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The Pseudomonas syringae pv. syringae 61 hrpJ and hrpl
genes were sequenced and found to encode predicted pro-
teins of 37,710 Da and 76,490 Da, respectively. The products
of these genes were confirmed by T7 polymerase-dependent
expression and sodium dodecyl sulfate-polyacrylamide gel
analysis. Hrpl belongs to a superfamily of proteins repre-
sented by Yersinia pestis LerD.

Additional keywords: hypersensitive response, virulence.

The ability of bacteria to elicit the hypersensitive response
(HR) in plants is controlled by Arp 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; Willis ez al. 1991). hrp gene clusters have been
demonstrated in Pseudomonas syringae, Erwinia amylo-
vora, P. solanacearum, and Xanthomonas campestris (Lindgren
et al. 1986; Boucher et al. 1987; Beer et al. 1991; Arlat
et al. 1991; Bonas et al. 1991). The Arp gene clusters cloned
from P. syringae pv. syringae 61 and E. amylovora Ea321
are unique in that they enable nonpathogenic bacteria like
P. fluorescens and Escherichia coli to elicit the HR (Huang
et al. 1988; Beer et al. 1991). Wei et al. (1992) recently
reported that the E. amylovora Ea321 hrp cluster is respon-
sible for the production of harpin, a 44-kDa protein that
elicits the HR. An extracellular, proteinaceous factor that
elicits an HR-like necrosis in tobacco has been reported
for P. solanacearum (Genin et al. 1993).

DNA sequence analyses of Arp regions that are conserved
among these bacteria suggest that some of the genes encode
protein translocators. For example, the P. syringae pv.
syringae 61 HrpH protein, identified by TnphoA muta-
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genesis as one of at least two envelope proteins encoded
by the Arp cluster, is a member of a superfamily of outer
membrane proteins involved in protein and phage secretion
and is most similar to the YscC protein of Yersinia entero-
colitica, which is required for the secretion of “Yop” viru-
lence proteins (Michiels ez al. 1991; Huang et al. 1992).
Sequencing of the Arp clusters of P. solanacearum and
X. campestris pv. vesicatoria has revealed putative open
reading frames (ORFs) predicting similar proteins in these
bacteria as well as homologs of the Yersinia YscJ and
LerD proteins (Fenselau et al. 1992; Gough et al. 1992).
The second P. syringae pv. syringae 61 hrp gene identified
by TnphoA mutagenesis to encode an envelope protein
(Huang et al. 1991) has been designated Arpl and is
described here.

A 3,603-bp region of DNA spanning the contiguous hrpJ
and hrpl genes was sequenced on both strands (Figs. 1,
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Fig. 1. Location in pHIR1! of ArpJ-I and hrp H and regions subcloned
for T7 polymerase-dependent expression of hrpJ and hrpl. A,
Restriction map of the pHIRI1I1-derivative, pCPP2078, showing
location of the PhoA™ TnphoA insertion in Arpl (arrowhead). Arrows
indicate the direction of transcription of hrpJ-I and hrpH. B, The
region whose sequence is presented in Figure 2. C, The hrpJ* expres-
sion plasmid pYEXEX3. D, The ArpI” expression plasmid pYXEX3.
The position and orientation of the vector T7 promoter in pYEXEX3
and pYXEX3 is represented by arrowheads, and the position of the
vector T¢ terminator is represented by filled boxes. Restriction sites:
Ba, BamHI; Bg, Bglll; E, EcoRl; H, HindIIl; Hin, Hincll; S, Sall;
Sm, Smal; Ss, Sspl.
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1 AGCGATAACCATGCCAGCCAAAAAATATTTATAAGCATTTGTTTTATAAGACTATTTTAAAATTTGAAATTCTTTGAAATACATTT
101 GTTTTTGGCTCTGCAGCTTTTGGCACAAACGCATAAGCCTTCGGCACCAGGGAACCGAACCGCGTCAATGACCCACTCAGCGGTCA
201 TGACCAGGCCCAGAATCGTCCTATGAAAATCGTCGCCCCGCCTACATTACCCATTCGTCCGGTAGCGCCAATCCGCGCCATCACACCGGCTGCGCGAGCG

Hppy M K I V A PP T LPTIRPVAPTIRATITUPAARA
301 ATTCCCGGCAGCGGGTTGCCTGATGAAAAAGGCACCTCGTCACTGCAGGTCTCGCGCTTCGCCGCAGCGCTGGTGCAGCACAGCCGGATACTGCGTGAGC
I PGS GLPDEIKGTS SLQVSRFAAALVA QHSI RTITLTGBRTER
401  GAGAGCTGATCGCGAGCAGGAACGCGCTGCAGTCGCGGGCCGTCAAACTGGGCGAGCTTTATCAGT TGCTGATGAGCACCAGCGACACCGGGCTGGATAA
E LI ASRNALAO QSR RAVKLSGETLYOQaQLLMSTSDTGTLTDN
501 CGCCGCCAGATTGCTGCGCAAAAAACTGCTGCAGGACAACGACGCCGATCTGGAACAGGTTCTGGAATTCGCTGACGGCGACGCTGCCAAGGCTCACGTG
AARLLRIKIKTLILOQDNDA ADTLTEA QVLETFADGUDAATZKUAUHV
601 GTGTTGCAGGCAGCGCGCAAACAGGCAGAAGACGATGGGGCTGAAGAAGAATATGCAGCGCTGACCCAGACGCTTAAACATCTGCGCCGCCGATTCGGTC
VL QAARIKO Q@ATEDTUDSGAETETETYA AALTO OQTLI KU HTLTA RARBRARBRTEFGE?®P
701 CGCGCGCCCGCGCCGGTATCAATACCGCAAGAGCCTTCGGGCGCCAGAACATCGATAACAAGCGCCGCACTGCCTTGCGCAATCTGTATGGCGTAGCGGT
R ARAGTINTARAFGR Q@NTIDNIEKARBRRTA ALARBRNILYTGVAYV
801 GTCGGGACAACCCAACGTCACGGGTTTGATCGAAGCCCTGATTGGCGAGCAACAGGAACCCGGCGAGTTCGACCTGAACCTGCGCGACATGCGTAGAGCC
$§$ GQPNVTGLTIEA ALTIGES QQETPGETFTDTLNTLTIRTDMRBRIERBRA
901  ATCGCCGACGATCTTTCGGCGATTACCCCGTCGGCTTCCCATGAACAACTGCGCACGCTGATGCATGGCCTGACCACCGCGCGCCATGTCACGACGTTGC
I ADDLSAITUZPSASHEA QLA RTLMHGLTTARUHVYTTL.L
1001 TGCGCGGTTGCGAACACCTGCTGGGACGCATGCGCAAAAAGAATCCCAAACTGACCGTGGACCCTCCGGCCTTCCTCAAACACATGCTGACCCTGACGGE
R G CEHLLGRMRBRIKTIKNTPIEKTLTVDPPATFTLIEKUHMLTLTA
1101 CAATGGCATGAACGTGAATCAGACCTTGCAGCTGACCCAGCACATCGGGGGCAACAAACT CGAACACCAGT TGGCGTTTCTCAATGGCCTGCGGGCCGAT
NGMNVNQTLAQQ@LTOQQHTIGGNTIKTLTESUHO QLA ATFTLNGTLTU RIAD
1201  GCTGATGCAACTGCCGATCCTGCTCTGGCGGGACCTGAAAAGCCGCCAGGCCGCGCTGAATAATCTACTCACGCTGATGGCCGAGCTTACGCATAAGGAA
A DATADUZPALAGTPETZKTPPGR RATE*
1301 CAGAAGCAACTATACGAGGGGCTTGCCTGATGAACCGGGTCATCAACTTTCTGAACATGGTCGCGCTGTCGGCCATGCGCCGCTCGGAACTGGTCGGTGC
Hpl M N R V I N F L NMV AL SAMRBRARTSTETLUVSGA

1401  GTTTTTTGTGATCGCCATCGTGTTCATGATGATCACGCCGCTGCCCACCGGGTTGATCGACGTGCTGATCGCCGTGAACATCTGTATTTCCTGCCTGCTG
FFVIAIVFMMITU®PLUPTGLTIDVLTIAVNTITZ GCTISTG CTL.L
1501 ATCATGCTGGCGATGCACCTGCCAAGGCCACTGGCGTTCTCGACCTTCCCTGCCGTGCTGCTGCTGACCACGATGTTTCGTCTGGCCCTGTCGGTTTCCA
I M L AMHLZPRPLAFSTFPAVLLTLTTMFARLALSUVST
1601 CCACGCGGTTGATTCTGCTCAACCAGGACGCCGGACACATCGTCGAGGCGTTCGGGCAGTTCGTGGTGGGCCCCAATCTGGCGGTGGGTCTGGTGATCTT
TRLTIULLNO QDA AGIH HTIVEAFGAQFVVGPNTLAVGTLUVTITF
1701 CCTGATCCTGACGGTGGTCAACTTTCTAGTGATTACCAAAGGCTCGGAACGGGTCGCCGAAGTCGGTGCGCGTTTTACCCTGGACGCGATGCCCGGCAAG
L I LTVVNTFLVITIKSGSTEHRVAEUVGARTFTULTUDAMEPGK
1801  CAGATGTCCATCGACAGTGACCTGCGTGCCAACCTGATCACCGTCCACGAGGCCCGCAAACGACGCGCTGAACTGAACAAGGAAAGCCAGTTGTTCGGTG
Q M S I DS DLRANULTITVHEIA ARTIKA BRRATETILNIKTET GSA aQLTFGA
1901 CGATGGATGGCGCCATGAAGTTCGTCAACGGCGATGCGATCGCCAGCCTGATCATCGTTGCCATCAACATGATCGGCGGCATTTCCATCGGCGTGCTGCA
M DGAMEKTFVNGDA ATIASTLTITIVATINMIGS®GTISTIGVTLQ
2001 ACACAACATGGCGGCAGGCGACGCCTTGCAGCTGTATACCGTGCTGACCATCGGTGACGGCCTGATCGCGCAGATTCCTGCGCTGCTGATTTCCGTGACC
HNMAAGDA AL QLYTUVLTIOGDSGTLTIAOQIZPALTLTISUVT
2101 AGCGGCATGATCATCACCCGCGTGCCCAACACCGAGGCGGGTGTGGAAGCCAACATTGGCCGCGAGATCGCCGAGCAGATCACCAGCCAGCCCAAGGCCT
$ G M I I TRVPNTEA AGVEANTIGRETIATES GQTITSAaQPIKAW
2201 GGATCATCGCCTCGGTGGCCATGCTCGGCTTCGCGGCCCTGCCGGGAATGCCGACCGGTGTTTTCATTACCATCGCGATCATCTGCGGTGCCGGTGGACT
I T ASVAMLGFAALPGMPTGVY FITTIATITITGT CGATGTG.L
2301 GCTGCAGTTGCAACGAGCAAAACCCAAGGCCGATGAGCAACGTACAGCCGCTGTGGCGCCAGAAATGAACGGCAAGGAAGACCTGCGTACTTTTTCGCCC
L @L aQRAKPIKADTEAG QRTAAVAPEWMNSGT KTETDTLA RTTFTGSTEP
2401 AGCCGCCAGTTTGTGCTGCAATTCCACCCCGGTCAGGACAGCGCACAGATCGAAGCGCTGGTCAGCGAAATACGCAAGCGCCGCAACCGTCTGGTGGTGC
S RQ F VL QFHPGQDSAQTIEALUVSETIRIEKARBRARNIBRLUVLUYDA Q
2501 AGTACGGCCTGACCCTGCCTTCGTTCATCATCGAGCATGTCGATGACATTGCCCCGGACGAGTTTCGCTTCACCGTCTATGACGTACCGATGCTCAAGGC
Y G L TLPSF I 1 EHVDDTIAPDTETFH RTFTVYTDVEPMLZKA
2601 CACCTTCACGCAGAGCCATGTCGCCGTGGAAGCGCGCCAGCTGGAAGGCGAAAACCTTCCAGCGGCCATCCCGGGAAATACCGACCGCCAGGAAGATCAA
T FTQSHVAVEARAO QLTEGENTLZPAATIZPGNTUDA RGO QETDDQ
2701  TGGGTCTGGCTGCCTGCCGAGCAGTCTGGCGAATTGAACCCGGTCAGTTCCACGACGCTGCTCATCGAACGCATGGAGCGTGCATTGCAGTCCTGCGCGC
WV WL PAEA QSGETLNPVSSTTLLTITEIRTMETGRBRALGGSTGCASTFEP
2801 CGCAGTTCATCGGCTTGCAGGAAACCAAAGCGATCCTCAGCTGGCTGGAGTCCGAGCAACCGGAACTCGCTCAGGAAATGCAGCGGGTCCTCACCCTGAC
Q F I GLOQET KA ATITULSWLTESTEA QPTETLAQEMOQRVYVLTLT
2901 GCGCTTCTCGGCCGTCCTGCAACGCCTGGCCTCGGAGTGTGTGCCGCTGAGGGCGATCCGGGTCATTGCCGAAACCCTGATCGAGCACTGCCAGCATGAA
R FSAVLQRLASET CVZPLRAIRVYTIATETTULTITETUHTECA QTHE
3001 CGCGATACCAATGTGCTGACCGACTATGTGCGCATTGCGCTCAAGTCGCAGATCTACCACCAGTACTGCGGTGCCGAAGGCCTGCAAGTGTGGCTCGTCA
RDTNWVLTDYVRIALTEKS SO QI YHOQYCGATEGLO QVWLUVT
3101 CGCCGGAAAGCGAGGGGTTGTTGCGCGATGGCCTGCGCCAGACGCAAACCGAAACATTCTTCGCGCTGAGCAACGAGACCAGCCAGATGCTCGTGCAACA
P E S EGLLRDGLRQTQ@TETTFTFALSNTETSQQMLVaaaa
3201 GCTGCACATTGCCTTCCCGGTACGAGCTCCCGAACAGGCGGTTCTGCTGGTGGCACAGGATCTGCGCAGCCCTCTGCGTACCTTGTTGAGGGAGGAGTTC
LHIAFPVRAPEU QAVLLVAOQDTLIA RSPLA RTLTLTA RTETEF
3301 TACCATGTACCCGTACTATGTTTTGCGGAAATCAGCAACGCGGCCAAGGTCAAGGTCATGGGTCGATTCGACCTTGAAGACGATCTCGAGCCGCTGGACA
YHV PV LCFAETILISNAAIKVYVIKVMGARTFUDTLTETDTDTLTETPLTDN
3401 ACGAGCACGCTGCCTGAGCCTGCAAGGCCTGAATGCACGGAGACTTTCAGATGT TTGAATTACGCGTACTGAATGGCCAGCACCAAGGCGCGGCATTACC
E H A A *
3501 GCTGATCGGTGAGCAATGGTCGATTGGCTCTGCCGGGCAACACGATCTGGCGCTGGACGATGCGGGCGTGGAAAGCCTGCAT TGCCGCCTGCAACGTGTC
3601 GAC 3603

Fig. 2. Nucleotide sequence of a 3,603-bp region of Pseudomonas syringae pv. syringae 61 chromosomal DNA containing hrpJ and hrpl.
The hatched region denotes Harp box sequences; potential ribosome binding sites preceding the ArpJ and hrpI ORFs are underlined.
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2). Subclones were constructed (Sambrook er al. 1989)
in pBluescript plasmids (Stratagene), partially deleted with
either the Erase-a-Base kit (Promega, Madison WI) or
the Exolll/ Mung Bean Deletion kit (Stratagene), and then
sequenced from double-stranded templates by the chain
termination method of Sanger et al. (1977) with the
Sequenase version 2.0 sequencing kit (U.S. Biochemical,
Cleveland OH). Both dGTP and dITP reaction mixtures
were examined. Data were analyzed with the Genetics
Computer Group version 7.1 (Devereaux et al. 1984) pro-
grams. The GenBank accession numbers are L11281 for
hrpJ and L11582 for Arpl.

Predicted ORFs extended from positions 223 to 1260
for hrpJ and from 1330 to 3414 for hrpl. The direction
of transcription was consistent with the orientation of
TnphoA and Tn5-gusAI insertions that possessed reporter
enzyme activity (Huang et al. 1991; Xiao et al. 1992). A
potential ribosome binding site (AGGCCCAGAA)
was located 7 bp upstream of ArpJ; another (GAGGGG)
was 9 bp upstream of Arpl. The first 13 nucleotides in
the sequenced region agreed closely with the last 13
nucleotides of the “Harp box” consensus sequences found
upstream of P. syringae pv. phaseolicola hrp genes (Fellay
etal. 1991). No rho-independent terminator sequences were
found downstream of Arpl. Instead, an ATG at position
3451 was preceded by a consensus ribosome binding site
(GGAGA) and followed by an ORF that ran through
position 3603. The molecular masses of the predicted pro-
teins encoded by the two ORFs were 37,710 Da for ArpJ
and 76,490 Da for hrpl.

To visualize the products of ArpJ and hrpl, plasmids
pYXEX3 (hrpJ") and pYXEXS5 (hrpI™) were constructed
(Fig. 1). First, a 1.7-kb Sspl-Hincll fragment containing
the hrpJ region was subcloned into pBluescript II SK+.
The new construct was digested by Xbal and Kpnl to
isolate the fragment with Xbal and Kpnl ends. The T7
promoter vector pVEX11f*T8/24 (kindly provided by
Adhya Sankar of NCI, NIH, Bethesda, MD) was used
for expressing Arp genes. This derivative of pET-3a (Studier
et al. 1990) is modified by insertion of a multicloning site.
pVEXI11f"T8/24 was digested with Xbal and Kpnl to
remove the Shine-Dalgarno sequence and ATG codon in
the vector. The Xbal-Kpnl fragment was then ligated into
the vector to form pYXEX3, in which the native translation
start sequence and the putative ORF were downstream
of the vector T7 promoter. A 3.1-kb EcoRI-Sall fragment
containing the hArpl region from a subclone of pHIRII
was also cloned into pVEX11f"T8/24 by the same pro-
cedure to form pYVEXS. pVEX11f"T8/24, pYXEX3, and
pYXEXS were then transformed into E. coli B121(DE3)
(Studier et al. 1990).

The product of the hrp gene in each plasmid was
specifically labeled by T7 promoter/polymerase-dependent
expression in E. coli BL21 cells incubated in the presence
of [**S]-methionine (Studier ez al. 1990). [**S]-labeled pro-
teins in the cell lysates were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and autoradio-
graphy (Fig. 3). Lysates of the hrpJ" plasmid contained
a unique band with an apparent molecular mass of 39
kDa, which agreed well with the mass of the predicted
protein. The ArpI" plasmid produced a protein with an

apparent molecular mass of 67 kDa, which was somewhat
less than that of the predicted protein but similar to the
observed molecular mass of other members of the LerD
superfamily (Plano et al. 1991; Galan er al. 1992).

A search of the GenBank database with the FASTA
program (Pearson and Lipman 1988) for comparisons of
predicted amino acids revealed no proteins with similarity
to hrpJ. However, hrpl showed strong similarity to several
proteins in a superfamily of proteins that includes LcrD
of Y. pestis (Plano et al. 1991), VirH of S. flexneri (Galan
et al. 1992), InvA of S. typhimurium (Galan et al. 1992),
FIbF of C. crescentus (Ramakrishnan et al. 1991), and
two hrp homologs in P. solanacearum (Gough et al. 1992)
and X. campestris pv. vesicatoria (Fenselau et al. 1992)
(Fig. 4). Conservation of sequences in all of these proteins
was highest in the hydrophobic, membrane-spanning
regions in the amino-terminal portion of the protein (Fig. 4).

Gough er al. (1992) recently reported that Southern blot
analysis of E. amylovora and P. syringae pv. phaseolicola
DNA, probed with the P. solanacearum hrpO gene (the
hrp homolog of the Yersinia IcrD), revealed the presence
of hybridizing sequences. Our results confirm the presence
of this gene and its protein product in P. syringae pv.
syringae. Similarly, Beer et al. (1993) reported that the
E. amylovora hrpl gene also encodes a protein in the LerD
superfamily.

Although the P. syringae pv. syringae 61 hrpl protein
is required for the Arp* phenotype, it is not known whether
its primary function is in regulation or secretion. The func-
tion of members of the LerD superfamily in other bacteria
is similarly unclear, although they are all associated with
processes involving protein translocation. As summarized

97.4
66.2

45.0

31.0

21.5

Fig. 3. Autoradiograph of the protein products of hrpJ and hrpl
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
described in the text. Lanes: 1, BL2I(DE3)(pVEX11{+T8/24); 2,
BL21(DE3)(pYXEX3); 3, BL2I(DE3)(pYXEX5). The positions of
molecular mass standards (Bio-Rad) are indicated at the left in
kilodaltons. The upper arrow indicates Arpl in lane 3; the lower arrow
indicates ArpJ in lane 2.
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Fig. 4. Alignments (open boxes) in the predicted amino acid sequences of P. syringae

pv. campestris HrpC2, Y. pestis LerD, S. flexneri VirH,
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