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Plant aerial surfaces comprise a complex habitat for microorganisms, and many plant-associated bacteria,
such as the pathogen Pseudomonas syringae, exhibit density-dependent survival on leaves by utilizing quorum
sensing (QS). QS is often mediated by diffusible signals called N-acyl-homoserine lactones (AHLs), and P.
syringae utilizes N-3-oxo-hexanoyl-pL-homoserine lactone (30C6HSL) to control traits influencing epiphytic
fitness and virulence. The P. syringae pathovar syringae B728a genome sequence revealed two putative AHL
acylases, termed HacA (Psyr_1971) and HacB (Psyr_4858), which are N-terminal nucleophile hydrolases that
inactivate AHLs by cleaving their amide bonds. HacA is a secreted AHL acylase that degrades only long-chain
(C = 8) AHLs, while HacB is not secreted and degrades all tested AHLs. Targeted disruptions of hacA, hacB,
and hacA and hacB together do not alter endogenous 30C6HSL levels under the tested conditions. Surpris-
ingly, targeted disruptions of hacA alone and hacA and hacB together confer complementable phenotypes that
are very similar to autoaggregative phenotypes seen in other species. While AHL acylases might enable P.
syringae B728a to degrade signals of competing species and block expression of their QS-dependent traits, these

enzymes also play fundamental roles in biofilm formation.

Quorum sensing (QS) allows bacterial populations to coor-
dinate gene expression in a cell-density-dependent manner (3,
22). N-Acyl-homoserine lactones (AHLs) are diffusible signal
molecules that mediate QS in many species of gram-negative
bacteria residing on leaves (10, 18, 19, 50, 68) and are com-
prised of homoserine lactone rings linked with amide bonds to
either long (C = 8) or short (C < 8) acyl chains. Pseudomonas
syringae pathovar syringae strain B728a is a gram-negative leaf
surface epiphyte and pathogen capable of causing brown spot
disease in bean plants (Phaseolus vulgaris) (25). QS in strain
B728a is mediated by a single AHL, N-3-oxohexanoyl-pL-
homoserine lactone (30C6HSL) (10, 52) and serves as a model
for studying the influence of QS on motility, epiphytic fitness,
and virulence to plants (51).

The fate of AHLs once they are released into extracellular
environments is relatively unknown, although AHLs have been
found to be degraded quickly in soil (69). AHLSs can most likely
accumulate to physiologically relevant levels in relatively small
cell populations (18); on dry leaves, where AHL diffusion is
thought to be especially limited, only a few P. syringae pv.
syringae strain B728a cells in close proximity can produce
enough signals to influence gene expression and subsequent
behavior (17). For QS to function, mechanisms of inactivation
must exist to modify AHLSs so they can no longer bind to their
cognate transcription factors. While AHLs can be inactivated
both chemically (7, 74) and by eukaryotic hosts (1, 14, 28, 53),
bacteria also have the capacity to inactivate AHLs via the
production of AHL-degrading enzymes. AHL lactonases (8, 9,
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15, 36, 47, 49, 76) have broad AHL substrate specificities and
catalyze the opening of the homoserine lactone ring via hydro-
lysis of the ester bond to produce an inactive open-chain acyl-
homoserine. AHL acylases (26, 27, 35, 37, 48, 56, 62, 66, 67)
are N-terminal nucleophile (Ntn) hydrolases (6) that inactivate
signals by cleaving the acyl chain from the homoserine lactone
via nucleophilic attack on the carboxy carbon in the amide
linkage. AHL acylases display high substrate specificities based
on the lengths of the AHL acyl chains, and like other Ntn
hydrolases (6), they are transcribed as large propolypeptides
that undergo autoproteolytic cleavage to reach maturation.

While AHL-degrading enzymes are widespread throughout
bacteria, there is uncertainty about their endogenous physio-
logical functions (55). AHL-degrading enzymes might modu-
late QS by recycling AHLs once QS is achieved (76), or they
might enable cells to degrade AHLs produced by competing
species (48) and even utilize AHL breakdown products as
carbon sources (21, 26, 27, 35). The presence of multiple AHL-
degrading enzymes in a single strain adds complexity to their
potential roles. The gram-negative plant pathogen Agrobacte-
rium tumefaciens employs N-3-oxo-octanoyl-pDL-homoserine
lactone (3OC8HSL) as a QS signal and harbors two AHL
lactonases (8, 9, 11, 76). Pseudomonas aeruginosa PAO1 uti-
lizes N-3-butyryl homoserine lactone (C4HSL) and N-3-oxo-
dodecanoyl homoserine lactone (30C12HSL) for QS, and con-
tains in its genome four Ntn hydrolases, of which two, PvdQ
and QuiP, have been experimentally determined to be AHL
acylases. PvdQ was originally found to influence accumulation
of the siderophore pyoverdine (33, 46). PvdQ expression in E.
coli conferred on cells the ability to degrade long-chain (C = 8)
AHLs, but PvdQ was not necessary for the ability of P. aerugi-
nosa PAOL to utilize AHLs for nutrition (26). QuiP, a second
AHL acylase, also degrades only long-chain AHLs and enables
P. aeruginosa to catabolize AHLs (27).
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics®

Source or reference

E. coli strains

Top10

A(ara-lew)7697 galU galK rpsL endAl nupG
BL21(DE3) F~ ompT hsdSy(rg~ my™) gal dem (DE3)
MT102

P. syringae strains

F~ mcrA A(mrr-hsdRMS-mcrBC) $&80dlacZAM15 AlacX74 recAl araD139

Invitrogen, Carlsbad, CA

Novagen, Madison, WI

araD139 A(ara-lew)7697 Alac thi hsdR, MC1000 derivative 73

B728a Rf", wild type, bean pathogen 39
BHSL Rf" Km', Aahll::MudlI1734, strain B728a derivative 30
HacA™ Rf* Tet", AhacA::Tet, strain B728a derivative This study
HacB™ Rf" Tet", AhacB::Tet, strain B728a derivative This study
HacA B~ Rf* Tet" Gm", AhacA::Gm, AhacB::Tet, strain B728a derivative This study
Plasmids
pCR2.1-TOPO Ap" Km’, cloning vector Invitrogen
pENTR/D-TOPO Km', entry vector for Gateway cloning system Invitrogen

pENTR/D-MCS-

Km" Gm', entry vector for Gateway cloning system

T. K. Powell, G. F. J. Dulla

Kan

pET30 Km', inducible expression vector Novagen
pET30-HacA Km', pET30 containing hacA ORF with C-terminal six-His tag This study
pET30-HacB Km', pET30 containing sacB ORF with C-terminal six-His tag This study
pET30-Psyr_3871 Km', pET30 containing Psyr_3871 ORF with C-terminal six-His tag This study
p519nGFP Km', broad-host-range expression vector 42
p519-HacA Km', p519 containing hacA ORF with C-terminal six-His tag This study
p519-HacB Km', p519 containing hacB ORF with C-terminal six-His tag This study
P519-Psyr_3871 Km', p519 containing Psyr_3871 ORF with C-terminal six-His tag This study
pLVC/D Ap" Tet', Gateway destination vector strain B728a suicide plasmid 40

pBQ9Y Spc’, pPPROBE-OT derivative harboring P. syringae ahll promoter upstream of GFP 52

IB524 Tet", pME6031 derivative harboring V. fischeri luxR, PluxI-gfpmut3* (stable GFP) 73

“ Ap, ampicillin; Gm, gentamicin; Km, kanamycin; Rf, rifampin; Spc, spectinomycin; Tet, tetracycline.

We searched the strain B728a genome (20) for AHL-
degrading enzymes so that we might investigate their influence
on QS in a model plant pathogen. No AHL lactonase homo-
logues were present in the strain B728a genome, but we did
identify three uncharacterized open reading frames (ORFs;
Psyr_1971, Psyr_4858, and Psyr_3871) homologous to charac-
terized AHL acylases. We report here that two of these strain
B728a enzymes, termed HacA and HacB for AHL acylase, can
indeed inactivate AHLs with differing substrate specificities
and that these AHL acylases play potentially important roles in
biofilm formation.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. AHLs used in this study were
30C6HSL (Sigma), 30C8HSL (Sigma), N-3-hexanoyl-pL-homoserine lactone
(C6HSL; Fluka), N-3-octanoyl-pL-homoserine lactone (C8HSL; Fluka), N-3-
decanoyl-pL-homoserine lactone (C10HSL; Fluka), and N-3-dodecanoyl-pL-
homoserine lactone (C12HSL; Fluka). AHL stock solutions were prepared in
ethyl acetate containing 0.01% (vol/vol) glacial acetic acid and stored at —20°C.
The bacterial strains and plasmids used in this study are described in Table 1, and
the source and characteristics of strain B728a have been previously described
(39). Strain B728a was grown in King’s B medium (KB) (29) at 28°C, which was
buffered at pH 6.5 with 10 mM potassium phosphate when indicated. For the
AHL growth assay, strain B728a was incubated for 7 days in M9 minimal medium
(58) containing 1 mM CI10HSL as a carbon source and buffered at pH 6.5 with
10 mM potassium phosphate. Escherichia coli was grown in Luria-Bertani (LB)
medium (58) at 37°C, unless otherwise indicated. The following concentrations
of antibiotics were used: ampicillin, 100 pg/ml; gentamicin, 15 pg/ml; kanamycin,
50 pg/ml; rifampin, 100 pg/ml; spectinomycin, 20 wg/ml; and tetracycline, 15
png/ml.

Nucleic acid and protein manipulations. All DNA and protein manipulations
were performed using standard or manufacturer-recommended protocols (58),
and general cloning steps were performed in E. coli Topl10 cells (Invitrogen).

Primers were synthesized by Integrated DNA Technologies (Coralville, IA).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (32)
was performed using a Mini-Protean II electrophoresis system (Bio-Rad, Her-
cules, CA), and proteins were either visualized by Coomassie blue staining or
transferred to Immobilon-PSQ polyvinylidene difluoride membranes (Millipore,
Bedford, MA) using a Mini-Protean II Electroblot apparatus (Bio-Rad). West-
ern blot analyses were performed with 1:10,000 dilutions of mouse-derived anti-
His-tagged monoclonal antibody (Cell Signaling Technology, Danvers, MA) and
1:10,000 dilutions of alkaline phosphatase-coupled anti-mouse secondary anti-
body (Sigma-Aldrich, St. Louis, MO). Protein concentrations were estimated
using a Bio-Rad protein assay Kit.

AHL quantification with biosensors. E. coli MT102-JB524 (73) was grown in
LB broth (buffered with 100 mM potassium phosphate, pH 7.0) supplemented
with tetracycline. Strain B728a BHSL-pBQ9 was grown in KB broth (buffered
with 100 mM potassium phosphate, pH 7.0) supplemented with corresponding
antibiotics. Ethyl acetate samples to be assayed for AHLs were dried in 13- by
100-mm borosilicate glass tubes (Fisher Scientific). Biosensor cultures were in-
cubated until early log phase, and 1-ml aliquots were then added to sample tubes
and incubated overnight at 28°C with shaking. Five milliliters of sterile water was
added to sample tubes, and green fluorescent protein (GFP) was measured using
a fluorimeter (Model TD-700; Turner Designs, Sunnyvale, CA) with an excita-
tion wavelength of 390 nm and emission wavelengths of 510 to 700 nm. Raw
fluorescence units were normalized for the optical density at 600 nm (ODg)
values of the biosensor cultures. AHL concentrations were quantified by com-
paring normalized fluorescence values with those obtained from standard curves
derived from biosensor cells incubated with known concentrations of AHL stan-
dards.

Cloning of hacA, hacB, and Psyr_3871 and expression in E. coli. Genomic
DNA was isolated from strain B728a using a DNeasy tissue kit (Qiagen, Valen-
cia, CA). The coding region for hacA, minus the stop codon, was amplified from
genomic DNA using primers 5'-AGCTCATATGATTATTTCCAGACCCCTG
TG-3" (Ndel site underlined) and 5'-AGCTCTCGAGGCGATCAGGCTCC
T-3’ (Xhol site underlined). The coding region for hacB, minus the stop codon,
was amplified from genomic DNA using primers 5'-AGCTCATATGAAACGC
AGCCTCTTCA-3" (Ndel site underlined) and 5'-AGCTGCGGCCGCCGCCC
CCGGCAC-3' (NotI site underlined). The coding region for Psyr_3871, minus
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the stop codon, was amplified from genomic DNA using primers 5'-AGCTCA
TATGGCCTCGCCAGCCCTTC-3" (Ndel site underlined) and 5'-AGCTCTC
CGAGCTTGCCCGGCGTCAG-3" (Xhol site underlined). PCR products were
cloned into pCR2.1-TOPO, and inserts were transferred into the appropriately
digested expression vector pET30 (Novagen, Madison, WI) to create transla-
tional fusions with C-terminal six-His tags. The resulting plasmids pET30-
HacACH, pET30-HacBCH, and pET30-Psyr_3871 were transformed into E. coli
BL21(DE3) cells (Novagen). Protein expression was induced in liquid cultures by
the addition of 0.4 mM isopropyl-B-D-thiogalactopyranoside at an ODy, of 0.4,
followed by overnight incubation at 28°C. Cultures were centrifuged at 7,000 X
g, and culture supernatants were passed through 0.45-pum syringe filters. Proteins
in culture supernatants were precipitated on ice by the addition of 60% ammo-
nium sulfate or trichloroacetic acid and collected by centrifugation at 10,000 X
g. Soluble and insoluble proteins were collected from cell pellets with an Easy-
Lyse kit (Epicentre Biotechnologies, Madison, WI).

AHL degradation assays with intact E. coli cells expressing HacA, HacB, and
Psyr_3871. Overnight, isopropyl-B-p-thiogalactopyranoside-induced liquid cul-
tures of E. coli BL21(DE3) cells harboring plasmids pET30, pET30-HacACH,
pET30-HacBCH, and pET30-Psyr_3871 were centrifuged at 7,000 X g. Cells
were washed twice with 10 mM potassium phosphate buffer (pH 7.0) and sus-
pended to an ODggy, of 1.0 in sterile 13- by 100-mm borosilicate glass tubes
containing buffer supplemented with 1 wM AHL. The tubes were incubated at
28°C, and 300-pl samples were collected at various times and centrifuged to
pellet the cells. Supernatants (250 pl) were transferred to 1.5-ml Eppendorf
tubes and extracted with equal volumes of ethyl acetate. Portions (200 l) of the
ethyl acetate extracts were transferred to fresh 1.5-ml tubes and dried, and each
was resuspended in 25 pl ethyl acetate. AHLs were quantified with the E. coli
JB524 biosensor.

Constitutive expression of HacA, HacB, and Psyr_3871 in strain B728a. ORF's
encoding HacA, HacB, and Psyr_3871 with C-terminal histidine tags were am-
plified from the pET30-based expression constructs generated above with gene-
specific sense primers containing Ndel sites and the antisense primer 5'-GAAT
TCTCAGTGGTGGTGGTGGTGGTG-3" (EcoRI site underlined) and cloned
into the appropriately digested vector p519GFP (42). The resulting constructs,
p519-HacACH, p519-HacBCH, and p519-Psyr_3871, were transformed into
strain B728a by electroporation, and proteins from the resulting strains were
analyzed as described above.

Targeted disruption of hacA and hacB in strain B728a. The hacA and hacB
genes were each disrupted through targeted insertional mutagenesis using the
pLVC/D vector system (40). A 796-bp hacA fragment was amplified from strain
B728a genomic DNA with the primers 5'-CACCGAATTCAGTTTTGTGTTT
GCAGGTCT-3' and 5'-CTCATCTAGAGTCGAGTTTGCCGGGAATG-3". A
942-bp hacB fragment was amplified with the primers 5'-CACCGAATTCTCA
TTCTAGCCATCAT-3" and 5'-GTCATCTAGAGCTCCAGCCGAAGTCCA
T-3'. PCR products were cloned into pENTR/D (Invitrogen) and then trans-
ferred using LR Clonase to pLVC/D. The resulting pLVC/D plasmids were
introduced into strain B728a by triparental mating, so that gene disruptions
occurred via single-crossover events. The resulting strains, HacA~ and HacB™,
were verified with PCR using primers specific to the pLVC/D vector and to
genomic DNA sequences upstream and downstream of the targeted genes.

A hacA hacB double knockout was generated by the insertion of a gentamicin
resistance cassette into hacA, followed by the insertion of tetracycline resistance
cassette into hacB. Two fragments of hacA were amplified from strain B728a
genomic DNA (fragment 1, 5'-AAGCTTAGTTTTGTGTTTGCAGGTCTTTC
ATTC-3', HindIII site underlined; 5'-GGTACCGTCGAGTTTGCCGGGAAT
GGT-3', Kpnl site underlined; fragment 2, 5'-CTCGAGGACCGATTTCGTG
CAGCATTCC-3', Xhol site underlined; 5'-TCTAGACCTCGCTTATCACCT
GCACCTCAT-3', Xbal site underlined) and cloned into the appropriately
digested vector pENTR/D-MCS-Gent. The resulting construct, in which the
gentamicin resistance cassette was flanked by hacA gene fragments, was trans-
ferred into pLVC/D using LR Clonase, and the resulting plasmid was introduced
into strain B728a by triparental mating. Resulting colonies were screened for
gentamicin resistance and tetracycline susceptibility, indicating that gene disrup-
tion had occurred via a double-crossover event. The gene hacB was then dis-
rupted via a single-crossover event, as described above, and colonies were se-
lected with gentamicin and tetracycline. The resulting strain, HacA™B™, was
verified using PCR.

30C6HSL quantification in P. syringae pv. syringae B728a strains. The strains
were grown at 28°C in liquid KB supplemented with appropriate antibiotics. At
various time points, culture aliquots (4 ml) were extracted with equal volumes of
ethyl acetate, and 3.6 ml of the ethyl acetate extract was dried and resuspended
in 300 wl ethyl acetate. Concentrations of 30C6HSL in the extracts were quan-
tified with the strain B728a BHSL-pBQ9 biosensor.
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Purification of HacA and HacB from strain B728a. Strain B728a cells harbor-
ing plasmids p519-HacACH and p519-HacBCH were grown at 28°C in liquid KB
with appropriate antibiotics until stationary phase. Cultures were centrifuged at
7,000 X g, and cell pellets were washed twice with 10 mM potassium phosphate
buffer before being treated with an EasyLyse kit. Histidine-tagged proteins in
soluble fractions were purified with HisTrap-FF Ni-nitrilotriacetic acid (Ni-
NTA) affinity columns (Amersham Biosciences, Uppsala, Sweden) according to
the manufacturer’s instructions, with the exception that imidazole was not in-
cluded in the wash buffer, and used immediately in AHL degradation assays or
analyzed by SDS-PAGE and Western blot analyses. For N-terminal amino acid
sequencing, proteins were transferred to polyvinylidene difluoride membranes
and Coomassie blue-stained bands were sequenced by Edman degradation at the
University of California—Davis Macromolecular Structure Facility.

AHL degradation assays of HacA and HacB with OPA. The release of homo-
serine lactone, a product of the acylase reaction, was detected with o-phthal-
dialdehyde (OPA; Sigma) as described previously (48). Purified HacA or HacB
(20 ng), along with boiled negative controls, was mixed with 0.5 mM AHLs or
penicillin G in 200 pl 10 mM potassium phosphate (pH 7.0) and incubated at
28°C for 1 h (HacB) or 3 h (HacA). OPA stock solution was added, and the 434
was measured. Pure homoserine lactone (Sigma) was used to generate standard
curves in each replicate of the assay.

RESULTS

Strain B728a genome contains three putative AHL acylases.
We initially observed that CI0HSL was apparently degraded
when added to either wild-type strain B728a cultures in buff-
ered KB media or cell-free culture supernatants (data not
shown). BLASTp analyses (2) of the strain B728a genome (20)
using amino acid sequences of AHL-degrading enzymes as
queries revealed the presence of three putative ORFs with
significant similarity to AHL acylases: Psyr 1971 (termed
hacA, for AHL acylase), Psyr 4858 (termed hacB), and
Psyr_3871. All three ORFs were predicted to contain secretory
signal peptides (www.cbs.dtu.dk/services/SignalP/) (5). HacA is
predicted to be a 779-amino acid (aa) polypeptide with a mo-
lecular mass of 85 kDa and shares 55% aa identity with
PA2385 (PvdQ) (26, 33) of P. aeruginosa. HacB is predicted to
be a 795-aa polypeptide with a molecular mass of 88 kDa and
shares 68% aa identity with PA0305, an uncharacterized pro-
tein from P. aeruginosa. The Psyr_3871 OREF is predicted to
encode an 824-aa polypeptide with a molecular mass of 90 kDa
and shares 63% aa identity with PA1032 (QuiP) (27) of P.
aeruginosa. Amino acid alignments of these ORFs with se-
quences of characterized AHL acylases indicated that HacA
and HacB, but not Psyr_3871, contained conserved Gly-Ser-
Asn residues reported to be necessary for posttranslational
processing in Ntn hydrolases (6, 37).

E. coli cells expressing HacA and HacB, but not Psyr_3871,
can inactivate AHLs. C-terminal histidine tags were added to
the putative AHL acylases of strain B728a, as described in
other studies of Ntn hydrolases (48, 71), to identify the
propolypeptide and the mature B subunit. The insoluble frac-
tion collected from the pET30-HacA-harboring strain con-
tained a prominent reactive band with a molecular mass of
~85 kDa (Fig. 1A, lane 3), while the soluble fraction contained
a reactive band with a molecular mass of ~60 kDa (Fig. 1A,
lane 4). Similar band patterns were detected in insoluble and
soluble fractions collected from the pET30-HacB-harboring
strain (Fig. 1A, lanes 5 and 6). The molecular masses of the
~85-kDa and ~60-kDa bands correspond to predicted molec-
ular masses of the propolypeptides and mature, processed 3
subunits, respectively, of HacA and HacB. Thus, E. coli-
expressed HacA and HacB apparently undergo the posttrans-
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FIG. 1. Western blot analyses of putative strain B728a AHL acylases expressed in E. coli and strain B728a. (A) Insoluble (i) and soluble (s)
fractions collected from induced E. coli harboring plasmids pET30 (lanes 1 and 2), pET30-HacA (lanes 3 and 4), pET30-HacB (lanes 5 and 6),
and pET30-Psyr_3871 (lanes 7 and 8). (B) Insoluble (i) and soluble (s) fractions collected from strain B728a harboring plasmids p519nGFP (lanes
1 and 2), p519-HacA (lanes 3 and 4), p519-HacB (lanes 5 and 6), and p519-Psyr_3871 (lanes 7 and 8).

lational processing that is characteristic of Ntn hydrolases, but
their processing is incomplete. Similar results were reported
from attempts to express P. aeruginosa AHL acylases in E. coli
(26, 27). The B subunit of HacA was also present in the culture
medium (data not shown), indicating that HacA is a secreted
enzyme. Psyr 3871 was detected only as an ~90-kDa
propolypeptide in both insoluble and soluble fractions of the
pET30-Psyr_3871-harboring strain (Fig. 1A, lanes 7 and 8),
indicating that it is not an Ntn hydrolase, perhaps because it
does not have the conserved amino acid residues necessary for
posttranslational processing (37).

Two whole-cell biosensors were used to quantify the degra-
dation of a variety of AHLs by the putative P. syringae pv.
syringae strain B728a AHL acylases. E. coli MT102-JB524 de-
tects all AHLs (73), while strain B728a BHSL-pBQ9 is highly
selective for only 30C6HSL and 30CSHSL (52). To ensure
that biosensors could be used to measure AHL inactivation via
amide bond cleavage, we confirmed that neither responded to
the degradation product homoserine lactone (data not shown).
Inactivation assays were then performed against a variety of
AHLs (Table 2). E. coli cells harboring pET30-HacA inacti-
vated only AHLs with acyl chain lengths of greater than eight
carbons, and cells harboring pET30-HacB inactivated all
AHLs tested. Cells harboring pET30-Psyr_3871 and pET30
showed no inactivation activities toward any AHL. We note
that the specificities of HacA toward long-chain AHLs are
reflected in the reported activity of PvdQ, its homologue in P.
aeruginosa, while HacB degraded a much-wider range of AHLs
than most other characterized AHL acylases.

HacA and HacB were expressed in strain B728a and puri-
fied to determine substrate specificities. The putative AHL
acylases with C-terminal histidine tags were expressed consti-
tutively in strain B728a from plasmids p519-HacA, p519-HacB,
and p519-Psyr_3871. Both HacA and HacB underwent com-
plete posttranslational processing and were visible only as
~60-kDa processed B subunits. The B subunit of HacA was
present in the soluble and insoluble cellular fractions (Fig. 1A,
lanes 3 and 4), as was the 8 subunit of HacB (Fig. 1A, lanes 5
and 6). Also, the B subunit of HacA was present in the culture
medium (data not shown), again indicating that HacA is a
secreted Ntn hydrolase while HacB is not secreted. Psyr_3871
was visible only as an 85-kDa propolypeptide form in both the
soluble and insoluble cellular fractions (Fig. 1A, lanes 7 and 8),
and we thus conclude that Psyr_3871 is not an Ntn hydrolase
because it does not undergo the posttranslational processing
necessary for enzyme maturation. Endogenous 30C6HSL lev-
els in planktonic cultures of strain B728a harboring p519-
HacA were similar to levels of the wild-type strain, while strain
B728a harboring p519-HacB had decreased 30C6HSL levels
(Fig. 2). These data provide further evidence that HacB can
inactivate 30C6HSL and can function in strain B728a under
normal physiological conditions. We note that constitutive ex-
pression of HacA or HacB did not confer on strain B728a the
ability to grow in media containing C10HSL as a sole carbon
source in M9 minimal media (data not shown).

Histidine tag affinity chromatography was used to recover
HacA and HacB heterodimers from soluble cellular extracts of
strain B728a harboring plasmids p519-HacA and p519-HacB

TABLE 2. Substrate specificities of putative and characterized AHL acylases from P. syringae pv. syringae strain B728a
and other microorganisms”

Microorganism Enzyme 30C6HSL C6HSL CS8HSL CI0HSL 30C12HSL C12HSL Source or reference(s)

P. syringae B728a HacA - - + + NT + This study
HacB + + + + NT + This study
Psyr_3871 - - - - NT - This study

P. aeruginosa PAO1 PA2385 (PvdQ) - — + + + + 26, 62
PA1032 (QuiP) - - + + + + 27

Ralstonia sp. strain XJ12B AiiD + NT NT NT + NT 37

Streptomyces sp. strain M664  AhIM - - + + + NT 48

¢ +, degradation ability; —, no degradation ability; NT, not tested.
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FIG. 2. Endogenous AHL (30C6HSL) concentration (nM) in var-
ious strains grown in KB medium. Wild-type strain B728a (@), strain
B728a harboring p519-HacA (M), and strain B728a harboring p519-
HacB (A).

(Fig. 3A). The HacA o subunit has an apparent molecular
mass of 19 kDa (Fig. 3A, lane 3), and the HacB « subunit has
an apparent molecular mass of 22 kDa (Fig. 3A, lane 6).
Filter-sterilized culture supernatants were also passed through
histidine tag affinity columns, and only HacA was recovered
(Fig. 3A, lane 4), again indicating that HacA is a secreted
enzyme while HacB is not secreted. N-terminal amino acid
sequences of subunits were also determined (HacA, « subunit
LVEPG and B subunit SNAVA; HacB, B subunit SNAWVI),
revealing HacA and HacB to be Ntn hydrolases because the
residues serine and asparagine form the N termini of their
subunits (Fig. 3B).

An OPA in vitro assay was used to measure the production
of homoserine lactone from AHL by purified HacA and HacB,
similar to studies performed with purified AhIM (48). The
OPA assay also verifies the degradation of AHLSs via cleavage
of their amide bonds and the resultant production of primary
amines. The substrate specificities of enriched HacA and HacB
for AHLs with various acyl chains are shown in Table 3. For
both enzymes, AHL degradation activities increased as acyl
chain length increased, and HacB had higher overall degrada-
tion activity for a given AHL than HacA. Neither HacA nor
HacB degraded penicillin G. The specific activities of HacB
against AHLs are comparable to those found with AhIM (48),
but HacB displayed more activity toward short-chain AHLs
than other characterized AHL acylases.

Targeted disruptions of AHL acylases do not alter
30C6HSL levels but do confer complementable phenotypes.
Targeted disruptions of hacA, hacB, and both hacA and hacB
together were obtained by the insertion of tetracycline and/or
gentamicin expression cassettes, resulting in strains HacA™,
HacB™, and HacA™B™. No detectable differences in 30C6HSL
concentrations were found between broth cultures of wild-type
strain B728a and strains HacA~, HacB™, and HacA™ B, and we
note that both hacA and hacB are expressed in planktonic wild-
type cells (data not shown). The colony morphology of strain
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HacA

202 223
DAQQAQALQLAAARNQRFALERG

1 25 26 201 224 779

M AQA|LVEPG KPLQVD: |SNAVA SEEPDR
signal | o-subunit ' spacer | B-subunit
(19 kDa) (60 kDa)
221 246
HacB ADWKGLNQLAQLSHKALEDAGLPQFEG
1 25 26 220 517 795
M VNS:KLPVR KPALAD: |SNAWV RLVPGA
signal a-subunit ' spacer | B-subunit
(22 kDa) (60 kDa)

FIG. 3. The enrichment and characterization of HacA and HacB in
strain B728a. (A) SDS-PAGE analysis of soluble cell extracts (HacA, lane
2; HacB, lane 5), fractions after Ni-NTA affinity purification of soluble
extracts (HacA, lane 3; HacB, lane 6), and fractions from media samples
after nondenaturing Ni-NTA affinity purification (HacA, lane 4; HacB,
lane 7). White arrows denote « subunits. Black arrows denote 3 subunits.
Molecular masses of standards (M) are given in kilodaltons. (B) Sche-
matic representations of HacA and HacB. Solid vertical lines indicate sites
of autoproteolytic cleavage determined experimentally by amino acid se-
quencing. Dashed vertical lines indicate cleavage sites inferred from
amino acid alignments with other characterized AHL acylases.

HacB™ was not different than that of the wild-type strain B728a,
but strains HacA™ and HacA ™ B exhibited dramatically different
morphologies when grown on KB agar (Fig. 4). Individual colo-
nies of strain HacA™ appeared to be similar to the wild-type

TABLE 3. Specific and relative activities of HacA and HacB
against AHLs and penicillin G*

Substrate HacA specific HacA relative HacB specific HacB relative

activity” activity (%) activity” activity (%)

C4HSL 0 0 1.9 4.1
C6HSL 0 0 27.6 59.6
C8HSL 32 84.2 46.3 100.0
C10HSL 3.8 100.0 40.6 87.7
C12HSL +,NT NT +,NT NT

30C6HSL 0 0 4.9 10.6
30C8HSL 1.1 28.9 40.8 88.1
Penicillin G 0 0 0 0

“ +, fluorescence was observed in the OPA assay, indicating that a primary
amine was generated, but substrate precipitation interfered with quantification.

b Specific activities are given in units of pmol - min™! - pg™'. Values represent
the means of three independent experiments. NT, not tested.
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FIG. 4. Colony morphologies of B728a strains on KB agar. Shown
are the wild-type B728a (A), HacA™ (B), HacB™ (C), and HacA B~
(D) strains.

colonies when first visible, but soon developed a dry and wrinkled
(rugose) morphology. When plated as a lawn, strain HacA™ also
was easily distinguishable after ~2 days due to the formation of
~1-mm-high, ridgelike structures that spread across the entire
surface. Strain HacA™ B~ was deficient in the production of the
fluorescent siderophore pyoverdine and was constitutively moist
and bubbly as both individual colonies and lawns. Both strains
HacA™ and HacA™ B~ formed pellicles at the air-liquid inter-
faces when grown for 7 days in static KB cultures (Fig. 5). The
phenotypes also persisted when hacA and hacA hacB disruptions
were generated in strain BHSL (data not shown), a QS-deficient
strain B728a mutant (30), indicating that 30C6HSL was not nec-
essary for phenotype development. Colony morphologies of
strains HacA™ and HacA B~ became indistinguishable from
wild-type strain B728a by the constitutive expression of either
HacA or HacB with plasmids p519-HacA or p519-HacB, but not
by the control plasmid p519ngfp (Fig. 6).

DISCUSSION

The aim of this study was to determine if the model plant
pathogen strain B728a had the capacity to degrade AHLs en-
zymatically and whether this trait was associated with the reg-
ulation of QS signals. Here we report that HacA and HacB are
two dissimilar AHL acylases which impart on strain B728a the
ability to inactivate AHLSs via cleavage of amide bonds. HacA
degrades only long-chain AHLs (C = 8), while HacB can
degrade all AHLs. These enzymes do not apparently influence
endogenous 30C6HSL accumulation under the tested condi-
tions, and their constitutive expression does not confer the
ability to grow on C10HSL as a sole carbon source. We are
therefore left with the following question—why do such en-
zymes exist, and what benefit, if any, does their production
bestow on strain B728a?

The phyllosphere harbors many diverse types of bacteria
that utilize AHL-mediated QS, and AHLs are believed to be
common components of the leaf surface milieu (10, 18, 19, 50,
68). While AHLs can be inactivated by lactonolysis in alkaline
conditions (7, 74), abundant 30C6HSL and 30C12HSL have
been recovered from leaf surfaces of greenhouse-grown Nico-
tiana tabacum plants constitutively expressing bacterial AHL
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FIG. 5. Pellicles formed by various B728a strains in static cultures
of KB medium. Shown are the wild-type B728a (A), B728a harboring
p519-HacA (B), B728a harboring p519-HacB (C), HacA™ (D), HacB™
(E), and HacA™B™ (F) strains.

synthases (61), and exogenous AHLs applied to plants are also
stable enough to influence plant gene expression (4, 41, 60).
AHLs have been shown to diffuse away from producing bac-
terial cells inhabiting the rhizosphere (23), so in the microbial
communities inhabiting leaf surfaces, strain B728a cells most
likely would encounter AHLs produced by neighboring cells
that could disrupt their normal patterns of gene expression.
Antibiotic production is controlled by QS in Erwinia spp. (44),
Serratia spp. (64), and numerous pseudomonads (43, 72), and
rhizosphere strains have been isolated that can influence anti-
biotic production of other strains via QS interference (45). The
production of an AHL acylase, and particularly a secreted
AHL acylase such as HacA, could therefore be an adaptation
that allows strain B728a to degrade AHLs of neighboring bac-
terial competitors and suppress expression of deleterious traits.
Many plants also secrete QS-disruptive biochemicals (1, 14, 28,
53), and while the specific compounds are as-yet uncharacter-
ized, AHL acylases of strain B728a might block inappropriate
plant-mediated QS.

While both HacA and HacB have the capacity to degrade
AHLs, it is very likely that they have other biologically signif-
icant substrates. AhIM, the AHL acylase of Streptomyces spp.,
can degrade the antibiotic penicillin G (48), suggesting that
this enzyme might function to degrade extracellular inhibitors
produced by other organisms. HacA and HacB do not have the
ability to degrade penicillin G, but they may act against other
antibiotics produced by plant-associated bacteria, and strain
B728a itself may even produce an endogenous substrate. An
AHL synthase from Pseudomonas fluorescens F113, termed
HdtS, has been reported to make long-chain, AHL-like mole-
cules (34). While a further report suggests that HdtS functions
mainly to produce lipopolysaccharides (13), an orthologue of
HAtS in Acidithiobacillus ferrooxidans termed Act has also been
reported to produce long-chain AHLs (54). Psyr_0009, an un-
characterized gene in the P. syringae pv. syringae strain B728a
genome, is homologous to both HdtS and Act and may pro-
duce an AHL-like substrate for AHL acylases. Additionally,
Rhodopseudomonas palustris and other strains have recently
been shown to produce and respond to p-coumaryl homoserine
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FIG. 6. Complementation of the HacA™ and HacA™ B~ phenotypes. Shown are HacA™ (A), HacA™ plus p519-HacA (B), HacA™ plus p519-HacB
(C), HacA™ plus p5S19nGFP (D), HacA™ B~ (E), HacA™B™ plus p519-HacA (F), HacA™B™ plus p519-HacB (G), and HacA™B™ plus p519nGFP (H).

lactone (59). This new QS signal is synthesized from environ-
mental p-coumaric acid rather than from cellular pools of fatty
acids and raises the possibility that other signaling molecules
containing amide bonds might exist that could be substrates for
AHL acylases.

The dramatic phenotypes exhibited by strains HacA™ and
HacA™ B~ strongly indicate that HacA and HacB act against
an as-yet unidentified endogenous substrate, especially since
the phenotypes occur in both the wild-type and 30C6HSL-
deficient P. syringae pv. syringae strain B728a backgrounds.
Constitutive expression of either HacA or HacB also comple-
ments the phenotypes of strains HacA™ and HacA™B™, sug-
gesting that a shared substrate is perhaps involved in a com-
mon regulatory pathway. In P. aeruginosa, the disruption of
PvdQ influenced pyoverdine accumulation but was not re-
ported to influence colony morphology (27), and no alterations
in colony morphology were observed in pyoverdine-deficient
strain B728a mutants (39). Since only strain HacA™ B~ is
pyoverdine deficient, HacA and HacB are apparently involved
in pyoverdine accumulation, perhaps through the editing of a
precursor or modulation of a regulator molecule, but it is
puzzling that other dramatic changes in colony morphology
could be influenced by this process. The phenotypes of strains
HacA™ and HacA™ B~ appear very similar to autoaggregative
phenotypes associated with the increased production of extra-
cellular polymeric substances. These include the wrinkly
spreader phenotype of P. fluorescens SBW25 (63, 65), the rdar
(rough, dry, and red) phenotype of Salmonella enterica serovar
Typhimurium (57), the rugose phenotype of Vibrio cholerae
(75), and the phenotype exhibited by P. aeruginosa cells grow-
ing on medium containing SDS (31). These phenotypes are
believed to increase cell survival in harsh environments and are
modulated by 3’,5"-cyclic diguanylic acid, an intracellular sec-
ond messenger that fluctuates in response to environmental
conditions. AHL-mediated QS in V. cholerae controls biofilm
formation by influencing levels of 3',5"-cyclic diguanylic acid
(70), but this link has not been established in strain B728a, and
further study is required to elucidate the phenotypes exhibited
by strains HacA™ and HacA™ B

Despite the uncertainties regarding the alternative physio-
logical roles of HacA and HacB, they are of great interest
because they might be utilized to inhibit the onset of bacterial
diseases through so-called quorum quenching (16, 24, 78). As
QS controls the expression of many traits important for a
bacterium’s lifestyle, including the expression of virulence fac-
tors, AHL-degrading enzymes have been utilized to confuse
potential pathogens and disrupt the infection process. The
potential utility of an engineered AHL-degrading bacterial
strain as a biocontrol agent was illustrated when the AHL
lactonase AiiA was introduced into Burkholderia sp. strain
KJ006, a nonpathogenic bacterial endophyte of rice (12). The
engineered Burkholderia sp. strain degraded the QS signal
of pathogenic Burkholderia glumae and reduced the incidence
of disease when coinoculated (12). Additionally, secretion of
AiiA from the biocontrol strain Bacillus thuringiensis increased
the strain’s effectiveness at controlling plant disease by Erwinia
carotovora (77). Expression of the secreted HacA of strain
B728a might prove particularly useful as a trait to be added to
biocontrol strains since it might enable quorum quenching over
a longer distance than a nonsecreted AHL-degrading enzyme.

AHLs, antibiotics, and other small diffusible molecules pro-
duced by bacteria are widespread components of the mixed mi-
crobial communities inhabiting phyllosphere environments (38).
While AHL acylases of strain B728a do have the capacity to
degrade AHLs, the phenotypes associated with their targeted
disruptions strongly indicate that they act against an endogenous
substrate to influence colony and biofilm morphology and will
thus most likely influence epiphytic fitness and disease develop-
ment. The elucidation of other physiological functions of these
dissimilar AHL acylases as well as their potential to interfere with
QS of other species should prove very rewarding.
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