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Abstract: The continuing emergence of antibiotiesistant pathogens a concern to
human healtlandhighlightsthe urgent need for the development of alternative therapeutic
strategiesQuorum sensing (QSegulatesvirulencein manybacterial pathogenand thus,

is a promising target for antivirulence therapy whmgly inhibit virulence instead of cell
growth and division. This means that there is little selective pressure for the @valtiti
resistanceMany natural quorum guenching (QQ) agents have been identfiectover, it

has been shown that many microorganisms are capable of producing small molecular QS
inhibitors and/or macromolecular QQ enzymes, which could be regarded asegysfor
bacteria to gaitbenefits in competitiveenvironmens. More than 30 species ofarineQQ
bacteria have been identified thus far, but only a few of them have been intestideyl.
Recent studies indicate that enormousiumber ofQQ microorgaisms are udiscovered

in the highly diverse marine environments, and thesene microorganisrderived QQ
agents may bealuable resources for antivirulence therapy.

Keywords: quorum sensing quorum quenching marine; AHL-degrading activity;
antivirulence therapy antibiotic resistance
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CAI-1, Cholerae autoinducerl; EaC8-CAl-1, (2)-3-Aminoundee2-en4-one PQS Pseudomonas
quinolone signal 1QS, Integrating QS signal R-THMF, (2R49-2-Methy}2,3,34-tetrahy
droxytetrahydrofuran S THMF-borate (2S549-2-Methyl2,3,3,4tetrahydroxytetrahydrofurahorae;

DPD, 4,5Dihydroxy-2,3-pentanedione

1. Introductio n

Antibiotics are recognizedas effective antimicrobialagents for curing diseases caused by
pathogenicbacteria Traditional antibioticsare bactericidal or bacteriostatic by targeting essential
procesesfor bacterialgrowth including cell wall synthesis, DNA replication, RNA transcription and
protein synthesifl]. However, because of the lte-death selective pressure imposed on the tadget
pathogens, antibioticesistant strains are constantiperging.The inappropriate and excessive use of
antibiotics acceleratethe emergence of antibiotic resistantafortunately,in contrast to the rising
levels of antibiotic resistance, tlpace of novelntibiotic development has severely slowedhe
preceding few decades. Thigroblem leads to the urgent needfor the developmenif new
antimicrobial agents targeting virulenggoxin function and delivery, regulation of virulence
expression and bacterial adhesion) rather than the essential procesghsg#rpc microorganisnjd].
Theso-calledantivirulence therapynayimposelessselectve pressuren pathogenic microorganisn
and in theorydecreaseesistanc¢l].

Quorum sensing (QS) is processfor bacteria to communicate, regulate gene expresarw
synchronize social behavigrsuch as biofilm formation, bioluminescence and secretion of virulence
factors[2,3]. Hitherto diverse molecular mechanisms of sophisticated QS Ieseunraveled[2].

In particular, i has beerestablished that QS relgtes the secretion of virulence factors in many
pathogens, such &seudomonas aeruging€arwinia carotovora Vibrio spp. andBurkholderiaspp.[2].

In addition,these pathogeruse QS taegulatebiofilm formation which is a critical defense against
artibacterial drugs othe immune system o#& host. BecauseQS is not essential for the growth of
bacteria, quenching Qorum quenching, QQ) in these pathogens would disarm virulence rather
than kill thebacteria, whichmay considerablywveaken the seles® pressurénposedon the pathogens

and delaythe evolution of resistance toQdrugs. All of these features mak¥s an ideal target for
antivirulence therapfl].

Here we proviege anoverall summary of the uniformity and diversity of QS in microorganisaas
well as the QS circuits in some representative spetes.main QQ agents.e., small molecular QS
inhibitors and macromolecular QQ enzymese discussed. The current status and trends of
antivirulence therapy utilizing QQ resousceom the marineenvironmentare considered Based on
this knowledge, a critical appraisal and perspective of the resource for antiviruleheeenvironment
is presented

2. The Distribution of QS Systems inMicroorganisms

The termQS was first proposed to describe giftenomenon that marine bacteria., V. fischeri
and V. harveyj use signaling molecules (autoinducers, Als) as sensocelbtlensity so that the
population as a wholenay coordinatethe socialbehavior ofbioluminescencd4]. However, in
addition tocell density the concentration of Als in the natural environment is determineady
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other biotic and abiotic factorssuch as the spatial distribution of celésxd the diffusional
characteristics of the environmgBbt 9]. Redfield[5] proposed a concepf diffusion sensing (DS) to
challenge the previously assumed role of QS. She argued that cells employ Als tadidfssbes
propertieof the environmentand thereby determine when to prodowae costly secreted molecules
such as extracellular perse This may be less effective in the environment with a high diffusion rate
Anotherconcept ofefficiency sensingeS) wasintroducel in an attempt tanify both QS and D$5].

In particular, i has been demonstrated that even a single cell mayen@&tegulated behaviors by
physical confinementL0,11], which provides supportfor the hypothese®f DS and ES. However, QS
and DS are nadiametrically opposedand theutility of ES has been debatf#]12]. In addition, many
other hypothesesmphasizig differentfactorshave been suggestém compete or unite with QR&.3].
However, Plattet al. [13] argued that the introduction of new hypotheses would lead to confusion
rather tharclarification Therefore, it was suggested that the process@Sabuld beviewedbroadly
with full awareness ahe effects of environmentédctors[13].

Despite the presence distinct QS systems in different microorganisms, the fundampraaeésses
aresimilar. Initially, Als aresynthesized by Al synthasesd diffuseaway. When he concentrations
of Als increase ta threshold Als are detected by receptoSubsequently, the Abound receptors
activate the expression otlevant genesincluding Al synthasencoding genes. This results in a
positive feedback loopfor biosynthesis of Als, which madye able tgoromote thesynchronyamong
apopulation.

Increasing evidence has revealed that QS is prevalent in bacteria, fungi and archaea (Figure)l1, Table 1
For example, it is widely accepted thetacylhomoserine lact@s (AHLs) and autoinducing peptides
(AIPs) are mainly used b@ramnegativeand Grampositivebacteria for intraspecies communication,
respectively. Autoinducte2 (Al-2) signals are hypothesized to be used for interspeciesnunication
because AR prodwction and the synthase Lux$mologuesare widespread amon@rannegative
and Grarrpositive bacterigd14,15. However,many bacteria only produce &l but lack cognate
receptors. The two classes AF-2 receptorsLuxPQ and Lsireceptor, areestrictedto Vibrionales
representativeand pathogenic bacteria associated with endotheraspectively{16,17]. Therefore,
the QS role of LuxS protein erguable It may be onlya metabolic enzymmvolved inthe activated
methyl cycle(AMC) [18] in these bacterithat aredevoid of acompleteAl-2 signaling pathway16].

In addition to AF2, indolehas been suggested asiaterspecies signal moleculeecause it is shared
by 85 species of Grafpositiveand Gramnegative bacterifll9] (Table 1) However, some expéons
havebeendiscovered. One type of AHL -@xo-octanoyl homoserine lacton8@C8HSL), is utilized
by a Grampositive bacterium Exiguobacteriumsp. MPQ as a QS signaling molecule to regulate
biofilm formation and extracellular polymeric substancadprction[20]. In addition, peptiddasedQS
is also found in a hyperthermophilic Gramegative bacteriumThermotoga maritimg21], and
additionally inthe yeasiCryptococcus neoformarj22]. Furthermore, AHk are not the only signal
type employed by Gramegative bacteria. The diffusible signal factor (DSF) famMy,cholerae
autoinducerl (CAI-1) family and other particular signalsuch asPseudomonasjuinolone signal
(PQY9, integraing QS signal IQS) and pyrone signaare also employed by some Gramegative
bacteria(Table 1). Among thesenolecules the CAI-1 family is found mainly inVibrio spp.[23]
whereasthe DSF family commdg exists in some plant pathogensuch asXanthomonasand
Burkholderiaspp.[24]. Likewise,social behaviors namely filam&ation andbiofilm formation by the
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opportunistic fungal pathogel€andida albicansare regulated by farnesoland tyrosolbased
QS [25,26]. Moreover, it is striking that AHLsre presenin more microorganisms than originally
expected. Recently, a novetlpe of AHL, N-carboxytacyFhomoserine lactorse was found in a
methanogenic archam Methanosaeta harundinacea regulatets filamentous growtfj27]. Each of
these signal families Badifferent structures and igsal by different microbial groupsHgure 1,
Table 1). These diverse signalsnay allow microbial populatios to differentiatethemselvesrom
others so as to synchronize and coordinate social behaviors.

Table 1.Quorum sensin@QS) systems of microorganisn

QS Representative Associated
i ) Structure : _ Reference
Signaling Type Microorganisms Phenomena
IntraspeciesCommunication Signals

Various Grarmegative

Virulence, biofilm,

AiTradit C4C18,30C430C18 and bacteriajonly one i
" . swarming and [2,20
AHL 30HC430HC18 Grampositive bacteria: ) i
i i bioluminescence
Exiguobacteriunsp. MPO
Rhodopseudomonas Global
p-CoumaroyHSL i ) [28]
palustrisCGA009 gene expression
iNoncan CinnamoytHSL Bradyrhizobiunspp. Not identified [29
AHL IsovalerytHSL B. japonicumJSDA110 Not identified [30]
Archaeum :
N-CarboxylacyFHSL Filamentous growth [27]

Methanothrix harundinacea

Virulence, biofilm
Xanthomonaspp, and

DSF family Cis-unsaturated fatty acid ) i and antibiotic [24]
Burkholderia cenocepacia
tolerance
_ Vibrio spp. ad Virulence and
CAI-1 family UHydroxyketones , PP . . [233]]
Legionella pneumophila biofilm
Many Grampositivebacteria; Virulence, biofilm,
) ) ) ) _ only one Grarmegative sporulation and
AIP family Linear or cyclized oligopeptide ) ) [21,32]
bacterium: exopolysaccharide
Thermotoga maritima production
Quinolone or i Virulence and
PQS or IQS ) Pseudomonas aeruginosa . ) [33,34]
thiazole compounds biofilm formation
Pyrones U-Pyrones Photorhabdus luminescens Virulence [39
Interspecies andinterkingdom Communication Signals
A2 STHMF-borate Many Gramnegative and Virulence and (15
R-THMF Gramypositives bacteria biofilm formation
Enterohemorrhagic i
Al-3 Unknown o _ Virulence [36]
Eschericta coli (EHEC)
Many Gramnegative and Virulence and
Indole 2,3Benzopyrrole [19

Grampositives bacteria biofilm formation
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Table 1.Cont.
QS Signalsin Fungi
Inhibition or
Farnesol _ ) ) stimulation
Sesquiterpene or phenylethanc Candida albicans i , [25,26]
or Tyrosol filamentation and

biofilm formation

. Colony formation
Peptide NH>-NFGAPGGAYPWCOOH Cryptococcus neoforman ) ) [22]
in agar media
AHL: N-Acyl-homoserine lactonseAl-2: Autoinducter2; Al-3: Autoinducter3; AIP: Autoinducing peptids DSF:

Diffusible signal factarCAIl-1: Choleraeautoinduceil; PQS:Pseudomonaguinolone signallQsS: Integrating QS signal

Figure 1. Structures of representatiggorum sensing (Qjignals
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AHL: N-Acyl-homoserine lactonse Al-2: Autoinductet2; AIP: Autoinducing peptides
CAI-1: Cholerae autoinducetl; EaC8-CAI-1: (2)-3-Aminoundee2-en4-one DSF: Diffusible
signal factoy BDSF: Burkholderia cenocepacialiffusible signal factar PQS: Pseudomonas
quinolone signal 1QS: Integrating QS signal R-THMF: (2R49-2-Methyl-2,33,4tetrahy
droxytetrahydrofuran STHMF-borate: 2S49-2-Methyl-2,3,3,4tetrahydroxytetrahydrofuraborate
DPD: 4,5Dihydroxy-2,3-pentanedione.

In most cases, one species usually employs a single type of QS. However, sone repgcie
harbor multiple QS systemd-or example V. harveyiutilizes a fourchannel mtegratedQS system
(AHL-, CAI-1-, Al-2- and nitric oxide-dependenthannels)37,38], whereasV. fischeripossesses a
multichannel system (CBSL- and Al-2-dependent chamte) and an additionally LuxI/R circuit
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(B0C6HSL) [37]. P. aeruginosaemploys various QS systems, including wampleteAHL -dependent
QS circuits (Rhll/R and Lasl/R circuitsla 30C12HSL-responsive orphan receptor Qsck
Pseudomonaguinolone signal (RS)dependent QS, and a recently identifi@$ (integrating the QS
network signal, whichtogethercomposea hierarchical QS networo regulate virulence expression
and respond to environmental strE3339].

2.1 Characteristicsof AHL Molecuks

AHL -dependent QS existin many pathogenic bacteriéd typical AHL moleculeconsists of a
homoserine lactone and an acyl chaiith an even number of carbons (CA8) together with an
occasional modification at the C3 position (hydroxy or olefinic double bf#]d)The shortest and
longest AHLs found in naturare C4-HSL and C18HSL, respectivelyRecently some special AHLs
with novel structures have been discovered in Gnagative bacteria andrchaea and include
aryl-homoserine lactone p{coumaroyfHSL and cinnamoytHSL) [28,29], brancheethain fatty
acykhomoserine lactone (isovalemiSL) [30] andN-carboxytacykhomoserine lacton@7] (Table ).

The solubility, diffusbility and stabilization of AHLs are correlated with their structures. Generally,
the solubility and diffusbility will be increasedand the stabilization decreased along with the shorte
length of acyl chain of AHLs. For example, 3086L used byV. fischerishows higher solubility and
diffusibility which enabls diffusion inside and ouside of cells [2]. Conversely,30C12HSL in
P. aeruginosaan only be transported through efflux purfigls In addition, the modification at the C3
position (also termed thie p o smayincrease the solubility of AHLs. AHLs are susceptible to pH
and tenperatureof the surrounding environmentin fact akaline pH and high temperatwevill
promote the abiotic hydrolysis[40]. Therefore, it seems appropriate that the hyperthermophilic
Gramnegative bacteriumlhermotoga maritimautilizes peptides as the QS signal ratherthan
AHLs in its hydrothermal habitaf21]. Another case is thabf the photosynthetic bacteriym
Rhodopseudomonas palustriwhich uses an AHL synthase to produpecoumaroydHSL from
environmentap-coumaric acid, which is a plant mbtdite, rather than fatty acids from cellular pools
Thisindicates thaR. palustrisQSmight have evolved to fit its surroundifi2g].

2.2 TheDiversity andUniformity of QSSystems

The LuxI/R circuit in marine bioluminescenY. fischeri (Figure 2a) andhe integratedQS of
V. harveyiaregood examplgto explain how different Q8ircuitswork in a similar way (Figure 2b)
V. harveyipossesses sophisticatedQS system consisting of fouparallel channal i.e., LUuxM/N
(AHL -dependent)LuxS/PQ (At2-dependen), CgsA/S (CAt1l-dependent)2] and NOH-NOX/HgsK
(nitric oxide-dependent)38]. In AHL-dependent QSHAI-1 (SOHC4HSL) is synthesized by the
synthase LuxM. With AR-dependent QSDPD (4,5dihydroxy-2,3-pentanedione) is synthesized by
LuxS, andis spontaneously cyclized and hydrated to faRdiHMF andS- THMF (Figure 1) R-THMF
may be detected bgalmonella entera serovarTyphimurium directly[41], whereasin the presence
of boron STHMF is further catalyzedto form STHMF-boratethat can be utilied byVibrio species
as the A{2 signal In CAI-1-dependent QFaC8-CAlI-1 is synthesized by Cqsj¥2]. The cognate
receptors LuxN, LuxPQ, and CqgsS ardumctional twecomponent enzymes that possess both kinase
and phosphatase activitigg. LuxP is aperiplasmic protein in complex with LuxQ; the former detects
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signals and the latter transfephosphatg?2]. In the NOresponsiveQS,NO is sensed by FNOX and
the NO/H-NOX complexregulates kinase and phosphatase activitfddqsK [38]. LuxR andAphA
are the primary and secondamaster regulators &S inV. harveyj respectively. At low cell density
(LCD) or low NO concentration, psphate from unliganded receptorare transduced to a single
phosphotransfer protein Luxland subsequentiyto LuxO. FhospheLuxO, together with a sigma
factor (°*, activatesthe transcriptios of five small regulatory RNAsSmall RNAs repress the
translation of LuxR and activate the translation of Afl844]. At high cell density(HCD) or high
NO concentration, phosphates are conversely transferred to th®@-Atthd receptors and thereby the
production of AphA is depressed whereas LuxR protein is maximally produced to regulate the
expression of target gengg. Actually, LuxR is also present at LCD, whereas little or no AphA is present
at HCD[45]. The two mater regulators AphA and LuxR regulate 167 genes and 625 genes, respectively,
and coregulate 77 genes, thereby generating a precise temporal pattern of gene g}ilession

Intriguingly, the biosynthesis pathways of AHLs,-Bland CA}1 are related to ehcother and
involved in the AMG which is an important metabolic pathway responsible for the generation of
the cell major methyl donorS-adenosylmethionindSAM) and the recycling of methionine by
detoxification ofS-adenosyl.-homocysteine (SAH) (Figur2c). AHL is synthesized fronsAM and
acyl carrier protein (acyhCP) by Luxl-type synthasd2]. The structurally conserved homoserine
lactone of AHL molecule is derived from SAM whereas the variable acyiktagsembled from fatty
acid CAI-1 is synthegied from SAM andacylcoenzyme A via a multistep reaction involving CsgA,
pyridoxal phosphatase (PLRNnd VC1059[23]. CAI-1 and EaCAl-1 containsingle threecarbon
units, being derived from SAM andsubsequentlyattaché to an acyl tail. In Al2 biosynthsis,
the release of the activated methyl group from SAM to an acceptor molecule gives rise to a toxic
intermediate, SAH, which is converted bijgethylthioadenosine/sadenosylhomocysteine nucleosidase
(MTAN/Pfs) to Sribosylnomocysteine (SRHJ46]. LuxS catalyzes the cleavage of SRH to
homocysteine and DRWhich further undergoes spontaneously cyclization and hydration reactions to
be matureAl-2 [46]. Unlike AHLs and CAl1, all the carbons of DPD are derived from SAM

All of the discovered QS circuits share three critical steps:

(1) production of signal molecules,
(2) release of signal molecules, and
(3) recognition of signal molecules by recest

In most cases, theuxR-typetranscriptional regulator@re ablgo activate target geneshereaghe
EsaRin Pantoea stewartifunctionsas atranscriptional repressotnliganded EsaR binds DNA and
represses transcriptionh& binding of Alto EsaRpromotes DNA release artderebypromotes gene
expressiorf47]. Also, QS in Grampositive bacteria contains three stepnliké AHL-dependent QS,
AIPs are secreted tthe environment by specialized transportarsd subjected tgposttranslation
modificationto becomemature linear or cyclized AIR&uring transpor{32].
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Figure 2. Representative QS circuits and autoinducer biosynth@git.uxI/R circuit of
Vibrio fischeri. OM: outer membrandM: inner membraneg(b) QS circuit ofV. harveyj
(c) Biosynhesis ofN-acylhnomoserine lactong®\HLS), V. choleraeautoinducerl (CAI-1)
analogsand4,5-dihydroxy-2,3-pentanedion€éDPD). Differently colored carbonsitrogers
and xygers show where they are derived. See details in the text.
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3. Natural Quorum Quenching Resources

Quorum quenching is now referred &s the interferencewith QS and mayreverse the QS
regulated phenotype such as virulence. BecauseQS is not essential for the growth of bacteria,
guenching Q3as beemecommended as a promising stggtéor antivirulence therapy. In particular,
diverse QQ agents have been identified from various sources and orgalisohishe QQ agentsay
be classified into two groups according to their molecular weighg., small molecular and
macromolecular Q@gentswhichare also referred @sQS inhibitorsandQQ enzymesrespectively.

The wordiquorum quenchingo and AQS inhibitorso
degradation of AHL signald48] and inhibition of QS by small molecular antagoni$t)],
respectivel y. Her e, in order to avoid a semant

most extensive connotation to describe any forms of interference with QS, including QS inhifutors
QQ enzymes

3.1. SmallMolecular QQAgents

There is abundanliterature abouthe identification of novel and effective QS inhibitors from
natural products and synthetic molecul®dultiple methods have beeapplied to identify QS
inhibitors purification from crude extracts afandidate organismsandom and higithroughput
screeningof QS inhibitors from compound librarieand computeraided screening from 3D structure
libraries of known compoundsHowever, QS biosensors, which are genetically manufactured strains
that express reporter genesg(, lacz, gfp or IuxCDABEQ in response to specific QS signals, are
potent andndispensable tools for identifying QS inhibitors.
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Natural QS inhibitors with highly diverse structupesssess inhibitory activities agaidsgtiL, PQS,
Al-2 and AlRdependent Q$%Table 2). t is notablethat there are some unusual forms of interference
with QS. Becausdhe virulencefactors of many pathogens are regulated positively by QS, it is
reasonable to control pathogeniclly inhibiting QS. On the contrary, the orpheatepbr QscR of
P. aeruginosa[50] and CAll-dependent QS iV. choleme [51] are negativelycorelated with
virulence, which means thdtese two particular pathways should be activated rather than inHimited
reducing virulenceVarious syntheti@agoniss of each circuit have been identifi§sli 54]. However,
natural compounds with this activity have not yet been found except for somespondingAls
analog, e.g.,30C10HSL for QscR and E&€8-CAI-1 for CqgsS ofV. choleae Therefore,specific
screening wrk could be carried out &xplore morenatural QS inhibitors.

3.1.1 Marine-Derived Inhibitors againsaHL -Dependent QS

AHL -dependent QS inhibitors account for the largest proportion of natural QS inh{Biade 2).
Marine-derived QS inhibitors have déen found in marine dteria, fungi, algae, bryozoan, caal
and sponge

Anincreasing number of stigsindicate that marine cyanobacteria havedn@e one of the richest
resourcedor biologically active and structurally unique natural products. Many.Aldpendent QS
inhibitors with divergenstructures have been discovered in several spetiemrine cyanobactexi
(Table 2). The tumonoic acids (E, F, G and H), which have been isolatmd Blennothrix
cantharidosmuminhibit the bioluminescence d¥. harveyiBB120 without affecting bacterial growth
Here,tumonoic acid Fs the most activenoiety (ICso of 62 eM) [55]. Moreover,Lyngbya majuscula
produce four different compands,includingmalyngolide (MAL), 8epimalyngamide C, lyngbiacid
and lyngbyac acid, which inhibit LasR of P. aeruginosarespondingto exogenous 30C1ASL [56].
Interestindy, honaucirs A1 C [57], isolated fromLeptolyngbya crossbyanaossessiuatinhibitory
activity againstboth QS and inflammation, whiclmay represent a new stegy for developing
multi-functioral drugs. It is noteworthy that marine cyanobaet@roduce many different kinds of
AHL -dependent QS inhibitorand most likelyhave evolved mechanisms to control the associated
microbial communities by interfering witheir celtto-cell communication

Table 2.Natural QS inhibitors

Category Species Inhibitor Target Reference
Marine -Derived I nhibitors againstAHL -Dependent QS
Actinobactera Streptomycesp. Piericidin Al CviR [58]
N-(2-Phenylethyl}

. : . . . LuxR, CviR and
Bacteria Halobacillus salinus isobutyramide and-®1ethykN- [59,60]

i Vibrio harveyi
(2-phenylethyl}butyramide
Chromobacterium

Bacteria Bacillus cereu$28 Cyclo-L-proline-L-tyrosine _ [60]
violaceum
Bacteria Marinobactersp. Sk3 Diketopiperazines (dkps) CviR and LuxR [61]
. Brominated alkaloids
Bryozoan Flustra foliacea CepR and LuxR [62]

compounds
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Table 2.Cont.
Pseudoplexaura
Coral flagellosaand Cembranoid LuxR andV. harveyi [63,64]
Eunicea knighti
Cyanobactea Blennothrix Tumonoic &id F V. harveyi [55]
cantharidosmum ' y
8-Epi-malyngamide C and
Cyanobactea Lyngbya majuscula P y g _ LasR [65]
lyngbic acid
Cyanobactesa L. majuscula Lyngbyoic acid LasR [66]
Cyanobactea L. majuscula Malyngolide CviR and LasR [56]
Leptolyngbya
Cyanobactea prolyngby Honaucirs Ai C LuxR [57]
crossbyana
Cyanobactesa Lyngbyasp Pitinoic acid A LasR [67]
Cyanobactea Lyngbyasp. Pepitdes (microcolins A and B LuxR [68]
i Penicillium
Fungi Crude extracts LasR [69
atramentosum
Ahnfeltiopsis Floridoside, betnicine and
Red algae _ R TraR [70]
flabelliformes isethionic acid
Manoalide, manoalide
Sponge Luffareilla variabilis monoacetate, and LuxR and LasR [74
secomanoalide
Sponge Hymeniacidon aldis Alkaloid (hymenialdisin) LuxR and LasR [68]
Terrestrial -Derived Inhibitors againstAHL -DependentQS
_ Staphylococcus
Bacteria . Yayurea A and B LuxN [72]
delphini
_ Stenotrophomonas . _ . .
Bacteria . Cis-9-octadecenoic acid CviR [73
maltophiliaBJO1
Bacteria Pseudomonasyp. Protoanemonin LasR [74]
Fungi Aspergillus spp. Kojic acid LuxR [68]
Fungi Pencillium spp. Patulinand Penilillic acid LasR and RhIR [79
. . C. violaceumLasR
Insect productions Bee Honeyand popolis [76,77]
and RhIR
Insect: fire ant Solenopis invicta Solenopsin A rhl circuit [78]
Baccharis i
Plant i ) Benzopyran CviR, LuxR and LasR [69]
cassinaefolia
Plant Syzygium aromaticum Eugenol CviR, LasR and PQS [79
Plant alfalfa Medicago sativa L-Canavanine CviR andExpR [80]
Plant Combretaceae Combretum albiflorum Catachinandnaringenin CviR and RhIR [81,82
, Centratheum ) Pseudomonas
Plant Compositae Sesquiterpene lactones i [83
punctatum aeruginosa
Plant garlic Allium sativum Ajoene LuxR family [84]
Plant horseradish ~ Armoracia rusticana Iberin Lask andRhIR [85
Plant Myristicaceae Myristica cinnamomea Malabaricone C CviR [86]
Plant tree Drimys winteri A drimane sesquiterpene C. violaceum [87]
Plant turmeric Curcuma longa Curcumin CviR [89]
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Table 2.Cont.

Plants Variousplants p-Coumaric acid PpuR, CviR and TraR [89
P. aeruginosaand

Plants andbacteria Conocarpus erectus  Ellagitannins ad urolithins - . [90,91]
Yersinia enterocolitica
Roundworm Caenorhabditis elegan Exudates LuxR [92
_ Chlamydomonas ) . L .
Soil-freshwater alga i N Lumichrome Sinorhizobium meliloti  [93,94]
reinhardtii
) P. aeruginosaand
TCMs* Rhubarb Emodin . [95]
S maltgphilia
TCMs Scutellaria baicalensis Flavonoid (baicalein) TraR and RhIR [96]
Inhibitors against PQSSystem
Fungi Candida albicans Farnesol (sesquiterpene) PgsA [97]
Inhibitors againstAl -2 and Al-3 System
Marine alga Delisea pulchra Furanone ands derivatives LuxR and LuxS [98,99
Cinnamaldehyde and ,
Plant Many plants ) o LuxR and Al2 [10Gi 102]
its derivatives
Plant Broccoli Quercetin Al-2 and Al3 [103
Plant Grapefruit Limonoids (obacunone EHEC [104

Inhibitors againstAIP System
Cyclic dipeptides: cycletPhe

Bactera Lactobacillus reuteri agr system 10
L-Pro) and cycla(-Tyr-L-Pro) grsy 108
Cyclodepsipeptides
Marine bacteria Photobacterium y P .p P agr system [106]
(solonomide a, b)
Plant witch hazel = Hamamelis virginiana 2,5-di-O-galloyl-D hamamelee RNAIII [107

* TCMs: traditionalChinese medicines

Other marine microorganisms also produce QS inhibitors (Table 2). Thegasitive bacterium,
Halobacillus salinus produces two compounds, nameN-(2-phenylethyhisobutyramide and
3-methykN-(2-phenylethyl}butyramide, which are capable of inhibiting violacein biosynthesis of
Chromobacterium violaceudVV026 and GFP production &scherichia coldB525 in the presence of
exogenous AHL$59]. Both GrampositiveBacillus cereusind GrarmnegativeMarinobactersp. Sk3
produce diketopiperazines (DKPs) which inhibit Aldependent Q$650,61]. Additionally, piericidin
derived from marine actinobacteria inhibits violacein biosynthess inolaceumCVv026[58,10§.

Another source for QS inhibitors is magimalgae. The red ald2elisea pulchrgoroduces a number
of halogenated furanones with antifouling and antimicrobial propef88409. Furanones are
supposed to bind AHL receptors due to the-fivembered lactonsecaffold structurally similar with
AHLs. A series of synthetic derivatives of native furanones have been reported to interfere with
AHL-mediated QS in many bactef@9,11(. It was suggested that furanones may act to destabilize
the AHL-dependent transcriptional activator LuxR\Wffischeri[111] and attenuate the DNBinding
activity of LuxR ofV. harveyi[117Z. Moreover, it has been found that furanones may affect tiiz Al
circuit in Gramnegative and Grasositive bacteria by covalently modifying and inactingtAl -2
synthaselLuxS [113. The protectve effecs of halogenated furanones rotifers, brine shrimp and
rainbow trout against pathogenibrio species[114i 116] andin mice against. aeruginosaung
infection [117] have been demonstrated, though some furanones were timdretoxic to rainbow



Mar. Drugs2014 12 3256

trout, rotifess and human fibroblast{115116. Therefore, studiebavefocused on the synthesis of
more effective and less toxic furanone derivatitrest may promotetheir commercial or therapeutic
use. Except for furanones, a mixturefbdridoside, betonicine and isethionic acid, producedhay
marine red alg Ahnfeltiopsis flabelliformesnay also inhibitthe reporter strairA. tumefacien®TL4
(pCF218) (pCF372) responding to 3GB6L [70]. In addition, extracts of several marine mialgae
are capable of inhibiting the Q& pendent responses of reporter str&insoli JB523andV. harveyi
JMH612[118.

3.1.2 TerrestriaiDerived hhibitorsagainstAHL -Dependent QS

Various natural productfom a wide range of terrestrial organisimave beendemonstratedo
showinhibitory activity against AHkdependent QSViost of these bioactive substances are derived
from plants althoughsome originatdrom bacteria, fungi and insecf$able 2). Many healthbenefit
food sources and traditional meidies, such as fruits, herbs and medicinal plahésie received
special attention apotential sources of QSnhibitory compounds.However, only a few of the
compounds have been isolated or structurally and biochemically iden#iagriety of phenolic
compoundsshowed inhibitory activity against AHdependent QSAmong them,the flavonoids
comprise a wellstudied group.Flavonoids are widely produced by planasd also exist in
plantrelated products, e,gpropolis and honey[119. Flavonoids display mny pharmacological
activities and present structural divergeftgd. The flavan3-ol catechin isolated fromCombretum
albiflorum bark, is the first identified flavonoid compourahdis capable of reducinthe production of
virulencefactors inP. aerugnosaPAO1 by interferingvith RhIR [81]. Severabtherflavonoidsfrom
citrus andtraditional Chinese medicinemhibit QS in bacterig82,106,120] Additionally, honey and
propolisareable to interferavith QS inC. violaceumandP. aeruginosarespectrely, which may be
attributedto the high abundance @&vonoids in honey and propolid19. Hydrolysable tannins are
another group of phenolic compoundkagitannins otanninrich fraction from various plants showed
QS inhibitory activity againgt. violaceumor P. aeruginosg490,91].

3.1.3 NaturallnhibitorsagainstOther QSSystems

Compared with the plentiful natural AHllependent QS inhibitors, natural inhibitors against other
QS systems are rarely reported (Table 2). Pejtédded compounds antet phenolic compound
hamamelitannin are capable of blockiagr-dependent QS obtaphylococcuspp.[105i 107]. It is
striking that farnesol (a common sesquiterpene), applied by the opportunistic path@di@nansas a
QS signal, inhibits the PQS circut P. aeruginosay promoting nofproductive interaction between
PgsR and theqgsApromoter[97]. It was suggested that farnesol may play a role in interkingdom
communications[97]. Besides farnesol, two other sesquiterpene derivatives, drimendiol from
Drimys winteri and sesquiterpene lactones fr@dentratherum punctatunfArgentine herb), were
identified as AHLdependent QS inhibitor$83,87]. Referring to the AR system, furanone,
cinnamaldehyde and their derivatives may be the most effective inhiditonsamaldehyde (CA) is
widely used as a flavoring substance in food chemigi(. Low concentrations of CAvere
previously found to be effective at inhibiting both AHL andZ2Hependent QS . harveyi[101].
Subsequently, mobility shift assays rakezl that CA could decrease the Di¥ding ability of LuxR



Mar. Drugs2014 12 3257

of V. harveyi CA and its analogs could increase significantly the survival of the nematode
Caenorhabditis elegansbrine shrimp and giant freshwater prawwvacrobrachium rosenbergii
infected wih pathogenid/ibrio spp.[100,102,121]

3.1.4 Evaluation of Natural QS Inhibitors

Over thelastdecademanynatural substances have been evaluated for their ability to intestbre
QS. QS inhibitorsisolated from natural products are excellent resowrc®r developing potent
antivirulence drugs insofar athey may provide novel scaffolds for drug design. The natural
D. pulchrafuranone compoundsreunable to inhibit the QS d?. aeruginosabut modified furanone
analogs enhancethe inhibitory effectiveness against this organism[117]. Honaucin A from
the cyanobacteriunheptolyngbyawas recently identified aan inhibitor against QS oW. harveyi
and V. fischeri [57], whereas two synthesized honaucin A derivatefgrothohonaucin A and
4-iodohonaucinA, showed arincreased QS inhiloty activity of nearly 30fold compared to that of
honaucin A[57]. Despite these remarkable discoveries, three factors hinder the development of novel
antivirulence therapies basedthese bioactive substances.

Firstly, there is an increasing requirement for standardization to verify the true QS inhibitory
activity. In some cases, the QS inhibitory activities of bioactive substances have been challenged
because ofhe lack of suitablemethodologes SeveralQS reporter sains are widely used to identify
QS inhibitors.Recently, Defoirdtet al. [122] detailed the inherent drawbacks of these asdays.
reporter strains, th@Sregulated phenotypes are ofterdependent on other factors and/or depend
on the metabolic astty of the cells and maythus be directly interferedwith by candidate
compounds. Hence, the same biosensor strain with -mdgpendent expression of reporter genes
should be usetbr adequate control experiments to vetifiatthere is no effect impesl by candidate
compounds on the particular phenotyfdditionally, QS-regulated phenotypes may be affected if the
candidate compounds are toxic against reporter strains. In most cases, toxicity is only assessed b
evaluating the effect on growth in a cplex growth medium, which may cause false positives. For
example, pyrogallol was fourtd becapable of inhibiting bioluminescence ivaharveyiluxN mutant
without affecting growth in a complex medium and therefore claimed as-2nQ8 inhibitor[123.
However, it was subsequently found that pyrogallol inhibited bioluminescence edmessed
constituently in an engineered straamd the pyrogalletelated effect was abolished by the addition of
catalasd124. The apparent QS inhibitory activity of pgallol was demonstrated as a side effect of
peroxide productiofil24]. Hencemoresensitive toxic assays towards bacterial @lsequired127.

Secondly, further studies on natural crude extracts with identif@8 inhibitory activity are
required.In many cases, the precisempoundf the bioactive moleces have not been elucidated.

As mentioned above, natural inhibitors are resouroesdrug design to developnore potent
antivirulence drugs, andupfication of individual compounds is necesgao improve thdikelihood of
understandinghe mechanisms of inhibitiof39].

Moreover, the active mechanissnof these compoundare poorly understoodSuccessful drug
design relies much on the knowledge of molecular mechanism of the connection betineesigmals
or inhibitors and synthase or receptor, such as binding sites, conformational eclaauag affinity
change Currently, the Xray crystal structures of some AHiound LuxR-type receptors and
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computational protein docking methods provide powerfabls to determine the molecular
mechanisms of interaction. However, the molecular mechanisroslypfa feweffective natural QS
inhibitors have been studied in depth. The lack of information of binding interactions has thwarted the
rational design of a are potent QS inhibitor.

3.2 Macromolecular QQAgents

Various macromolecular agentsve beenfound to possess the capability to quench Q@Blike
smallmolecularQS inhibitors, mcromolecular QQ agents intedenith QS mostly through degrading
signalsrather thancompetitivdy binding to signakreceptorsMost of the identified macromolecular
QQ agents target the AHtlependent QS, although enzymatic degradations of DSF, PQS -@nldafé
also been reporte@®acillus Staphylococcuand Pseudomonaposses DSF inactivation activity125.

The 2,4dioxygenase, Hod, involved in quinaldine utilization pathwasritirobacter nitroguajacolicus
is able to cleave PQR.2q. In the Lsrtype Al-2 system cytoplasmic enzyme Lsri§ responsible for
phosphorylation ©AI-2 and phospheAl-2 is unstable[127. When LsrK is artificially provided

in vitro, the extracellular phosphehl-2 molecules canndie transported into cells arde degraded
overnight. Lsrkmediated degradation of A attenuate the QS responsen S enterica serovar
Typhimurium andv. harvey [127].

To date many macromolecular QQ agents against AbHépendent QS have been reported.
GenerallyQQ enzymesarea major portiorof the macromolecular agentalthough a fewantibodies
have beergeneratedd interfere with AHL-dependent QS througsequestration or hydrolyzation of
AHLs [39]. Enzymatic degradation of AHLsS has been extensively stucaed found in many
organisms including mammals, plants, fungi, achaea and ba¢893iB28, although the gerse
responsibldor AHL-degrading activity in plants and fungi have not been identified. A comprehensive
summary of AHLdegrading bacteria with marine or terrestrial origin was provided in our previous
publication[129.

AHL -degrading enzymemay be classied into three major types according to their enzymatic
mechanisms: AHL lactonase (lactone hydrolysis), AHL acylase (amidohydrolysis) and AHL oxidase
and reductase (oxidoreduction). AHL lactondsglrolyzes the ester bond of AHL yielding the
correspondingN-acykhomoserine. This hydrolyzatiomay also occur spontaneously at alkaline, pH
andmay bereversed under acid pH0]. AHL acylase hydrolyzethe amide bond of AHL to yield a
homoserine lactone and the corresponding fatty acid chain, whereas AHL @idasaluctase usually
catalyzes a modification of AHLs. In most cases, AHL lactonases require metal ions (except AiiM and
QsdH) and target both short and long acyl chain AHLs. Unlike lactonases, acylases exhibit substrate
specificity based on the lengthtbeacyl chain and t he s ghbAHLchainut i on

3.2.1 AHL Lactonases

To date, approximately 30 types of AHL lactonases have been identified (éowcppdicted AHL
lactonases or highly similar enzymes in one genus). Accordirthet amino acid sequences, these
lactonases belong tihe metallob-lactamase superfamilghe phosphotriesterase (PTE) family and
other particular familiesHigure &). Among them, the AHL lactonases tbk metallob-lactamase
superfamilyhave beemostextensively studied, and are widespread in various bacterial species. The
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metallob-lactamase group may be further classified into several cluster#iiA, AidC and a novel
marine AHL lactonase clust¢t3( (discussed in depth later on) accordinghe phylogenetic tree
(Figure 3a).

Figure 3. Neighbourjoining treeof N-acylhomoserine lactone (AHLYnzymesbased on
amino acid sequencdsach of these AHL lactonases was experimentally identified, except
the members named wititcession number @enbak (bold). MomL, MomA and Murru
3261 were identified by us recently (blue colorethe dendrogram was constructed by
neighborjoining method withthe MUSCLE programin the MEGA software package
(1000 bootstrap replicatedBootstrap coefficients below 50%ere not shown. Scalear,

0.1 substitutiongperamino acidposition.Marine clusters were colored in blua) Treeof

AHL lactonase; l§) tree of acylase. ND: not determined.

The first identified AHL lactonase AiiA (autoinducer inactivation) fr8acillus sp. 240B1 belongs
to the metalleb-lactamase family. AiilA was initially thought to hydrolyze the amide linkage between



