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autoinducer molecules.”® These sensor molecules can be distinct to each species or could be
shared among other bacteria.

The AHLs contain a long fatty acid chain connected to a homoserine lactone through an
amide bond. The AHLs are synthesized from SAM and acylated acyl carrier protein (acyl-ACP)
by inducer synthases (LuxI like proteins) at low basal levels.” At high cell densities, as the AHL
reaches the threshold concentration, it binds to the cognate receptors (LuxR-like proteins) which
reside in cytoplasm. Thereafter the AHL:LuxR complex undergoes homodimerization followed
by multimerization. Subsequently, the multimer binds to 20 bp-element called /ux-type-box and
activates transcription of target genes required for community behaviors (Figure 1).'""" Details of
different LuxI/LuxR type of systems present in various Gram negative bacteria along with their

functions are included in Table 1.°

Figure 1. Model of AHL biosynthesis and quorum sensing in a bacterial cell."



The LuxR type proteins share 18-23% sequence homology. The conserved residues required

for binding were identified to be Ala38 (Gly in LasR and VanR), Tyr53 (Cys in AhyR), Tyr57,

Asp70 and Thr129 (Ser in AhyR, LasR. LuxR, RhIR and VanR)."? Recently, the crystal structure

of Agrobacterium tumefaciens TraR in complex with its inducing ligand, 3-0x0-Cg-AHL bound to

target DNA was solved by Allesandro ef al.® From the crystallographic studies, the binding

pocket of TraR was found to have hydrophobic and aromatic residues to accommodate the fatty

acid side chain. Also, hydrogen bonding between Trp57 and carbonyl of lactone, Asp70 and

amide nitrogen and Tyr53 and side chain amide carbonyl were observed."

Table 1. Representative AHLs along with their regulators and corresponding functions

Bacterium Signal® LuxI/LuxR QS phenotype
Agrobacterium C,-AHL Ahyl/AhyR Exoprotease production
hydrophilia
A. tumefaciens 3-0x0-Cs-AHL Tral/R Ti plasmid conjugation
Burkholderia C8-AHL, C¢-AHL | Ccil/R;Cepl/R  Biofilm, swarming motility
cenocepacia
Erwinia carotovora 3-0x0-C4-AHL Expl/R; Carbapenem, exoenzymes,virulence
Carl/R

Psuedomonas 3-0x0-Ci,-AHL LasI/R Exoenzymes, pyocyanin and biofilm
aeruginosa

3-0x0-C4-AHL RhlI/R formation
Serratia liquefaciens | C4-AHL Swrl/R Extracellular proteases, swarming
Vibrio fisheri 3-0x0-C¢-AHL LuxI/R bioluminescence
Vibrio harveyi 3-hydrdoxy-Cy- LuxLM/N bioluminescence

AHL

*AHL abbreviations/nomenclature used in the entire text

Recently, a third chemical class of QS signal (CAl-las Al-1) in V. cholerae was also

discovered. It is identified as (S)-3-hydroxytridecane-4-one (Figure 2). While other bacteria

produce biofilms and virulence factors at high cell density through QS, V. cholerae, in contrast at



high population of bacteria, represses the factors regulating their production by employing CAI-1
and AI-2."

A fourth type of QS system was observed in P. aeruginosa known as 4QS pathway (4-
quinolone signal). It is modulated by using 2-heptyl-3-hydroxy-4-quinolone as an autoinducer
(Figure 2) and detected by QscR receptor. Three signaling pathways exist in P. aeruginosa. Two
QS mediated systems (lasR and rhlR) use AHL and the third uses a 4-quinolone derivative. The
Lasl/R synthesizes and detects N-(3-oxo-dodecanoyl)-L-homoserine lactone (3-oxo-Ci,-AHL)
while RhlI/R synthesizes and detects N-butanoyl-L-homoserine lactone (C4;-AHL) (Figure 2).
These two signaling systems regulate 6% of the gene expression in P. aeruginosa. The QscR is an
orphan receptor which lacks LuxI of its own and recognizes AHL produced by Lasl and RhLI
systems. It represses QS activity."> Together, the three QS systems act in a complex hierarchical
partially redundant manner to control virulence, secondary metabolite production and various
host immune responses.'®

1.1.1.2. Gram positive bacteria

Gram positive bacteria use oligopeptides as autoinducers to mediate two component QS
regulatory system.'” These two components are: (i) receptor for binding to Al-1s and (ii)
response-regulatory protein. The latter is involved in gene regulation upon activation along with
Al-1 production through a positive feedback loop. When Al-1 binds to the sensor receptor, a
histidine sensor kinase protein is activated which auto phosphorylate the histidine residue.'® The
phosphorylated protein transfers the phosphoryl group to the conserved aspartate residue in the
cognate response regulator leading to the activation of several genes responsible for bacterial

QS 18,19
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Figure 2. Representative structures of autoinducers (respective synthases mentioned in

parenthesis) A. AHLs use

d by Gram negative bacteria B. Oligopeptides used by Gram positive

bacteria. C. Al-2s recognized by V. harveyi and S. typhimurium. D. Al-1 autoinducer used in V.
cholerae E. PQS autoinducer used by P. aeruginosa.

1.1.2. Interspecies quorum sensing

While AHLs are the chemical lexicon of Gram negative bacteria and oligo peptides for Gram

positive bacteria, for co

mmunication within the species, derivatives of 4,5-dihdroxy-2,3-



pentanedione (DPD), referred as AI-2 is the common signaling molecule for both Gram positive
and negative bacteria.”**’

Vibrio harveyi, a Gram negative bioluminescent marine bacterium, is the paradigm for the
interspecies communication, as involvement of AI-2 was extensively studied and demonstrated in
this organism. It uses AHL mediated QS for regulation of bioluminescence. In a series of
biochemical and genetic experiments conducted by Bassler et al. to study QS in V. harveyi, the
bacterial mutant cultures, in spite of lacking the AHL synthase (LuxM) and cognate receptor
(LuxN),**** were observed to induce bioluminescence. Such findings suggested a second class of
signaling molecules, apart from AHL. That was the first example of association of Al-2 as QS
mediator. However, apart from AHLS and AI-2 QS systems, another new class of QS molecule
called CAI-1 (whose structure is unknown but speculated to be related to CAI-1 in V. cholerae
((S)-3-hydroxytridecane-4-one)) was also shown to mediate QS (Figure 2).'"* These three QS
systems work convergently to control production of bioluminescence™ virulence factors such as

metalloprotease production, type III secretion”’ and siderophore production.”

An overview of QS system of V. harveyi

V. harveyi recognizes and secretes three types of autoinducers: (1) the AI-1 (N-(3-
hydroxybutyryl)- L-homoserine lactone) referred as HAI-1, is synthesized by LuxM, (2) the AI-2
(borate ester of 4,5-dihydroxy-2,3-pentanedione’’ (DPD) is synthesized by LuxS (it will be
discussed in detail in later sections), and (3) cholera autoinducer 1 (CAI-1) is synthesized by
CgsA enzyme."* Membrane bound histidine kinases detect the autoinducers (Figure 3).* The
HAI-1 is detected by the LuxN histidine kinase.”’”® The AI-2 is detected by the periplasmic
protein LuxP in complex with the LuxQ histidine kinase,”**”*" while CAI-1 is detected by the
CgsS histidine kinase.'**’* These proteins are bifunctional as they can act as kinases and
phosphatases depending on cell density.”® In the absence autoinducers, i.c., at low cell density,

these proteins get phosphorylated and subsequently transfer the phosphate to LuxO via LuxU.



Phosphorylated LuxO along with o°* activates production of five SRNAs.*?* These in turn bind
with chaperon Hfq to destabilize mRNA encoding the transcriptional regulator, LuxR.p,.”
Therefore no LuxR,; is produced at low cell density. At high cell density, when Als are released,
the cognate receptors turn themselves into phosphatases and reverse the sequence of

phosphorylation leading to up regulation of LuxR,, which regulates for more than 50 genes

including those encoding luciferase® and virulence factors (Figure 3).>*’

1.1.2.1. The signaling pathway for auto inducer of type 2 (AI-2)
In order to study the enzymes involved in the AI-2 signaling, Schaudre et al. made mutants of
V. harveyi, E. coli and S. typhimurium. In all the mutants of bacteria, /uxS gene was observed to
be highly conserved.” The involvement of uxS in AI-2 signaling was confirmed by observation
of the fact that bacterial cultures lacking /uxS gene failed to produce AI-2 activity.”® The luxS
gene was found to be present in more than 60 bacterial species (both Gram positive and negative)
supporting the hypothesis of Al-2 as inter species signal.
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Biosynthesis of AI-2

The key to identification of biosynthetic pathway of AI-2 was unraveled when /uxS gene was

observed to be located downstream of pfs and metk.”> The gene metk encodes for enzyme, S-



adenosyl-L-methionine synthetase which catalyzes production of S-adenosyl-L-methionine
(SAM) from ATP and methionine.*’ The SAM acts as a methyl donor in the biosynthesis and/or
modification of DNA, RNA and various proteins and produces S-adenosylhomocysteine (SAdH).
Through negative feedback inhibition, SAdH inactivates SAM-dependent methyltransferase.
Therefore, SAdH should be transformed into a nontoxic metabolite for the successful operation of
SAM dependent methylation reactions.”’ Eukaryotes employ the enzyme, SAdH hydrolase to
convert S- SAdH to adenine and homocysteine (Hcy) whereas prokaryotes follow a two-step
strategy using Pfs enzyme and LuxS.* In the first step Pfs catalyzes depurination of SAdH to
give adenine and S-ribosyl-L-homocysteine (SRH) (Scheme 1). In the second step, LuxS converts
SRH to homocysteine and 4,5-dihydroxy- 2,3-pentanedione (DPD) by a nonredox pathway.
Subsequently, homocysteine undergoes methylation and reenters the catalytic cycle.” It was
hypothesized that LuxS catalyzes the final step of converting SRH into DPD which ultimately
leads to production of AI-2 activity. This hypothesis was proved by conducting series of

experiments with the use of cell lysates, purifies Pfs, LuxS and substrates like SAM, SAdH and

SRH.*
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Scheme 1. Biosynthesis of 4,5-dihydroxy- 2,3-pentanedione (DPD) (precursor to Al-2)



The structure of AI-2

The DPD is a highly unstable molecule. It undergoes dehydration and cyclization reactions to
give a mixture of interconvertible furanones. But none of these sugar derivatives, including DPD,
showed bioluminescence comparable to Al-2 activity in V. harveyi bioassay. Such result clearly
shows that LuxS in vitro mixtures contain an elusive chemical (AI-2) which is distinct from the
rest of the furanones.** Bassler et al. successfully solved the structure of AI-2 from the crystal
structure of V. harveyi Al-2 sensing protein, LuxP in complex with AI-2 (depicted in Figure 4
along with network of hydrogen bonds) and ''B NMR studies. It was found to be borate diester of
S-THMF (25,4S)-2-methyl-2,3,3,4-tetrahydroxyterahydrofuran). The proposed formation of Al-2
from DPD involves (i) cyclization and hydration of DPD to give the furanone derivative, S-

THMEF (ii) complexation of S-THMF with borate to form AI-2 (Scheme 2).*
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The crystal structure of Salmonella typhimurium LsrB (Al-2 binding protein) bound Al-2,
revealed a chemically different form of AI-2 compared to V. harveyi (Scheme 2).* While V.
harveyi uses S-THMF-borate as Al-2, S. typhimurium uses R-THMF ((2R,4S)-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran). S. typhimurium being a gut pathogen has no access to boron, so it is
conceivable that it uses nonboron compound as a sensing molecule. These findings support the
validity of DPD as a precursor to AI-2 sensor and establish its role in interspecies
communication.
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Figure 4. Crystal structure of V. harveyi LuxP with AI-2 at the binding site (Figure 4A)** and
crystal structure of Salmonella typhimurium LsrB with AI-2 at the binding site (Figure 4B).*

Ala 222

1.2.2.2. S-ribosylhomocysteinase (LuxS)

Currently four homologues of LuxS (Deinococcus radiodurans, Haemophilus influenzae,
Helicobacter pylori and Bacillus subtilis) have been resolved by X-ray crystallography at
resolution of 1.2 to 2.4 A°.***® All LuxS proteins are homodimers. Each subunit is a single
polypeptide chain which share a novel a-f fold consisting of four-stranded antiparallel B-sheet

bordered by 3 a helices on one side and a short 3o helix on the other side.*** The LuxS sequence

10



alignment from 26 species, revealed 23 repeated amino acid residues, some of which are part of
the active center. In the crystal, as well as in solution, LuxS is present as symmetric homodimer
with two symmetric active sites. The dimeric interface contains a complex network of H bonding,
ionic and hydrophobic interactions.’

The LuxSg (LuxS present in Bacillus subtilis) is a single polypeptide with 157 amino acids
per each monomer.*® Initially, the structure of LuxS was determined with Zn" at the active site,
coordinated by three conserved residues viz His-54, His-58, Cys-126 and water molecule (Figure
5). Because of the presence of zinc, a molecule of water and the motif HXXEH, similar to the
protease-binding motif found in thermolysin and other zinc dependent hydrolases, LuxS was
proposed to perform a similar enzymatic role. The function of the metal as a Lewis acid was
established from the crystal structure of LuxS with the 2-keto intermediate, 3 (Scheme 3).* The
proposed metal mediated catalysis was confirmed by the dramatic change in electronic absorption
spectrum of cobalt ion when the natural substrate, SRH was added to the Co-LuxSg, (from peaks
at 530, 570, 650 nm to none).”’

Interestingly, Cys84 which is highly conserved in the active site, was found oxidized to
cysteine sulfonic acid and cysteine sulfinic acids leading to rapid inactivation of LuxS, suggesting
complexation of metal ion to Cys84 in catalysis.***’ A ligand combination (two His, one Cys, one
water molecule and Fe*") similar to LuxS was also reported in peptide deformylase which also
underwent inactivation by an identical route.’"> These findings along with the studies done by
Pei ef al. on purified LuxS enzyme, suggested that native metal ion in LuxS was Fe’ instead of
Zn*" " However, the Zn and the Co coordinated proteins were found to be more stable to acrobic
oxidation compared to native iron bound LuxS. Substitution of Co®" or Fe** for Zn®>" gave a

variant with a 10-fold increase in catalytic activity in vitro.™
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Figure 5. Crystal structure of LuxSg, in complex with 2-keto intermediate.*’

Active site of LuxS (Figure 5)

The crystal structure of LuxSg, in complex with SRH at 2.2 A° and homocysteine at 2.3 A°
respectively, was determined by Baker et al.*® “The homocysteine moiety of SRH is bound in an
extended conformation with the amino and carboxyl groups stabilized by hydrogen bonds with
five neighboring residues from helix al and strand 3 (Arg65, Asp78, 1le79, Ser80 and Gly127
and Lys35 of neighboring subunit). The ribose moiety appears to be in the C2'-endo
conformation and the ribose O2 and O3 hydroxyl groups can be seen involved in long ion-dipole
interactions with the Zn*" ion.”> In addition, the O2 and O3 ribose hydroxyl groups are stabilized
by hydrogen bonds with the oxygen atoms of oxidized Cys84”.*¢

Mechanism of S-ribosylhomocysteinase (LuxS)

The proposed catalytic mechanism of LuxS involves consecutive aldose-ketose and ketose-

ketose isomerizations and subsequent B-elimination to release Hcy and DPD (Scheme 3).>* In the
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first catalytic step, the aldehyde form of SRH binds to the metal ion, to increase the acidity at C2
so that, Cys84 in LuxSg, acting as acid/base, could abstract the hydrogen at C2 to form enediolate,
2. Assisted by the second base /acid (probably Glu57), the metal ion migrates from C1 to C2
position, followed by reprotonation at C1 by Cys84 to give 2-keto intermediate 3 (Scheme 3).
The second step is repetition of the isomerization reactions as in first step, to give 3-keto
intermediate, 5. In the third step, base/acid abstracts proton at C4 with elimination of
homocysteine to give an enol intermediate which ultimately tautomerizes to DPD.***%*** The
LuxS-catalyzed cleavage of the C5-S thioether bond in SRH is dramatically different from that
proposed in the reversible mechanism for SAdHase. While SAdHse cleaves the thioether bond in
SAdH by using enzyme-bound NAD" (redox reaction), LuxS cleaves thioether bond in a
nonredox fashion using enzyme bound water, acid-base pairs and a metal ion via a series of
isomerization steps.*"”’

The proposed mechanism was validated by conducting various studies: (i) existence of proton
transfer reactions were confirmed by studies with DZO,50 (i1) involvement of keto intermediates, 3
and 5 was established using real time by "“C NMR spectroscopy.” Involvement of keto
intermediates as chemically and kinetically competent substrates was further proved by the
synthesis of 2 and 3-keto intermediates, 3 and 5 and testing against LuxS,***® (iii) the
intermediacy of 3 in catalysis and the function of metal ion as Lewis acid was proved by the
crystal structure of 2-ketone intermediate 3 bound to a catalytically inactivated LuxS mutant
(Cys84),” and (iv) the stereochemical and regiochemical specificity of the proton transfer
reactions catalyzed by Cys84 and Glu57 was elucidated by deuterium labeled SRH studies in

53,54 and

LuxSg, and the conversion of intermediate 3 to S5 was found to be partially rate limiting,
(v) the role of Glu57 and Cys84 as general acids/bases (Scheme 3) was confirmed by the site-

: - 50
directed mutagenesis.
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Recent studies done by Pei et al. using [3-F]SRH and [3-Br]SRH as substrates for LuxSg
suggested involvement of Tyr-89 and His-11 along with Glu57 and Cys84 in keto-isomerization

steps (part of proton relay system).’®
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Scheme 3. LuxS catalyzed conversion of SRH into Homocysteine and DPD as proposed by Pei et
al>

1.2. Applications of QS modulation

Recent increase in prevalence of bacterial strains resistant to antibiotics emphasizes the need
for the development of new generation of antibacterial agents. Since some of the pathogenic
bacteria use QS to regulate virulence, antibiotic resistance and biofilm formation, blocking
bacterial QS offers a novel therapeutic strategy.®'*”"® Over the past decade, several new
components in QS signal transduction pathways (both intra and interspecies) were identified
expanding the range of new approaches available to modulate QS. Interruption of QS, which

regulates virulence or biofilm formation, does not result in either bacteriostatic or bactericidal
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effect. It only attenuates the virulence but does not affect bacterial growth. Such behavior has the
advantage of putting less selective pressure on bacteria resulting in lower incidence of microbial
resistance. An important bacterial behavior regulated by QS, is biofilm formation, which is one of
the causes of antibiotic therapy failure. Biofilm can be described as “an assemblage of microbial
cells that is irreversibly associated (not removed by gentle rinsing) with a surface and enclosed in

a matrix of primarily polysaccharide material” *

which makes bacterial cells less permeable to
antibiotics. P. aeruginosa, one of the human opportunistic pathogen survives in the host by
formation of biofilms causing hindrance to the entry of antibiotics into the cells and makes
therapy ineffective. Thus, inhibition of biofilm formation should make the bacteria more
susceptible to antibiotics. Therefore, QS inhibitors can act as adjuvants to antibiotic therapy.*>%
The importance of QS inhibition in regulating bacterial pathogenicity and other community
related behaviors can be further underscored by the natural evolution of bacterial quorum
quenching enzymes to prevent these population based activities of bacteria competing for energy
67,68

and nutrients.

General strategies for manipulation of QS include:

(1) inhibition of synthesis of autoinducer molecules, (2) inhibition of binding of autoinducer
to sensor proteins, (3) inhibition of molecular targets downstream of autoinducer synthesis, (4)
sequestration of autoinducer via molecular traps,’" (5) degradation of autoinducer,””® and (6)
inhibition of autoinducer transport and release.’
1.2.1. Modulation of intraspecies communication mediated by acylhomoserine lactones (AHLs)

Interception of the AHL (LuxI/LuxR) pathway can be achieved by three general approaches:
(1) Inhibition of AHL synthases (LuxI), (2) degradation of AHLs, (3) inhibition of ligand-
receptor binding (AHL-LuxR)

1.2.1.1. Inhibitors targeting the synthases

The AHLs are synthesized by proteins called LuxIs or its homologues from SAM and
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acyl carrier proteins. Therefore inhibition of enzymes which utilize SAM can also inhibit AHL
mediated QS. The SAM is also the substrate for methyl transferases which are involved in crucial
biochemical processes. Consequently, AHL synthases which alter the SAM metabolism can have
undesired effects on the ubiquitous SAM pathway. Hence, inhibitors of synthases were not
developed until recently. With the recent availability of crystal structures of LuxI type of proteins,
design of ligands which specifically target AHL synthases without interfering with other SAM
requiring enzymes might be undertaken.”®”"
1.2.1.2. Inhibitors targeting the ligand
The second method to interrupt AHL pathway is degradation of the AHL ligand itself by
using several methods such as, specific enzymes (acylases or lactonases), oxidizing agents and
pH (lactones are hydrolyzed at basic pH). So far the quorum quenching approach has been
utilized in protecting plants from infectious bacterium.”’*
1.2.1.3. Inhibitors targeting the receptor
The final method of interruption of AHL mediated QS, is inhibiting the AHL binding to its
transcriptional regulators or LuxR type proteins. Significant research has been done in designing
AHL analogs as LuxR inhibitors.” According to the review published by Wang et al.® AHL
inhibitors can be classified based on the structural modification on the AHL signal as: inhibitors
(1) with alteration of the acyl side chain, (2) with modification on the y-lactone ring, (3) with
simultaneous modification on both acyl side chain and lactone ring, and (4) inhibitors structurally

unrelated to AHL.°

(1) Inhibitors with modification on the acyl side chain of AHLs

As there is 70-80% sequence homology at the ligand binding domain of the LuxR-type of
proteins and some species share identical AHLs, cross QS communication from one species to

another is expected. The AHLs with short acyl chain length tend to act as antagonists in species
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which use long chain AHL. The C,-AHL, an agonist for RhIR (cognate receptor for P.
aeruginosa), AhyR (cognate receptor for 4. hydrophilia) and SwrR (cognate receptor for S.
liguefaciens) is an antagonist for LuxR (receptor for V. fisheri).”” Winan et al. studied activities of
AHL mimics against TraR in 4. tumefaciens WCF47A-tral derivative harbouring /acZ fusion as
their reporter strain. The Cs-AHL, a natural ligand for CciR in Burkholderia cenocepacia, was the
most potent inhibitor identified in this study (Table 1).”

Eberhard er al.”® and Greenberg et al.” independently studied the effect of synthetic AHLs
having various side chain and lactone ring modifications of 3-Oxo0-C6-AHL which regulates
LuxR system in V. fisheri. Compound 7 with chain length of C7 and lacking carbonyl at C3 was
found to be an inhibitor. From these studies, the authors suggested: (1) the 3-oxo group is
required for agonistic activity, (2) chain length longer than C5 results in inhibitory activity, (3)
introducing unsaturation into acyl chains results in only moderate agonistic activity, suggesting
the requirement of flexibility for binding (Figure 6).

Douthea and co-workers have synthesized a series of AHL analogs by introducing steric bulk
at the side chain”® and replacing the amide bond with either sulfonamide*’or urea®' functionality.
They tested the compounds in a strain harboring LuxR and /ux box from V. fisheri and the
luciferase gene cluster luxCDABE from Photorhabdus luminescens which produces luminescence
upon addition of exogenous AHL. In the first study, the effect of steric bulk on binding to LuxR
was studied. The cyclopentyl analaogue 8 with EDsy = 0.25 uM (equal to the natural substrate)
was the most potent agonist while the phenyl substituted 9 and 10 with ICso= 2 uM were the most
potent antagonists identified in the study (Figure 6).” Among sulfonamide group and urea series,
none had agonistic activity. The most active inhibitors from sulfonamide series are 11 (ICso = 2

uM) and 12 (ICso=3 uM) and from urea series are 13 (ICso= 1 mM) and 14 (ICso= 1.1 mM).
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