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Abstract:

 Bacteria respond to different small molecules that are produced by other neighboring bacteria. These molecules, called autoinducers, are classified as intraspecies (i.e., molecules produced and perceived by the same bacterial species) or interspecies (molecules that are produced and sensed between different bacterial species). AI-2 has been proposed as an interspecies autoinducer and has been shown to regulate different bacterial physiology as well as affect virulence factor production and biofilm formation in some bacteria, including bacteria of clinical relevance. Several groups have embarked on the development of small molecules that could be used to perturb AI-2 signaling in bacteria, with the ultimate goal that these molecules could be used to inhibit bacterial virulence and biofilm formation. Additionally, these molecules have the potential to be used in synthetic biology applications whereby these small molecules are used as inputs to switch on and off AI-2 receptors. In this review, we highlight the state-of-the-art in the development of small molecules that perturb AI-2 signaling in bacteria and offer our perspective on the future development and applications of these classes of molecules.
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1. Introduction


1.1. A Paradigm Shift from Bactericidal and Bacteriostatic Agents to Anti-Virulence Agents

Bacteria have developed sophisticated mechanisms to render almost any antibiotic harmless. There is a paucity of newly approved US Food and Drug Administration (FDA) antibiotics and the newly approved antibiotics share similar chemical motifs to existing drugs, meaning that these so-called newer drugs would ultimately succumb to bacterial resistance [1–3]. Bacteriostatic or bactericidal drugs put evolutionary pressure on pathogens to develop resistance and so a new strategy to treat bacterial infections, which does not involve the killing of bacteria but rather curb bacterial virulence, is needed [4]. It is evident that bacterial virulence production and biofilm formation are sometimes controlled by quorum sensing (QS, see Figure 1) [5–7], a system bacteria use to communicate and respond as a collective but not critical to individual vitality. Bacterial QS was discovered almost half a century ago. In 1965, a hormone-like cell product was discovered in S. pneumoniae [8] and was later identified as autoinducing peptide [9]. The term quorum sensing was first defined by Nealson and co-workers in 1970 to describe the production of light by V. fischeri at high cell densities (i.e., a population-dependent process) [10,11]. Nealson and co-workers then postulated that the bioluminescence from V. fischeri was regulated by molecules, called “autoinducers”. Subsequently, several autoinducers (both intraspecies and interspecies) have been identified.

Figure 1. (a) Increased concentration of autoinducers in bacterial biofilms promotes the synthesis of biofilm matrices, such as adhesion proteins and polysaccharides, which are required for the maintenance of the biofilm structure; (b) Autoinducers repress the production of virulence factors as well as the synthesis of the components of the bacterial secretory system, such as T3SS, in some bacteria (for example, AI-1, AI-2 and CAI-1 represses T3SS gene expression in V. harveyi [12]).
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Due to the pivotal role played by quorum sensing in bacterial pathogenesis (virulence expression) and resistance (biofilm formation), quorum sensing receptors have emerged as potential targets for anti-infective therapy.

Because autoinducers (AIs) are the signaling molecules in QS, one can reasonably assume that antagonists of AIs would reduce toxin production and biofilm formation in some bacteria. It is however worth mentioning that bacterial toxin production and biofilm formation could also be regulated by other pathways, other than QS, so anti-QS agents should not be considered as panacea for reducing all toxin production and biofilm formation. There are three major classes of autoinducers (Figure. 2): AI-1 (AHLs) [13], oligopeptides/AIP (autoinducing peptide) [9,14] and AI-2 [15]. There are also other bacterial signaling molecules that do not fall under the above three classes, such as PQS (P. pseudomonas quinolone signal, 2) [16], γ-butyrolactone [17,18], CAI-1(5) [19,20], DSF (diffusible signal factor, 6) [21], 2-AA (2-amino acetophenone, 7) [22], DKP (diketopiperazine, 8) [23], IQS (10) [24] and CSP (competence stimulating peptide, 9) [25]. Except AI-2, which is the term for interconverting equilibrium mixture of compounds derived from DPD, other AIs are species-specific. For example, AI-1 mediates species-specific Gram-negative bacteria QS [26], oligopeptides are found in Gram-positive bacteria [27], PQS is one of the QS signaling molecules in P. aeruginosa [28], and CAI-1 is produced by vibrios [29]. Interestingly, AI-2, which is found in many (~70) species of both Gram-negative and Gram-positive bacteria, is an interspecies autoinducer and goes by the moniker “universal autoinducer” [30]. Plausibly, AI-2 inhibitors could have broad spectrum anti-quorum sensing properties and be used in synergy with other antibiotics [31]. For phenotypes that are regulated by the AI-2/LuxS system, the reader is referred to an excellent review by Xavier et al. [32] and Table 1.

Figure 2. Possible AI-2-based druggable targets. (1) LuxS; (2) AI-2 transporter (such as LsrB); (3) efflux pump for AI-2; (4) extracellular receptor for AI-2 (such as LuxP); (5) intracellular receptor for AI-2; (6) AI-2-regulated transcription factor or repressor (such as LsrR); (7) small regulatory RNA (sRNA) mediated quorum sensing (QS) circuit.
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Table 1. Some bacterial virulence determinants, which are regulated by AI-2/LuxS.


	Organism
	Signaling molecules
	Receptors
	Phenotype





	E. coli
	AI-2
	LsrB, LsrR
	Motility [33], biofilm formation [34]



	S. typhimurium
	AI-2
	LsrB, LsrR
	InvF [35]



	S. aeurus
	AI-2, AIP
	AgrC, AgrA
	Biofilm formation [36]



	S. anginosus
	AI-2
	unknown
	Susceptibility to antibiotics [37]



	M. catarrhalis
	AI-2
	unknown
	Biofilm formation and antibiotic resistance [38]



	H. pylori
	AI-2
	TlpB
	Motility [39]



	V. cholerae
	CAI-1, AI-2
	CqsS, LuxP
	Biofilm formation, virulence factor production and protease [19,40]



	V. harveyi
	HAI-1, CAI-1, AI-2
	LuxN, CqsS, LuxP
	Bioluminescence, biofilm formation, colony morphology, siderophore production, type III secretion and metalloprotease production [12,41,42]



	V. fischeri
	3-oxo-C6-HSL, C8-HSL, AI-2
	AinR, LuxP, LuxR
	Bioluminescence [43]



	Y. pestis
	3-oxo-C8-HSL, 3-oxo-C6-HSL, AI-2
	LuxR homologue
	Virulence factor expression [44]



	A. actinomycetemcomitans
	AI-2
	RbsB, LsrB
	Optimal growth under iron starvation and biofilm development [45]










1.2. Inhibition of Quorum-Sensing as an Anti-Virulence Strategy

In the last decade, attempts have been made to find or develop inhibitors for different receptors (shown in Figure 2), which are involved in the production and perception/response to AI-2. This review aims to highlight the current understanding of AI-2 signaling in bacteria and provide examples of small molecules, which have been shown to inhibit AI-2 signaling in bacteria. For excellent reviews on the inhibition of signaling by other autoinducers, see those by Blackwell, Spring or Federle [46–48].




2. Synthesis of AI-2


2.1. Biosynthesis of AI-2

The primary biosynthetic route to AI-2 in bacteria has been established as the LuxS-catalyzed production of 4,5-Dihydroxy-2,3-pentanedione (DPD) from S-ribosyl-l-homocysteine/SAH (19, Scheme 1) [30,49–51]. Upon the formation of DPD, it spontaneously cyclizes into different isomers that are in equilibrium with each other (see Figure 3). LuxS homologues exist in about 50% of all sequenced bacteria (both Gram-negative and Gram-positive) [52]. It is worth noting that LuxS is a dual function enzyme, which not only produces AI-2 but also participates in activated methyl cycle (AMC). Hence, it is still a matter of debate whether AI-2 is a bona fide AI or just a metabolite in AMC [53].

Scheme 1. (a) Biosynthetic route to DPD; (b) Mechanism of LuxS-catalyzed transformation of SRH into DPD (Adapted from [55] with permission. Copyright 2009, Elsevier).
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Figure 3. Autoinducer molecules. AI-2 is a term used to described DPD and isomers in equilibrium [49,56].



[image: Ijms 14 17694f3 1024]





Another pathway to AI-2, which does not involve the activated methyl cycle, has also been proposed. It has been shown that in the presence of acid, both DPD and 4-hydroxy-5-methyl-3(2H)-furanone (HMF, 33) spontaneously form from d-ribulose-5-phosphate (Ru5P, 26) (Scheme 2b) [54]. MHF has been shown to have moderate effects on bioluminescence in V. harveyi [50]. Ru5P is formed during the catabolism of glucose via the oxidative pentose phosphate (OPP) pathway (Scheme 2a).

Scheme 2. (a) Generation of d-ribulose-5-phosohate in the OPP pathway; (b) Degradation pathway of Ru5P to form 4,5-dihydroxy-2,3-dipentadione and HMF.
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Using an E. coli mutant, which degrades glucose exclusively through the OPP pathway, Tavender and coworkers showed that culture supernatants had modest activity in a V. harveyi bioassay [57]. This suggested that DPD had been generated via an alternative, non-enzymatic, pathway. It has been suggested that in some species that lack LuxS, such as the Oomycetes Phytophthora and Pythium, Ru5P could be a good source of AI-2 [43]. Kong and coworkers have shown that supernatants from these bacteria, lacking luxS, could stimulate an AI-2-mediated response (bioluminescence) in V. harveyi [58]. Nichols and coworkers have also demonstrated Ru5P as a LuxS independent source of DPD in the thermal-resistant bacteria, T. maritima [59]. While T. maritima produced AI-2, it did not respond to that which was exogenously supplied. AI-2 may serve as metabolic byproduct in some species but there is much evidence supporting its role in the repression and activation of a wide range of genes [60]. Therefore, there are interests in small molecules that can antagonize the biological effects of AI-2 in bacteria.



2.2. Chemical Synthesis of AI-2

Unlike AI-1, for which several groups have reported various analogs that are effective QS inhibitors, the development of AI-2-like analogs that have biological effects had lagged behind until the recent works of Janda [61–64], Sintim [65–68], Doutheau [69], Meijler [70] and Ventura [71]. Over the last decade there have been numerous reported syntheses of AI-2 and AI-2 analogs. Notably, the first chemical synthesis of AI-2 was accomplished by Janda and co-workers in 2004 (Scheme 3) [61]. Janda’s synthesis started from commercially available alcohol 34, which was then oxidized into an aldehyde using Swern oxidation, followed by Corey-Fuchs homologation to afford acetal protected alkyne 35. Compound 35 was then deprotected and converted into orthoformate 36 (73% yield over two steps). The orthoformate is easier to deprotect, using milder acidic conditions, than the acetal. After oxidation of alkyne 36 by KMnO4 (10% yield) and deprotection in weak acidic buffer (quantitative yield), s-DPD was obtained in situ. This first synthesis of DPD involved seven steps to give S-DPD in an overall yield of 3.2%. Variations of Janda’s synthesis were later published by other groups, with the difference being either (1) selection of protection groups [72] or (2) route to the diketone moiety. [73]

Scheme 3. First reported synthesis of DPD and analogs. Reagents and conditions: (a) Oxayl chloride, DMSO, CH2Cl2; Et3N; (b) Zn, CBr4, Ph3P, CH2Cl2; (c) t-BuLi, CH3I, THF; (d) 60% acetic acid; (e) CH(OMe)3 (neat), H2SO4 (cat); (f) KMnO4, acetone buffer (aq); (g) H2O, pH 6.5 (K2HPO4/KH2PO4 (0.1 M), NaCl (0.15 M)), 24 h.
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Shortly after Janda’s synthesis, Semmelhack also published a synthesis of AI-2 from the monocyclohexylidene derivative of l-gulonic acid γ-lactone (37, Scheme 4). [72] Semmelhack improved Janda’s synthesis of DPD by introducing a cyclohexylidene protecting group (there was no need for a protecting group interchange in this case). Compound 37 in Semmelhack’s synthesis was prepared in 75% yield from readily available l-gulonic acid γ-lactone, and then converted to an aldehyde by KIO4 (78% yield). Following a similar Corey-Fuchs homologation, alkyne 39 was obtained in a 43% yield over two steps. In Janda’s synthesis, the low overall yield was mainly due to the poor yield obtained during the KMnO4 oxidation (10%). Semmelhack therefore utilized a RuCl2-catalyzed NaIO4 oxidation of alkyne 39 to afford diketone 40 in a much more improved yield (70%), compared with KMnO4. An uneventful acidic deprotection of compound 40 afforded S-DPD in an overall yield of 24%.

Scheme 4. Semmelhack’s synthesis of DPD [72]. Reagents and conditions: (a) KIO4, K2CO3, H2O/CH2Cl2; (b) Ph3P, CBr4; (c) 1. n-BuLi, 2. H2O; (d) 1. n-BuLi, 2. CH3I; (e) RuO2 (cat.), NaIO4; (f) pH 1.5.



[image: Ijms 14 17694f30 1024]





Doutheau published a short, three-step synthesis of AI-2 based on the Baylis-Hilman reaction (Scheme 5) [74]. Commercially available silyl protected aldehyde 42 and enone 41 afforded Baylis–Hilman product 43 in 74% yield. 43 was then deprotected by TBAF to give diol 44 in a 78% yield. Compound 44 was then subjected to reductive ozonolysis, using dimethyl sulfide, to give racemic DPD in an overall yield of 58%. Vanderleyen and co-workers reported a convenient synthesis of AI-2 starting from commercially available acetal ester 45, which was transformed into an olefin 47 in two steps (Scheme 6). Hydrolysis of the dioxolane ring in 47 on an acidic Dowex resin to give α,β-unsaturated carbonyl 44, followed ozone-mediated cleavage of the double bond to give DPD (Scheme 6) [73].

Scheme 5. Doutheau’s synthesis of DPD. Regents and conditions: (a) THF, DABCO, 0 °C; (b) TBAF/THF, RT; (c) 1. O3, MeOH, −78 °C; 2. DMS, −78 °C to RT.
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Scheme 6. Vanderleyden’s synthesis of DPD. Reagents and conditions: (a) NH(CH3)2, EtOH; (b) CH2=CCH3MgBr, Et2O/THF; (c) Dowex resin, MeOH; (d) O3, MeOH, DMS.
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The Sintim group developed a facile, two-flask synthesis of AI-2, which is amenable to the generation of a variety of C1 AI-2 analogs (Scheme 7) [65]. The key step in Sintim’s synthesis is the Aldol condensation between various diazocarbonyls 48 and a commercially available 2-(tert-butyldimethylsiloxy) acetaldehyde 42. The diazocarbonyls 48, which are used in Sintim’s synthesis, could be obtained from the requisite acid chloride and diazomethane.

Scheme 7. Synthesis of DPD and analogs developed by Sintim and co-workers. DBU = 1,8-diazabicycloundec-7-ene, TBAF = tert-butyl ammonium fluoride, THF = tetrahydrofuran, DMDO = dimethyldioxirane.
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These diazocarbonyls 48 were then condensed with 2-(tert-butyldimethylsiloxy) acetaldehyde 42 to afford diazo diol intermediates 49, after deprotection of the silyl group with tetra-butyl ammonium fluoride. Column chromatography purification of the diazo diol followed by oxidation with dimethyl dioxirane resulted in pure racemic DPD and analogs 50 in moderate to high yields (up to 39% overall yield). Potentially, enantioselective diazo Aldol reactions, developed by Trost [75] and others [76] could be adopted to make enantio-enriched DPD and analogs, using Sintim’s methodology. To date, Sintim’s synthesis has produced many C1-modified AI-2 analogs (with linear, branched, cyclic, and, aromatic C1 groups).

Gardiner and co-workers reported a new synthesis of DPD, which could be used to make both the unnatural (R)-DPD, as well as natural (S)-DPD (Scheme 8). [77] Their synthesis started from inexpensive d-mannitol 51, which was protected with an acetal group and then cleaved with NaIO4 to provide aldehyde 53 in 43% yield over two steps. Wittig olefination of 53 gave alkene 54 as a mixture of E and Z olefins (70% yield). The lack of control of the alkene geometry was inconsequential because dihydroxylation of both alkenes afforded diastereoisomeric diols 55, and the mixture was subjected to PCC oxidation to converge to diketone 56. Deprotection of compound 56 with acid then afforded (R)-DPD in a 6.3% overall yield. Natural (S)-DPD could be obtained via the same route, using the enantiomer of 53. It has been observed that the absolute configuration at C4 of AI-2 is important for biological activity; in both E. coli LsrR-mediated β-gal assay and V. harveyi bioluminescence assays, the natural (S)-DPD was more potent than the unnatural (R)-DPD [72,77,78].

Scheme 8. Synthesis of R- and S-DPD by Gardiner and co-workers: (a) 2,2-dimethoxypropane, p-TSA, 57%; (b) NaIO4, NaHCO3, 75%; (c) (ethyl)triphenyl phosphonium bromide, n-BuLi, 70%; (d) 4% OsO4, NMO·H2O, 70%; (e) PCC, 30%; (f) H2O, H2SO4.
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Maycock and co-workers have also reported a synthesis of (S)-DPD but unlike most enantioselective DPD syntheses that relied on using chiral starting materials, their synthesis used an enantioselective reduction of unsaturated ketone 60 as a key step (Scheme 9) [78]. Hydroxy ester 58 was protected with tert-butyldiphenylsilyl group and transformed into Weinreb amide 59 (78% over three steps). Then, the acetylenic group was incorporated via a reaction between the Weinreb amide 59 and lithiated propyne to give 60. Treatment of 60 with (S)-Alpine borane yielded (R)-61 with 86% ee (>98% ee after recrystalization). Then, the silyl protecting group was removed and the diol product was reprotected with cyclohexylidene group to get 39. Conversion of 39 into DPD followed protocols developed by Semmelhack and Vanderleyen to give (S)-DPD in an overall yield of 41%. Of note, compound 39 was first made by Semmelhack and co-workers, so this synthesis of DPD (which entails nine steps, Semmelhack’s synthesis involved seven steps from l-gulonic acid γ-lactone) can be considered as a formal synthesis. With so many different and complementary AI-2 syntheses developed over the years, it should now be possible to make various AI-2 analogs for biological testing.

Scheme 9. Synthesis of S-DPD by Maycock and Ventura. (a) TBDPSCl, Pyr, DMAP, rt, 97%; (b) LiOH, THF/H2O, rt, 94%; (c) HNMeOMe·Cl, DCC, CH2Cl2, rt, Δ, 85%; (d) BuLi, propyne, THF, −78 °C/0 °C, 95%; (e) (S)-Alpine borane, THF, rt, 67%; (f) TBAF, THF, rt, 86%; (g) 1,1-dimethoxycyclohexanone, H2SO4, DMF, 91%; (h) NaIO4, RuO2, CCl4/MeCN, rt, 86%; (i) Dowex 50WX8, H2O, pH 3, rt.
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3. AI-2 Signaling Pathway


3.1. AI-2 Mediated QS Circuit in V. harveyi and V. cholerae

AI-2 mediated QS is well studied in the vibrios [79]. In V. harveyi, AI-2 is synthesized by LuxS and exported outside, where it binds to an extracellular receptor LuxP (Figure 4), which associates with LuxQ to form LuxPQ to regulate phosphorylation signal transduction cascade (Figure 5) [80]. At low cell density, which correlates with low AI-2 concentration, LuxPQ acts as a kinase and transfers phosphate to LuxU, which then relays a phosphate group to LuxO. LuxO-phosphate (a transcriptional activator), along with sigma factor σ54, activates the expression of regulatory small RNAs (sRNAs) Qrr1-5 [81]. Qrr1-5, in conjunction with the chaperone Hfq, destabilizes the luxR mRNA so that LuxR synthesis is suppressed. At high AI-2 concentration, AI-2 binds to the LuxPQ complex and the AI-2/LuxPQ complex (Figure 5) converts to a phosphatase, which dephosphorylate LuxU, which in turn also dephosphorylate LuxO. Dephosphorylated LuxO is no longer active and therefore, the concentrations of Qrr1-5, which degrade the mRNA of LuxR, decrease. As the concentration of LuxR, which is a transcription factor, increases, the genes that are controlled by LuxR (some of which are virulence determinants) are expressed. In V. cholerae, AI-2 signaling is also mediated by LuxPQ receptor, LuxO and Qrr1-4. sRNAs Qrr1-4 facilitate the degradation of hapR mRNA transcript and stabilize aphA mRNA transcript. [81] It is worth noting that in both V. harveyi and V. cholerae, sRNAs Qrr1-5 are not only regulated by AI-2 but also by CAI-1 via the CqsS receptor [19].

Figure 4. (a) LuxP and S-THMF-borate in V. harveyi. PDB code: 1JX6; (b) LuxP binding site. (Adapted from [15] with permission. Copyright 2002 Nature publishing group).
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Figure 5. V. harveyi AI-2-mediated QS circuit.
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3.2. AI-2 Mediated QS Circuit in E. coli or S. typhimurium

In E. coli, YdgG has been proposed as a potential AI-2 exporter [82] but as a YdgG mutant still exports AI-2, it is likely that other exporters exist. During bacterial growth, the extracellular concentration of AI-2 increases and when a threshold concentration is reached, AI-2 is transported into the cell via a transporter protein. In the early 2000s, LsrB (periplasmic protein and part of the Lsr ABCD transporter in S. typhimurium and E. coli responsible for AI-2 internalization) was structurally characterized (Figure 6) [83–85]. Once AI-2 is internalized via LsrB, it is phosphorylated by a kinase, LsrK, and the phospho-AI-2 then binds to the repressor LsrR to de-repress the lsr operon (Figure 7) [86]. Thus, at low cell density, when AI-2 concentration is low and hence, the concentration of phospho-AI-2 is also low, LsrR binds the lsr promoter to inhibit the transcription or lsr genes whereas at high AI-2 concentration, lsr genes are transcribed due to the de-repression of LsrR. Both LsrK and LsrR play key regulatory roles in the biofilm formation of E. coli [87–89]. It has been shown that the deletion of lsrR affects the expression of 146 genes whereas deleting lsrK affected 149 genes [87]. lsrK or lsrR mutants form less biofilms and so small molecules that target these proteins could have anti-biofilm properties.

Figure 6. (a) LsrB and R-THMF in S. typhimurium. PDB code: 1TJY; (b) LsrB binding site. (Adapted from [84] with permission. Copyright 2004, Elsevier).
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Figure 7. AI-2-mediated QS circuit in S. typhimurium and E. coli.



[image: Ijms 14 17694f7 1024]







3.3. Other Possible AI-2 Receptors

AI-2 is termed the “universal” autoinducer, yet there is a paucity of identified AI-2 binding receptors. With the exception of LuxPQ and LsrB, both of which have been structurally characterized with a bound ligand and LsrR which has been experimentally characterized as the apo-structure [90], putative AI-2 receptors that presumably sense AI-2 in the myriads of bacteria, which have been shown to respond to AI-2 remain to be identified and structurally characterized. RbsB, a ribose binding protein in A. actinomycetermcomitans, has been postulated to be an AI-2 transporter [45]. Xavier and co-workers have also suggested the presence of LsrB-like proteins in B. anthracis and B. cereus [91] but beyond these putative AI-2 transporters, there has been little success in identifying proteins that respond to AI-2. The discovery of more AI-2 receptors is critical for the development of anti-QS agents that target AI-2 signaling.




4. Small Molecule Inhibitors of AI-2 Signaling


4.1. AI-2 Synthase Inhibitors

One way to interrupt QS is to inhibit the synthases that produce autoinducers. As shown in Scheme 1, the key enzymes involved in AI-2 biosynthesis are MTAN (5′-methylthioadenosine/S-adenosylhomo-cycteine nucleosidase) and LuxS; hence, the inhibition of any of these enzymes would decrease the amount of AI-2. In 1976, it was demonstrated in an important paper that MTA analogs could inhibit MTAN from E. coli [92]. Following this discovery, Schramm and co-workers demonstrated that transition state analogs of MTA hydrolysis (Figure 8) strongly inhibited MTAN from several bacteria, including S. pneumoniae, E. coli and V. cholerae [93,94]. 5′-S-substituted immucillin-A analogs aim to mimic an early transition state where ribosyl and adenine bond is partially broken while 5′-S-substituted immucillin DADMe analogs mimic a late transition state whereby adenine is fully dissociated (Figure 8). MTA is also a substrate for the human MTA phosphorylase hence it is possible that some MTA analogs could inhibit the human enzyme to cause toxicity. There are however structural differences between the bacterial MTA nucleosidase and the human MTA phosphorylase to allow for selective targeting of the bacterial enzyme [95,96].

Figure 8. Proposed transition state of MTAN-catalyzed hydrolysis of MTA (top) and potent MTA analogs (bottom) with their inhibition constants (IC50) for S. pneumoniae (Ki) and V. cholera MTAN.
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LuxS catalyzes the conversion of SRH into AI-2 and hence, the inhibition of LuxS is a viable strategy to reduce the concentration of AI-2. Zhou and co-workers designed and synthesized SRH analogs to inhibit LuxS (Figure 9) [97,98]. Pei and co-workers proposed a LuxS catalyzed SRH cleavage mechanism (Figure 10a) [99] and to mimic the 2-keto-intermediate 74 and SRH, they developed analogs shown in Figure 10b [100–103]. Some of the analogs developed by Pei and co-workers showed a good inhibition profile (submicromolar Ki) against LuxS.

Figure 9. SRH analogs prepared by Zhou and co-workers [97,98].
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Figure 10. (a) Proposed mechanism of LuxS catalyzed cleavage of SRH; (b) SRH or cleavage intermediate analogs, with their inhibition constants to LuxS from B. subtilis.
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A series of naturally occurring brominated furanones were isolated from the red marine alga Delisa pulchra by Gram, Givskov et al. in 1996 [104,105]. These have been shown to be potent anti-biofilm and anti-QS inhibitors [106,107]. Zhou and co-workers have shown that brominated furanones, such as 83–86 (Figure 11), are LuxS covalent inhibitors of LuxS (see Scheme 10 for proposed mechanism of inhibition) [55]. Brominated furanones do not only inhibit LuxS but also other proteins involved in AI-1 perception [108]. A recent study showed that analogs of brominated furanones, with attenuated toxicity, have interesting anti-biofilm properties against E. coli and P. aeruginosa [109].

Figure 11. Structures of brominated furanone LuxS inhibitors.
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Scheme 10. Two proposed inhibition pathways of LuxS by brominated furanones. A nucleophile in LuxS residues either adds to the exocyclic vinyl or ring vinyl bond. After elimination of bromide, both mechanisms increase LuxS mass by about 229 Da. (Adapted from [55] with permission. Copyright 2009, Elsevier).
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Han and Lu reported in 2009 that LuxS could also be inhibited with the peptide, TNRHNPHHLHHV [110]. More work is needed to reveal if peptidase-resistant analogs of this promising peptide could be used to quench AI-2 signaling in vivo.

Apart from the inhibition of AI-2 synthesis, others have also suggested the sequestration or modification of AI-2 as a viable means to quench AI-2 signaling. For example, Bentley and co-workers demonstrated a proof-of-concept modification of AI-2 in culture media, using the kinase LsrK and ATP [111]. The phosphorylated AI-2 was then unable to cross into the bacterial cytosol and hence, AI-2 signaling was quenched. Alexander and co-workers have also sequestered AI-2 from bacterial culture media by using polymeric material that contains boron, which chelates AI-2 [112].



4.2. AI-2 Receptor QS Inhibitors

Utilizing high-throughput virtual screening on V. harveyi LuxP crystal structure, Wang and co-workers found a few sulfone compounds, from 1.7 million commercially available or easy-to-synthesize molecules, which could antagonize QS in V. harveyi (Figure 12) [113,114]. They proposed that the sulfone group is critical to the activity because it interacts with Arg215 and Arg310 of LuxP, similar to the binding of S-THMF-borate.

Figure 12. LuxP inhibitors in V. harveyi.
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The same group also envisioned that boronic acids and polyol structures could mimic S-THMF-borate, which binds to LuxP, and found a series of p-substituted phenylboronic acids 95–97 [115,116] and aromatic polyols 98–102, which antagonize QS in V. harveyi (Figure 12) [117]. They have also reported that phenothiazine 103 and 104 (Figure 12) inhibit both AI-2 and AI-1 based QS in V. harveyi, although the mechanism of inhibition by these compounds is currently not understood [118]. Continuing in the same theme of using virtual screening to identify new inhibitors of AI-2 signaling, Wang and co-workers identified compounds 105–107 (Figure 13a) as inhibitors of LuxPQ complex [119].

Figure 13. LuxPQ inhibitors tested by V. harveyi. (a) LuxPQ inhibitors, identified by Wang and co-workers [119]; (b) LMC-21, developed by Coenye and co-workers [120].
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Others have also identified interesting compound classes that inhibit AI-2 signaling in bacteria. Coenye and co-workers initially evaluated nucleoside analogs hoping that some adenosine analogs could inhibit AI-2 synthase, due to its similarity with SAH, which is a substrate for LuxS. Surprisingly, they found LMC-21, 108 (which contains some of the SAH motifs, see Figure 13b) as an inhibitor of AI-2 signaling through potential binding to LuxPQ, and not necessarily via LuxS inhibition, in V. harveyi [120].

Coenye and co-workers, as well as Gilbert et al., have shown that cinnamaldehyde has anti-QS activity. Cinnamaldehyde 109 and analogs 110–114 (Figure 14) have been found to inhibit AI-2 signaling in Vibrio spp. and it is believed the target protein is LuxR [121–123].

Figure 14. Structures of cinnamaldehyde and analogs.
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Brackman and co-workers designed and evaluated two libraries of compounds (thiazolidinediones and dioxazaborocanes) for anti-QS activities. The authors suggested that the thiazolidinediones (such as 115, 117 and 118, see Figure 15) are structural mimics of brominated furanones, such as 117 and 118, and hence, could potentially act on biomolecular targets that furanones are known to target, such as LuxS. Also, the dioxazaborocanes (119–123) resemble boronated AI-2 (see Figure 15) [124,125]. A few of them (119–121) acted as potent AI-2 QS inhibitors against V. harveyi, with EC50 at low micromolar level (see Figure 15 for EC50 values).

Figure 15. Thiazolidinediones and dioxazaborocanes synthesized by Brackman et al. [124] and tested as QS inhibitors in V. harveyi.
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Defoirdt and co-workers made the sulphur analogs of brominated furanones (brominated thiophenones, such as 124 and 125 (Figure 16), and showed that at low micromolar concentrations these compounds could block quorum sensing in V. harveyi, via the QS master regulator LuxR [126].

Figure 16. Brominated thiophenone QS inhibitors.
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4.3. AI-2 Analogs as QS Inhibitors

A simple trick in discovering antagonists of a natural ligand is to modify that ligand. Several groups have therefore modified AI-2, with the hope of arriving at analogs that could interfere with AI-2 signaling. Janda and co-workers tested a panel of AI-2-like molecules (see Figure 17), using bioluminescence of V. harveyi as read out and concluded that the oxidation states at C2, C3 and C4 were important for the biological activity of AI-2 with V. harveyi. Also, the absolute configuration at C4 was critical for activity as the natural S-enantiomer had an EC50 of 0.044 μM whereas the R-enentiomer had an EC50 of 84 μM (almost 2000-fold reduction) [127].

Figure 17. Probing specificity of LuxP binding site with AI-2-like molecules. (Adapted from [127] with permission. Copyright 2005, Elsevier).
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Janda and co-workers also synthesized a panel of C1-substituted alkyl-DPD analogs (Figure 18) [62]. These analogs were evaluated in V. harveyi MM32 and S. typhimurium using bioluminescence assay and β-gal assay, respectively. Synergistic agonist activity (that is, the analogs did not have any agonist activity on their own but potentiated the activity of AI-2) was found in V. harveyi MM32 whereas antagonist activity was found, especially for propyl-133 and butyl-DPD 134, with IC50 of around 5 μM in the presence of 50 μM AI-2 in S. typhimurium. The same group has also made carbocyclic AI-2 analogs 138 and 139 (Figure 19a) as well as replacing the hydroxyl group at C4 of AI-2 with alkoxy groups 140–144 (Figure 19b) [63,64]. The carbocyclic analogs did not display significant QS quenching activities in S. typhimurium or V. harveyi, whereas the C4 alkoxy analogs of DPD showed potent agonist activity in V. harveyi (see Figure 19b).

Figure 18. Janda’s C1 substituted DPD analogs [62]. IC50 in S. typhimurium is for the inhibition of AI-2-promoted expression of β-galactosidase (indirectly measured via β-gal enzymatic assay) whereas the fold-activation in V. harveyi signifies the potentiation of AI-2 agonism by analogs, which are not agonists on their own.
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Figure 19. (a) Carbocyclic and (b) C4-alkoxy AI-2 analogs developed in Janda’s laboratory [63,64].
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P. aeruginosa does not make AI-2 but can sense AI-2 produced by other bacteria. Meijler and co-workers tested AI-2 analogs on P. aeruginosa and found that these had anti-QS activities against this bacterium [70].

Sintim’s synthesis of AI-2, see Scheme 7, which utilized diazocarbonyls, is modular and hence, has facilitated the synthesis of a diverse C1 alkyl library of AI-2 analogs for further biological evaluation (Figure 20). Sintim and co-workers first made various C1-akyl DPD analogs, including isopropyl-, t-butyl-, cyclopropyl- and cyclohexyl analogs to investigate the effect of different alkyl chain sizes and shapes in binding to V. harveyi [65]. They also observed synergistic agonism of AI-2 analogs in the presence of AI-2 and hypothesized that AI-2 receptors that were responsible for the synergistic agonism were promiscuous [65]. Subsequent works from the Sintim laboratory expanded on the diversification of the C1 side chain of AI-2 by making C1 linear, branched, cyclic alkyl as well as C1 aromatic AI-2 analogs (Figure 20). It was discovered that, unlike AI-2 that mainly enters enteric bacteria via the Lsr transporters, C1 alkyl AI-2 analogs can freely diffuse into bacterial cells [128] and that isobutyl DPD was a potent QS inhibitor in both E. coli and S. typhimurium [66] and probably acted via LsrR after phosphorylation by LsrK. Of note, AI-2 analogs still maintained their inhibitory activities in polymicrobial systems (Figure 21), which mimic natural ecosystems better than monocultures that have traditionally been used in anti-QS assays. The facile preparation of diverse AI-2 analogs allowed for investigations into the specificities of AI-2 for LsrK and LsrR. Sintim, Bentley and co-workers discovered that both LsrK and LsrR are promiscuous and that most C1-modified analogs of AI-2 could be phosphorylated by LsrK [66,67]. Recently Janda and co-workers have used a more detailed kinetic analysis of LsrK phosphorylation of AI-2 analogs to confirm the initial findings by Sintim and co-workers [129]. Just like LsrK, LsrR is also promiscuous and binds to several phosphorylated AI-2 analogs. There are some nuances with the binding of phosphorylated AI-2 analogs to LsrR and whereas C1 methyl and ethyl analogs of phospho-AI-2 bind to LsrR to de-repress this repressor from DNA to allow for lsr expression, C1 propyl and higher alkyls bind to LsrR to increase the repression of lsr expression [66].

Figure 20. C1 substituted AI-2 analogs synthesized and evaluated by Sintim and co-workers. (a) Linear and branched C1-analogs; (b) Cyclic and aromatic C1-analogs. (Taken from [67] with permission. Copyright 2012, American Chemical Society).
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Figure 21. Effect of alkyl AI-2 analogs and analog cocktail in a trispecies synthetic ecosystem. (a) AI-2 dependent β-gal assay in S. typhimurium MET708; (b) QS related pyocyanin production in P. aeruginosa PAO1; (c) AI-2 dependent dsRED induction in E. coli W3110 pCT6 dsRED, in response of 40 μM analogs individually and a cocktail of both. (Adapted from [67] with permission. Copyright 2012, American Chemical Society).
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Bacterial biofilms are notoriously difficult to treat and are resistant to many antibiotics [130–136]. Recently, it was demonstrated that isobutyl DPD, in combination with the antibiotic gentamicin, could almost completely clear pre-existing E. coli biofilms (Figure 22) [31]. This adds to an emerging trend of using anti-QS agents to potentiate the effects of traditional antibiotics [137].

Figure 22. Effect of combinatorial approach of analog and gentamicin on performed E. coli biofilm thickness and architecture. (a) thickness and biomass of biofilm analyzed by COMSTAT; (b)–(e) representative Imaris 3D surface reconstructions of the biofilm with (b) LB only; (c) LB+5 μg/mL Gentamicin; (d) LB+40 μM isobutyl-DPD 148+5μg/mL gentamicin; (e) LB+100 μM isobutyl-DPD 148 +5μg/mL gentamicin. (Adapted from ref. [44] with permission. Copyright 2013, Springer).
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Most AI-2 analogs reported in the last few years have focused on C1 modification [62,67,70]. Recently, Ventura and co-workers showed that C5-modified AI-2 analogs were synergistic agonists in E. coli and strong agonists in V. harveyi (Figure 23) [71].

Figure 23. C5 analogs of AI-2 developed by Ventura and co-workers. These analogs contain stereochemical diversity at the C4 and C5 positions. (Adapted from [71] with permission. Copyright 2012, Elsevier).
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Both AI-2 and analogs have issues with stability and to address the potential instability of AI-2 analogs [61], Doutheau and co-workers demonstrated that acetate protected analogs of AI-2 were as effective as natural AI-2 but had the added advantage of being stable (see Figure 24).

Figure 24. Acetate-protected AI-2 synthesized by Doutheau and co-workers. (a) Structure of bis-(O)-acetylated-DPD; (b) Bioluminescence induction in V. harveyi, (S)-170 (●) and (S)-DPD 11(■); (c) β-gal production in S. typhimurium, (S)-170 (●) and (S)-DPD 11(■); (d) Biofilm inhibition in B. cereus, (S)-170 (●) and (S)-DPD 11 (■) at 8 μM; (Adapted from [138] with permission. Copyright 2007, Elsevier).
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Following Doutheau’s work, Sintim and co-workers asked if ester-protected analogs of AI-2 could also be hydrolyzed in bacterial cells to reveal active antagonists (Figure 25) [68,138]. For this work, Sintim and co-workers screened the effect of the alkyl chain of the esters used to protect AI-2 analogs. Ester-protected AI-2 analogs could also be hydrolyzed by endogenous bacterial esterases and showed potent anti-QS profiles that were similar to the unprotected AI-2 analogs [68].

Figure 25. Bis-ester protected AI-2 analogs and proposed model of action in enteric bacteria. (a) Sructures of bis-ester protected AI-2 analogs; (b) Proposed pro-drug activation and processing of AI-2 in enteric bacteria. Ester protected AI-2 analogs diffuse into the bacterial cell. The analogs are cleaved by esterase and are subsequently phosphorylated by LsrK. (Taken from [68] with permission. Copyright 2012, MDPI).
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4.4. Inhibition of AI-2 QS by Dietary Compounds

Pillai and co-workers focused on investigating the influence of some food matrices on AI-2 mediated QS. They identified certain fatty acids, which inhibited V. harveyi AI-2 activity at micro molar levels (Figure 26) [139,140].

Figure 26. Fatty acid AI-2 inhibitors.



[image: Ijms 14 17694f26 1024]








5. Conclusions

AI-2 as a universal signaling molecule in bacteria has had a “chequered” history. First hailed as an almost ubiquitous signaling molecule in bacteria, it has also been described as a metabolic by-product, and not a quorum sensing molecule, in bacteria [50,141,142]. AI-2’s claim to being a bona fide QS autoinducer has not been helped by the lack of identified cellular receptors in bacteria. So far, only a handful of receptors have been found to bind to AI-2. Whether AI-2 is a signal or a cue, by virtue of it being a metabolic waste [143], an increasing number of bacterial behaviors have now been shown to be regulated by the actual AI-2 molecule or by LuxS, which synthesizes AI-2 or both [39,53,144]. Small molecules that target LuxS or known receptors of AI-2 (such as LsrR) or the yet-to-be identified receptors that bind to AI-2 will certainly have some utility in modulating bacterial behavior and might even have clinical applications as anti-biofilm agents [31]. Recently, there has been a surging interest in making “biobricks” for synthetic biology applications. Quorum sensing receptors are prime building blocks for making engineered bacterial cells and antagonists of AI-2 signaling could serve as modulators of AI-2-based synthetic circuits.
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