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PFGE and southern hybridyzation

Of the 5 P. retigeri isolates, 4 had identical PFGE patterns
and the fifth showed 95.7% similarity (Figure 1). Three of
these isolates had a plasmid harboring blaypp.; and one
had a plasmid harboring blagxa.72, with plasmid sizes
ranging from 9.42 to 23.1 kbp (data not shown).

Genomic structures surrounding blaypm.; and bldoya 72
The genetic environments surrounding blaypy.1 (Acces-
sion no. AB828598) was blanpm.1-bleypy -trpF-dsbC-cutAl.
All 3 isolates harboring blanpy.; (IOMTUIL, 91 and 99)
had the same genetic environments. The blaoxa 72
gene was flanked by conserved inverted repeats at the
XerC/XerD binding sites [21], indicating mobilization
by site-specific recombination mechanisms. The repl!
gene was located downstream of blagxa.72 (Accession
no. AB857844). -

Discussion

The relatively high MICs to piperacillin/tazobactam and
carbapenems of the five P. retigeri isolates were likely
due to the presence of blagypm.; or blaoxa7. The
enzymatic activities of metallo-f-lactamases, including
NDM-1, were not inhibited by tazobactam ([22], a f-
lactamase inhibitor, in agreement with the MIC profiles
of these isolates to piperacillin/tazobactam. The high
MICs of all 5 isolates to ceftazidime, cefepime and aztre-
onam were likely due to the presence of blaygs.; [23],
and the presence of armA in these isolates was likely
associated with their extremely high resistance to all
aminoglycosides tested [11]. Point mutations in the quin-
olone-resistance-determining regions of gyrdA and parC
have been associated with high resistance to quinolones
[24]. Point mutations in pmrCAB operon have been asso-
ciated with the resistance of Acinetobacter spp. [25] and
Pseudomonas aeruginosa [26] to polymxyin and colistin;
and the presence of fos genes, including fosA, fosA2, fosA3,
fosC and fosC2, has been associated with resistance to
fosfomycin in Gram-negative bacteria [27-29].

Plasmids containing blayppm.a or blaoxa-72 may be
disseminated among Gram-negative pathogens in Nepal.
The genetic environments surrounding blanpm.1 in our
P. retigeri strains (blanpm.1-bleppL-trpF-dsbC-cutAl)
were also observed in other plasmids, including A. bau-
mannii plasmid pABDNDM-1 from China (Accession no.
JN377410), Citrobacter freundii plasmid pYE315203
from China (Accession no. JX254913), E. coli plasmid
pNDM102337 from Canada (Accession no. JF714412),
K. pneumoniae plasmid pKP-NCGM18-1 from Nepal
(Accession no. AB824738) [30], K. pneumoniae plasmids
pKPX-1, pKPN5047 and pNDM-HN380 from China
(Accession nos. AP012055, KC311431 and JX104760,

# respectively), and P. rettgeri plasmid pFR90 (Accession no.
JQ362415) from China. In addition, the genetic structures

Page 4 of 5

of OXA-72 producing Acinetobacter spp [31-34] and K
pneumoniae (Accession no. JX268653 and AB825955
deposited in 2012 and 2013, respectively) had the
same genetic structure (blagxa.7o-repl) as our strain
of P. retigeri.

Conclusions

To our knowledge, this is the first report describing P.
rettgeri strains harboring blanyppy.; or blaoxa.7» and
armA isolated from patients in Nepal. These 5 strains
were highly resistant to both B-lactams and aminoglyco-
sides and expanded in a clonal manner in the hospital.
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Background: Enterococcal bacteriocin BacL, shows bactericidal activity in the co-presence of BacA.
Results: Recombinant BacL, alone acts as a p-isoglutamyl-L-lysine endopeptidase against E. faecalis peptidoglycan indepen-

dently of BacA.

Conclusion: BacL, is a peptidoglycan hydrolase and potentially lyses viable bacterial cells in the presence of BacA.
Significance: This study of bacterial fratricide mediated by bacteriocin provides new insight into the ecological physiology of

bacteria.

Enterococcus faecalis strains are commensal bacteria in
humans and other animals, and they are also the causative agent
of opportunistic infectious diseases. Bacteriocin 41 (Bac41) is
produced by certain E. faecalis clinical isolates, and it is active
against other E. faecalis strains. Our genetic analyses demon-
strated that the extracellular products of the bacL; and bacA
genes, which are encoded in the Bac4l operon, coordinately
express the bacteriocin activity against E. faecalis. In this study,
we investigated the molecular functions of the BacL, and BacA
proteins. Immunoblotting and N-terminal amino acid sequence
analysis revealed that BacL, and BacA are secreted without any
processing. The coincidental treatment with the recombinant
BacL, and BacA showed complete bacteriocin activity against
E. faecalis, but neither BacL, nor BacA protein alone showed the
bacteriocin activity. Interestingly, BacL; alone demonstrated
substantial degrading activity against the cell wall fraction of
E. faecalis in the absence of BacA. Furthermore, MALDI-TOF
MS analysis revealed that BacL, has a peptidoglycan p-isoglu-
tamyl-L-lysine endopeptidase activity via a NIpC/P60 homology
domain. These results collectively suggest that BacL,; servesas a
peptidoglycan hydrolase and, when BacA is present, results in
the lysis of viable E. faecalis cells.

Bacteriocins are antimicrobial proteins or peptides produced
by a wide variety of bacteria. Bacteriocins usually show a narrow
spectrum of antimicrobial activity that is specifically active
against species that are identical or closely related to the strain
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that is producing the bacteriocin (1). Meanwhile, bacteriocin-
producing bacteria also have specific immunity factors that
protect the producer strain from being killed by the cognate
bacteriocin. The production of bacteriocin is thought to pro-
vide a competitive advantage to the producer strain in an eco-
logical niche that has closely related strains present.

Many clinical isolates of Enterococcus faecalis have been
reported to produce various bacteriocins (2, 3). These entero-
coccal bicteriocins are often encoded on a pheromone-respon-
sive conjugative plasmid (4-7). They have been classified into
five groups based on the bactericidal spectrum identified in our
previous study (6). Class 1 is active against a wide variety of
Gram-positive bacteria (6, 8). The B-hemolysin/bacteriocin
(cytolysin), which belongs to class 1-type bacteriocins, shows
not only bactericidal activity but also hemolytic activity against
mammalian cells, and it is associated with virulence in an ani-
mal model (9 ~11). Class 2 is active against a broad spectrum of
bacteria, including E. faecalis, the other Streptococcus spp., and
Staphylococcus aureus. The class 2 bacteriocins contain the
peptide antibiotics AS-48 (12) and bacteriocin 21 (13). Class 3
shows activity against E. faecalis, Enterococcus hirae, and Liste-
ria monocytogenes and includes bacteriocin 31 (6). Class 4 and
class 5 show activity only against E.faecalis and E. hirae,
espectively (4, 14-16).

Bacteriocin 41 (Bac41)? is a class 4 type bacteriocin found in
the pheromone-responsive plasmid pYI14 of the clinically iso-
lated strain E. faecalis Y114 (4). Our subsequent epidemiologic
study showed that more than 50% of E. faecalis clinical strains,
but not laboratory strains, produce Bac4l (17). Our previous
genetic analysis revealed several features of Bac41. Bac41 is spe-
cifically active only against E. faecalis and has no activity against
Enterococcus faecium. The determinant of Bac41 is encoded in
the EcoRI fragments A (12.6 kbp) and H (3.5 kbp) of pYI14 and
consists of six genes, including bacL ;, bacL,, bacA, and bacl.

2The abbreviations used are: Bac41, bacteriocin 41; SH3, Src homology 3;
THB, Todd-Hewitt broth; CBB, Coomassie Brilliant Blue; Ni-NTA, nickel-ni-
trilotriacetic acid; PSD, postsource decay.
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TABLE 1
Bacterial strains and plasmids used in this study
Description Source/Reference
Strains
E. faecalis OG1S str; derivative of OG1 Ref. 26
E. coli DH5« Host for DNA cloning Bethesda Research Laboratories
E. coli BL21 Rosetta Host for protein expression Novagen
Plasmids
pAM401 E. coli-E. faecalis shuttle plasmid; cat, tet Ref. 38
pHTI1100 PAM401 containing wild-type Bac41 Ref. 4
pHT1101 PAMA401 containing Bac41 without bacA Ref. 4
pMG1106 pAM401 containing Bac41 without bacL, Ref. 4
pAM401::bacl /bacl, pAM401 containing bacL , and bacL, Ref. 4
pAM401::bacl -his/bacL, pAM401 containing bacL ,-his and bacL, This study
pAM401:flag-bacl -his/bacL , pAM401 containing flag-bacl -his and bacL, This study
pMGS100 E. coli-E. faecalis shuttle expression plasmid; cat, tet Ref. 39
pMGS100:bacA pMGS100 containing bacA This study
pMGS100:bacA-his pMGS100 containing bacA-his This study
pMGS100::flag-bacA-his pMGS100 containing flag-bacA-his This study
pET22b(+) Expression vector of His-tagged protein in E. coli Novagen
pET:bacA pET22b (+) containing bacA This study
pET:bacL, pET22b (+) containing bacL, This study
pETubacl Al pET22b (+) containing bacL, truncate Al This study
pET:ubacl A2 pET22b (+) containing bacL, truncate A2 This study
pET:bacL ,A1A2 pET22b (+) containing bacL, truncate A1A2 This study
pET:bacl A3 pET22b (+) containing bacL, truncate A3 This study

The bacteriocin activity of Bac41 is complementarily expressed
by two extracellular components: the bacL,- and bacA-en-
coded proteins, BacL, and BacA. ORF bacL, is required for the
expression of bacl , and bacL, itself (18). ORF bacl is an immu-
nity factor protecting the Bac41-harboring strain from being
killed by BacL, and BacA (4).

BacL, is a 595-amino acid protein (64.5 kDa) consisting of
two domains located in the 3-140 and 163-315 amino acid
regions of the amino acid sequence. The domains show homol-
ogy to the bacteriophage-type peptidoglycan hydrolase and the
NlpC/P60 family peptidoglycan hydrolase, respectively (19, 20).
A C-terminal, three-repeat structure located in the 329-590
amino acid region of BacL; shows homology with the bacterial
Src homology 3 (SH3) domain that is reported to bind to the
bacterial cell wall (21, 22). BacA is a 726-amino acid protein
(79.1 kDa) showing a significant degree of homology to YbfG
and YkuF of Bacillus subtilis (23). The functions of YbfG and
YkuF are unknown, but a putative peptidoglycan-binding
domain and a domain similar to the GH25 family peptidoglycan
hydrolase are detected in the 81-140 and 208 —491 amino acid
regions of BacA, respectively (4, 24).

The N termini of BacL; and BacA are predicted to have a
signal peptide, presumed to be secreted in a sec-dependent
manner (4). These investigations suggest that BacL, and BacA
are cell walllytic enzymes able to induce the bacteriolytic killing
of target cells. However, the precise molecular functions of
BacL, and BacA remain elusive. In this report, we demonstrate
the biochemical analysis of BacL, and BacA and reveal that
BacL, has the enzymatic activity of a peptidoglycan hydrolase.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, oligonucleotides, Media, Antimi-
crobial Reagents, and Antibodies—The bacterial strains and
plasmids used in this study are shown in Table 1. The oligonu-
cleotides used in this study are listed in Table 2. A standard
plasmid DNA methodology was used (25). E. faecalis and Esch-
erichia coli strains were grown in Todd-Hewitt broth (THB;
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Difco) and Luria-Bertani medium (LB; Difco) at 37 °C, respec-
tively (26), unless otherwise noted. E. coli strains were grown in
Luria-Bertani medium at 37 °C. The antibiotic concentrations
for the selection of Escherichia coli were as follows: ampicillin,
100 g ml™'; chloramphenicol, 30 g ml ™. The concentration
of chloramphenicol for the selection of E. faecalis was 20 pg
ml™'. All antibiotics were obtained from Sigma. Anti-Bacl,
and -BacA sera were prepared by immunization of rabbits with
recombinant Bacl,-His and BacA-His proteins, respectively
(Operon Technologies, Alameda, CA). Anti-FLAG antibodies
were purchased from Invitrogen.

Construction of Expression Plasmids—The amplification of
the respective genes for the plasmid construction was per-
formed by the PCR method using the corresponding primers as
indicated in Table 2. The constructed plasmids were sequenced
to confirm that the desired sequence had been inserted.

Preparation of Whole Cell and Culture Supernatant Proteins
from E. faecalis—Overnight cultures of E. faecalis strains were
inoculated into fresh THB broth and incubated at 37 °C for the
indicated time. The bacterial pellet was resuspended with dis-
tilled water, and the culture supernatant was filtered (0.22 pum;
Millipore (Billerica, MA)). Trichloroacetic acid was then added
to each sample at a final concentration of 10%. After incubation
on ice for 15 min, the supernatants were centrifuged at 10,000
rpm for 10 min. The precipitated protein samples were neutral-
ized with 2 M Tris-base and dissolved in sample buffer. The
resulting protein samples were separated with SDS-PAGE and
then subjected to CBB staining or immunoblot analysis.

Isolation of Recombinant Hisg-tagged Proteins—An over-
night culture of E. faecalis expressing the recombinant protein
was inoculated into 500 ml of fresh THB and incubated at 37 °C
for 18 h. The E. coli BL21 Rosetta strains expressing recombi-
nant protein were inoculated into 500 ml of fresh LB and cul-
tured at 37 °C with shaking until an optical density of 0.5-0.7 at
600 nm was obtained. Then isopropyl-B-p-thiogalactoside was
added to a final concentration of 0.5 mM for induction, follow-
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TABLE 2
Oligonucleotides used in this study

Bacl, Is a p-Isoglutamyl-1-lysine Endopeptidase

The underlines indicate the following endonuclease recognition sequences: GAATTC, EcoRl, GCCGGC, Eagl; TCGCGA, Nrul; CATATG, Ndel; CTCGAG, XholV.

Source/
Oligonucleotides Sequence Generated plasmid Reference
B9P2842F CCGGAATTCTAGCAACCGAAAACCACGTTGG pAM40L:bacL /bacl , pAM401::bacL -his/bacL, Ref. 4
pAM401:flag-bacl ,-his/bacl. ,
B9P5773R GCGGAATTCATTGCGCAGCAAATCATTGC PAM401:bacL1/bacl2 pAMA401::bacL -his/bacL, Ref. 4
pAM401::flag-bacl ,-his/bacL,

F-His-L1_stop CACCACCATCACCATCATTAGTACAAATTATATTGCTT pAMA01::bacL -hislbacL, pAMA401:flag-bacL -his/bacL, This study
R-His-L1_stop ATGATGGTGATGGTGGTGATTAAAGAATCCTTTGCCCC pAM401::bacL -hisibacL, pAM401::flag-bacL -his/bacL, This study
F-FLAG-L1_start =~ GATTATAAAGATGACGATGACAAAAATTACAGTCAAAAAGCAAT pAM40L:flag-bacl -his/bacL, " This study
R-FLAG-L1_start ~ TTTGTCATCGTCATCTTTATAATCCATAAACTTCACCTCATATT pAM401:flag-bacl ,-his/bacL, This study
F-Eagl-bacA TTTTTCGGCCGGCATGGATGAAATGGTTTTA pMGS100::bacA, pMGS100:bacA-his This study
R-Nrul-bacA ATTTTTTCGCGATTAAGCTAATGCAGCAAAAA pMGS100::hacA This study
F-FLAG-bacA AAGATGACGATGACAAAGATGAAATGGTTTTAGGTA pMGS100:flag-bacA-his This study
F-Eagl-FLAG TTTTTCGGCCGGCATGGATTATAAAGATGACGATGACAAA pMGS100::flag-bacA-his This study
R-His-bacA ATGATGGTGATGGTGGTGAGCTAATGCAGCAAAAARTG pMGS100::bacA-his pMGS100:flag-bacA-his This study
R-Nrul-His ATTTTTTCGCGATTAATGATGGTGATGGTGGTG pMGS100::bacA-his and pMGS100:flag-bacA-his This study
F-Ndel-bacA CGCCATATGGATGAAATGGTTTTAGG pET:bacA This study
R-Xhol-bacA CCGCTCGAGAGCTAATGCAGCAAAAAATG pET:bacA This study
F-Ndel-bacL1 CGCCATATGATGAATTACAGTCAAARAGC pET:bacL, This study
R-Xhol-bacL1 CCGCTCGAGATTAARAGAATCCTTTGCCCC pETz=bacL, This study
F-del-L1_Lysl AAGTTTATGAATACAGCCCTTTATCTTGAAGG pET:bacL AL, pET:bacl ,A1A2 This study
R-del-L1_Lysl ATAAAGGGCTGTATTCATAAACTTCACCTCAT pETubacL ,Al, pET:bacL ,A1A2 This study
F-del-L1_Lys2 CGTATTGGTTTTTATCCTGGAGATTCTTCTGG pET:bacL A2, pET:bacl ,A1A2 This study
R-del-L1_Lys2 ATCTCCAGGATAAAAACCAATACGTGCGTGAT pET:bacL A2, pET:bacL A1A2 This study
F-del-L1-His_SH3 GATTCAGTGAATAAAGGATTCTTTAATCACCA pET:=bacL A3 This study
R-del-L1_SH3 AAAGAATCCTTTATTCACTGAATCTCCTTTTG pET:bacl A3 This study

ing an additional incubation at 30 °C with shaking for 3 h. The
bacterial cells were collected by centrifugation and resus-
pended in 10 ml of lysis buffer (25 mm Tris-HCl, 150 mm NaCl,
10 mm imidazole, 10 mg ml~* lysozyme, pH 8.0) with EDTA-
free protease inhibitor mixture (Complete MINI EDTA-free,
Roche Applied Science) to be enzymatically lysed at 37 °C for 30
min. The bacterial suspension was further lysed by sonication
on ice using a sonicator (Ultrasonic Disruptor UD-201; TOMY,
Tokyo, Japan) set at power level 6, at 40% duty, for 20 min and
then clarified by centrifugation at 15,000 rpm for 10 min. The
resulting soluble lysate was added to 1 ml of 50% Ni-NTA nickel
chromatography resin (Ni-NTA purification system; Invitro-
gen) pre-equilibrated with lysis buffer, and the column was
washed with 40 ml of wash buffer (25 mm Tris-HCI, 150 mm
NaCl, 20 mMm imidazole, pH 8.0). The His,-tagged protein was
eluted with elution buffer (25 mm Tris-HCI, 150 mm NaCl, 200
mM imidazole, pH 8.0). The eluent containing the Hisc-tagged
protein was subjected to ultracentrifugation using Amicon
Ultra (Millipore, Billerica, MA) and resuspended in PBS. The
protein concentration was determined by the Bradford method
(Bio-Rad protein assay kit) using BSA (Sigma) as the standard.

N-terminal Amino Acid Sequence Analysis—An overnight
culture of E. faecalis expressing the recombinant protein was
inoculated to 500 ml of fresh THB and incubated at 37 °C for 18 h.
The culture supernatant was prepared by centrifugation at
1,300 X g for 10 min at 4 °C and filtered (0.22 pum; Millipore). The
supernatant sample was added to 1 ml of 50% Ni-NTA nickel
chromatography resin (Ni-NTA purification system; Invitrogen),
and the His,-tagged protein was eluted as described above. The
His,-tagged protein prepared from the supernatant was separated
by SDS-PAGE and transferred to a 0.2-um pore nitrocellulose
membrane (Immobilon-PSQ, Millipore) and stained with CBB.
The target band was excised and subjected to Edman degradation
amino acid sequence analysis to determine its N-terminal struc-
ture (GENOSTAFF, Tokyo, Japan).

pCEVEON
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Soft Agar Assay and Liquid Phase Bactericidal Assay—The
soft agar assay for bacteriocin activity was performed as
described previously (27). Briefly, 1 ul of the bacterial culture
supernatant or recombinant protein sample was spotted onto
THB soft agar (0.75%) containing the indicator strain and was
then incubated at 37 °C for 24 h. For the liquid phase bacteri-
cidal assay, an overnight culture of indicator strain was diluted
with fresh THB and adjusted to an optical density at 600 nm of
0.2, and then the recombinant proteins were added, and the
sample was incubated at 37 °C. The change in optical density at
600 nm was monitored by a spectrometer (DU730, Beckman
Coulter, Fullerton, CA). For the morphological analysis, the
bacterial suspension that had been treated with recombinant
protein was sampled and subjected to Gram-staining (Faber G,
Nissui, Tokyo, Japan) and then analyzed by microscopy (Axio-
vert 200, Carl Zeiss, Oberkochen, Germany).

Zymograph Analysis—The zymogram gel was prepared by
adding a sample of autoclaved indicator strain, E.faecalis
OG1S, to a final optical density of 0.4 at 600 nm. The protein
samples were separated by SDS-PAGE using the zymogram gel
prepared above. After electrophoresis, the gel was washed with
20 mm Tris-HCl (pH 8.0), 1% Triton X-100 at room tempera-
ture with gentle shaking for 1 h and then incubated in 20 mm
Tris-HCI (pH 8.0),0.1% Triton X-100 at 37 °C for 36 h (28). The
plaques that were observed on the gel were analyzed by densi-
tometer (GS-800 calibrated densitometer, Bio-Rad).

Preparation of the Cell Wall Fraction—E. faecalis grown in
THB at the exponential phase was collected by centrifugation.
The bacterial pellet was rinsed with PBS and resuspended in 10
ml of 4% SDS and boiled at 95 °C for 30 min. The pellet was
washed with distilled water four times and treated with 0.5 mg
ml ™! trypsin (0.1 M Tris-HCl (pH 6.8), 20 mm CaCl,) at 37 °C
for 16 h. The sample was further washed with distilled water
four times and was resuspended in 10% TCA and incubated at
4°C for 5 h and then given additional washes with distilled
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FIGURE 1. Bacteriocin activity and secreted protein profile in the culture
supernatant of E. faecalis carrying Bac41 genes. A, culture supernatants of
E. faecalis carrying pAM401 (lane 1), pHT1100 (fane 2), pHT1101 (Jane 3), or
pMG1106 (lane 4) were spotted onto a THB soft agar plate (0.75%) containing
the indicator strain E. faecalis OG1S without any plasmid. A 1:1 mixture of the
culture supernatants of cells harboring pHT1101- and pMG1106-carrying
E. faecalis strains was spotted in /lane 5. The plate was incubated at 37 °C for
24 h, and the formation of halos was evaluated. B, a seed bacterial culture of
E. faecalis was inoculated into fresh THB broth and incubated at 37 °C. The
turbidity at an optical density of 600 nm was monitored. Arrowheads, time
points at which samples of the bacterial culture were collected to prepare
protein samples. C, the bacterial pellets and the culture supernatant proteins
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water four times (29). Finally, the cell wall fraction was resus-
pended with PBS and quantified from the optical density at 600
nm for the cell wall degradation assay. Mutanolysin (Sigma) was
used as a positive control for the cell wall degradation enzyme.

Identification of Cleavage Site in Peptidoglycan by Mass
Spectrometry—The identification of the enzymatic cleavage
site was performed as described previously (30). Briefly, the cell
wall fraction prepared as described above was treated with the
indicated enzyme. This was followed by the addition of 20%
phosphoric acid to adjust the pH to 4.0 and then incubation at
95°C for 5 min to stop the reaction. The mixture was then
added to 1.5 M sodium borate buffer (pH 9.0} and 10 mg solid
sodium borohydride and incubated at room temperature for 15
min. The excess borohydride was quenched using 20% phos-
phoric acid until effervescence disappeared. The muropeptide
solution was then adjusted to pH 2.5 using 4 N HCl prior to
centrifugation at 10,000 X g for 15 min. The supernatant was
passed through a membrane filter (0.22 pum) to remove the
insoluble contaminants. Separation of the muropeptides was
carried out by reverse-phase HPLC using a Hypersil ODS (5 A,
250 X 4.6 mm) column. A linear gradient was prepared from 5%
(v/v) methanol in 50 mm sodium phosphate buffer (pH 2.5) to
30% (v/v) methanol in 50 mm sodium phosphate buffer (pH 2.8)
over 210 min. The muropeptides were detected from their UV
absorbance at 206 nm. For MALDI-TOF MS analysis, the
HPLC fractions containing the muropeptides of interest were
desalted with a C-18 ZipTip (Millipore). The samples (1 ul)
were co-spotted with an equal volume of the matrix, a saturated
solution of a-cyano-4-hydroxy cinnamic acid in CH;CN/TFA
(50:50). Mass spectrometric measurements were performed in
a reflextron positive mode on a Biflex iV MALDI-TOF MS
instrument (Bruker Daltonics, Billerica, MA). In MALDI post-
source decay (PSD) experiments, the timed ion selector was
used to select the [M + Na]" value of the precursor ion. To
determine the BacL, cleavage site of peptidoglycan, each struc-
ture of the detected degradation products was compared with
the peptidoglycan structure of E. faecalis (29 -31).

Binding Assay—2 mg (wet weight) of cell wall fraction pre-
pared as above and 10 ug of recombinant protein were mixed in
PBS and incubated for 1 h at 4 °C. After incubation, a part of the
mixture was kept for the following analysis. The pellet and the
supernatant fractions were separated by centrifugation at
13,000 rpm for 1 min, and the pellet was further washed with
PBS three times. Each fraction was subjected to SDS-PAGE and
CBB staining. The resulting gel was analyzed by densitometer,
and the signal intensities of the bands were quantified by Image]
(National Institutes of Health, Bethesda, MD). The signal of
each band intensity in the pellet or the supernatant fraction was
normalized by comparison with that of the total fraction.

were prepared from cultures of E. faecalis carrying pAM401 or pHT 1100 at the
indicated time point during the incubation period. The resulting protein sam-
ples were separated with SDS-PAGE and analyzed by immunoblotting using
anti-BacL, (top) and anti-BacA (bottom) serum. Filled arrowheads or open
arrowheads indicate the band position of the predicted intact molecule or the
degraded product of the respective proteins.
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RESULTS

Secretion Profile of BacL, and BacA—The culture superna-
tant of E. faecalis carrying pHT 1100, which encodes the entire
Bac41 operon, including the bacL , and bacA genes, shows bac-
tericidal activity against E. faecalis (Fig. 14). In contrast, this
bactericidal activity was no longer detected in the supernatant
of E. faecalis carrying pHT1101 or pMG1106, which are defi-
cient for either the bacA or bacL, gene from pHT1100, respec-
tively. The mixture of the culture supernatants of E. faecalis
(pHT1101 and pMG1106) showed the same bactericidal activ-
ity as the culture supernatant of E. faecalis (pHT1100). These
facts clearly indicate that BacL, and BacA are secreted into the
culture supernatant and are essential for the bactericidal activ-
ity of Bac41.

Many bacteriocins in E. faecalis have been reported to be
secreted in a sec-dependent manner. The N-terminal signal
sequence of the substrate is cleaved during its secretion pro-
cess. Previously, we predicted the signal sequences for the sec-
dependent secretion in the N-terminal amino acid sequence of
BacL, and BacA (4). However, it was not checked whether the
N-terminal sequences of these proteins are actually processed
during their secretion. Thus, we set out to identify the extracel-
lular forms of BacL, and BacA to determine whether any pro-
cessing occurs during their secretion.

We prepared whole intracellular and extracellular proteins
from the bacterial pellet and the supernatant fractions, respec-
tively, of E. faecalis carrying pAM401 or pHT1100 at several
points during the growth phase (Fig. 1B). No difference was
recognized between the whole-protein profile of E.faecalis
(pAM401) and E. faecalis (pHT1100) (data not shown). The
expression and secretion profile of BacL, and BacA was ana-
lyzed by immunoblotting using anti-BacL, or anti-BacA sera
(Fig. 1C). The signal of BacL,, in either the pellet or superna-
tant, gradually increased during the later phase of growth. In
contrast, the signal of BacA in the pellet or the supernatant was
detected even at a relatively early phase in growth, and the
extracellular BacA in the supernatant appeared to be degraded
during the later period. Degraded products of BacL, and BacA
were also detected.

Unexpectedly, we did not detect any shift in mobility with
either BacL, or BacA because of processing of their N termini,
suggesting that BacL, and BacA were not processed during
their secretion. To confirm this conclusion, we tagged the N
termini of BacL, and BacA with the FLAG peptide and exam-
ined whether the N-terminal FLAG tag is still detectable after
secretion (Fig. 2A). As shown in Fig. 24, the signal of N-termi-
nally tagged FLAG peptide was detectable. The addition of the
FLAG fag at the N terminus of BacL, drastically interfered with
its secretion efficiency.

The extracellular or intracellular C-terminal His,-tagged
BacL, (BacL,-His) was purified from the culture supernatant of
E. faecalis (pAM401::bacL ,-his) using an Ni-NTA-agarose col-
umn. The electrophoretic mobility of the purified extracellular
Bacl,-His was apparently the same as that of intracellular
BacL,-His (Fig. 2B). We directly confirmed this finding by
sequencing the N-terminal amino acid sequence of BacL,. The
band corresponding to the extracellular BacL,-His was excised
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FIGURE 2. Identification of the secreted forms of BacL, and BacA in the cul-
ture supernatant of E. faecalis. A, the bacterial cell pellets (PIt; lanes 1-4 and
9-12) and the culture supernatant proteins (Sup; lanes 5~ 8 and 13-16) prepared
from the bacterial culture of E. faecalis carrying pAM401 (lanes 1 and 5),
pAM401:bacl,/bacl, (pAM401:L,; lanes 2 and 6), pAMA401:bacl-his/bacl,
(PAM401::L,-H; lanes 3 and 7), pAMA401:flag-bacl;-his/bacl, (pAM401:F-L,-H;
lanes 4 and 8), pMGS100 (pMGS; lanes 9 and 13), pMGS100:bacA (pMGS:A;
lanes 10 and 14), pMGS100:bacA-his (pMGS:A-H; lanes 11 and 15), or
pMGS100:flag-bacA-his (pMGS::F-A-H; lanes 12 and 16) were subjected to immu-
noblotting analysis using anti-Bacl, serum, anti-BacA serum, or anti-FLAG anti-
body. B, secreted C-terminal hexahistidine-tagged BacL, (BacL,-His; lanes 2-6)
was purified from the filtered (0.22-m pore size) culture supernatant of £. faeca-
lis OG1S carrying pAM401:bacl -his/bacl,, as described under “Experimental
Procedures.” Extracellular BacL,-His bound to the immobilized nickel-NTA col-
umn was sequentially eluted with 200 mm (Jlanes 2- 4) and 500 mm imidazole (lane
5). Intracellular Bacl,-His was purified from the bacterial cell pellet (lane 6). Each
sample was separated by SDS-PAGE and stained with CBB. A molecular marker
was applied to Jane 1. The asterisk indicates the band in /ane 3 that was subjected
to N-terminal sequence analysis. C, the N-terminal 5 amino acids of secreted
Bacl,-His were determined by Edman sequencing (upper sequence). The lower
sequence shows the predicted amino acid sequence of BacL,, including the N-ter-
minal 20 amino acids from the start methionine that was obtained from DNA
sequence data (4). D, secreted C-terminal hexahistidine-tagged BacA (BacA-His;
lanes 2-6) was purified from the filtered (0.22-um) culture supernatant of
E. faecalis OG1S carrying pMGS::bacA-his, as described under “Experimental Pro-
cedures.” Extracellular BacA-His on the immobilized nickel-NTA column was
sequentially eluted with 200 mm (lanes 2~ 4) and 500 mmimidazole (lane 5). Intra-
cellular BacA-His was purified from the bacterial cell pellet (lane 6). Each sample
was separated by SDS-PAGE and stained with CBB. A molecular marker was
applied in Jane 1. The asterisk indicates the band in lane 2 that was subjected to
the N-terminal sequence analysis shown in E. E, the N-terminal 5 amino acids of
the secreted BacA-His were revealed by Edman sequencing and are shown in the
upper sequence. The lower sequence shows the predicted amino acid sequence of
BacA, including the N-terminal 20 amino acids from the start methionine that
were obtained from the DNA sequence data (4).

BacA: MDEMVLGTQKWLNKTYGNVS---
1

1 ) ' I3
5 10 1% 20@al

and subjected to N-terminal amino acid sequencing by the
Edman method. The N-terminal amino acid sequence of extra-
cellular BacL,-His was MNYSQ and identical to the 5-amino
acid sequence from the start methionine of the BacL, ORF (Fig.
2C). Similarly, the extracellular BacA-His was also purified
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conserved domain structures of the recombinant BacL, and BacA are shown.
The hexahistidine tag was added to the C terminus of each wild-type protein
for purification with the Ni-NTA system. B, recombinant BacL,-His and BacA-
His proteins prepared from E. faecalis OG1S carrying pAM401::bacL ,-his/bacL,
and E. coli BL21 Rosetta carrying pET22-bacA-his, respectively, were sepa-
rated by SDS-PAGE and stained with CBB. C, recombinant BacL,-His (25 ng),
BacA-His (25 ng), or a mixture of both proteins (25 ng each) was spotted on
the THB soft agar (0.75%) containing the indicator strain E. faecalis 0G1S. The
plate was incubated at 37 °C for 24 h, and the formation of halos was evalu-
ated. The arrowhead indicates the area in which the bactericidal activity of
Bacl, and BacA complemented each other. D, a culture of E. faecalis was
diluted with fresh THB broth to adjust the optical density at 600 nm to 0.2.
Recombinant Bacl,-His (5 pug/ml), BacA-His (5 ug/ml), or a mixture of both
proteins (5 ug/ml each) was added into the bacterial suspension and incu-
bated at 37 °C. The turbidity was monitored during the incubation period.
The data for each case are presented as the means = S.E. (error bars) of three
independent experiments. £, E. faecalis was treated with Bacl,, BacA, or both
proteins as in Fig. 3C. After incubation for 6 h, the bacterial suspensions were
serially diluted 10-fold with fresh THB broth and then spotted onto a THB agar
plate. The plate was incubated at 37 °C for 24 h, and colony formation was
evaluated as a measure of bacterial viability. The data for each case are pre-
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using a Ni-NTA-agarose column to sequence its N-terminal
amino acids. Its molecular weight was identical to that of intra-
cellular BacA-His in SDS-PAGE (Fig. 2D). The N-terminal
amino acids of secreted BacA (MDEMYV) were also identical to
the 5-amino acid sequence from the start methionine of the
BacA ORF (Fig. 2E). Collectively, these results demonstrate that
BacL, and BacA are secreted without sec-dependent signal pep-
tide cleavage or any N-terminal processing.

Bactericidal Activity of Recombinant BacL ; and BacA—To
investigate the molecular function of BacL, and BacA in detail,
we prepared the recombinant BacL,-His (65.3 kDa) and BacA-
His (79.9 kDa) (Fig. 3B). In a soft agar assay, the bactericidal
activity against the indicator strain E. faecalis was observed
when using a mixture of BacL,-His and BacA-His proteins and
also between the spotted area of BacL,-His and BacA-His (Fig.
3C). However, neither individual protein was sufficient for the
bactericidal activity.

To examine bacteriolysis in the aqueous phase, a suspension
of E. faecalis in fresh THB broth had either BacL,-His, BacA-
His, or the mixture of both proteins added, and the turbidity of
the suspension was monitored (Fig. 3D). In the absence of any
treatment, the turbidity of the suspension gradually increased
due to bacterial growth. However, when BacL,-His and BacA-
His were both added to the bacterial suspension, a remarkable
reduction in turbidity was observed after 2 h of incubation, and
after 3 h of incubation, the optical density at 600 nm was less
than 0.1. Furthermore, the viability of cells co-treated with
BacL,-His and BacA-His was greatly reduced compared with
untreated cells (Fig. 3E), and the lysed cells did not stain well in
Gram staining (Fig. 3F). In contrast, treatment with either
BacL,-His or BacA-His alone did not affect bacterial growth
(Fig. 3D), and no significant effects on the viability or morphol-
ogy of the cells were observed when the bacterial suspension
was treated with each individual protein (Fig. 3, E and F).

Peptidoglycan Hydrolase Activity of BacL, and Its Cleavage
Site—To further investigate the enzymatic activity of BacL, and
BacA, the constructs were subjected to zymography analysis
using a gel containing autoclaved E. fzecalis cells as a substrate
(Fig. 44). BacL,-His alone was sufficient for bacteriolytic activ-
ity in the presence or absence of BacA-His. Furthermore, the
purified cell wall fraction was prepared from E. faecalis and
treated with BacL,-His, BacA-His, a mixture of the two con-
structs, and mutanolysin (Fig. 4B). The cell wall treated with
BacL,-His alone or with the mixture of BacL,-His and BacA-
His was gradually degraded, as after mutanolysin digestion. In
contrast, the activity of BacA-His was completely undetectable.
These data clearly show that BacL, alone was sufficient for the
degradation of the cell wall component and that it acts as a
peptidoglycan hydrolase, although it has no bactericidal activity
against viable cells. )

Thus, BacL, appears to act as a peptidoglycan-degrading
enzyme. To determine the BacL, cleavage site, the soluble
product generated from BacL,-treated peptidoglycan was sep-

sented as the means + S.E. of three independent experiments. F, E. faecalis
was treated with Bacl,, BacA, or both proteins as in C. After incubation for 2 h,
the bacterial suspensions were subjected to Gram staining and analyzed by
microscopy.
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FIGURE 4. Degrading activity of recombinant Baci, against the cell wall
fraction of E. faecalis. A, recombinant Bacl,-His (400 ng; lane 1), BacA-His
(400 ng; lane 2), and a mixture of both proteins (400 ng each; lane 3) were
separated by SDS-PAGE with the zymogram gel containing autoclaved
E. faecalis cells, following static incubation at 37 °C for 36 h. The resulting gel
was analyzed using a densitometer. The top and bottom arrowheads indicate
the band positions of BacA and Bacl,, respectively. B, a cell wall fraction pre-
pared from E. faecalis at exponential phase was diluted with fresh PBS.
Recombinant Bacl,-His (5 ng/ml), BacA-His (5 ug/ml), and a mixture of both
proteins (5 ug/ml each) or mutanolysin (1 1g/mi) was added into the cell wall
suspension and incubated at 37 °C. The turbidity at optical density of 600 nm
was quantified at the indicated times of incubation. The values presented are
the percentages of the initial turbidity of the respective samples. The data for
each case are presented as the means = S.E. (error bars) of three independent
experiments.

arated by reverse-phase HPLC on an ODS-Hypersil column
(Fig. 54). The HPLC fractions were analyzed by MALDI-PSD
analysis to determine their molecular structures as described
under “Experimental Procedures” (Fig. 5, B and C). The data
indicate that BacL, has an endopeptidase activity that hydro-
lyzes the peptide bond between p-isoglutamine and L-lysine in
the stem peptide (Fig. 5D).

Domain Analysis of BacL,—To determine the molecular
function of BacL,, we constructed truncated derivatives of the
recombinant BacL,-His proteins. BacL, Al (49.9 kDa), BacL,A2
(48.4kDa), BacL,A1A2 (33.0 kDa), and BacL, A3 (37.7 kDa) had
a deletion in domain 1 or domain 2, in both domain 1 and 2, or
in domain 3, respectively (Fig. 6, A and B). Unlike the wild-type
BacL,-His, each truncated protein no longer showed bacteri-
cidal activity against viable E. faecalis in a soft agar assay or a
liquid bacteriolytic assay, even in the presence of BacA (Fig. 6, C
and D). However, in the zymography and cell wall lysis assays,
the protein with the truncated domain 1 (BacL ;A1) still showed
similar cell wall-degrading activity as the wild-type BacL,-His
(Fig. 6, Eand F). Furthermore, treatment of the cell wall fraction
with the BacL,Al protein generated the soluble fragments
L-Lys-L-Ala,-(D-Ala-L-Lys-1-Ala,), and L-Lys-(D-Ala,)-L-Ala,-
(p-Ala-L-Lys-1-Ala,),, which were identical to the results
obtained with wild-type BacL, (Fig. 5, B and C). In contrast,
these peptides were not generated from the cell wall treated
with BacL;A2, BacL;A1A2, or BacL;A3 (data not shown), indi-
cating that the D-isoglutamyl-1-lysine endopeptidase activity is
dependent on domains 2 and 3 of Bacl,.

Cell Wall Targeting Mediated by Repeated SH3 Domain of
BacL ,—The data shown in Fig. 6 also indicate that the C-ter-
minal repeated domain showing homology with the SH3
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FIGURE 5. Cleavage site of E. faecalis peptidoglycan by Back,. A, the £. faecalis
cell wall fraction was incubated with wild-type Bacl ,-His. The solubilized pepti-
doglycan component was separated on a C18 reverse-phase HPLC column, as
described under “Experimental Procedures.” The numbers above the peaks indi-
cate the fractions isolated for the following MALDI-PSD MS analysis. B, the com-
pound corresponding to the purified peak 2 of reverse-phase HPLC in A was
subjected to MALDI-PSD MS. C, possible muropeptide structures and their calcu-
lated masses [M + Na]™* are shown as observed mass (m/z) in MADLI-PSD analysis
(B). *, peak numbers refer to the HPLC chromatogram (4). **, K, lysine; A, alanine. D,
predicted cleavage site of Bacl, in E. faecalis peptidoglycan (filled arrows).
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FIGURE 6. Domain analysis of Bacl,. A, diagrammatic representation of the truncated BacL, constructs. The wild-type BacL, (WT) consists of 595 amino acids,
with three domain structures in the region of 3-140 (domain 1), 163-315 (domain 2), and 329-590 (domain 3) amino acids, respectively. BacL,A1,-A2, or -A3
is the truncated derivative from which domain 1, 2, or 3 from wild-type Bacl, has been deleted, respectively. BacL,41A2 is the derivative from which both
domain 1 and 2 have been deleted. The hexahistidine tag was added to the C terminus of each truncated protein for purification with the Ni-NTA system. B, the
recombinant truncated Bacl, derivatives (400 ng) were separated by SDS-PAGE and stained with CBB. C, the recombinant truncated BacL, derivatives (25 ng)
were spotted onto the THB soft agar (0.75%) containing the indicator strain £. faecalis carrying pMGS100::bacA, which produces BacA. The plate was incubated
at 37 °C for 24 h, and the formation of halos was evaluated. D, a culture of E. faecalis was diluted with fresh THB broth to adjust the optical density at 600 nm to
0.2. The mixture of each truncated Bacl, derivative and BacA-His (5 ug/ml each) was added into the bacterial suspension and incubated at 37 °C. The turbidity
was monitored during the incubation period. The result of the BacA-Hisc-treated sample without any BacL, derivatives is presented in each graph as the
negative control. The data are presented as the means £ S.E. (error bars) of three independent experiments. £, the recombinant truncated BacL, derivatives
(400 ng) were separated by SDS-PAGE on the zymogram gel containing autoclaved E. faecalis cells, followed by static incubation at 37 °C for 36 h. The resulting
gel was analyzed using a densitometer. F, a cell wall fraction prepared from E. faecalis at exponential phase was diluted with fresh PBS. The recombinant
truncated Bacl, derivatives (5 ug/ml) were added into the cell wall suspension and incubated at 37 °C. The turbidity at 600 nm was quantified at the indicated
times after incubation. The values presented are the percentages of the initial turbidity of the respective samples. The PBS-treated sample is presented in each
graph as a negative control. The data are presented as the means * S.E. of three independent experiments.
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FIGURE 7. Binding activity of SH3 domain to the cell wall of E. faecalis. A, a
cell wall fraction prepared from E. faecalis at exponential phase (2 mg) was
mixed with the recombinant BacL,A1A2 and BacL,A3 (Total). After incuba-
tion at 4 °C for 1 h, the cell wall-bound (Pelfet) and unbound (Supernatant)
fractions were separated by centrifugation and then analyzed by SDS-PAGE
followed by CBB staining. The arrowheads indicate the specific band positions
of the respective proteins. 8, quantified protein levels (percentages) of the
pellet or supernatant fractions were determined by defining the relative band
intensity of the total fraction as 100%. The data for each case are presented as
the means = S.E. (error bars) of three independent experiments. C, a cell wall
fraction prepared from E. faecalis was preincubated with Bacl,A1A2 or
Bacl,A3 at 4 °Cfor 1 h. After preincubation, wild-type BacL, (feft) or mutano-
lysin (right) was added, and the turbidity at an optical density of 600 nm was
monitored. The values presented are the percentages of the initial turbidity of
the respective samples. The data for each case are presented as the means =+
S.E. of three independent experiments.
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domain of ALE-1 of S. aureus is required for both bacteriolytic
and cell wall-degrading activity. The repeated SH3 domain of
ALE-1, a peptidoglycan hydrolase of S.aureus, has been
reported to be a targeting domain that binds to peptidoglycan
(22). The SH3 domain of BacL, (domain 3) presumably also
binds to peptidoglycan. We therefore assessed the binding effi-
ciency of the truncated BacL, proteins to the cell wall fraction
of E. faecalis (Fig. 7, A and B).

Domain 3 of BacL, (BacL,;A1A2) showed 40% binding effi-
ciency. In contrast, the binding efficiency of BacLl with a
deleted domain 3 (BacL,A3) was less than 10%, showing that
domain 3 of BacL, binds to the substrate. Furthermore, prein-
cubation with BacL;A1A2 interfered with the cell wall-degrad-
ing activity of BacL, but not of mutanolysin. In contrast, the
truncated protein BacL, A3 did not affect the degradation activ-
ity of BacL,. Collectively, these results suggest that domain 3 of
Bacl.,, works as a cell wall-targeting domain of BacL,.

DISCUSSION

In this study, we investigated the biochemical features of two
Bac41 components, BacL, and BacA, using their recombinant
proteins. First, we confirmed that the secreted BacL, and BacA
were the enzymatically active forms. Many enterococcal bacte-
riocins have an N-terminal sec signal sequence and are trans-
lated as preproteins to be secreted by the sec pathway (6,
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13-16). The N-terminal sec signal peptide, which consists of
N-terminal positively charged residues, a hydrophobic core,
and a polar C-terminal cleavable site, is recognized by the sec-
dependent secretion machinery (32-34). Upon the transloca-
tion via sec machinery, the sec signal peptide at the N terminus
of preprotein is cleaved. The mature form of the protein is
exported, exerting the bactericidal effect against target cells
(34).

Our previous sequence analysis predicted the existence of a
signal sequence in the N terminus of BacL, and BacA (4) (Fig.
8). However, we observed no trace of the cleavage of an N-ter-
minal peptide from BacL, or BacA (Fig. 1C) and confirmed that
the N termini of postsecretion BacL | and BacA were completely
intact (Fig. 2). Thus, the full-length recombinant proteins of
BacL, and BacA were sufficient for the bacteriocin activity in
the culture supernatant of E. faecalis (pHT1100), which carries
wild-type Bac41-related genes, including bacL, and bacA (Fig.
3). Based on these observations, we concluded that BacL, and
BacA are secreted without N-terminal processing and that the
proteins as they translated are already in an active form.

However, we also noted that the N-terminal regions of BacL,
and BacA appear to be involved in the efficiency of their secre-
tion or the cytosolic state, respectively (Fig. 2). The secretion
efficiency of BacL, was strikingly reduced by tagging with the

- N-terminal FLAG peptide but not by tagging with the C-termi-

nal hexahistidine. In contrast, an N-terminal FLAG tag did not
affect the intracellular amount of BacL, (Fig. 24), suggesting
that the intact N terminus is required for the efficient secretion
of BacL,. The N-terminal peptide fusion to BacA also resulted
in an unexpected artificial effect (Fig. 24). The band expected
for the intact secreted FLAG-BacA-His in the culture superna-
tant was observed at the predicted position and behaved simi-
larly to BacA-His or non-tagged BacA (Fig. 2A4). However, the
cytosolic FLAG-BacA-His was shifted to larger and smaller
sizes than predicted from the molecular mass (Fig. 24).
Although we cannot explain this phenomenon, the artificial
N-terminal tagging probably affected the cytosolic state of
BacA. Hence, the N-terminal regions of BacL, and BacA appear
to play a role in their secretion and in their cytosolic form.

As described above, it does not seem that BacL, and BacA are
secreted in a typical sec-dependent manner. Indeed, the SignalP
4.1 program server does not predict an obvious sec-dependent
signal in the BacL, or BacA sequence. Despite that, the N-ter-
minal amino acid sequence of BacL, or BacA contains multiple
lysine residues and a potential hydrophobic core. Taken
together with the result shown in Fig. 2, BacL, and BacA might
be secreted via a sec-dependent pathway but not cleaved by
signal peptidase during translocation.

Another possible secretion mechanism for BacL, and BacA is
leakage due to cell disruption. The Streptococcus pneumoniae
cytolysin, pneumolysin, is a secreted protein that shows cyto-
toxicity to mammalian cells. Nevertheless, pneumolysin lacks a
signal peptide sequence at its N terminus. The extracellular
secretion of pneumolysin is thought to depend on the disrup-
tion of cells upon the characteristic autolysis that is induced
during stationary or death phase (35). Further investigation is
needed to elucidate this issue.
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FIGURE 8. N-terminal amino acid sequences of BacL, and BacA. Amino acid sequences of 1-120residues in Bacl, (4; accession number BAG12399) and BacA
(B; accession number BAG12403) are presented (4). Residues in the frame are the resulting sequences from the N-terminal amino acids sequence analysis as in

Fig. 2. Arrows indicate the processing site predicted in the previous study (4).

BacL, contains two distinct peptidoglycan hydrolase domains,
referred to as domains 1 and 2 in this paper. Domain analysis
showed that the BacL, Al protein, but not BacL,A2, was able
to degrade peptidoglycan (Fig. 6, E and F) and showed p-iso-
glutamyl-L-lysine endopeptidase activity (Fig. 5) similar to
wild-type BacL,. The data suggested that domain 2 of BacL,,
rather than domain 1, is responsible for the p-isoglutamyl-L-
lysine endopeptidase activity. When the structural model of
BacL, was analyzed using the Phyre program, domain 2 was
predicted to be similar to the NlpC/P60 family peptidogly-
can hydrolases. The NIpC/P60 family peptidoglycan hydro-
lases have been found in various Gram-positive or -negative
bacteria (36).

Most Nlp/P60 family proteins are reported to be endopepti-
dases that cleave the peptide bond between p-isoglutamine and
mesodiaminopimelic acid or L-lysine in the stem peptide of

peptidoglycan. Indeed, mass spectrometry analysis revealed -

that BacL, is an endopeptidase that digests the linkage between
D-isoglutamine and L-lysine in the stem peptide of E. faecalis
peptidoglycan (Fig. 5). Thus, the endopeptidase activity of
domain 2 is likely to play a critical role in the lytic activity
against E. faecalis cells.

By contrast, because the truncated BacL1A2 with an intact
domain 1 did not degrade the E. faecalis cell wall (Fig. 6, E and
F), the activity of domain 1 was not detected, despite its signif-
icant homology with the bacteriophage-type lysozyme with
peptidoglycan hydrolase activity (4, 37). However, domain 1
was still required for bactericidal action against viable cells (Fig.
6, C and D) but not for degradation of the purified cell wall
fraction (Fig. 6, C and F). Probably, domain 1 does not have cell
wall-degrading activity itself but has an accessory function for
the efficient endopeptidase activity of domain 2. Another pos-
sibility is that the deletion of domain 2 resulted in a conforma-
tional change that interferes with the function of domain 1.
Further study is required to understand the role of domain 1 of
BacL, in bactericidal activity against viable cells.

The data in Fig. 3 clearly demonstrate that BacL, and BacA
are both required for bacteriolysis against E. faecalis. Neverthe-
less, BacL, still showed cell wall degradation activity, even in
the absence of BacA (Fig. 4), indicating that the peptidoglycan

36924 JOURNAL OF BIOLOGICAL CHEMISTRY

hydrolase activity of BacL1 does not immediately result in the
bacteriolysis of viable E. faecalis. In addition, BacA has a puta-
tive peptidoglycan binding domain (4) and a GH25 family pep-
tidoglycan hydrolase-like domain (24), suggesting that BacA
also binds to the target cell wall rather than just being an acti-
vator of BacL,. Nevertheless, the binding activity of full-length
recombinant BacA-His to peptidoglycan was poorly detected
(data not shown). Thus, we need to address the role of BacA in
a future study. The molecular mechanism of BacL,-induced
bacteriolysis is clearly complex and is associated with addi-
tional factors, the state of the target cells, and the unknown
function of BacA.
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Bacteria use a cell-to-cell communication activity termed “quorum sensing” to coordinate
group behaviors in a cell density dependent manner. Quorum sensing influences
the expression profile of diverse genes, including antibiotic tolerance and virulence
determinants, via specific chemical compounds called “autoinducers” During quorum
sensing, Gram-negative bacteria typically use an acylated homoserine lactone (AHL)
called autoinducer 1. Since the first discovery of quorum sensing in a marine bacterium,
it has been recognized that more than 100 species possess this mechanism of cell-to-cell

communication. In addition to being of interest from a biological standpoint, quorum

sensing is a potential target for antimicrobial chemotherapy. This unique concept of
antimicrobial control relies on reducing the burden of virulence rather than killing the
bacteria. It is believed that this approach will not only suppress the development
of antibiotic resistance, but will also improve the treatment of refractory infections
triggered by multi-drug resistant pathogens. In this paper, we review and track recent
progress in studies on AHL inhibitors/modulators from a biological standpoint. It has been
discovered that both natural and synthetic compounds can disrupt quorum sensing by
a variety of means, such as jamming signal transduction, inhibition of signal production
and break-down and trapping of signal compounds. We also focus on the regulatory
elements that attenuate quorum sensing activities and discuss their unique properties.
Understanding the biological roles of regulatory elements might be useful in developing
inhibitor applications and understanding how quorum sensing is controlled.

Keywords: quorum sensing, antagonist, inhibitor, antibiotic resistance, virulence control, autoinducer, homoserine

lactone

QUTLINE OF "QUORUM SENSING” IN GRAM-NEGATIVE
BACTERIA

The development of antibiotics originated with penicillin, and
this approach to the treatment of bacterial infection has been an
enormous success. However, the widespread use of antibiotics has
resulted in bacteria acquiring resistance in addition to their innate
tolerance derived from mechanisms such as biofilm formation and
drug efflux. Since the discovery of bacterial quorum sensing in a
marine bacterium 40 years-ago, similar systems have been discov-
ered in many organisms, including animal and plant pathogens,
and these systems have been characterized along with virulence
and drug tolerance determinants. Thus, quorum sensing is now
regarded as a potential target for the development of antibacterial
agents. In the last 20 years, various quorum sensing inhibitors have
been isolated and characterized from natural and chemically syn-
thesized libraries. Some animal and plant infection models have
demonstrated the antibacterial efficacy of these agents against quo-
rum sensing pathogens. In this paper, we focus on quorum sensing
inhibitors as a novel type of antibacterial agent and also provide
an update on recent progress in quorum sensing studies. In the
first section, we will review the background and literature relating

to bacterial cell-to-cell communication, which is currently termed
“quorum sensing.”

DISCOVERY AND HISTORY

Bacteria are single cell organisms, however, they conduct a bac-
terial “cell-to-cell” communication activity with the same and/or
different species via diffusible chemical compounds, and exhibit
group behaviors similar to eukaryotic cells. This concept of social

“activity between bacteria has been termed “sociomicrobiology”

(Parsek and Greenberg, 2005).

Sociomicrobiology was first described in a study carried out in
the early 1970s on the bioluminescence phenomenon found in Vib-
rio fischeri, a marine bacterium associated with Hawaiian squid,
(Nealson etal., 1970). When the bacteria were grown in shake
flasks, expression of the luminescence gene (lux) was shown to be
relatively low during early exponential growth, but was then fol-
lowed by a rapid increase in expression during the late exponential
and early stationary phases. The Juminescence gene in exponen-
tial phase cultures can be activated by the addition of cell-free
fluid extracts from stationary phase cultures. These observations
implied that Vibrio fischeri has an environmental sensing system
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to monitor its own population density, and a signaling substance
termed “autoinducer,” which was later shown to be 3-oxohexanoyl-
homoserine lactone, activates lux expression in high cell density
cultures (Eberhard etal.. 1981). Currently, over 100 species of
bacteria are known to produce autoinducer molecules in a cell
density dependent manner similar to Vibrio fischeri and this sig-
naling mechanism is now termed “quorum sensing” (Fuqua etal..
1994). Bacteria use three classes of autoinducer for quorum sens-
ing. Acyl-homoserine lactone (AHL) is the most common class of
autoinducer used by Gram-negative bacteria, whereas oligopep-
tide is the major class of autoinducer in Gram-positive bacteria
(Dunny and Leonard, 1997). Most of these signals are highly spe-
cific and are produced and recognized by a single species. The
other class of autoinducer is a 4,5-dihydroxy-2,3-pentanedione
(DPD) derivative termed autoinducer-2 {(AI-2; Bassler, 2002). It
has been suggested that AI-2 is a non-species specific signal which
mediates interspecies communication among Gram-negative and
Gram-positive bacteria. Although the activity of AI-2 signals has
been demonstrated in over 100 species of bacteria, their struc-
tures remain largely unknown. Only a few structures of the
Al-2 ligand-receptor complex (from Vibrio harveyi, Salmonella
Typhimurium, Sinorhizobium meliloti, and Yersinia pestis) have
been described (Chen et al.,, 2002; Miller et al., 2004; Pereira et al..
2008; Kavanaugh etal., 2011). In this review, we will focus on
the AHL quorum sensing mechanism, as that is the most well
defined system of the three quorum sensing families. We will also
review progress in the study of effectors which disrupt or attenu-
ate the AHLs-mediated quorum sensing as potential antimicrobial
targets.

ELEMENTS AND REGULATORY SYSTEM OF AHLs QUORUM SENSING
The first AHL molecule to be described was 3-oxohexanoyl-
homoserine lactone (typically abbreviated 3-oxo-Cgs-HSL) from
Vibrio fischeri (Eberhard et al., 1981). Two elements, a signal gen-
erator LuxI and the cognate receptor LuxR, regulate the quorum
sensing mediated by 3-oxe-Cg-HSL in this bacterium. The 3-oxo-
Cg-HSL is biosynthesized in a catalytic reaction mediated by LuxI
(Engebrecht and Silverman. 1984). The molecule can diffuse into
and out of cells, and once a threshold concentration is reached,
the 3-0x0-Cg-HSL binds the cognate receptor, LuxR (Kaplan and
Greenberg, 1985; Hanzelka and Greenberg, 1995). This results in
a conformational change in LuxR which leads to the activation of
the luciferase genes (lux) by binding to a specific DNA sequence
on the gene promoter.

Since the discovery of the luxIR genes, homologous genes have
been identified in more than 100 species of Gram-negative bacteria
and in some species their quorum sensing activities have also been
demonstrated. AHL molecules contain a common homoserine
lactone moiety from S-adenosyl-methionine (abbreviated SAM)
and a specific fatty acid side chain from the bacterial cellular
pool. The side chain varies within different species. Therefore,
the specificity for AHL signals is conferred by the length and mod-
ifications to the fatty acyl groups. Fatty acyl groups are usually
4-18 carbons in length, and some are modified by a 3-oxo or 3-
hydroxy substituent, a terminal methyl branch or various degrees
of unsaturation (Figure 1.). Recently, a new category of homoser-
inf lactone signals that have non-fatty acid side chain substrates

has been reported. They utilize phenyl-carbonic acids derived
from plant metabolites, or a branched amino acid generated in
the process of bacterial amino acid biosynthesis (Schaefer etal.,
2008; Ahlgren et al., 2011; Lindemann etal., 2011).

The signal generator LuxI family protein is an enzyme catalyz-
ing the generation of homoserine lactone molecules from SAM
and a specific acyl group. However, this enzyme uses the acyl-
carrier protein (ACP)-modified thioester form of carbonic acids
as a side chain substrate rather than their free form (Schaefer
etal,, 1996; Parsek etal., 1999). They also have a low affinity for
Coenzyme A (CoA)-modified carbonyl substrates.

The LuxR family protein has dual roles as an AHL receptor
and a transcriptional regulator. The protein interacts with spe-
cific AHLs at an N-terminal signal receiver domain and forms
hydrogen bonds between amino acids in the protein and the AHL
molecule, which is then subjected to a conformational change in
the C-terminal helix-turn-helix (HTH) domain, which enables it
to bind to a conserved inverted repeat DNA sequence termed the
“Lux-box” located upstream of the target gene’s promoter. LuxR
family proteins usually respond to AHLs produced by the corre-
sponding synthase, however, there are some proteins that have a -
wide range of AHL-binding specificity. For example, CviR, a LuxR
homolog from Chromobacterium violaceum is able to respond
to AHLs with side chains that are C; to Cg in length
(Mcclean etal., 1997).

Quorum sensing is known to control a variety of bacterial
genes involved in bioluminescence, plasmid transfer, virulence,
the biosynthesis of secondary metabolites and antibiotics, and
biofilm formation. Comprehensive transcriptome and computa-
tional promoter analyses have revealed quorum sensing-controlled
genes in several organisms. For example, in Vibrio fischeri, only
(0.6% of total) genes are controlled by LuxR-3-oxo0-Cg-HSL
(Antunes etal., 2007), whereas more than 300 genes (6% of
total) are regulated during quorum sensing in the opportunistic
pathogen Pseudomonas aeruginosa (Schuster etal., 2003).

CQUORUIN SENSING AND BACTERIAL INFECTIOUS DISEASES
Although quorum sensing was originally discovered in a biolu-
minescence study using a marine organism, extensive studies in
this area have been performed with pathogenic bacteria. There is
increasing evidence that bacteria use the quorum sensing mech-
anism to regulate their own virulence genes. Quorum sensing is
considered to be a strategic tool enabling bacteria to accomplish
their infection processes and survive in the host. The physiologi-
cal benefit allows the bacterial cells to multiply without displaying
overt virulent behavior until a certain threshold population den-
sity is reached. As a consequence, a coordinated immunological
response by the host is only made when the bacterial population is
high, which increases the likelihood that any defenses will be suc-
cessfully overwhelmed, thereby enhancing the survival prospects
of the bacteria. In this section, we will summarize the studies that
have investigated the contribution of quorum sensing to bacterial
virulence and infectious disease in Pseudomonas aeruginosa, which
is the quorum sensing pathogen studied in the most detail.
Pseudomonas aeruginosa is an opportunistic pathogen, is com-
monly associated with nosocomial infections and is infectious
in immune-compromised patients. This organism is also known
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acyl substrates modified by ACP (acyl-carrier protein} or CoA
(Coenzyme A) and SAM (S-adenosyl-methionine) in Lux! signal
synthase-mediated reaction and sensed by the cognate LuxR-family
receptor.

for the chronic infection it causes in individuals with the genetic
disease cystic fibrosis (CF) which can result in respiratory failure.
In addition, this bacterium is regarded as a “mode] organism” in
the quorum sensing field. The AHL signals produced by Pseu-
domonas aeruginosa are 3-oxododecanoyl-homoserine lactone
(3-0x0-C)-HSL; Pearsun etal., 1994) and butanoyl-homoserine
lactone (C4-HSL) (Fearson etal, 1993). They are generated by
AHL synthases called LasI and RhlI and subsequently bind to the
cognate receptors called LasR and RhIR, respectively. This dual
quorum sensing system is hierarchical. When the bacterial cell
density reaches a particular threshold, the LasIR quorum sensing
system is initiated. The 3-oxo0-Cj,-HSL-LasR complex activates
rhil expression as well as LasR-controlled genes including lasl,
the cognate signal synthase, which then leads to activation of the
RhlIR system. Either or both the las and rhi systems activate the
production of virulence factors such as elastase, alkaline protease,
exotoxin A, rhamnolipids, pyocyanin, lectines, and superoxide dis-
mutase (Smith and Iglewski, 2603). In addition to LasR and RhIR,
there is a third LuxR-family protein named QscR that is a homolog
of LasR/RhIR, but does not have the cognate signal synthase

(¢ Bugunt ctal, 2001). QscR can bind with 3-oxo-Cj;-HSL as
well as LasR, and also with heterologous C)2, Cq, 3-0x0-Cjg,
and 3-0x0-Cg-HSLs (Ice ctal,
2611). Apart from these AHLs, Pseudomonas aeruginosa also
produces one non-AHL quorum sensing molecule termed “the
Pseudomonas quinolone signal (PQS)” (Pusci ctal. 1999), The
PQS is synthesized by PqsABCD and PqsH from anthranilate
that is an intermediate in the tryptophan biosynthetic pathway,
and responded by PqsR (MvfR), a LysR-like protein. According
to some studies, PQS and AHL-quorum sensing (las and rhl) are
interlinked. The production of PQS is activated by las system and
PQS influences the expression of C4-HSL-regulated genes in rhi-
dependent and —independent manners, suggesting that PQS could
be also important for virulence of the organism. Highlight of
PQS studies is reviewed elsewhere ([iggle ctal, 2006; Huse and
Whiteley, 2011)

Infection studies with mice have demonstrated the contribu-
tion of quorum sensing in the pathogenesis of Pseudomonas aerug-
inosa. Pseudomonas strains with mutations in quorum sensing-
regulated genes induce less tissue destruction and pneumonia

20065 Otnumi and Greenberg,
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and result in lower mortality compared with the wild-type
(Rahme etal,, 1995; Tang etal, 1996; Rumbaugh ctal, 1999,
2009). Additional studies using alternative infection models with
Caenorhabditis elegans, Arabidopsis thaliana, and Dictyostelium
discoideum also have illustrated decreases in virulence with quo-
rum sensing mutants (Rahme etal.,, 1995; Tan etal.. 1999; Cosson
etal, 2002). These model studies using an acute-infected animal
host illustrate the contributions of the quorum sensing system to
Pseudomonas aeruginosa infections. There are a few reports that
Pseudomonas aeruginosa quorum sensing is also responsible for
chronic lung infections. Pseudomonas aeruginosa with mutations
of lasI and/or rhil showed milder lung infections in mice and
rat models (Wu clal., 2001; Imamura etal., 2005). However, the
contribution of quorum sensing to chronic infections should be
discussed in caution because accumulation of lasR mutants has
been frequently observed in both many clinical isolates from CF
patients and long-term laboratory cultures (Cabrol etal., 2003;
Diggle ctal., 2007). The lasR variants are considered social cheaters
(Sandoz etal, 2007; Dandekar etal,, 2012). LasR activates genes
encoding for extracellular proteases which undertake proteoly-
ses to cooperatively crop common metabolic/energy substrates,
reasonably, the LasR-mediated quorum sensing can be promoted
under nutrient-limited conditions in the presence of the particu-
lar protease substrates. The lasR cheaters exploit the social benefit
provided by the cooperators (lasR-intact parent strain) saving
biological costs to conduct their quorum sensing. It might be
critical to answer about total quorum sensing activity of the bac-
terial population in infection sites and frequency of the mutant
appearance.

Moreover, quorum sensing has also been shown to influence
biofilm development. Biofilm is a biological architecture of aggre-
gated microbes on a surface. It is closely associated with virulence
because biofilm cells embedded within an extracellular matrix are
less susceptible to antibacterial reagents than free floating cells
(Nickel etal,, 1985 Mah and O'Toole, 2001; Drenkard, 2003).
As a result, biofilm infections tend to be chronic and difficult
to eradicate. Pseudomonas aeruginosa is the principal pathogen in
the lungs of patients with CF. The bacterium is known to exist
there as a biofilm and produce significant amounts of quorum
sensing molecules (Singh et al., 2000). There is a report that the
Pseudomonas aeruginosa 3-o0xo-Cj2-HSL signal is involved in the
maturation of a biofilm. A lasI mutant formed immature biofilms
that, unlike wild-type biofilms, were sensitive to sodium dode-
cyl sulfate (SDS; Davies etal., 199%). Another report predicted
that the rhl system is also important for biofilm development.
The rhl defective Pseudomonas aeruginosa does not produce the
rhamnolipid surfactants that are important for maintaining the
biofilm architecture in the later stages (Davey etal., 2003). How-
ever, it should be noted that there is some conflict of opinion and
confusion regarding the degree of involvement of quorum sens-
ing in biofilm regulation. Biofilm architecture is easily influenced
by growth conditions and wild-type, and the quorum sensing
mutants might form identical biofilm under certain conditions
(See reviews; Parsek and Greenberg, 2005; Parsek and Tolker-
Nielsen, 2008). A number of animal infection studies carried
out with different objectives have shown that quorum sensing
ist required for virulence, therefore in the context of virulence,

it is generally believed that quorum sensing contributes to the
formation of a functional biofilm. Studies of biofilm dynamics to
define complexity and trace the development process have being
developed over the last 10 years and these will provide insights into
the actual role of quorum sensing on biofilm biology. In addition
to biofilm development, quorum sensing induces the expression of
the drug efflux system MexA-MexB-OprM and confers tolerance
to a wide range of antimicrobial agents by extruding them from
the cytoplasm (Poole, 2001; Maseda etal.. 2004). Thus, quorum
sensing is a key factor in determining the success of infection in
host animals for Pseudomonas aeruginosa

QUORUM SENSING INTERFERENCE

Interfering with quorum sensing is expected to become a powerful
strategy to control virulence and antibiotic tolerance in quo-
rum sensing pathogens, and can be applied within antimicrobial
chemotherapy to overcome bacterial infections. To date, methods
that can be used to disrupt quorum sensing include (1) Antag-
onizing signal binding to LuxR-family receptor, (2) Inhibition of
signal production, (3) Degrading signals, (4) Trapping signals, and
(5) Suppression of synthase and receptor activities, stabilities or
productions (Figure 2). A brief background and recent progress
in these studies will be given in the following section.

ANTAGONIST FOR LuxR-FAMILY RECEPTOR
The initial step in quorum sensing is to bind a specific AHL signal
to a LuxR protein. Thus, antagonists that interfere with the AHL-
the receptor binding are potential quorum sensing inhibitors.
Various patural and synthetic compéunds have been tested for
their antagonistic activity (Chemical structures of representative
inhibitors are drawn in Figure 3.). In general, analogs are poten-
tial antagonists of the native AHL signal. In three early studies,
analogs with alternations in the acyl side chain of 3-0x0-Cs-HSL
for Vibrio fischeri, 3-0x0-C;3-HSL for Pseudomonas aeruginosa and
3-ox0-Cg-HSL for Agrobacterium tumefaciens were demonstrated
to inhibit the binding of native AHLs (Passador et al., 1996; Schae-
fer etal.. 1996; Zhu et al., 1998). These studies focused particularly
on the length of the acyl side chains. These cognate receptors are
able to bind some analogs at a higher affinity than native AHL
ligands, but the analogs then inactivate gene expression, thus they
are antagonists.

Following earlier studies, a library of synthetic analogs to
the Pseudomonas aeruginosa las quorum sensing molecule 3-
0x0-Cy2-HSL was constructed by Smith etal. (2003a,b). The

"homoserine lactone moiety of their compounds was replaced with

different alcohols, amines and/or a 5- or 6-membered ring. In
their high throughput screening using a lasI promoter-fused gfp
reporter strain, three compounds acted as antagonistics against
3-0x0-Cj-HSL-LasR-mediated quorum sensing. 3-Oxo0-Cjz-(2-
aminophenol) and 3-ox0-Cj;-(aminocyclopentanol) are able to
inhibit the LasR activation attributed to the 3-0ox0-C;,-HSL-LasR
interaction. On the other hand, 3-0x0-Cj2-{aminocyclohexanone)
appeared to target not only LasR but also RhIR, which is the second
quorum sensing receptor in Pseudomonas aeruginosa, although
this antagonist still has a dodecanoyl (C,;)-side chain. A synthetic
analog of C4-HSL, N-decanoyl cyclopentyl-amide (abbreviated
C1o-CPA), has also been found to target both LasR and RhIR
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proteins (Ishida etal,, 2007). Cjo-CPA inhibits lasB and rhlA
gene activation by 3-0x0-Cj2-HSL and C4-HSL with IC50 (half-
maximal inhibition) of 80-90 WM, respectively, and inhibition
results in reductions in elastase, pyocyanin, and rhamnolipid
levels and biofilm formation. Most of these analog compounds
are modified with a homoserine lactone moiety and/or a side
chain. Changes in the amide function bridging the lactone ring
and the fatty acid also influences the AHL binding activity to
receptor proteins, since the amide forms hydrogen bonds with
a conserved tyrosine and aspartic acid in the AHL binding
pocket (Vanuvini etal. 2002; Zhang etal.. 2002). Changing the
amide to a sulfonamide and/or a urea has been predicted to
result in the formation of an additional hydrogen bond between

‘a tyrosine residue in the ligand pocket and the sulfonamide,

and to strengthen the hydrogen bond between the aspartic acid
and the external NH of urea (Castang etal,, 2004; Frevza etal.,
2006, 2008). Compounds with either or both modifications have
showed antagonistic behaviors with the Vibrio fischeri LuxR
receptor. In recent studies, selective and broad-spectrum antag-
onists active across multiple species have also been devel-
oped. Cg-HSL, Cjp-HSL, 4-bromophenylpropionyl-HSL and
4-iodophenylacetyl-HSL simultaneously antagonize the AHL-
bindings to the receptor proteins of TraR in Agrobacterium
tumefaciens, LuxR in Vibrio fischeri and LasR in Pseudomonas
aeruginosa, while several other analogs work on two of these
species (Geske etal., 2007).
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Some natural compounds have also been demonstrated to
behave as antagonists. Halogenated acyl-furanones, which are
structurally similar to AHLs, and are derived from the marine
algae Delisea pulchra are one of the most-studied antagonist
groups (Givskov etal 1996). These naturally occurring com-
pounds displace the 3-0x0-Cs-HSL signal from its cognate LuxR

receptor protein, thus inhibiting the quorum sensing-mediated
gene expression (Manefield ¢t al., 1999). The SwaR receptor for C4-
HSL in Serratia liquefaciens is also a target for the antagonists, and
the failure of C4-HSL-SwaR interaction results in a reduction in the
swarming motility linked to surface colonization and biofilm for-
mation (Rasmussen ¢tal., 2000). Gram et al. 11996 have reported
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that a furanone isolated from the furanones pool of secondary
metabolites produced by Delisea pulchra inhibits swarming motil-
ity in Proteus mirabilis without affecting cell growth and swimming
motility, whereas other furanones have no inhibitory activity.
However, the regulatory target in this system is not known.
Although natural furanones have a limited inhibitory effect on
the quorum sensing of Pseudomonas aeruginosa, the synthetic
analogs “C30” and “C56,” which lack the alkyl side chain, exhibit
interference in the LasR-mediated Pseudomonas aeruginosa lasB
gene expression (encoding the elastase that is associated with
the virulence), increase the susceptibility to antimicrobial agents
on biofilm cells, promote the bacterial clearance on the lung of
infected mice and prolong the survival time of the mice (Hentzer
etal., 2002, 2003; Wu et al., 2004; Christensen etal., 2012). Taha
etal. (2006) have discovered three LasR antagonists by in silico
screening with pharmacophore modeling utilizing the authentic
furanone inhibitors C-30 and C-56 as leading compounds. These
are phenyl compounds incorporating a mercury or lead atom
bound by covalent bonds and have been shown to inhibit quorum
sensing-driven pyocyanin and pyoverdin production. Subsequent
studies have developed other furanone derivatives based on natu-
ral furanone core structures. A series of hydroxymethylfuranone
esters condensed with fatty acids that have a modified carbon
length or are chlorinated at the terminal has been synthesized
(Kim etal,, 2008). These compounds have been shown to repress
the LasR-driven reporter expression in a lasI-lacZ fusion by com-
peting with exogenous 3-ox0-Cj,-HSL binding to a recombinant
LasR in Escherichia coli, and they also inhibit biofilm formation
on the flow cell system in Pseudomonas aeruginosa. The authors
have built the inhibitor-LasR protein docking models. According
to the in silico modeling analyses, the inhibitors are predicted to
bind preferentially to the receptor rather than the natural ligand,
but fail to change the conformation of LasR to the “active” form,
which suggests they have antagonistic activities. In the same year,
another group reported a series of furanone antagonists whose
structures are closer to AHL. They replaced the homoserine lac-
tone moiety of AHL with a furanone. These molecules dock with
the LuxR protein at its binding pocket (Estephane etal,, 2008).
However, we should note a report that halogenated furanones
destabilize LuxR receptors rather than antagonizing (Manefield
etal,, 2002). Therefore, as for exact action mode of this type
of inhibitors, there is still some confusion. Remarkably, a very
recent study has highlighted the possibility that furanone resis-
tance might arise in Pseudomonas aeruginosa (Maeda etal., 20123).

Maeda etal. (2012} have observed that a mutation in the mexR ~

gene in Pseudomonas aeruginosa decreases its susceptibility to the
synthetic C-30 furanone. As the mexR gene product functions as
a repressor for the mexAB-oprM operon encoding a multidrug
efflux system, the inactivation of mexR gene presumably leads to
overexpression of MexAB-OprM, thereby enhancing the efflux of
the furanone inhibitor.

In addition, other natural AHL inhibitors have been identified,
such as patulin and penicillic acid produced by fungi (Rasmussen
etal.,, 2003), iberin from horseradish extracts (Jakobsen etal,
2012a) and ajoene from garlic (Jakobsen etal., 2012b). These nat-
ural products inhibit Pseudomonas aeruginosa quorum sensing of
either or both the las and rhl systems. Patulin and penicillic acid

have structures reminiscent of the furanone compounds origi-
nally discovered in Delisea pulchra, whereas iberin and ajoene are
structurally unrelated linear sulfide compounds, but can compete
with Pseudomonas aeruginosa AHLs for binding to LasR or RhiR.

Aside from AHL structural analogs, a research group has iden-
tified three inhibitors for the LasR protein in combination studies
by screening alibrary 0f 200,000 compounds and in silicostructure
modeling. A tetrazole and a phenyl ring compound with a com-
mon 12-carbon alkyl tail designated “PD12” and “V-06-018",
respectively, were isolated from the library (Muh et al.,, 2006b).
Both compounds inhibited LasR-controlled gene expression and
expression of the virulence factors elastase and pyocyanin. A triph-
enyl compound designated “TP-5” was originally predicted to be
an antagonist by the LasR-ligand docking model built from the
3D-structure of the ligand-bound TraR protein in Agrobacterium
tumefaciens (Vannini etal, 2002; Zhany etal,, 2002), which is
highly homologous to LasR. Interestingly, it is more likely that
TP-5 interacts with LasR by forming a hydrogen bond with Asp-
73 of the polypeptide and exhibits LasR-inhibitory activity despite
being structurally unrelated to the natural ligand. This compound
was derived from a parent compound designated “TP-1” from their
library of compounds. TP-1 mimics 3-0x0-Cj,-HSL activity, and
therefore acts as an agonist for LasR (Muh et al., 2006a).

Information on the 3D-structures of the LuxR-family receptors
has enabled us to discover a variety of antagonists. However, this
information is not enough. We need to know how the confor-
mational change in the receptor occurs to distinguish between a
“true ligand” (agonist) and “fake ligand” (antagonist). The crystal
structure only provides a snapshot of the information required.
Although the structures of receptor-AHL binding form are avail-
able for a few species, we need to obtain both structures; an
antagonist-binding form and a ligand-free form. Recently, the
crystal structure of CviR from Chromobacterium violaceum with
an antagonist has been reported and so far this is the only example
(Chen etal., 2011). On the other hand, analysis of the signal-free
form is currently a difficult task because LuxR-family proteins
are considered to be unstable in the absence of the cognate sig-
nal, and are eventually subjected to proteolysis (Zhu and Winans,
2001). However, although a major challenge, it is important to
gain information about these structures.

SIGNAL SYNTHESIS INHIBITION

Interfering with AHL synthesis is another straightforward
approach to the inhibition of quorum sensing. Simply, if no
AHL is produced, no quorum sensing occurs. Early studies on
quorum sensing inhibitors have focused on antagonists of AHL
receptors. However, there have been few studies on inhibitors of
AHL synthesis and data is very limited. In one of these studies, it
was found that several analogs of SAM, which is the second sub-
strate for LuxI synthases, inhibit the LuxI reaction (Parsek etal.,
1999). However, two breakthrough studies have been recently car-
ried out. The first study identified a Cg-HSL analog that binds to
AHL synthase, thereby inhibiting its enzymatic activity (Chung
etal, 2011). The second study described compounds target-
ing the reaction activity of 5'-methylthioadenosine nucleosidase
(MTAN, alternatively abbreviated “Pfs”) involved in SAM recycling
(Gutierrez et al., 2009).
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