. solanacearum Hrpl HrpF HrpQ HrpT HrpU HrpC HrpN
36/58 25/45 23/48 42/64 31/56 28/54 31/56
X. campestris HrpB3 ORF2
35/58 43/63
E. coli InvX
33/69
R. fredii NolT
37/58
Flagellar proteins
B. subtilis FliY FliP FliQ FliR FIhB
24/51 37/62 32/62 20/53 34/59
E. coli FliN FliP FliQ FliR
25/56 37/62 32/59 21/53
C. crescentus FliF FliN FliQ FliR
25/58 25/56 35/63 23/53
E. carotovora MopA MopC MopD MopE
28/58 42/65 34/59 24/54
S. typhimurium FliF FliN
24/56 25/56

* The identity/similarity values are expressed in percentages as estimated by the Bestfit program of the Genetics Computer Group software.
ty y
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Fig 7. Cellular location of HrpZ in hrpC, hrpE, hrpW, hrpX, and hrpY mutants as detected by Western blots probed with anti-HrpZ antibodies. Lanes: 1,
supernatant of wild type Pseudomonas syringae pv. syringae; 2, cell fraction of P. 5. pv. syringae; 3, supernatant of ArpW mutant, 61-12; 4, cell fraction
of 61-12; 5, supernatant of hrpX mutant, 61-1087; 6, cell fraction of 61-1087; 7, supernatant of hrpY mutant, 61-1088; 8, cell fraction of 61-1088; 9,
supernatant of ArpC mutant, 61-2091, 10, cell fraction of 61-2091; 11, supernatant of ArpE mutant, 61-19; 12, cell fraction of 61-19.
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that among the hrp gene products are chaperone-like proteins
that have the same function in the Hrp secretion pathway. A
few cytoplasmic Hrp proteins with unknown function are po-
tential candidates as chaperones, for example, HrpF, HrpG,
HrpK, or HrpA.

Recently discovered properties of the type III protein se-
cretion pathway may be important to plant-pathogen interac-
tions. For example, Xanthomonas avr gene products have
been predicted to be secreted via a hrp-dependent pathway
(Fenselau et al. 1992), although so far, there is no experimen-
tal evidence that these proteins are released from the cell
(Brown et al. 1993; Young et al. 1994). However, it has re-
cently been observed that the type III pathway in Yersinia
spp. permits the polarized transfer of antihost proteins di-
rectly into mammalian cells (Rosqvist et al. 1994; Sory and
Cornelis 1994). The extensive similarities documented here
between the type III pathway components in Yersinia spp. and
P. syringae raises the possibility that the Hrp pathway may
have a similar translocation capability. The completion of the
nucleotide sequence of the entire functional hrp cluster of P
s. pv. syringae 61 should facilitate exploration of the mecha-
nism by which harpins and possibly other proteins are se-
creted by plant pathogenic bacteria.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions.

The bacterial strains and plasmids used in this study are
listed in Table 4. Escherichia coli was grown in Luria-Bertani
(LB) medium (Sambrook et al. 1989) at 37°C. Pseudomonas

strains were grown on King’s B medium (KB) (King et al.
1954) or Hrp minimal medium (50 mM potassium phosphate
buffer, 7.6 mM (NH,),SO,, 1.7 mM MgCl,, 1.7 mM NaCl, 10
mM mannitol, and 10 mM fructose, pH 5.7) (Huynh et al.
1989) at 28°C to 30°C. The alkaline phosphatase substrate
used here was 40 pg/ml 5-bromo-4-choro-3-indolyl-phos-
phate (XP). Antibiotics used in selective media were (in mi-
crograms per milliliter): ampicillin, 100; kanamycin, 50; tet-
racycline, 20; nalidixic acid, 25.

General DNA manipulations.

Restriction enzyme digestions, agarose gel electrophoresis,
plasmid extractions, DNA ligation, and bacterial transforma-
tions (CaCl, procedure) were performed as described by
Sambrook et al. (1989). DNA fragments used in subcloning
were separated by electrophoresis through a 0.7% agarose gel
and then purified by electroelution from excised gel pieces in
an Elutrap apparatus (Schleicher & Schuell, Keene, NH) or
by using the Jetsorb Extraction kit (Genomed. Inc.).

DNA sequencing.

To determine the nucleotide sequences of the hrpU, hrpH,
and hrpZ operons (the regions containing complementation
groups VIII, IX, and XI) by the dideoxy method (Sanger et al.
1977), appropriate restriction fragments were subcloned into
the sequencing vectors, pBluescript KS or SK. Three Smal
fragments (1.7, 1.5, and 1.5 kb, respectively), which are adja-
cent to each other and encompass the sequences of group VIII
and group IX, were subcloned individually from pSH14
into pBluescript. The 2.3-kb EcoRI-HindIII and 1.4-kb

Table 3. Characteristics and homologies of Pseudomonas syringae pv. syringae 61 Hrp proteins®

Hrp proteins® Yersinia proteins Flagellar proteins Hrp protein characteristics

HrpK Unknown function (Xiao et al. 1994)

HrpL Alternative sigma factor (Xiao et al. 1994)

Hrp] Unknown function (Huang et al. 1993)

Hrpl LerD FlhA 6 m.d.’; secretion likely’ (Huang et al. 1993)

Hrpl3 (FliG) Secretion likely (Lidell and Hutcheson 1994)

Hrpl4 YscN Flil ATPase domain; secretion likely (Lidell and Hutcheson 1994)

Hrpl5 (FliJ) Secretion likely (Lidell and Hutcheson 1994)

HrpU1 Secretion likely (Lidell and Hutcheson 1994)

HrpU2 Similar to ORFI1 from X. ¢. pv. glycines; secretion likely
(Lidell and Hutcheson 1994)

HrpU YscQ FliY/FliN Secretion likely; cytoplasmic (This work)

HrpW YscR FliP 3 m.d.; secretion likely (This work)

HrpO YscS FliQ 2 m.d.; secretion likely (This work)

HrpX YscT FliR 3 m.d.; secretion likely (This work)

HrpY YscU FlhB 4 m.d.; secretion (This work)

HrpH YscC Outer membrane; secretion (Huang et al. 1992)

HrpG Potential ORF; function unknown

HrpF Potential ORF; function unknown

HrpE YscL Secretion (This work)

HrpD (YscK) Secretion likely (Preston et al. 1995; this work)

HrpC Yscl FliF Outer membrane; secretion likely (This work)

HrpB Ysel Secretion likely (Preston et al. 1995)

HrpZ Harpin,,, elicitor of HR (He et al. 1993)

HrpA Unknown function (Preston et al. 1995)

HrpR, HrpS NtrC family; positive activator (Xiao et al. 1994)

25 11 +(1) 8+(2) Total number of proteins

* The criterion for probable homology is based on a difference between the scores for the optimized and the average of 100 random alignments being at
least 5 times the standard deviation for the randomized alignments (Doolittle 1986). Proteins with similarities less than this value are presented in pa-

rentheses.

® Proteins are listed in the order of the arrangement of their genes, from left to right, in the pHIR11 hrp cluster (Fig 1).

¢ Number of m.d. refers to number of transmembrane domains.
4 Evidence for secretion is discussed in the text.
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EcoRI-EcoRI fragments spanning the hrpH and hrpZ operons
were also cloned from pCPP2145 into pBluescript. A series
of nested deletions was generated with the Erase-A-Base Kit
(Promega), and then the sequences of both DNA strands were
determined by using the Sequenase version 2.0 sequencing
kit (U.S. Biochemical Co.). The junction between fragments
was confirmed by synthesis of appropriate primers, which
were prepared by the Agricultural Biotechnology Labs of
National Chung Hsing University. The TnphoA insertions in
the hrpC, hrpE, hrpW, hrpX, and hrpY mutations were con-
firmed by determining the flanking DNA sequences using
primers homologous to TnphoA. Data were analyzed with the
Microgenie 7.0, DNA Star, and Genetics Computer Group
programs (Devereaux et al. 1984), and the homology search
was done with the BLAST program (Altschul et al. 1990;
Pearson and Lipman 1988).

T7 RNA polymerase-dependent expression
of hrpC, hrpD, and hrpE.

To express the hrpC gene in E. coli, a 1.4-kb PstI fragment
isolated from pCPP2145 was cloned into pET21a to construct
pNCHU61 and pNCHUG62 (with the insert in different orien-
tations). Then these plasmids were transformed into E. coli
MC4100 harboring pGP1-2 (Tabor and Richardson 1985).
The transformants were grown in Luria-Bertani broth to an
ODgy of 0.4 at 30°C, washed with M9 minimal medium, and
then suspended in the same minimal medium. Incubation was
continued for 1 h at 30°C before the culture was shifted to
42°C for 20 min to induce expression of the T7 RNA po-
lymerase gene. Rifampin (final concentration, 200 pg/ml) was

Table 4. Bacterial strains and plasmids used in this study

then added, and incubation was continued for a further 10
min. L-[*S]methionine (10 puCi) was then added to 1 ml of
culture, which was incubated for an additional 10 min at
30°C. Labeled cells were pelleted, suspended in 80 pl of
polyacrylamide gel sample buffer, and heated to 100°C for 2
min. A 10-pl sample then was subjected to sodium dodecyl
sulfate (SDS)-10% polyacrylamide gel electrophoresis. La-
beled proteins were visualized by exposing Kodak X-Omat
AR film to the gel at —-80°C for 16 h.

To express the hrpD and hrpE genes in E. coli cells, a 1.7-
kb Sall fragment isolated from pCPP2145 was cloned into
pBluescript KS to construct pNCHU63 and pNCHU64 (with
the insert in different orientations). These plasmids were
transformed into E. coli BL21(DE3) (Studier et al. 1990). The
methods described above were then used, except that IPTG
(final concentration, 0.4 mM) was used to induce the expres-
sion of the T7 RNA polymerase gene to permit selective ex-
pression of the gene of interest.

TnphoA mutagenesis of pCPP2145 and pSH14,
triparental matings, and marker-exchange
mutagenesis of P. syringae.

Plasmids pCPP2145 and pSH14, carried in E. coli CC118,
were mutagenized with A::TnphoA (Manoil and Beckwith
1985) as described (Huang et al. 1991). Mutated (Kan®)
plasmids were extracted and directly restriction mapped.
Those with TnphoA inserted in the region of interest were
individually mobilized by triparental matings into P s. pv.
syringae 61 for subsequent marker-exchange mutagenesis.
Triparental matings (Ditta et al. 1980) were carried out by

Strains or plasmids Relevant characteristics

Source or reference

E. coli
DH10B endAl hsdR17 recAl relA A(argF-lacZYA)U169 ¢80d lacZAM15
HB101 F* hsd20 recAl3 thr leu thi pro Sm'
MC4100 F~ A(lac)U169 araD136 relA rpsL thi
BL21(DE3)

P. syringae pv. syringae
1 Wild type isolated from Wheat, Nal”

Life Sciences Technologies
(Gaithersburg, MD)

Maniatis et al. 1982

Oliver and Beckwith 1981

B strain, F-ompT r,"my,~ hsdS gal (ADE3 clts857 int] Sam7 nin5 lacUVS-T7 genel)  Studier et al. 1990

Huang et al. 1988

61-12 Strain 61 derivative carrying hrpW::TnphoA mutation This study
61-19 Strain 61 derivative carrying hrpE::TnphoA mutation This study
61-2087 Strain 61 derivative carrying hrpX::TnphoA mutation Huang et al. 1991

61-2088 Strain 61 derivative carrying hrpY::TnphoA mutation Huang et al. 1991
61-2091 strain 61 derivative carrying hrpC::TnphoA mutation Huang et al. 1991
Plasmids
pRK2013 IncP Tra RK2+ ArepRK2 repEI" Kan' Ditta et al. 1980
pBluescript KS or SK  ColEl, Ap', mcs-lacZ Stratagene
pET21a Ap', lacl Novagene
pGP1-2 Kan', c/857, T7 RNA polymerase Tabor and Richardson 1985
pHIR11 30-kb fragment of strain 61 containg hrp cluster cloned in pLAFR3 Huang et al. 1988

pSH14 13.5-kb EcoRI fragment from pHIR11 subcloned in pLARF3

S. W. Hutcheson

pCPP2145 10.6-kb BglII from pHIR 11 subcloned in pCPP30 Huang et ar. 1992

pCPP30 IncP lacZ", Tc* D.W. Bauer

pSH14-12 pSH14 derivative carrying hrpW::TnphoA mutation This study

pCPP2145-19 pCPP2145 derivative carrying hrpE::TnphoA mutation This study

pNCHU61 1.4-kb PstI fragment from pCPP2145 subcloned in pET21a; opposite orientation of ~ This study
T7 promoter

pNCHU62 1.4-kb PstI fragment from pCPP2145 subcloned in pET21a; same orientation as T7  This study
promoter

pNCHUG63 1.7-kb Sall fragment from pCPP2145 subcloned in pBluescript KS; opposite orien-  This study
tation of T7 promoter

pNCHU64 1.7-kb Sall fragment from pCPP2145 subcloned in pBluescript KS; same orienta- This study

tion as T7 promoter
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mixing the recipient P. s. pv. syringae, donor E. coli CC118
(containing mutated cosmids), and helper strain E. coli
HB101(pRK2013) at a ratio of 10:1:1 on KB agar and incu-
bating at 30°C . The mating mixture was then spotted on KB
agar supplemented with nalidixic acid, tetracycline, and ka-
namycin at 30°C for 3 days. TnphoA insertions were then
marker-exchanged into the P s. pv. syringae 61 genome as
described (Huang et al. 1988).

HR assay in tobacco plants.

Tobacco (Nicotiana tabacum L. var. Xanthi) plants were
grown under greenhouse conditions and then transferred to
the laboratory and maintained at room temperature for the HR
assays. Bacteria were prepared by suspending 24-h cultures
grown on KB plates in 10 mM phosphate buffer at a concen-
tration of 5 x 10%. Inoculations were performed by pricking
leaves with a dissecting needle and then pressing the blunt
end of a tuberculin syringe against the leaf surface while sup-
porting the leaf with a finger (Baker et al. 1987). The plants
were observed within 24 h for development of the HR.

Western blotting of HrpZ protein with
anti-HrpZ antibody.

The wild-type P. s. pv. syringae 61, and hrpC, hrpE, hrpW,
hrpX, and hrpY mutants were first grown in 5 ml of KB broth
at 30°C to an ODgy, of 0.5. Cells were collected by centrifu-
gation, washed once in 5 ml of Hrp minimal broth, resus-
pended in 5 ml of the same medium, and incubated with
shaking for 5 h. The cells and extracellular fractions were
then separated by centrifugation. The supernatants were im-
mediately precipitated with TCA at a final concentration of
5%, washed with acetone, dissolved in 30 pl of 10 mM Tris
buffer, and boiled after adding an equal volume of 2x loading
buffer (0.625 M Tris pH 6.8, 2% SDS, 10% glycerol, 2%
B-mercaptoethanol) for 1 min. The cell pellets were washed
with 10 mM Tris buffer (pH 8.0), resuspended in 2 ml of the
same buffer, sonicated, precipitated with 5% of TCA, washed
with acetone, dissolved in 30 pl of 10 mM Tris buffer, and
boiled with an equal volume of 2xloading buffer for 1 min. A
20-pul sample of each fraction was subjected to SDS-10%
polyacrylamide gel electrophoresis in a 0.75 mm thick gel in
a Hoefer Mighty Small apparatus. Prestained molecular size
standards (Bio-Rad Laboratories, Richmond, CA) were used
to calibrate protein mobilities on the blot. After separation,
the protein bands were transferred to an Immobilon-P mem-
brane (Millipore Inc., Bedford, MA) in a high-field electrob-
lotting apparatus (American Bionetics Inc.) as described by
the manufacturer’s instructions. The transblotted filter was
probed with an anti-HrpZ antiserum (He et al. 1993). Immu-
nodetection of the bands was performed with a rabbit alkaline
phosphatase-conjugated antibody (The Binding Site) as de-
scribed by manufacturer’s instruction.

Nucleotide sequence accession numbers.

The nucleotide sequences reported in this paper have been
deposited in GenBank under accession numbers U25812 for
the Smal-Sstl fragment bearing hrpU, O, W, X, and Y, and
U25813 for the EcoRV-EcoRI fragment bearing hrpC, D, E,
F, and G.
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