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The hrp/hrmA gene cluster of Pseudomonas syringae pv.
syringae Pss61 has been shown to form a minimum genetic
unit sufficient to enable nonpathogenic bacteria, such as
Escherichia coli, to elicit the hypersensitive response asso-
ciated with disease resistance. The biochemical functions
of most of these genes have not been established. The nu-
cleotide sequence of a 4.3-kb Ss¢I-BglII fragment carrying
hrp apparent translational units V, VI, and VII revealed
one partial open reading frame (ORF) and five complete
ORFs producing 35,126-, 48,866-, 17,308-, 20,482-, and
26,364-Da gene products (krpJ3, J4, J5, Ul, U2, respec-
tively). The production of these proteins was confirmed by
using T7 RNA polymerase-directed expression. The par-
tial ORF was found to be identical to the C terminus of
HrpJ2. The absence of apparent transcriptional termina-
tors and promoters between hrpl (hrpJ2), hrpJ3, hrpJ4,
and hrpJS together with the observation that the HrpL-
dependent hrpJ promoter directs expression of hrpJ3-J5
indicates that these genes form a single operon controlled
by the HrpL-dependent hrpJ promoter. A second HrpL-
dependent promoter consensus sequence was also identi-
fied upstream of ArpU1 and demonstrated to function as a
HrpL-dependent promoter, thus indicating that hrpUl,
hrpU2, and additional downstream genes may be part of a
second operon. The deduced product of hrpJ3 exhibits
similarity to FliG of Salmonella typhimurium, a cytoplas-
mic protein that regulates flagellar rotation and biogene-
sis. HrpJ4 shares extensive similarity with the Flil family
of ATPase-like proteins and retains the known functional
domains conserved among this family of proteins. HrpJ5
has properties similar to the S. typhimurium FliJ. Neither
HrpU1 nor HrpU2 exhibit significant similarity to known
proteins. Secretion of Harpinpy by E. coli MC4100 trans-
formants carrying pHIRI11::TnphoA derivatives was
blocked in hrpJ4, J5, and U2 mutants. In view of the pre-
viously reported similarity of HrpJ2 to the LerD super-
family that includes FIhA, these results predict that the
gene products of the hrpJ and hrpU operons form an inner
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membrane complex for translocation of proteins similar
to that used by the flagellar biogenesis system of S. ty-
phimurium.

When phytopathogenic bacteria invade the tissues of a
higher plant that is not their host, a rapid, localized defense
response is initiated that prevents further colonization of the
tissue (Keen 1992). Plants thus appear to be able to recognize
by an unknown mechanism the presence of a potential patho-
gen and initiate a defense response that contributes to disease
resistance. A laboratory manifestation of this defense re-
sponse is thought to be the hypersensitive response (HR), a
rapid tissue collapse and necrosis observed after an inoculum
sufficient to cause 50% or more of the plant cells to respond
is infiltrated into the tissue.

The ability of bacteria to elicit the HR in non-host plant
species appears to be controlled in part by hrp genes that have
been cloned from phytopathogenic pseudomonads, xantho-
monads, and erwiniae (Beer et al. 1991; Bonas et al. 1991;
Boucher et al. 1987; Huang et al. 1988; Hutcheson et al.
1993; Lindgren et al. 1986). The hrp genes were originally
identified by the pleiotropic phenotype of prototrophic mu-
tants that were nonpathogenic in previously susceptible
tissue, failed to elicit the HR in other plants, and exhibited a
reduced ability to multiply in any plant host (Anderson and
Mills 1985; Lindgren et al. 1986). Introduction of a cosmid
carrying the hrp/hrmA gene cluster isolated from P. syringae
pv. syringae Pss61 into P. fluorescens or Escherichia coli
enables these nonpathogenic bacteria to elicit the HR in the
leaves of tobacco and other plants (Huang et al. 1988; Heu et
al. 1993). A cloned Erwinia amylovora Ea321 hrp cluster has
recently been shown to exhibit similar properties (Beer et al.
1991). These observations indicate that these hrp clusters
form minimum genetic units for the elicitation of the HR. Re-
gions of colinearity exist between the E. amylovora Ea321
and P. s. pv. syringae Pss61 clusters (Laby and Beer 1992). A
secreted 44-kDa protein, called Harping,, has recently been
shown to be produced by the E. amylovora hrpN locus and is
proposed to function as an elicitor of the HR (Wei et al.
1992). A protein with analogous activity, Harpinp, is pro-
duced by the Pss61 hrpZ2 locus (He et al. 1993; Xiao and
Hutcheson 1994). These proteins appear to be heat-stable,



glycine-rich proteins that lack features typical of Sec-secreted
proteins.

Relatively little is known about the function of other Hrp
gene products in P. syringae strains. The Pss61 HrpH is a
member of the Yersinia YscC family of proteins (Huang et al.
1992). YscC is an outer membrane protein associated with
secretion of “Yop” virulence proteins (Michiels e al. 1991).
The Pss61 Hrpl product is a member of the Yersinia LerD
super-family of proteins (Huang et al. 1993). Proteins in this
group have properties of inner membrane proteins and are
associated with Sec-independent protein translocation (Galan
et al. 1992). The HrpS product of P. syringae strains is an
unusual member of the NtrC family of regulatory proteins
(Grimm and Panopoulos 1989; Xiao et al. 1994), and HrpL
appears to be an alternate sigma factor (Xiao et al. 1994;
Xiao and Hutcheson 1994). The hrp/hrmA gene cluster thus
is predicted to encode an apparently dedicated regulatory sys-
tem, a postulated protein translocation system, and a secreted
proteinaceous plant response elicitor (Huang et al. 1993;
Hutcheson et al. 1994). Homologs to HrpH and Hrpl have
been identified in the hrp clusters of X. campestris pv.
vesicatoria (Fenselau et al. 1992) and P. solanacearum
(Gough et al. 1992), suggesting hrp clusters may have a
common function in all phytopathogenic bacteria.

In an attempt to further characterize functional components
of the Pss61 hrp/hrmA gene cluster, the nucleotide sequence
of the 4.3-kb Bgl/II fragment carrying apparent translational
units V, VI, and VII was obtained. Here we report the nu-
cleotide sequence for hrpJ3, hrpJ4, hrpJS, hrpU1, and hrpU2,

Table 1. Strains and plasmids used in this study

confirmation of the deduced gene products by using a T7
RNA polymerase expression system, and evidence suggesting
that the hrp] and hrpU operons form an inner membrane
complex for Harping, secretion similar to the flagellar bio-
synthesis complex of S. typhimurium.

RESULTS

Nucleotide sequence of the 4.3-kb BgI/II fragment.

The 4.3-kb Bgl/II fragment internal to the Pss61 hrp/hrmA
gene cluster was cloned into pLAFR3 (see Table 1) and
shown to be capable of complementing mutations in hrp ap-
parent translational units V, VI, and VII (Y. Lu and S. Hutch-
eson, unpublished results). The nucleotide sequence ex-
tending from the left-hand Ss site to the right-hand Bgl/II site
was obtained for both strands. Six open reading frames were
identified (Fig. 1). ORFs are predicted to extend from nu-
cleotides 1-194, 210-1202, 1199-2548, 2551-2997, 2998~
3576, and 3573-4289 (Fig. 2). The direction of transcription
for these ORFs is in agreement with the orientation of
hrp::Tn5-gusAl insertions previously characterized in this
region that are regulated by carbon and nitrogen source (Xiao
et al. 1992).

The nucleotide sequence of the region encoding ORF1 was
identical to that of the 3’ end of hrpl (Huang et al. 1993).
Two possible translation initiation sites were identified for
ORF2, each consisting of a potential ribosome binding site
(AAGG or GGAGA) and an initiation codon 6-7 bp down-
stream (see Fig. 2). ORF2 is predicted to encode a polypep-

Bacterium

or plasmid Relevant characteristics

Source or reference

Escherichia coli

MC4100 F’ araD139 A (argF-lacZYA) U169 rpsL150 relAl f1b-5301 ptsF25 deoCl
B strain; F- ompT r, my, hsdS gal (\DE3 clts857 intl Sam7 nin5

BL2I (DE3)
lacUVS-T7 gene 1)

Casadaban 1976
Studier et al. 1990

DHSa endAl hsdR17 (r,” my") supE44 thi-1 recAl gyrA96 relAl A BRL

(argF-lacZYA) U169 ¢80dlacZDM 15

Pseudomonas syringae pv. syringae
Pss61 Nx', HR*
Pss61-2081 Pss61 hrpJ4::TnphoA mutant

Baker ez al. 1987
Huang et al. 1991

Pss61-2082 Pss61 hrpJ4::TnphoA mutant Huang et al. 1991
Plasmids

pLAFR3 IncP-1, T¢', lacZ’ Staskawicz et al. 1987

pHIRI11 31-kb P. syringae pv. syringae Pss61 fragment containing the Huang et al. 1988

hrp/ hrmA cluster cloned into pLAFR3

pHIR11 derivative carrying ArpL::TnphoA mutation
pHIR11 derivative carrying ArpJ4::TnphoA mutation
pHIRI11 derivative carrying hrpJ4::TnphoA mutation
pHIRI11 derivative carrying ArpJ5::TnphoA mutation
pHIRI11 derivative carrying ArpU2::TnphoA mutation
pHIRI11 derivative carrying ArpZ2::TnphoA mutation
pHIRI11::TnphoA derivative carrying wild-type hrp

pHIR11-2074
pHIR11-2081
pHIR11-2082
pHIR11-2083
pHIR11-2084
pHIR11-2092
pHIR11-2096

Huang et al. 1991
Huang er al. 1991
Huang et al. 1991
Huang et al. 1991
Huang ez al. 1991
Huang et al. 1991
Huang et al. 1991

pHIR11-5114
pBluescriptIl SK*

pHIRI11 derivative carrying ArpJ3::Tn5-gusAl mutation
ColEl, Ap" mcs-lacZ

pMLBgllI 4.3-kb Bgl1I fragment derived from pHIR11 cloned into pBluescriptIl SK*

pMLJ4-1L 1.5-kb Hincll fragment carrying ArpJ4 ligated into pLAFR3

pVEXI11 pET3a derivative, bla

pMLEX1 4.3-kb Bgl1I fragment cloned in the forward orientation into pVEX11

pMLEX2 4.3-kb Bgl/1I fragment cloned in the reverse orientation into pVEX11

pRG970 IncP, Sp* promoter-less lacZ and gusA in opposite orientation

pMLPU-IR 0.79-kb Hincll fragment ligated into pRG970 to create a transcriptional
fusion between the hrpU promoter and lacZ

pYXL2B 1-kb Sspl-Hincll fragment carrying the ArpL ORF cloned into

pBluescript II SK* behind the lac promoter

Xiao et al. 1992
Stratagene

This report

This report

Heu and Hutcheson 1993
This report

This report

Van den Eede et al. 1992
This report

Xiao et al. 1994
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tide of 329 or 323 residues with a predicted molecular mass
of 35,841 or 35,126, respectively, and pI of 5.1. ORF3 ap-
pears to begin at a GUG codon that overlaps the last translat-
able codon of hrpJ3. A potential ribosome binding site
(GAGQ) is located 5 nt upstream of the apparent initiation
codon. The ORF3 gene product is 449 aa long and has a
predicted molecular mass of 48,866 and pl of 8.9. The ORF4
gene product is predicted to contain 148 aa and have a molec-
ular mass of 17,308 with a pI of 6.7. A putative ribosome
binding site (GGAG) is apparent 5 nt upstream of the de-
duced initiation codon. ORFS appears to produce a relatively
proline-rich protein of 190 aa with predicted molecular mass
of 20,482 and pI of 6.5. A potential ribosome binding site
(AAGAAGG ) is located S nt upstream of the apparent initia-
tion codon (GUG). The apparent initiation codon of ORF6
overlaps the last translatable codon of ORFS and is preceded
by a potential ribosome binding site (GAAGA). The ORF6
product is predicted to be 241 aa long with a molecular mass
of 26,364 and pl of 6.8. The deduced ORF6 gene product
contains two possible transmembrane domains (residues 52—
83 and 97-120) containing amino acid residues with pre-
dominantly hydrophobic or neutral side chains (see Heijne
1987). ORF1-6 were henceforth designated hrpJ2, hrpJ3,
hrpl4, hrpl5, hrpUl, and hrpU2, respectively. A potential
translational initiation site overlapping the terminal nine co-
dons of ORF6 suggests the presence of at least one additional
ORF downstream (see below).

T7-RNA polymerase-directed expression
of hrpJ and hrpU operons.

To confirm the production of the deduced gene products,
the 4.3-kb BglII fragment was cloned into pVEX11 to create
pMLEX1 (forward orientation) and pMLEX?2 (reverse orien-
tation) and transformed into E. coli BL21(DE3). Newly syn-
thesized proteins in lysates of BL21(DE3) transformants

carrying pVEX11, pMLEX1, or pMLEX2 were visualized by
autoradiography following polyacrylamide gel electrophore-
sis (Fig. 3). BL21(DE3)(pMLEX1) expressed unique proteins
of 17, 20, 25, 35, and 44 + 3 kDa. Although products of indi-
vidual genes were not established, these observations agree
well with the molecular masses predicted for HrpJS, HrpUl,
HrpU2, HrpJ3, and HrpJ4, respectively, and were not ob-
served in lysates prepared from bacteria carrying the pVEX11
vector alone or pMLEX?2. Because of the production of ad-
ditional unexplained proteins in the strain carrying pMLEX1,
production of HrpJ5, HrpUl, and HrpU2 was verified by
cloning into pVEX11 a 2.9-kb NofI-Bglll fragment con-
taining a truncated hrpJ4 locus sufficient to encode a 35-kDa
protein and the complete hrp]S, hrpUl, and hrpU2 loci.
Proteins of 18, 21, 25, and 35 kDa were detected after SDS
polyacrylamide gel electrophoresis.

Relationship between hrpJ4 and previously
identified apparent translational units.

To determine the relationship between the apparent trans-
lational units defined previously (Huang et al. 1991) and
hrplJ4, a 1.5-kb Hincll fragment carrying hrpJ4 was cloned
into pLAFR3 to create pMLJ4-1L. Transformation of pMLJ4-
1L into Pss61-2081 or Pss61-2082, representing apparent
translational unit V, restored their ability to elicit the HR in
tobacco leaves but failed to complement Pss61 mutants car-
rying insertions in apparent translational units VI and VII
(data not shown). By using this complementation analysis as
a reference, apparent translational unit VI corresponds to
hrp]5 and apparent translation unit VII is equivalent to
hrpU2. Apparent translational units III and IV have been pre-
viously established to correspond to hrpJ1 (hrpJ) and hrp)2
(hrpl) (Huang et al. 1993). Several TnS-gusAl insertions
have been identified (e.g., 5101, 5114) that map to Arp)3 (Xiao
etal. 1992).

Ba Sa Sakl Sa El Bg SaSa SaBgSa El Sa El SaSa H Bg BaBa Sa El

N 1 O B N L]

A ISR T T T
Sm
Sm Ss

2 kb EVSm Sm SmSs sm Sm Sm SsEVEVSmEV Ss EVEV Ss EV Ss SsSmSmEV

Sstl  Sall Sall Smal Hincll Hincll Sall Sall Smal

J2 J3 J4 J5 U1 u2

Fig. 1. Physical map of the 4.3-kb Bg/II fragment internal to the Pseudomonas syringae pv. syringae 61 hrp/hrmA gene cluster carrying apparent
translational units V, VI, and VII. A, Restriction map of the P. s. pv. syringae hrp/hrmA gene cluster (taken from Xiao et al. 1992). B, SstI-BgII fragment
for which the nucleotide sequence for both strands was obtained. Restriction sites used to generate subclones are shown. C, Location and genetic
designation for the open reading frames identified within the fragment.
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Transcriptional organization of the region.

Xiao et al. (1992) had previously detected two apparent
transcriptional units in this region based on complementation
analyses in merodiploids carrying pHIRI11::Tn5gusAl
derivatives (apparent polar mutagen) and chromosomal
hrp::TnphoA insertions (nonpolar mutations). One apparent
operon consisted of hrpJ1-J2 and the other, hrpJ3-U2. A
survey of the nucleotide sequence of the region upstream of
hrp)3; however, failed to detect intervening transcriptional
terminators or ©%*, ©™, or HrpL-dependent promoter
consensus sequences. The intergenic regions between hrpJ2,

‘hrpd2
GAGCTCCOGAACAGGOGGTTCTGC TGETGGCACAGGATC TGOGCAGCCCTC TGCGTACCT
AP EQAVLTLVYVAQDTILTERTSETPTLTRTL-
61 TGTTGAGGGAGGAGTTCTACCATGTACCOGTACTATCTTTTGCGGARAATCAGCANCGCGE
L R E E F YH V P VL S F A ETI S N A A-
121 CCARGGTCAAGGTCATGGGTCGATTCGACCTTGAAGACGATCTCGAGCCGCTGGACARCG
KV KV MOGRTFTDTLTETDTDTLTETPLTDHNE-

-

hrpd3
181 AGCACGCTGCCTGAGCCTGCAAGGCCTGANTGCACGGAGACTTTCAGATGTTTGAATTAC
H A A * M H G DF Q M F E L R-

241 GCGTACTGAATGGCCAGCACCAAGGCYCGGCATTACCGCTGATCGGTGAGCAATGGTCGA
VL NGO QUHEGGGA AR AMLTPTLTIGET QWS I-

301 TTGGCTCTGCOGGGCARCACGATC TGEOGCTGGACGATGCGGGCGTGGAAAGCCTGCATT
G §$ AG Q HDLALODTO DA ATGV VESTLHC-

361 GCOGCCTGCAACGTGTCGACGACAACTGGACACTGAACGCTGARCAAGGCGCGGTCTGCG
R L QRYVDDMNUWTILNA AEGTGA AUVCD-

421 ACGAACAGGGCAACGCCCGGCCGAGCATCGACCTGACGCTCAATARCGCTTTCATGCTGS
E Q GNARUPSIDLTTULDNUMNBATPFMLGEG-

481 GTTCGGTGTGGCTGTGCGTTTCGCCTGOGGECGATGAGTGECCCTCGETGCCCGCCGTGE
$§ VW LCV S PAGTDEUWTPSVPAVL-

541 TTCCCAAACAGCCCGAGGCCGAATCCGGGOCGGCACACAACGATGTGCCGCTGGAGAAGG
P K Q P EAE S G P AHNTDUVYVZPLEKV-

601 TCAAGTCCCGCTCGCAATTTCTCAACCGCACCACGGGCATCATCGCCGGGCTGCTGETGS
K § R S 0 FLMNZRTTGTITIAG®GTLTLVG-

661 GCGTCATCGGCAGCGCCTGGAGCCTGACCCGCCCGOCTGCTATTGCGATGGATCAGAGCT
¥ I 6 5 A W S L THRUPPATIA AMDOGQTSP-

721 COGCACACCTGGCTGCCGCCACAACAGAGECCTTGCCCGATACGCCCARGGCACCAGCCA
A HL AAATTEW AWTLU®PUDTU®PKAUPU AR R-

781 GOGCTGCAAACCCTGTGACCGACARACGCATACGCCTGAGCAACGCGGATGCCATCOGCC
A AN PV TD KR RTIURERILUSMNA BABDA AVUVRH-

841 ATCAGTTGAGCACCATGCTCAGCGACCGCCTGCTGACTGACATCAGCGTOGARGAGACGE
L §TMULSDRILILTDTISVETETP-

901 COGACGGGLTGATCCTCARCGGCGATCTGAAAGAAGAATCGCTGCTGGTCTACCAGOGCA
0D 6 L I L NGODILIEKTETESTLTLWVYOQORH-

961 TGCTTCAGCGCTTCAAGGCGCTGTATGACTCGCCGGTAACCGTCCTGGACARCGTGGGCA
L @ R F KALYDS®PVTVLDNUVGS-

1021 GCAATCGCAACACCCTGCCCTTTGTGGTGGTTCAGATCATGACCGGGCCGCATGCGCATC
N R N TL PF V VYV QI HTSOGVPHAUHL-

HincII

1081 TGGTGACTGCCGACGGTCGACGTGTTTACGTAGGTGACGAAGTGGATGGCCTGCGCCTCA
VTADGRRYYVYGDEUVDGULT RTLT-

hrpJ4

1141 CCCGAATCGATAATCAGCGTCTGCAATTCGACGGTAATCGCCATATCGAGGTGAACTGGT

R I DN QRLGOQTFUDGNTRMHETIEUVHNW®*

M
1201 GAATGCAGCACTGAACCTGTGGAMGACGCGCATGCCAAGCGTTTGAGCCAGTATTGOGE
N A A L N L W EKDAUHAIUEK®RTILS QY C A -
1261 GOTGCGCGTCATTGGCCGGGTCAGCGCOGTGCGOCGGATTC TGO TGGAGTGCAGGATTCC
VR VIGRV S AVRRTITULTLTET CRTIU®P -
1321 ATCGGUCAAGGTCGGCGATCTCTGTGAAGTGAGCARAGCCGATGGECTCGTTGC TGOTGGEE
S A K VG DLUCEV S K ADGSLLUL A -
1381 CGAAATCGTCGGTTTCACCCAGGAATGCACGCTGCTTAGTECCTTGGGOCCACCOGACGE
E I V66 FTQECTULULSAILTGZPPDG -
1441 TATTCAGGTGGGCGCGCCGATCCGTCCGCTGGECGTGECACACCGGATCGGCGTCGATGA
1 Q V66 A PIRZPILGVY AHTZ RTIGTV VDD -
1501 CAGCCTGCTCGGCTGTGTACTGGACGGTTTCGGGOGGCCGCTGATEGGEOGATTECCTCG
s L L6 CVLDGTFGRU®PILMGE RTILUPR -
1561 GOGCGTTCGCCGGCCOCGAAGACCGCCGCACGACTCTGCCGETGATCGCOGACGCCCTGE
R vV RRPRMBRPPHUDS A GUDRUBRTBRUPA -

1621 CGCCGACCCAGCGACCGOECATCACCCGEECCTTECCACCGGGATACGCGCCATOGACAG
A DPATAHMHPGTLA ATOGTIRATLITDSG S -
1681 TGCGATTCTGCTCGGTGAGOCACAGCGTGTCGEECTATTCGCCGETGOGGGCTGCGGTAA
A I L L & E G QR V¥ G LFAGU ATEGT CG K -
1741 GACCACACTGATGGCCGAACTGGEGCGCAACATGGATTGTGACGTCATCGTTTTTGGCCT
T T L MWAETLABARIMNMDO CDUWVTIVFOGL -
1801 GATCGGCGAACGGGETOGCGAGTTGCGCGAGTTTC TCGATCACGARCTGGACGARACCCT
1 G ERGRETLH®RETFTLTDUHETULTDTETTL -
1861 GCGCCECCGOTCGETGCTGETCTGTGCAACTTCCGATCGTTCCAGTATEGAGCGCGCCCG
R RR S VLV CATSDRSSMETRA AT R -
1921 CGCTGOGTTCACCGCCACCGOCATCGCCGAAGCCTTTCOCGCCCOTGECCAGARAGTGCT
A AF TATATIAREABATFRA ARTGEGG GEKUVL -
1981 GTTGCTGCTCGACTCCCTGACCCGE TTCGOCCECGOGCAACGEGARATCGGTATTGCCTC
L L LDSLTHBRTFARA BAGAQ®RETIGTIG® AS -
2041 GGGCGAACCACTGGGGCECGEOGETCTTCCGCCCTOGGTETACACCCTGCTGCCACGGCT
G EPLGRGGTLPPS VYT LDLPRTIL -
2101 GGTGGAGCGCGCCGGGATGAGCGAGAACGGTTCGATCACCGOCCTTTATACGGTGCTGAT
VERAGMSENGSITALJTYTUWVIL I -
2161 CGAACAGGACTCGATGAACGATCCGGTCGCCGACCAAGTECECTCATTGCTCGACGGACA
E @ DS M ND PV ADEUVYH RS LLDGH -

J3, J4, and J5 were less than 15 bp. The 372-bp Ssi-Sall
fragment carrying the 200-bp region upstream of hrpl3
lacked promoter activity in Pss61 when cloned into pRG970
(data not shown). Attempts to detect the predicted hrpJ tran-
script by Northern analysis or identify the transcriptional
initiation point by primer extension were unsuccessful.
Previous experiments had identified a HrpL-dependent
promoter located 29 nt upstream of hrpJ1 (Xiao ef al. 1994,
Xiao and Hutcheson 1994). In an attempt to determine wheth-
er the hrpJ] promoter controls the expression of hrpJ3, a 3.5-
kb Dral-Sall fragment that includes the region extending

2221 CATCGTACTGTCGCGCAAGE TGGCCGAGCGCGEECAC TACCCGGETATCGATGTGTCGGC
I VL SRIKLAERTGHYZPATIDVYVSA -
2281 CAGCATCAGCCGGATTCTGAGCAACGTCACCGGTCGTARACATCAACGGGCGAACAATCG
S I S R I L S NVTOGRTEKUBHTIEORA ANINTR -
2341 COTGCGCCAGTTACTGGCCGCCTACARACAAGTGGARATGCTCCTGCGOCTGGGTGAATA
L R QL L AAYEKSGQVENMTILLTZRTLTSGTETY -
2401 CCAGGCCGGGGUCGACCOGETCACCGACTETGCOGTGCARC TGAACGARGCCATAAACGC
A G ADPVTDCAVV®QTLNTEA ATIHNA -
2461 GTTCOTGCGOCAGGACCTGOGTGAGCCCGTGCOGTTGCAGGAAACCCTGGACAGGCTGCT
F LRQDLTG RETPVPLOOQQETTLTDZRTULTL -
hrpJs
2521 GCAACTCACCTCTCAACTGCCGGAGTAGCCATGGACGAACCACTGGAAGACGACCCGCAA
Q LT SOQL PE* MHMDEVPLETUDTDTPOQ -
HinclI
2581 CAGGTTGCTCTGCATCAGGTGATCGGTCTGCTCACACCACTGOGTCAACATCGTCAGGCC
V ALHQUVIGLTULTZPTULRTGHETEGQA -
2641 AGTGCCGAGCGGGCTCATCGCCAGGUGCAGTTGGARCTGAAATCGATCCTCGACCACTTA
A ERAHRGOQAOLETLZEKTSTILDPHTL -
2701 GCAGAGACCAGGGCGTCGCTGAATCAGGAACGCGAARRCCACAAGCGCCGOCGAGAGAGT
A ETRASULDNUOQEU RTEWNUHI KR RRBRTRBRIES -
2761 CTGTCCCATGCGCATTTGCAAAGAACTCTCAGCCTGACTGATGTGOACGGCTGGCACGAR
L 8 HAHLOGQRTTLSLTDUWVDGMWHE -
2821 AAGGAAAGAACCATGCTCGACCGCCTGGCTTACATCOGCCAGGACGTGCAGCARCAGCAA
K ERTHM L DRLAYTIRODV QQCOQOOQ -
2881 ATGCGAGTAGCTGAACAACAGGCGTTGCTTGAACAGARACGGCTGCAAGCCARGGCGTCT
M RV A EQQALTILETG QI XRULG®QATZEKA AS -
hrpul
2941 CAGCGCGCGGTCGAGARACTCGCCTGCATGGAGGAGACGCTCAACGAAGAAGETTAAGTG
R AV E KL ACMHMETETLNETESG* u -
31001 ACGATGACCGCACCGATCAAAACCCCCGCCARAGCGOCACCCGCGOCGAGTGCACCGOCA
T M T A P I KT PAIEKWAEPPATPSA ATPTZP -
3061 GCCGCCTCGCGCCOCCTGCCTTOGCGGCGTCAGCCCGOCAGGTTCGATGACCAGCCGOCG
A A S RPLPSRROQPARTFUDUDGO QU® PP -
3121 GCCTTTACCGGGACGCCAAGGGGGCATGTGCAGARGGTTCGTTTCGCGCTGAACCGTTCA
A F TG TPRGHVYV Q KV RFALWNTERS -
3181 GTGACCGACAGCCCGATGAGOGCCGACGGCATGTTCTTCTCGCAACTGCTGATACCGCAG
VT D S PME ADGMTFTFSQLLTIPSGQ -
3241 GTAGGCGAAGAGCCAGATCAGCAGGGCTTCGGAGGCAGCGGTGTGGCCTTCTCOGCACAG
vV 6 EE P DQOQGTF GG S GV AFSATQ -

3301 TCCGAAAACGTACCGACGCAGTTGATCGACGAGCTGGCTCAGCGCTTGCCCGACCAGCCG
S ENVPTOQLTIDTETLA AT Q® RTLTPDG QT P -
HincIl
3361 GACGGTCCGCTGGCATTCAGCCTGCTCATGCCCAATC TGGGGAGCGTGCGGGTCAMCGCC
D 6 P L AF S5 L L MPNILGSVRUVNA -
3421 AGCAAATCCGAARACCGCTGGAATATTCAACTGGGGTTTGGTCGGCGTGACGTTCTCAAG
K 5 ENRWNIOQLGP PG RIRDWVLEK -
3481 COCTTGCAGGGUCAGGTOGGCGCATGCCGGGAATCGC TG ACAGGCGCTCGGTCAGGAC
R L @G @ V6 ACHRESLAMZOQALGUGED -
hrpl2
3541 GTCGAACTGGACATGCATGAAGACTTCACAGCATGAGCGCCCTGOGTCTGCGCARAGGTCOG
VvV E L DMHEDUPFPTA *

M S A L RL R K V D-

3601 ACGCTCTGCTGGCCCAAGCCACACGCGCACTCGGTGCCGGACGGCGCCTGGGCTTCAGTA
A L L A Q A TRALTGWATGHRUZRILGTF 8§ 5 -
3661 GCCGCGGTCAGCACGCCGAACTGAGCCTGCTACCGOTGC TCGAAGACGCGOGGATACCGS
R G Q H A EL S L L PLL EDARTIDPA-
3721 CAGACGGTGTCTGETTGAATACGGCGETCGGCCCCTTOT TGO TGAGCGATGCOGAAGCGT
DG VWILNTAVGUZ PIULILULSDWATEAL-

3781 TGCTCAGCCTGCTGGGOGAAGTGOCCTTCACGC TTGGCGGECGAGCACCAGGGC TGGTACT
L 58 L L GEWVYPTFTULGTGTEWUHOQOOGMWY W-
3841 GGCAATTGTTCAACCAGCGCCTGAGCCOGETGETOGCCGACCTGCTGGCGOCTGTTGOGE
L F NQ RLS PV VYV ADILILADPUWYVAP-

3501 CGTTTTCOGACACCCOGACCGAGCTGGCCATCGGCTGCCGUGTTCACGTGCGGCTGGGCA
F 8 DT P T EL A I GCIRWVHV RLG 8-
3961 GUGAGCGACTGGATACCCGCOCTGCACGUCGCACCCGOCACTC TGO TCAGGC TTC TGGGTT
E R L DTRTULUHAAPATULILURIULILIOG 8-
4021 CGGCTGACTGGUAGGTCTTGAATCGTAACCTGGACGAATCCTGOTCGGTGTCGACACCGE
A D W Q V L NRMNILDE S W S5 VvV S TPL-
4081 TGATCGTCGECGAACTETCACTGACCCGOGAACAATCGCCTCGC TACGCCCCGGTGACG
I v 6 E L S8 L TREUGQTI A S LR P G D V-
4141 TGETGCTGCCCGCCOGCTGCCGCTTCGACAGCGLCGGAC AAGGGTCCGTGACACTCGOTG
VWV L P AR CRTPFD S AGTD QUG S V T L AG-

4201 GCCGTCAATGGGCGEOCCGTACCGACCAACAGGCACAGCATCTTTTTC TGCAGCTCAGTC
R Q WA AMRTUDOGQOQA®OOHULPF FLGOQUL S H-

4261 ATGAGGAGCACAGTCACCATGAGTACTGAAGATCT
E EH S HHE Y *
M S TDEL

Fig. 2. Nucleotide sequence of the 4.3-kb Bg/II fragment internal to the P. s. pv. syringae 61 hrp/hrmA gene cluster carrying apparent complementation
groups V, VI and VII. Sequencing strategy is described in the text. Synthetic oligonucleotide primers were used to bridge the sequence between adjacent
restriction fragments. Deduced amino acid sequence of ORFs shown below. A HrpL-dependent promoter consensus sequence is shown in bold. Potential
ribosome binding sites are underlined and termination codons marked with an asterisk.
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from 0.15 kb upstream of hrpJ1 to 0.15 kb internal to hrpJ3
was cloned into pRG970 to create a transcriptional fusion
with lacZ. The resulting fragment was promoter-active in E.
coli MC4100 (pHIR11-2096) but not in MC4100 (pHIR11-
2074) transformants carrying a hrpL::TnphoA insertion (Fig.
4). In contrast, the 3.0-kb EcoR1-Sall fragment lacking the
hrp] promoter failed to exhibit promoter activity in either
MC4100 derivative when tested in a similar manner. These
observations indicate that hrpJ3 expression is directed by
hrp] promoter as predicted by the sequence data. Since the
previous analysis of the region had predicted that hrpJ3-J5
are transcriptionally linked, these data support the hypothesis
deduced from the sequence data that ArpJ1-J5 form a single
operon.

A HrpL-dependent promoter consensus sequence (Xiao and
Hutcheson 1994) was also identified upstream of hrpU1 (Fig.
2). To determine if the region upstream of hrpU1 is promoter
active, a 0.79-kb Hincll fragment that includes 46 bp up-
stream of the HrpL promoter consensus sequence was cloned
into pRG970 to construct pMLPU-1R. After transformation
into MC4100 (pHIR11-2096), this fragment was promoter
active when cloned in the forward orientation as described
above (Fig. 4). This suggests that ArpUl and ArpU2 may be
part of a separate operon, but because of the short apparent

A B C

— 200

Fig. 3. T7 RNA polymerase-directed expression of the hrpJ] and hrpU
operons. Proteins of E. coli BL21 (DE3) carrying pMLEX1 (A), pMLEX
2 (B), or the vector pVEX11 (C) were labeled with {ﬁS]methionine after
induction of T7 RNA polymerase production as described in the text.
Whole cell lysates were fractionated by SDS-polyacrylamide gel electro-
phoresis and an autoradiograph obtained. Positions of molecular weight
standards are indicated on the right.
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intergenic region between hrpJ5 and hrpU2 this observation
does not exclude the possibility that the hrp] promoter may
also direct expression of the apparent ArpU operon.

Similarities of HrpJ products to proteins
associated with flagellar biosynthesis.

A survey of the databases revealed numerous similarities
between HrpJ products and proteins associated with flagellar
biogenesis. In addition to the similarities reported previously
with other members of the LerD family of proteins, Hrpl2
also exhibits similarity with the E. coli FIhA (% Similarity
(S)/Identity (I) = 61/37) which functions in flagellar biosyn-
thesis (MacNab 1992). HrpJ4 was found to exhibit substantial
similarity to HrpB6 from Xanthomonas campestris (%S/1 =
66/47)(Fenselau et al. 1992), Flil of S. typhimurium (%S/1 =
62/42)(Vogler et al. 1991), Flil of Bacillus subtilis (%S/1 =
61/43)(Albertini et al. 1991), Spad7 of Shigella flexneri (%S/1
= 58/39)(Venkatesan et al. 1992), and the P subunit of the
F,F, ATP synthase from E. coli (%S/I = 55/33)(Saraste et al.
1981). All five proteins are of similar length and the simi-
larity extends throughout the sequence (Fig. 5). Strongest
similarity is retained in the mononucleotide binding (Walker
et al. 1982) and the Mg?* binding domains (Yoshida et al
1982), and in the ATPase signature sequence, a putative
active site domain (Futai et al. 1989). Conservation of these
domains among the five proteins indicates these proteins
share similar functions, probably as cytoplasmic ATPases.

Weaker similarities were detected between the deduced
HrpJ3 product and the FliG proteins of S. typhimurium (%S/1
= 45/20)(Kihara et al. 1989) and B. subtilis (%S/1 = 46/20)
(Albertini et al. 1991)(Fig. 6) and between the HrpJ5 product
and FliJ of both S. typhimurium and B. subtilis (%S/1 =
52/29)(Fig. 7)(Vogler et al. 1991). Both proteins are
associated with flagellar biogenesis (MacNab 1992). Al-
though the similarity is not as strong as that described above,
the HrpJ3 and FliG products and the HrpJ5 and FliJ products

Promoter Activity
A +hipL  -hipL

s
|
J1 H J2 B 166456 241

5 | Z &) 541 443

B H H
é:mjj 13544 141

Fig, 4. Activity of the hrp] and hrpU promoters in E. coli MC4100
transformants carrying the Pseudomonas syringae Pss61 hrp/hrmA gene
cluster. A, Promoter activity of hrp] fragments. The indicated 3.5-kb
Dral-Sall or 3.0-kb EcoR1-Sall were cloned into pRG970 to create tran-
scriptional fusions with lacZ and transformed into MC4100 (pHIR11-
2096) [+hrpL] and MC4100 (pHIR11-2074) [-hrpL]. B-Galactosidase
activity indicative of promoter activity was determined in Miller units
after induction in M63 medium for 6 hr as described in the Materials and
Methods. In parallel experiments, both MC4100 derivatives carrying
pRGY70 exhibited 2+1 units of activity. Restriction sites: D, Dral; E,
EcoR1; S, Sall. Bent arrow, hrp] promoter. Shaded boxes, ORFs
identified from the sequence data (Huang et al. 1993; this report). B,
Activity of the hrpU promoter. The apparent hrpU promoter was cloned
into pRG970 as Hincll fragment and its activity measured in MC4100
transformants as described above. H, HinclI,



are of the same approximate size and the similarity extends
over the length of the proteins. Of those residues that are
conserved between the S. typhimurium and B. subtilis FliG
and FliJ products, more than 50% are conserved in the cor-
responding hrpJ gene product. These similarities indicate that
homologs to three of the six gene products of the S. typhi-
murium fIIFGHIJK operon are retained in the P. syringae
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Fig. 5. Similarity of the deduced Pseudomonas syringae pv. syringae
Pss61 HrpJ4 product with a super-family of protein subunits associated
with ATPases. Sequences were aligned by using the algorithm PILEUP
(Devereux et al. 1984). Identical residues are enclosed in black boxes.
Conservative substitutions are indicated by the shaded boxes. Conserved
domains are overlined: A and C, mononucleotide binding motifs (Walker
et al. 1982); B, Mg** binding motif (Yoshida er al. 1982); and D,
ATPase signature sequence (Futai et al. 1989). Abbreviations: P.s., P.
syringae; X.c., X. campestris; S.t. 8. typhimurium; B.s., B. subtilis; S.f.,
Shigella flexneri;, E.c., E. coli.

hrpJ operon and their arrangement within their respective
operons appears similar.

Neither HrpU1 nor HrpU?2 exhibited any significant simi-
larity to protein sequences stored in the current databases that
could give an indication of function.

Ability of P. syringae hrp mutants to regenerate flagella.

The aforementioned similarities of HrpJ2 with FlhA, Hrpl3
with FliG, HrpJ4 with Flil, and HrpJ5 with FliJ could suggest
that the hrp genes function in flagellar biogenesis. The pheno-
type of several S. typhimurium Flil mutations is most evident
during flagellar regeneration (Vogler er al. 1991). Mutants
lack the ability to regenerate flagella after treatment to re-
move the flagella. To determine if P. syringae hrpJ4 mutants
are capable of regenerating flagella, Pss61 and Pss61-2082
were grown in minimal salts medium for 6 hr and flagella
removed by serial passage through a syringe needle. Greater
than 45% of the bacteria in untreated preparations were
motile, while none of the treated population was motile
immediately after shearing. The wild-type strain exhibited
increased motility beginning 10 min after treatment and
~45% of the population was motile after 40 min. Motility of
P. s. pv. syringae Pss61-2082 recovered at the same rate as
the wild-type strain (data not shown).
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Fig. 6. Similarity of the deduced Pseudomonas syringae pv. syringae
Pss61 HrpJ3 product with the FliG products of S. typhimurium and B.
subtilis. Sequences were aligned as described in Figure 4.
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Role of HrpJ4, HrpJ5, and HrpU2 in the secretion
of Harpinpg,.

The similarities reported here coupled with those reported
previously (Huang et al. 1992; Huang et al. 1993) suggest
that the products of the P. syringae hrp cluster function in
Harpin,,, secretion (He et al. 1993). To determine if HrpJ4,
HrplJ5, and HrpU2 also function in Harping, secretion,
MC4100 (pYXL2B) transformants carrying pHIR11: :TnphoA
derivatives with hrpJ4, hrpl5, hrpU2, or hrpZ2 mutations
were screened for their ability to secrete HrpZ. TnphoA
insertions have previously been established to be nonpolar
mutations (Huang et al. 1991, 1992, 1993, Xiao et al. 1992).
The plasmid pYXL2B was found to be necessary to enhance
production of harpin,, for these experiments. The
MC4100(pYXL2B)(pHIR11-2096) cells carrying the com-
plete hrp/hrmA cluster were able to elicit the HR in tobacco
leaves without lytic treatment (Table 2). In contrast, trans-
formants containing pHIR11 derivatives carrying hrpl4,
hrp]5, or hrpU2 mutations only produced the HR when lysed
in planta by the procedures of He et al. 1993 (He et al. 1993).
Approximately 80% of the lysates screened induced a re-
sponse. In comparison, less than 33% of the MC4100
(pYXL2B) or MC4100(pYXL2B)(pHIR11-2092) lysates tested
elicited a necrotic response similar to the HR. Basis for this
residual activity of E. coli strains has not been established.

DISCUSSION

DNA sequence analyses of hrp genes in several plant
pathogenic bacteria have recently revealed significant
similarity between the predicted products of several hrp loci
and determinants controlling protein translocation in enteric
bacteria (Fenselau et al. 1992; Gough et al. 1992; Huang et
al. 1992; Huang et al. 1993; Wei and Beer 1994). The previ-
ous analyses of the P. s. pv. syringae Pss61 hrp/hrmA gene
cluster have indicated that HrpH is an outer membrane pro-
tein similar to the Yersinia YscC product necessary for Yop
protein secretion (Huang ef al. 1992) and that HrpJ2 is a
member of the LerD super-family of inner membrane proteins
associated with protein translocation and virulence (Huang et
al. 1993). The sequence analysis of the 4.3-kb SsiI-Bglll
fragment carrying complementation groups V, VI, and VII
identified five additional genes, three of which have proper-
ties that suggest they could also be associated with protein
translocation. These results, then, provide further evidence
that the P. 5. pv. syringae 61 hrp/hrmA gene cluster forms a
protein secretion system for Harpinp, (see He et al. 1993;
Huang et al. 1993; Hutcheson et al. 1994).

Several of the newly identified Pss61 gene products were
found to be similar to proteins associated with flagellar
biogenesis in S. typhimurium and B. subtilis. HrpJ2, Hrpl3,
HrpJ4, and Hrpl5 are similar to FlhA, FliG, Flil, and FliJ,
respectively. The FIhA and Flil similarities are significant
because key features are retained in the corresponding Hrp
gene product. As described previously (Huang et al. 1993),
HrpJ2 exhibits the typical features of the LerD super-family
of inner membrane proteins that includes FIhA. HrpJ4 retains
the catalytic domains described for the B subunit of F,/F,
ATPases (see Futai er al. 1989; Walker et al. 1982; Yoshida
et al. 1982), but is most similar to members of the protein
family associated with protein translocation, such as Flil. An
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ATPase is likely to be necessary to provide the energy nec-
essary for protein translocation. Directed mutagenesis of
conserved residues in S. typhimurium Flil known to be
catalytically important for ATP hydrolysis produced non-
flagellated cells, indicating that protein translocation was
impaired (Dreyfus et al. 1993; MacNab 1992). Similarly, a
hrpJ4::TnphoA mutation impairs Harpin,, secretion.
Although the similarity of HrpJ3 and HrpJ5 to the FliG and
FliJ products of S. typhimurium and B. subtilis appears
weaker, at least 50% of the apparently conserved amino acid
residues in the FliG and FliJ products are retained in the
HrpJ3 and Hrpl5 products and some parallels are observed in
the transcriptional organization of the respective operons.
FliG is part of the fliFGHIJK operon that is expressed early in
flagellar biogenesis and is predicted to form the assembly
platform and machinery necessary for flagellar assembly
(MacNab 1992). FliG has been localized to the cytoplasmic
face of the cell membrane where it interacts with FliF and
forms the M ring of the flagellar basal body (MacNab 1992),
FliG, along with FliM and FliN, is also postulated to form a
switch determining the clockwise or counterclockwise rota-
tion of the flagellar motor and mediates the chemotactic pro-
cess of bacteria by interacting with CheY (Francis et al. 1992;
Irikura et al. 1993; MacNab 1992). It is unlikely that HrpJ3
functions in the flagellar switch assembly of P. syringae.
Amino acid residues which genetic analyses suggest function
in the switch activity of FliG do not appear to be conserved in
the HrpJ3 product (see Irikura et al. 1993). The function of
HrpJ3 therefore remains to be established. Hrpl5 exhibits

Table 2. Response of tobacco leaves to E coli MC4100 cells carrying
derivatives of the Pseudomonas syringae pv. syringae Pss6l hrp/
hrmA gene cluster

Plant response*

Plasmid" Mutation® Intact’ Lysed®
pHIR11-2096 WT +f +8
pHIR11-2081 J4 - +
pHIR11-2083 J5 = +
pHIR11-2086 U2 - +
pHIR11-2092 Z2 — =
None ™ =

*E. coli MC4100 (pYXL2B) transformant carrying the indicated
pHIRI11 derivative.

"The hrp::TnphoA mutation carried by the indicated plasmid. WT
= wild type.

“Response of Nicotiana tabacum cv. Samsun leaves 48 hr after
infiltration with the indicated bacterial strain. At least three leaves
were infiltrated during each experiment, and the experiment was
repeated four times.

Cells were grown for 6 hr in M63 media supplemented with | mM
MgS0,, 10 mM mannitol, and appropriate antibiotics, harvested,
and resuspended in H,0 to an ODygy of 0.3-0.5. The bacterial sus-
pension was infiltrated directly without further treatment.

© In situ lysis as described by He et al. 1993. Cells, grown as described
above, were harvested and resuspended in 50 mM glucose, 25 mM
Tris-HCI (pH 8.0), and 20 mM EDTA to an ODggy, of 0.3-0.5. After
incubating 10 min at room temperature, cells were harvested by
centrifugation and resuspended in 1/2 volume of 10 mM Tris-HCl
(pH 8.0) containing 2 mg/ml lysozyme. Cell suspensions were
immediately infiltrated into leaves.

'+ = All suspensions tested elicited a necrotic reaction typical of
the hypersensitive response; — = none of the suspensions elicited
a visible plant response.

B+ = Greater than 66% of the preparations tested produced a necrotic
reaction similar to the HR; — = less than 339, of preparations elicited
a necrotic response.



similarity to FliJ, but unfortunately little is known of its role
in flagellar assembly or operation (MacNab 1992). A muta-
tion in the B. subtilis homolog to fliJ affects chemotactic re-
sponses (Ying et al. 1991), suggesting these proteins could
function in signal transduction.

The similarities observed could be suggestive of a role of
hrp genes in flagellar biosynthesis. The hArp genes, however,
are not required for export of flagellar components. A P.
syringae hrpJ4 mutant retained the ability to regenerate fla-
gella (as indicated by the recovery of motility shown here),
whereas S. typhimurium Flil mutants cannot (Vogler et al.
1991). Instead, we predict that hrpJ, and possibly hrpU,
encode an inner membrane complex for the Sec-independent
secretion of Harpin,,. Two of the deduced gene products of
the operon have properties of inner membrane proteins:
HrpJ2 and HrpU2. Consistent with the hypothesis that the P.
syringae hrp cluster functions in protein secretion is the
observation that E. coli MC4100 carrying Pss61 hrp cluster is
capable of eliciting the HR when physiologically intact,
whereas hrpJ4, hrp]5, and hrpU2 mutants require treatments
to permeabilize or lyse the cells before they elicit the HR.
Since the ability to elicit the HR has been linked to
extracellular Harpinp,, (He et al. 1993), these observations
indicate that Harpinp, secretion is blocked in hrpJ4, hrpls,
and hrpU2 mutants. Compartmentation of the Harpin, in the
various hrp mutants awaits further study. The observation
that transformation of MC4100 with pHIR11 confers the
ability to secrete the HrpZ product indicates that the
hrp/hrmA gene cluster encodes the major components of a
separate protein secretion pathway. Further analysis will be
necessary to establish whether any E. coli components
function in this pathway.

The sequence data together with the promoter analysis
suggests that the genes in this region are organized into two
apparent operons, ArpJ and hrpU. No obvious transcriptional
terminators or obvious promoters are apparent in the short
intergenic regions between hrpJl, J2, J3, J4, J5, Ul, and U2.
The nature of P. syringae transcriptional termination signals,
however, has not been established. The presence of a poten-
tial translational initiation site at the 3’ end of ArpU2 suggests
that the ArpU operon contains additional genes. The sequence
of the adjacent region appears to confirm this deduction (H.
C. Huang, unpublished results; Xiao and Hutcheson 1994).
Interestingly, lux-nptI insertions into the BgI/II site at the fifth
codon of the apparent hrpU3 ORF retain a Hrp* phenotype
(Xiao et al. 1992). Either this putative locus is tolerant of
insertions at this site or the predicted gene product is not
essential for Harpin secretion.

Recent genetic analyses have characterized a multicompo-
nent regulatory cascade controlling hrp expression (Xiao et
al. 1994). A key component of this regulatory cascade is
HrpL, a putative alternate sigma factor, and a HrpL-depen-
dent promoter consensus sequence has been identified (Xiao
and Hutcheson 1994). A HrpL-dependent promoter consensus
sequence is found upstream of ArpJ1 and ArpUl (Xiao and
Hutcheson 1994). Both regions exhibit promoter activity in E.
coli MC4100 derivatives expressing hrpL. Attempts to con-
firm the transcriptional organization of the cluster by charac-
terization of the RNA transcripts produced by this region
proved unsuccessful. Instead a hrpJ3’-lacZ fusion was
constructed that included the hrpJ promoter and its expression

shown to be dependent upon the hrpJ promoter. These data
coupled with previous analyses (Xiao et al. 1992) support the
argument that hrpJ1-J5 are transcriptionally linked and that
hrpU1-U2 represent a second potential operon.

The hrp clusters of P. solanacearum, X. campestris, and P.
syringae share at least three genes in common. HrpA from P.
solanacearum (Gough et al. 1992), and HrpA1l from X. c. pv.
vesicatoria (Fenselau et al. 1992) are similar to the P. s. pv.
syringae Pss61 HrpH product. The P. solanacearum HrpO
(Gough er al. 1992), and X. c. pv. vesicatoria HrpC2
(Fenselau et al. 1992) products have been shown to be similar
to HrpJ2. The P. solanacearum HrpE (C. Boucher, personal
communication) and the X. campestris HrpB6 gene products
share strong similarity to the P. syringae HrpJ4 product.
Since regions homologous to probes carrying P. s. pv.
syringae 61 hrpl, hrpU, and hrpH have been identified in the
E. amylovora hrp cluster (Laby and Beer 1992), it is also
likely that this cluster carries homologs to HrpJ2 (LcrD
family), HrpH (YscC family), and HrpJ4 (Flil family) as well.
A HrpJ2 homolog has recently been identified in the E.
amylovora hrp cluster (Wei and Beer 1994). Both P.
solanacearum hrpl and X. campestris hrpB3 loci produce
proteins homologous to the Yersinia Ysc] protein (Fenselau et
al. 1992; Gough et al. 1992). This predicts the P. syringae
hrp cluster may also carry a homolog to YscJ. Although
qualitative similarities between hrp clusters in the various
plant pathogenic bacteria have been noted for the afore-
mentioned genes, the hrp clusters in P. syringae, X.
campestris, and P. solanacearum are not identical. The P.
solanacearum and the X. campestris hrp clusters do not carry
homologs to HrpJ1, HrpR, HrpS, HrpL, or HrmA (C.
Boucher, personal communication; U. Bonas, personal com-
munication). The transcriptional organization of the hrp
clusters in these bacteria appears to be different.

The proteins similar to the P. syringae HrpJ products which
have been identified thus far in other bacteria function in one
of two cellular processes: pathogenicity or flagellar assembly.
The possible involvement of these genes in diverse bacterial
functions like pathogenicity and flagellar operation may
indicate that they may be part of a general protein export
pathway adapted by different bacteria for specific functions.
Although the products that appear to be secreted by these
genes in other bacteria are highly heterogeneous, they share a
common feature in that they lack the N-terminal signal se-
quence typical of Sec-dependent protein export systems
(Pugsley et al. 1990). The N-terminal sequence of Harpinp,
also lacks evidence of a Sec-dependent signal sequence (He
et al. 1993). The export of these flagellar and pathogenicity
proteins thus appears to represent a third distinct pathway for
protein export pathway in bacteria as proposed by Salmond
and Reeves 1993.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions.

The bacterial strains and plasmids used in this study are
listed in Table 1. Plasmids were propagated in E. coli DHS.
E. coli strains were grown in LB medium at 37 C (Hanahan
1983). M9 minimal medium containing glucose as carbon
source (unless indicated otherwise) was used to culture E. coli
BL21(DE3) for the T7 RNA polymerase-directed expression
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of hrp genes (Heu and Hutcheson 1993). Media were sup-
plemented with ampicillin at a concentration of 100 mg/ml.

Nucleotide sequence analysis.

The nucleotide sequence of the 4.3-kb SssI-Bgl/Il fragment
was obtained essentially as described by Huang et al. (1993).
The DNA sequencing strategy employed pMLBgIII which
carries the 4.3-kb BglII fragment cloned into pBluescript II
SK+ and Ss#I, Smal, and/or Hincll fragments thereof sub-
cloned into pBluescript II SK+ (Stratagene, La Jolla, CA.).
Synthetic oligonucleotide primers were used to bridge gaps in
the sequence data. Sequencing reactions were carried out on
double-stranded templates employing Sequenase Version 2.0
(U.S. Biochemical, Cleveland, OH) according to the manu-
facturer’s instructions. Synthetic oligonucleotide primers
were synthesized by the Protein/Nucleic Acid Laboratory,
University of Maryland, College Park, MD. Both dGTP and
dITP reaction mixtures were examined. Data were obtained
for both strands and analyzed with the Wisconsin Genetics
Computer Group sequence analysis software Version 7.2
programs (Devereux et al. 1984). The complete nucleotide
sequence has been submitted to GenBank under accession
number U07346.

T7 RNA polymerase driven expression
of ORF1-6 in E. coli BI21(DE3).

The plasmid vector, pVEX11 (a gift of Adhya Sankar of
NCI, NIH, Bethesda, MD) is a derivative of pET-3a (Studier
et al. 1990) modified to carry a multicloning site, Shine-
Delgarno sequence, and a translational start codon. The
pVEXI11 expression vector was digested by Xbal and Smal to
remove its Shine-Dalgarno sequence and ATG start codon,
treated with mung bean nuclease, and then religated prior to
use.

The 4.3-kb BgllI fragment was excised from pMLBgIII and
subcloned into the modified pVEX11 to form pMLEXI1 in
which all native translational start sequences and putative
open reading frames are oriented downstream of the vector’s
T7 promoter. The fragment subcloned in the reverse orienta-
tion was designated pMLEX2. The pVEX11, pMLEX1, and
PMLEX2 plasmids were then transformed into E. coli
BL21(DE3) and the protein product determined as described
by Huang et al. (1993).

Flagellar regeneration.

Regeneration of flagella was monitored as described by
(Vogler er al. 1991). Flagella were sheared off cells by 50
serial passages through a #26 syringe needle. Motility was
monitored by optical microscopy.

B-Galactosidase activity.

B-Galactosidase activity was measured in crude lysates as
described by Xiao et al. (1994). Data was recorded in Miller
units and is the mean of three replicates. Each experiment
was repeated twice with similar results.
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