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ABSTRACT

Lin, Y. C,, Hsu, S. T., and Huang, H. C. 2006. Evidence for the interaction between HrpT and HrcC
of Pseudomonas syringae pv. syringae 61. Plant Pathol. Bull. : 15: 171-185.

The cloned hrp/hrc cluster of Pseudomonas syringae pv. syringae 61 (Psy61) encodes 28
proteins, many of which are assembled into a type |11 secretion system (T3SS). In a previous study,
nonpolar mutagenesis of the hrpT gene (Psy61-N402) demonstrated that HrpT is required for
production/secretion of harpin (encoded by hrpZ) and hypersensitive response (HR) eliciation on
tobacco. In order to elucidate the role of HrpT in T3SS, a FLAG tag which can be easily detected by
M2 monoclonal antibody in immunoblotting was constructed to fuse with hrpT, resulting pNCHUGB55.
This recombinant pNCHUG55 could restore hrpT mutant in the ability of HrpZ production/secretion
and the HR elicitation on tobacco leaves, indicating that FLAG-tag did not interfere with the activity
of HrpT. Therefore, HrpT-FLAG instead of the native HrpT was used for further biochemical assays.
A western blot analysis probed with M2 antibody revealed that HrpT-FLAG is located in the outer
membrane and coexisted with HrcC. Moreover, results of yeast two-hybrid assay and pull-down assay
showed that HrpT and HrcC interacted with each other in vivo and in vitro. HrcC is one member of
T3SS secretin family. Secretins, including YscC, InvG, MixD and PulD, require pilotins (as pilot
proteins) to properly form a ring-like structure on the outer membrane. Pilotins are small outer
membrane lipoproteins which share no or very limited sequence homology. The 7.5-kDa HrpT is
predicted to contain an N-terminal signal sequence with 18 hydrophobic amino acid residues.
Sequence analysis using the Prosite program indicates two cysteine residues C19 and C29 are the
potential lipid attachment sites. Herein, we hypothesize that HrpT may function as a pilotin of HrcC in
the biogenesis of T3SS.

INTRODUCTION

Pseudomonas syringae is an important plant
pathogenic bacterium commonly used to study plant-
microbe interactions. More than 50 pathovars have been
identified based on host specificity. In general, P. syringae
elicits leaf spots and foliar necrosis in host plants and the

hypersensitive response (HR) in nonhost plants®. In host
plants, disease symptoms are usually developed after
several days of bacterial growth in the leaf apoplast. In
nonhost, the defense-associated programmed cell death
that characterizes the HR occurs within 24 h in the plant
cells that are in contact with the bacteria“?. The ability of
P. syringae to cause diseases on their hosts and to elicit the
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HR in nonhost plants is controlled by the hrp
(hypersensitive response and pathogenicity) /hrc
(hypersensitive response and conserved) genes residing in
a pathogenicity island also known as the Hrp Pai ¢4, The
hrp/hrc genes are conserved among many Gram-negative
plant pathog enic bacteria, including P. syringae, Ralstonia
solanacearum, Xanthomonas campestris, Erwinia
amylovora, Pantoea stewartii subsp. stewartii, and E.
chrysanthemi “7°1014) They can be classified into three
categories according to their functions: (i) a regulatory
system, (ii) atype Il secretion system (T3SS), and (iii) the
substrates of T3SS: harpin, Hop (Hrp outer proteins), and
pilus proteins etc. 4

The 25-kb hrp/hrc/hopPsyA cluster of P. syringae pv.
syringae 61 (Psy61) contains 28 open reading frames that
are organized into 8 operons©*%2)_ The majority of the
gene products involved in assembly of the T3SS is
encoded by genes organized in the hrpJ, hrpU, hrpC and
hrpZ operons®#3, Among those genes, the nine highly
conserved T3SS genes have been renamed hrc genes in
plant pathogenic bacteria, with suffix letters corresponding
to those of the ysc genes®. Thus, hrcC in plant pathogenic
bacteria is equivalent to yscC in Yersinia. Except for hrcC,
eight of the nine hrc genes aso share significant sequence
similarity with the components of the flagellar assembly
machinery in Gram-negative bacteria @®. Severa of the
hrc genes in the hrpJ (e.g hrcV ) and hrpU (e.g. hrcR, -S,
-T, -U genes) operons are candidates for the inner
membrane proteins©23¥, and the hrcC gene in the hrpC
operon encodes an outer membrane protein that has
homologs found in type 111 (e.g. YscC, InvH, MxiD), type
Il (e.g. PulD), and filamentous phage (plV) secretion
systems 27, These proteins belong to the family of
secretins and they form stable oligomeric structures
consisting of 12 to 14 subunits with aring-like appearance,
as shown by electron microscopy 39, The hrcJ gene in
the hrpZ operon encodes a lipoprotein, which spans the
inner and outer membrane . In addition, there are two
cytoplasmic proteins, HrcN encoded by hrpJ operon and
HrcQ encoded by hrpU operon. @®. HrcN bears sequence
similarity to the catalytic subunit of the mitochondrial F1
ATPase, and it may function as an ATPase-powered
secretion pump at the base of T3S complex. In P. syringae
pathovars, two proteins (HrcQa and HrcQb) substitute for
the single HrcQ. HrcQa is homologous to the N-terminal
and HrcQb to the C-terminal part of HrcQ of R.
solanacearum. The cellular locations of the hrc gene
products indicate that the hrpJ-hrpU and hrpC-hrpz
operons may be dedicated to protein translocation across
the inner and outer membranes, respectively. The roles of
hrpJ-hrpU in directing translocation across the inner
membrane is consistent with the observation that the Hrc

proteins encoded by these operons show similarity to
proteins involved in the assembly of basal body in
flagellum biogenesis®@#,

Low-resolution electronic microscopy studies have
revealed the morphology of T3SS apparatus of animal
pathogens (Salmonella typhimurium, Shigella flexneri, and
E. coli), while only the extracellular part of the apparatus
has been visualized for plant pathogens @345 This
apparatus is a needle-like supermolecular structure and
apparently composed of two major parts: the needle and
the basal part which is markedly similar to the basal body
of the flagellum @, In analogy with the flagellar filament,
which is built by many copies of the flagellin protein, the
T3SS extracellular appendages (needle part in animal
pathogens, Hrp pilus in plant pathogens) are assembled
through the stepwise polymerization of a major
component, i.e. HrpA in P. syringae and E. amylovora,
HrpY in R. solanacearum, MxiH in Shigella, and YscF in
Yersinia®®. The Hrp pilus and needle are both physically
linked to the basal body and are assumed to play
analogous functions. It is believed that via these structures
the attachment to the host cell membrane is established
and that they function as conduits for translocation/
secretion of substrates. Compared to flagellar biogenesis
which has been extensively elucidated @, little is known
about the biogenesis of T3SS apparatus, especially the
basal body.

In addition to the conserved Hrc proteins which are
involved in the assembly of the basal part, there are some
unique hrp genes only found in closely related strains
which may also have functions in protein translocation/
secretion. In a previous study @9, the result of nonpolar
mutagenesis on Psy61 hrpT gene (Psy61-N402)
demonstrated that HrpT is required for
production/secretion of harpin (encoded by hrpz), HR
eliciation on tobacco, lesion formation and bacterial
multiplication on bean. hrpT, the forth gene in hrpC
operon and next to hrcC gene, is predicted to encode a
putative 7.5-kDa outer membrane lipoprotein and is highly
conserved in P. syringae pathovars®®. Recently, some
studies reported that HrcC homologs, like PulD, InvG,
YscC, and MixD, require pilot proteins (e.g. PulS, InvH,
Y scW or MixM, respectively) to promote their localization
and stability on the outer membrane 2141520364659 These
pilot proteins are small outer membrane lipoproteins,
which share no or very limited sequence homology with
each other. Herein, we analyzed Psy61 HrpT sequence
again and used a yeast two-hybrid system and a pull-down
assay to investigate the interaction between HrpT and
HrcC in this study. Our results suggest that HrpT is a
potential candidate of pilot proteins for HrcC during the
assembly of the basal part of T3SS.



MATERIALS AND METHODS

Bacterial strains, yeast strain and growth
conditions

All bacterial strains used in this study are listed in
Table 1. Escherichia coli strains were routinely grown on
Luria-Bertani (LB) medium© at 37°C. Pseudomonas
strains were grown on King's B medium (KB) ¢ at 30°C.
For induction of hrp/hrc genes, bacteria were grown in 5
ml of King's B (KB) broth at 30°C to an ODey of 0.6-0.8.
Cells were collected by centrifugation, washed once with 5
ml of hrp-inducing minimal medium (HrpMM, 50 mM
potassium phosphate, 7.6 mM (NH,).SO,, 1.7 mM MgCl.,
1.7 mM NaCl, 10 mM mannitol, and 10 mM fructose, pH
5.7) @, resuspended in 5 ml of the same medium, and
incubated with shaking at 22°C for designated time.
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Saccharomyces cerevisiae strains were grown at 30°C in
YPDA medium or on yeast minimal synthetic dropout
(SD) agar plates as described by manufacturer (Clontech).
Antibiotics used in selective media were at the following
final concentrations (micrograms per milliliter): ampicillin
(Ap), 100; gentamycin (Gm), 10; kanamycin (Km), 50;
nalidixic acid (Nx), 20; tetracycline (Tc), 20.

DNA manipulations

DNA manipulations were performed essentially
according to standard procedures“?. The plasmids used are
listed in Table 1. Plasmids were introduced into
Pseudomonas strains by triparental mating ®®. Polymerase
chain reactions (PCR) was performed with 1x Taq reaction
buffer, 100 ng DNA, 0.5 1M of each primer, 0.4 mM

Table 1. Bacterial and yeast strains, plasmids and primers used in this study

Strain, plasmid,

Relevant characteristic and sequence

Source or reference

and primer

Escherichia coli

DH10B endAl hsdR17 recAl relA A(argF-lacZYA)U169 $80d Life Sciences
lacz AM15 Technologies

(Gaithersburg, MD)

HB101 F ~ hsd20 recAl13 thr leu thi pro (5)

BL21(DE3) B strain F-ompT r,-m,— hsdSgal ( ADE3 clts857 intl sam7 (48)
nin5 lacUV5-T7 genel)

Pseudomonas syringae pv. syringae

61 Wild type isolated from wheat, Nx' (25)

61-N402 Strain 61 derivative carrying AhrpT :: nptll non-polar mutation (16)

Saccharomyces cerevisiae

Y 187 MAT «, ura3-25, his3-200, ade2-101, trp1-901, leu2-3, 112, Clontech
gald A, met, gal80 A, URA3 :: GAL1,.s-Gal 1y -lacZ

Plasmids

pRK415 Broad host range vector, mob*, Tc' (31)

pRK2013 Helper plasmid, IncP TraRK2* ArepRK2 repEl*, Knt (18)

pFLAG-CTC FLAG expression vector, Ap' IBl/Kodak (New

Haven, CT)

pT7-7 T7 dependent expression vector, Ap' (49)

pET29a Expression vector, Knr Novagen

pML122 Broad host range vector for expression from nptl| (35)
promoter, IncQ, Gnr

pML123 Broad host range vector for expression from nptl| (35)
promoter, IncQ, Gmr

pGADT7 GALA4 6565y AD/library, LEU2, HA-tag, Apf Clontech

pGBKT7 GAL4 .., DNA-BD/bait, TRP1, c-Myc-tag, Km' Clontech

pGADT7-T SV40 large T 5 -antigen in pGADT7, LEU2, Apr Clontech

pGBKT7-53 Murine p53 2.0 IN PGBKT7, TRP1, Km' Clontech

pGBKT7-Lam Human lamin C g5 iN pPGBKT7, TRP1, Km' Clontech
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Table 1. Bacterial and yeast strains, plasmids and primers used in this study (continued)

Strain plasmid,

Relevant characteristic and sequence

Source or reference

and primer

pNCHU316 2.1 kb BamHI-Hindl Il fragment containing S-tag fused (16)
hrcC cloned in pET29a

pNCHU451 250 bp EcoRV-Hindlll fragment containing hrpT cloned (16)
in pRK415

pNCHU639 prT/prT3-generated 0.2 kb fragment containing hrpT Thiswork
clonedin pFLAG-CTC

pNCHUG653 0.7 kb Ndel-Sspl fragment containing FLAG fused hrpT Thiswork
from pNCHUG39 cloned in pT7-7

pNCHUG55 0.7 kb Xbal-BamHI fragment containing FLAG fused hrpT Thiswork
from pNCHUG653 cloned in pML 123

pNCHUG92 0.7 kb Xbal-BamHI fragment containing FLAG fused hrpT Thiswork
from pNCHUG653 cloned in pML 122

pNCHU715 0.7 kb Ndel-Bgll1 fragment containing hrcQa cloned in Thiswork
GADT7

pNCHU718 0.2 kb Ndel-Sall fragment containing hrpT cloned in Thiswork
pGBKT7

pNCHU721 0.4 kb Ndel-Sall fragment containing hrcQb cloned in Thiswork
GBKT7

pNCHU725 2.1 kb Ndel-Sall fragment containing hrcC cloned in Thiswork
pGADT7 Thiswork

pNCHU726 2.1 kb Ndel-Sall fragment containing hrcC cloned in Thiswork
pGBKT7

Primer

prT-1 5" -GGCAAACATATGAAGATCAGCAGC-3' (Ndel) Thiswork

prT-F 5" -GATCATGTCGACGTCCCTTAAC-3' (Kall) Thiswork

prQa-1 5" -TCACCATATGAGCGCCCTGCG-3' (Ndel) Thiswork

prQa-2 5" -TCCAAGCTTAGATCTTAAGTACTC-3' (Hindlll, Bglll) Thiswork

dNTP, 2.5 mM MgCl,, 10 % DMSO, and a mixture of 2.5
U Tag (Promega) plus 0.5 U Pfu (Stratagene) per 50 x|
reaction mixture following the listed program: 94°C, 10
min for denaturation, 94°C 1 min, 60°C 1 min, 72°C 1 min,
thirty cycles for amplification, and 72°C 10 min for
extension. All primers used are listed in Table 1.

Construction of recombinant plasmid
pNCHUG55

The nonpolar mutation of hrpT (Psy 61-N402) and
the complementation was described by Deng et al. ®® For
protein localization and interaction assays, a C-terminal
FLAG-fused hrpT gene is constructed and depicted in Fig.
1. In brief, ca 0.2 kb prT1-prT3-generated hrpT gene PCR
fragment was cloned into the pFLAG-CTC (IBI/Kodak) at
Ndel-Sall site, resulting in pPNCHU639 where FLAG
sequence was fused at the C-terminus of HrpT. A 0.7 kb
Ndel-Sspl fragment containing the FLAG-fused hrpT gene
was then subcloned into pT7-7 at Ndel-Smal site, named
pNCHUG653 and subsequently the 0.7 kb Xbal-BamHI

fragment isolated from this plasmid was subcloned into
pML123 and pML122 to produce pNCHUG655 and
pPNCHUG692, respectively.

HR assay in tobacco plants

Tobacco (Nicotiana tabacum L. cv. Van Hicks) plants
were grown under greenhouse conditions and transferred
to laboratory for the HR assays. Bacteria were grown
overnight on KB agar supplemented with appropriate
antibiotics and resuspended in distilled water at a cell
density of 108 cfu/ml. Inoculations were performed by
pricking leaves with a dissecting needle and then pressing
the blunt end of the tuberculin syringe filled with bacterial
suspension against the leaf surface while supporting the
leaf with a finger ©. The development of HR was observed
within 24 hours at room temperature.

Expression of FLAG-tagged hrpT or hrcC gene
in E. coli and immunodetection

E. coli BL21(DE3) harboring pNCHU639 (pFLAG-
CTC::hrpT) or pPNCHU316 (hrcC) was induced with 0.5
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Fig.1. Construction of the hrpT-FLAG fusion clone. Primers prT-1 and prT-F used in the PCR-amplified DNA fragments
are indicated under the corresponding gene. Shadow boxes refer to FLAG sequence (Asp-Tyr-Lye-Asp-Asp-Asp-Asp-
Lye). Parenthesis refers to joining DNA fragments with two indicated restriction enzymes, resulting in loss of their cutting
sites. These recombinant DNAs were constructed in pFLAG-CTC, pT7-7, pML123 and pML 122, resulting in pNCHUG39,
pNCHUG653, pNCHUGB55 and pNCHUG92 respectively. The promoter permits the FLAG-fused hrpT expression was

indicated by the heavy arrow.

mM isopropyl /3-D-thiogalactopyranoside (IPTG) for 2 h
followed by addition of rifampicin (200 »g/ml final
concentration) and incubation for an additional 2 h to
inhibit E. coli RNA polymerase activity. Bacterial cells
were collected by centrifugation, resuspended in 2 X
loading buffer, sonicated (Sonicator XL-2020; Heat
Systems Ultrasonics, Inc., Farmingdale, N.Y.) for one
minute, and heated to 100°C for 5 min before being
subjected to electrophoresis. Proteins resolved by SDS-
15% polyacrylamide gel electrophoresis (PAGE) were
visualized with Coomassie brilliant blue R250 staining or
immunostaining. Prestained molecular size standards
(Broad range, New England Bio-Labs) were used to
estimate the molecular weights of proteins. Resolved
proteins were electrotransferred to Immobilon-P
membranes (Millipore) in a semi-dry transfer unit TE-70
(Hoefer) following the manufacturer’s instructions. The

membranes were probed with the mouse monoclonal
antibodies of anti-FLAG M2 (Sigma), Nptll antibody (5’
—3” Prime) at aratio of 1 to 5000, preabsorbed HrpZ @,
or HrcC antibodies® at a ratio of 1 to 500 followed by
alkaline phosphatase-conjugated anti-mouse 1gG
(Boehringer Mannheim) or anti-rabbit antibody,
respectively, and stained with 0.25 mM CDP-Star
(disodium 2-chloro-5 (4 -methoxyspiro {1,2-inoxetane-3,
2’-(5-chloro) tricyclo [3.3.1.1] decan}-4-yl) phenyl
phosphate, Boehringer Mannheim) as described by the
manufacturer.

Cellular fractionation

After overnight induction of hrp/hrc expression in 5
ml HrpMM, bacteria were separated into cells and
supernatant by centrifugation at 2,000 g for 10 min.
Extracellular proteins were precipitated from the
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supernatant by addition of 5% (w/v) cold trichloroacetic
acid (TCA) and incubated on ice for 1 h. The precipitated
proteins were resuspended in 30 x| extraction buffer [50
mM Tris-HCI pH 8.0, 150 mM NaCl, 0.1% Tween-20
(v/v), 10% glyceral (v/v), 1 mM phenylmethylsulphonyl
fluoride (PMSF)] and designated as the supernatant
fraction. For Triton extraction of membrane proteins ),
bacteria were grown and harvested after Hrp/Hrc proteins
induction as described above and resuspended in 10 mM
HEPES (pH 7.4) containing 0.25 M sucrose and 1 mM
PMSF for brief sonication. Unbroken cells were removed
by centrifugation at 1000 g for 10 min at 4°C, and
supernatants were ultracentrifuged for 1 hour at 100,000 g,
4°C. Ultracentrifuged supernatants were cytoplasmic and
periplasmic fractions, and pellets were designated as crude
membranes. The membrane fraction was dissolved in 1.0
ml of Triton-Mg solution (1% Triton X-100, 10 mM
MgCl,, 50 mM Tris-HCI [pH 7.4], 1 mM PMSF), and
mixed vigorously for 30 min at room temperature.
Separation of inner and outer membrane proteins was
achieved by centrifugation at 15,600 g for 30 min. The
supernatants containing inner membrane proteins were
precipitated with 5% (w/v) TCA, and the pellets were
further fractionated into outer membrane and nonextracted
portions with Triton-EDTA solution (50 mM Tris-HCI [pH
7.4], 10 mM EDTA, 1% Triton X-100, 1 mM PMSF)
following a 30-min centrifugation at 12,000 g. The
supernatants containing the outer membrane proteins were
precipitated by TCA and resuspended in 2X loading
buffer, as was done for the pellets (nonextracted portion).
All samples were subjected to immunoblot analysis as
described above.

Assays to determine the interactions between
HrcC and HrpT
A. Yeast two-hybrid assay

Yeast two-hybrid assay was performed using
MATCHMAKER GAL4 Two-Hybrid System3 kit
(Clontech). The 0.2 kb hrpT, 2.2 kb hrcC, 0.7 kb hrcQa or
0.4 kb hrcQb was fused in frame to the transcriptional
activation domain or to the GAL4 DNA hinding domain to
produce pNCHU725 (pGADT7::hrcC), pNCHU715
(pGADT7::hrcQa), pNCHU718 (pGBKT7::hrpT),
pNCHU726 (pGBKT7::hrcC), and pNCHU721
(PGBKT7::hrcQb), respectively. pPGADT7 and pGBKT7
derivatives were co-transformed into yeast Y187 carrying
a /S-galactosidase reporter gene. Enzymatic activity of 5-
galactosidase in Y187 was monitored by colony lift and
guantitative enzymatic assays as describe by the
manufacturer.

B. Pull-down assay with an anti-FLAG M2 gel

E. coli BL21 (DE3) carrying pNCHU316 (pT29a:S-
hrcC), pNCHUGB39 (hrpT-FLAG), or pFLAG-CTC were
grown in LB broth to an OD 4« of 0.5-0.6 at 37°C. After
adding IPTG to afinal concentration of 0.5 mM, the cells
were grown for an additional hour at 30°C. Bacteria were
collected by centrifugation, and then resuspended in 1 ml
of sonication buffer (20 mM Tris-HCI, 100 mM NaCl,
10% glycerol, pH 8.0). Cell suspensions were sonicated
for 2 min. and the cell lysates were centrifuged at 15,000 g
for 15 min at 4°C to remove cell debris. The clarified
lysate of E. coli BL21 (pNCHU316) and BL21
(PNCHU®B639) or (pFLAG-CTC) were mixed together for
16 hr at 4°C. To pull down FLAG-fused HrpT protein, a 50
w1 anti-FLAG M2 gel was prepared according to the
manufacturer ’s instruction (Sigma) and mixed with 1 ml
of each cell lysate by rotation for 16 h at 4°C followed by a
brief spin at 10,600 g for 5 s. The pellet was washed three
times with 1 ml of TBS buffer *® and the bound proteins
were eluted with 200 | of 0.1 M glycine-HCI (pH 3.5),
neutralized with 20 I of 0.5 M TrisHCI (pH7.4) plus 1.5
M NaCl, precipitated with 5% TCA, and subjected to
immunoblotting analysis as described above.

RESULTS AND DISCUSSION

FLAG-fused HrpT complements the abilities of
HR elicitation and harpin secretion in hrpT
mutant Psy61-N402.

In a previous study, the result of nonpolar
mutagenesis on hrpT gene (Psy61-N402) demonstrated
that HrpT is required for production/secretion of harpin
(encoded by hrpZ), HR eliciation on tobacco, lesion
formation and bacterial multiplication on bean®. Here, a
FLAG tag which can be easily detected by M2 monoclonal
antibody in immunoblotting was constructed to fuse with
hrpT (Fig. 1), which was then applied to further investigate
the function of HrpT in T3SS. First, the expressed HrpT-
FLAG was confirmed by immunoblotting. E. coli carrying
pNCHUG39 (FLAG-fused hrpT) was induced with IPTG
and then a 7.5-kDa inducible protein was detected by anti-
FLAG M2 antibody in a western blot (compared to E. coli
carrying an empty vector pFLAG-CTC) (Fig. 2). This
FLAG-fused hrpT fragment was further subcloned in a
broad host range vector pML 123, resulting pNCHUG55 in
which the transcription of FLAG-fused hrpT geneis driven
by the nptll promoter. The same fragment was also cloned
into pML122, resulting in pNCHUG692 as a negative
control with the gene orientation opposite to the nptll
promoter (Fig.1).
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Fig. 2. The overexpressed product of plasmid-borne hrpT-
FLAG gene (pNCHUG39) in E. coli BL21 (DE3) detected
in immunoblotting with FLAG M2 monoclonal antibody.
The vector pFLAG-CTC was used as a negative control.

In the HR test, hrpT mutant and their corresponding
complemented strains (Psy61-N402 carrying hrpT-
containing pNCHU451, pNCHU655 or pPNCHUG692) were
infiltrated into tobacco leaves, and their HR elicitation
activities were recorded at 12 h post inoculation. As shown
in Fig. 3, the leaf panel infiltrated with Psy61-N402 and
Psy61-N402 (pNCHUG692) showed no response
(sometimes spotty necrosis, data not shown), whereas
those with Psy61-N402 (pNCHUA451), Psy61-N402
(PNCHUG655), and wild-type Psy61 all showed confluent
necrosis. Furthermore, a western blotting analysis was
performed to determine if the loss of HR phenotype in the
hrpT mutant Psy61-N402 is due to an incompetent T3SS.
Bacteria were incubated in HrpMM for 5 h at 22°C and
then separated into cell pellet and supernatant fractions by
centrifugation. The immunoblotting of protein extracts
from both fractions using a serum against HrpZ (harpin)
was conducted and an immunodetection of Nptll was used
as a control for equal loading and cytoplasmic marker.
Results showed that both accumulation and secretion of
HrpZ protein were dramatically reduced in Psy61-N402,
and the signals were very weak as seen in lane 3 and 4 of
Fig. 4, suggesting that the HR-deficient phenotype
observed in hrpT mutant is partially due to the reduction of
effector secretion. This mutant phenotype was restored to
the wild type level by complementing with HrpT or with
HrpT-FLAG (Fig. 4 lane 5-8). Complementation results
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showed that both HrpT (encoded in pNCHU451) and
HrpT-FLAG (encoded in pNCHUG55) were capable of
restoring the HR elicitation and harpin secretion phenotype
to the wild type level in Psy61-N402, suggesting the
FLAG tag did not interfere with the HrpT activity.
Therefore, the plasmid pPNCHUG655 was used in the
following biochemical assays.

HrpT is associated with the outer membrane

In a previous study ®®, sequence data show that HrpT
is a putative outer membrane lipoprotein. Due to more
HrpT homologs cloned from pathogenic bacteria recently,
homology search again was performed with BLAST
program in NCBI web site (http://www.ncbi. nim.nih.gov).
According to multiple alignments with CLUSTAL W
program®, HrpT is highly similar to that from strains of P.
syringae and less similar to that from Erwinia, and it has
very low homology to the N-termini of YscW, InvH,
MxiM and PulS proteins from Yersinia enterocolitica,
Salmonella enterica, Shigella flexneri and Klebsiella
oxytoca, respectively (Fig. 5). YscW, InvH, MxiM and
PulS have been identified to be outer membrane proteins
and to play as pilot proteins in promoting the localization
and stability of YscC, InvG or MxiD of T3SS and the
secretin PulD of the type Il secretion system, respectively
(1214152048 |t js very interesting that HrpT in plant
pathogenic bacteria is much smaller than their orthologsin
animal pathogens. Also, data show that HrpT protein is
predicted to contain an N-terminal signal sequence with 18
hydrophaobic amino acid residues. Sequence analysis using
the Prosite program (http://www.expasy.ch/prosite/)
indicates that two consensus sequences for lipid
attachment (#9-#19, VLVVFATLTGC,; #19-#29,
CATHGCSGTAC) were found and C19 and C29 residues
are the potential lipid attachment sites@. However, only
C19 is conserved in all piolot proteins shown in Fig. 5.
Herein, to investigate the cellular localization of HrpT
protein in Psy61, total cell extract from bacteria grown in
induction media was applied to cell fractionation using
Triton X-100 extraction. The collected fractions were
analyzed by immunoblotting using anti-FLAG M2
antibody and anti-HrcC serum. HrcC of Psy61 has been
determined to be indeed an outer membrane protein by
Triton solubilization, sucrose-gradient isopycnic
centrifugation, and immunogold labeling of the bacterial
cell surface®, and it was used as an outer membrane
marker in this study. As shown in Fig. 6, HrpT-FLAG and
HrcC were detected predominantly in the outer membrane,
indicating that HrpT is also an outer membrane protein and
coexists with HrcC protein. Taken together, sequence
comparison and cellular localization assay imply that HrpT
may interact with HrcC during the assembly of T3SS.
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Psy61-N402/pNCHUG92
Psy61-N402 (hrpT-FLAG)

PsyG61-N402/pNCHU451 Psy61-N402/pNCHUEBS5
(hrpT) (hrpT-FLAG)

Fig. 3. The hypersensitive response of tobacco leaf elicited by wild type (Psy61), hrpT mutant (Psy61-N402), and
complemented strains Psy61-N402 (pNCHU451 or pNCHUG55) and Psy61-N402 (pNCHU692). The ability to elicit HR
was abolished in Psy61-N402 and was restored by plasmid-borne hrpT-FLAG (pNCHUG55) in complementation. A leaf
of Nicotiana tabacum L. cultivar VanHicks was infiltrated with a blunt syringe containing bacteria at the concentration of
108 cfu/ml and photographed at 12 h post inoculation. Plasmid pNCHU451, the construct carrying hrpT ; pNCHUB55, the
construct carrying hrpT - FLAG.
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Fig. 4. The production and secretion of HrpZ (harpin) were reduced in hrpT mutant Psy61-N402 and were restored by
plasmid-borne hrpT-FLAG (pNCHU®655) or hrpT (pNCHU451) in complementation. Proteins prepared from the cell-
bound fractions (C) and culture supernatant fractions (S) were described in the experimental procedures and subjected to
SDS-PAGE and immunoblot analyses. The upper panel was probed with harpin antiserum and the lower panel was probed
with Nptll antiserum to serve as an internal control.
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Fig. 5. Multiple alignment of the deduced amino sequence for HrpT from P. s. pv. syringae 61 (AAC35755) with its
homologs. The consensus sequences for lipid attachment motif were shown in boxes. Residues for potential lipid
attachment, C19 and C29, were indicated by the vertical arrow. This alignment was made by using CLUSTAL W program
®2, The HrpT sequences from P. s. pv. syringae B728a (Y P_234293), pv. glycinea (AAC35806), pv. tomato (AA054912),
pv. tagetis (ABB91652), P. viridiflava (AAT96205), P. cichorii (ABA47302), Erwinia amylovora (AAB49180), E.
pyrifoliae (AAS45459), E. carotovora subsp. atroseptica (CAG75003), Pantoea stewartii subsp. stewartii (AAGQ01464),
Pectobacterium carotovorum subsp. carotovorum (AAQ73912), E. chrysanthemi (AAC31976), RspT sequence from P.
fluorescens (AAK81928), YscW sequence from Yersinia enterocolitica (NP_052409), MxiM sequence from Shigella
flexneri (CACO05818), InvH sequence from Salmonella typhimurum (AAL21780), and PulS sequence from Klebsiella

pneumoniae (AAA61978) were used for comparision.

An interaction between HrpT and HrcC was
detected in yeast two-hybrid assay

MATCHMAKER Two-Hybrid System 3 (Clontech)
was used to determine the interaction between HrpT and
HrcC in vivo. The interactions of murine p53 (p53) and
SV40 large T-antigen (T) and SV40 large T-antigen and
human lamin C (Lam) were used as a positive control and
negative control, respectively. In this system, HrpT, HrcC,
HrcQa and HrcQb were fused to GAL4 DNA binding
domain (BD) in pGBKT7 and activation domain (AD) in
pGADT7, and the recombinant constructs were
cotransformed into yeast strain Y 187 containing a lacZ
reporter gene whose expression is GAL4-dependent . The
B-galactosidase activity in transformants was first

monitored using colony-lift filter method, and the positive
reaction was only observed with the transformants
carrying both recombinant plasmids of interest.
Subsequently, the 3-galactosidase activity was quantified
using ONPG (O-nitrophenyl /5-D-galactopyranoside) as a
substrate. Comparing with the positive control strain
harboring the murine p53 and SV40 large T-antigen 7,
the B -galactosidase activities in the transformants
expressing AD-HrcQa/BD-HrcQb, AD- HrcC/BD-HrpT,
and AD-HrcC/BD-HrcC pairs were about 16.9%, 7.7%,
and 7.4% of the activity in the positive control strain,
respectively (Table 2). Both HrpT and HrcC proteins
harbor N-terminal transmembrane helices which might
interfere with the interaction assay in yeast two-hybrid
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Fig. 6. Cellular localization of HrpT-FLAG protein in Psy61-N402 (pNCHUG55) was detected by immunablotting with
anti-FLAG M2 antibody. Proteins prepared from culture supernatant (S) and the cell-bound fractions which were further
separated into cytoplasmic (C), inner membrane (IM), outer membrane (OM) and non-extracted (NE) fractions were
described in the experimental procedures and subjected to SDS-PAGE and immunoblot analyses. The distribution of HrcC
protein shown in lower panel was detected with anti-HrcC antibody and used as an outer membrane marker.

system. However, an interaction of HrcC with itself could
be detected, likely due to the formation of a HrcC
multimeric complex in T3SS®. Similar /3-galactosidase
activities in the transformants expressing the recombinant
AD-HrcC/BD-HrpT and AD-HrcC/BD-HrcC reveal that
HrpT also interacts with HrcC in vivo.

HrpT-FLAG interacts with HrcC in vitro.

To demonstrate that HrpT can directly bind to HrcC
in vitro, a pull-down assay was applied. In the pull-down
assay using an anti-FLAG affinity gel as a trap, soluble
proteins extracted from the cell lysates of E. coli BL21
expressing HrcC (pNCHU316) and HrpT-FLAG
(PNCHUG39) were incubated with anti-FLAG affinity gel.
The whole cell lysates and FLAG gel-bound proteins were
resolved by SDS-PAGE and immuno-analyzed using
antibodies that recognize either the FLAG epitope of
HrpT-FLAG or HrcC. As presented in Fig. 7, HrcC was
detected in the gel-bound fraction in the presence of HrpT-

FLAG n E. coli BL21 carrying pNCHUG39, revealing that
HrcC binds to HrpT-FLAG in vitro, and these two proteins
can be pulled down together by the FLAG affinity gel.

Conclusions

Secretins (e.g. PulD, InvG, MixD, YscC, and HrcC)
belong to a large protein family whose members are
widely dispersed across many species of Gram-negative
bacteria. Not only are secretins present in T3SS, but they
also participate in various macromolecular transport
processes including the type 11 secretion, type IV pilus
biogenesis and filamentous phage release @9, However,
secretins share neither sequence nor structural homology
with any of the outer membrane components of the
flagellar system. Individual monomers of secretin
assemble into stable ring-like oligomers of 12-14 subunits
with a central channel of 5-10 nm in diameter 43339,
Biogenesis of the secretin ring begins with protein
synthesis in the bacterial cytoplasm and export of the

Table 2. Interaction between HrpT and HrcC proteins detected by yeast two-hybrid tests

Sample combination Colony-lift Liquid culture assay
pGADT7-derived pGBKT7-derived filter assay*! ( g -galactosidase units)?
pGADT7-T pGBKT7-53 +++ 6.64 £+ 0.20
pGADT7-T pGBKT-Lam - 0.12 +0.02
HrcQa HrcQb ++ 112 £0.19
HrcC HrpT + 0.51 +=0.12
HrcC HrcC + 0.49 +0.11

1+ ~+++  signsindicate the relative intensity of the blue color developed after exposure of permeabilized cells to X-Gal (5-

bromo-4-chloro-3-indoly-b-D-gal acto-pyranoside) for 1 hr.
2 Data represent the means of three replicates =+ standard error.
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Fig. 7. Pull-down assay shows HrpT interacting with HrcC. The samples of soluble proteins collected from sonicated
cultures of E. coli (pNCHU316) expressing HrcC and E. coli (pNCHUG639) expressing Flag-tagged HrpT were mixed with
anti-FLAG M2 affinity gel. The sonicated cell lysate (CL) and the gel-bound (GB) protein eluted from M2 affinity gel
were immunobl otting with HrcC antiserum (upper panel) and anti-FLAG M2 antibody (lower panel).

individual monomers to the periplasm by the sec-
dependent pathway. Subsequent folding and insertion into
the ourter membrane are crucial steps to ensure proper
oligomerization and channel formation. A specialized class
of proteins known as pilotins (pilot proteins) has been
shown to mediate this process 152036459 Bj|otins are a
sequencedivergent family of small lipoproteins that are
localized to the outer membrane and bind to the C termini
of their cognate secretins. The recent crystal structure of
Shigella MixM, a T3SS pilotin, has shed light on how this
protein might assist its cognate secretin MixD in its
insertion process®. A principal feature of the conical-
shaped MixM proteinisa “cracked-barrel” domain that
generates a hydrophobic cavity which can bind acyl chains
of bacterial lipidsin the center of the protein. The lipidated
N terminus of MixM, which is located in close proximity
to this lipid-binding cavity, might bind here for stability
before interacting with the outer membrane and MixD.
Another possibility is that MixM could extract the lipid
from the outer membrane by using this cavity to enable
proper insertion of MixD @659,

In this study, we hypothesize that HrpT may be a
pilotin of HrcC based on the following results obtained
here: (i) The sequence analysis of HrpT indicates that it is

a putative lipoprotein and possesses a cysteine residue at
#19 as a putative lipid binding site which is also very
conserved in the family of pilotins including PulS, Y scW,
InvH and MixM (Fig. 5). An unlipidated form of the
Y scW protein caused mislocalization of Y scC, although it
still interacted with the secretin, suggesting that the
lipidation mediated by this cysteine residue is very
important @ (ii) Based on the western blot (Fig. 6), HrpT
is an outer membrane protein. hrpT gene is located in the
same operon with its cognate secretin gene hrcC and
adjacent to it. Other pilotin genes including mixM, invH,
and yscW, are also closed to their cognate secretin genes.
(iii) HrpT is clearly interacted with HrcC protein
according to the yeast two-hybrid and pull-down assays
(Table 2; Fig. 7). It will be worthy of further investigation
on how HrpT promotes the biogenesis of HrcC on forming
aring structure on the outer membrane.
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Interaction between HrpT and HrcC of Psy61
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