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Abstract 
Many bacterial species exhibit cell-density dependent traits that are most 

advantageous when expressed simultaneously throughout their population. Examples of 

these traits include the production of enzymes used to dismantle the defenses of a host 

organism, the formation of protective biofilm, and bioluminescence, among 

others. Detection of the required threshold cell density (a quorum) relies on chemical 

communication via the production of a variety of small molecule autoinducers such as N-

acyl homoserine lactones (AHLs). This communication system is known as quorum 

sensing (QS), and its specificity depends on the ability of different bacteria to produce and 

sense distinct AHL molecules. In this work I focused on (i) the specificity of AHL receptors 

and (ii) the characterization of a novel enzyme to interfere with QS.  

Specifically, I investigated 4 receptors from different bacteria, and report their 

preference for  range of AHLs. In particular, combined with a literature survey, my data 

suggest that receptors have broader AHL preference than what is typically reported. 

Additionally, I show that one of these receptors can bind and respond to lactone signals 

other than AHLs.  

Some bacterial enzymes can interfere with QS through the degradation of 

autoinducers, quorum quenching (QQ) the expression of the behaviors regulated by QS. 

The discovery of new enzymes capable of QQ is important to the development of fine-

tuned control of bacterial communication and behaviors and can give hints to the biological 

importance of microbial signaling. Here we report the characterization of a novel quorum 

quenching enzyme, ZHD, from the fungi Clonostachys rosea, suggesting that interference 

in QS extends beyond bacteria. We found that ZHD is a broad spectrum AHL lactonase 

with kcat/KM values in the range of 104 to 105 M-1⋅s-1. ZHD hydrolyzes AHLs of various 

acyl chain lengths as evidenced by pH indicator assay measurements, biosensor 

measurements and mass spectrometry data. Analysis of ZHD bound to C8-AHL allowed 

for the identification of the substrate binding mode and proposal of a catalytic mechanism. 

ZHD is likely a novel representative of the α/β-hydrolase family of lactonases.  



iii 

 

Altogether, these results, i.e. the demonstration that AHL receptors that can respond 

to lactones other than AHLs and the identification of a quorum quenching enzyme from 

fungi, are evidence that the level of cross communication may not be limited to AHL-

producing bacteria.  
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Chapter 1 

1.1 Thesis Organization 

Thesis Outline 
Chapter 1 will introduce the topic of quorum sensing and will provide a summary of quorum 

sensing systems used by some bacteria, while focusing on the quorum sensing systems of the gram-

negative bacteria Pseudomonas aeruginosa. There will also be a summary of strategies used to 

interfere with quorum sensing, with a focus on enzymes capable of degrading small communication 

molecules. 

Chapter 2 will introduce different receptors used in quorum sensing systems and provide insight 

into their specificity towards their substrates. There will also be a discussion of my work examining 

the possible broad substrate specificity of some of these receptors towards small molecules not 

produced by species with those receptors, pointing towards a possible role in interspecies 

communication. 

Chapter 3 will be presented mostly in a journal article format, as most of this chapter will form the 

basis for a paper to be published in the future regarding the characterization of a novel enzyme 

capable of degrading small molecules used in quorum sensing.  

Notational Conventions 
N-acylhomoserine lactones are here referred to as either AHLs or HSLs. The number of carbons in 

the acyl chain are designated using a number following “C”. For example, N-butyryl-homoserine 

lactone, with a 4 carbon acyl chain, is referred to as “C4-AHL” or “C4-HSL”. AHLs with an 

additional oxygen group at the third carbon of the acyl chain are referred to as 3-oxo-AHLs: for 

example, “3-oxo-C12-AHL” or “3OC12AHL”.  
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1.2 Introduction 
Certain behaviors exhibited by microbial populations provide a greater benefit to the members of 

that population when expressed above a threshold population density1. Microbes thus have 

developed ways to communicate with one another, including the secretion of chemicals and 

electrical signaling through depolarization of their cell membranes2. Bacteria secrete a variety of 

small molecule signals, and as the density of the population increases, the concentration of these 

small molecules also increases. Some small molecules known as autoinducers upregulate their own 

production. After reaching a threshold density, these autoinducers are involved in regulating the 

behaviors of the population. Autoinducer detection, production, and modulation of behavior related 

to cell density are collectively known as quorum sensing (QS)3.  

Many QS regulated behaviors have negative impacts on a host organism. For example, the 

opportunistic pathogen Pseudomonas aeruginosa produces an extracellular biofilm partly due to 

the influence of two of its QS systems. This biofilm confers greater resistance to antibiotics and 

disinfectant chemicals, making biofilm disruption an important medical consideration4. Another 

pathogenic QS regulated behavior is adhesion to the surface of host cells via pili and flagella in 

Salmonella, Vibrio, and E. coli, and via production of rhamnolipids in P. aeruginosa5. In Gram-

negative bacteria, increased resistance to antibiotics has been linked to QS regulated modifications 

of bacterial cell membranes6. P. aeruginosa also utilizes QS regulated production of a variety of 

phospholipases, elastases, and proteases to inactivate components of a host’s immune response7. 

The first behavior studied in connection to quorum sensing was bioluminescence from the 

symbiotic gram-negative bacteria Vibrio fischeri, which colonizes the light organs of Hawaiian 

bobtail squid, Euprymna scolopes. Although individual V. fischeri luminesce to a lesser degree 

when present at low cell density, when present above a threshold density luminescence is greatly 

increased. Luminescence from the light organs obscures the shadow of E. scolopes in the water 

column providing it some camouflage from other organisms in the environment8.  

The QS systems in V. fischeri have several characteristics common to QS regulated gene expression 

in bacteria: 

(1) an autoinducer molecule 
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(2) a transcription regulatory protein 

(3) a synthase capable of producing more of the autoinducer 

(4) interplay between different QS systems involving different synthases and autoinducers 

A variety of autoinducers are used in quorum sensing systems and can be categorized based on 

their structure and whether they are produced by either gram-negative bacteria, gram-positive 

bacteria, or both. The first type of autoinducers (AI-1) are N-acyl homoserine lactones (AHLs, or 

HSLs) produced by gram-negative bacteria such as P. aeruginosa and vary in both the length of 

the acyl chain and in the oxidation state of the third carbon on that chain9. Autoinducing peptides 

(AIPS) consist of 5-10 amino acids and are produced by gram-positive bacteria. 

Dihydroxypentanedione (AI-2) is produced by both gram-negative and gram-positive bacteria. 

Autoinducers also include the Pseudomonas quinolone signal (PQS), and γ-lactones (Figure 1)10.  

 

 

Figure 1: Common classes of 

autoinducers used by different groups 

of bacteria. R indicates acyl chains of 

a variety of lengths and functional 

group substituents. 
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1.3 Quorum sensing in gram-negative bacteria using 

homoserine lactones 

Quorum Sensing in Vibrio fischeri and Agrobacterium tumefaciens 

In V. fischeri, colonization and luminescence within the light organs are regulated by two QS 

systems involving two different autoinducers11. At low cell densities the repressor LuxO actively 

inhibits expression of LitR, a transcription factor that upregulates LuxR production, thus indirectly 

repressing luminescence (See Figure 2). At intermediate cell densities the concentration of N-

octanoyl homoserine lactone (C8-HSL) increases due to production by the synthase AinS. A 

threshold concentration of C8-HSL has two effects. First, C8-HSL inactivates LuxO, allowing 

production of LitR and upregulation of LuxR. Secondly, C8-HSL can bind directly to LuxR, 

activating it and allowing it to bind to a promoter upregulating expression of the lux operon, 

including expression of LuxI. LuxI produces N-3-oxo-hexanoyl homoserine lactone (3-oxo-C6-

HSL), which binds to and more strongly activates LuxR. At high cell densities, a threshold 

concentration of LuxR bound 3-oxo-C6 HSL is reached, and the lux operon is strongly upregulated, 

leading to increased luminescence. 3-oxo-C6 HSL thus acts as an autoinducer by increasing its own 

production via binding to LuxR12. In this fashion, V. fischeri expresses colonization and 

luminescence behaviors in a stepwise fashion as it reaches specific cell densities. 

 

AHLs are generally produced by synthases homologous to LuxI, and have been discovered 

controlling quorum behaviors in a variety of species.13 In Agrobacterium tumefaciens the gene 

encoding a LuxI homologue, TraI, resides on the tumor inducing (Ti) plasmids. These plasmids 

contain genes required by A. tumefaciens for insertion of a segment of transfer DNA (T-DNA) 

directly into host plant cell nuclei. The expression of the inserted DNA causes the formation of 

Figure 2: Stepwise activation of quorum sensing regulated behaviors by autoinducers produced by the AinS and LuxI synthases 



5 

 

tumors and production of opine chemicals that the infecting bacteria can use as a nutrient source14. 

TraI synthesizes N-3-oxo-C8-octanoyl homoserine lactone (3-oxo-C8-HSL), which binds to and 

stabilizes a LuxR homologue, TraR, also encoded on the Ti plasmid. TraR upregulates genes related 

to replication of the Ti plasmid, transfer of that plasmid to other bacteria via conjugation, and 

transcription of TraI15. 

Quorum Sensing in Pseudomonas aeruginosa: a model organism 

P. aeruginosa is a common cause of respiratory infections4 and a highly studied model organism 

utilizing three characterized QS systems, each with their own autoinducer, autoinducer synthase, 

and transcriptional regulator. Two of these systems use a LuxI/LuxR synthase/regulator pair 

homologous to the TraI/TraR pair found in A. tumefaciens. These are the LasI/LasR and RhlI/RhlR 

Figure 3: C4-HSL synthesis. C4-HSL is synthesized via the enzyme catalyzed 

transfer of an acyl group from a carrier protein to the amine group of S-

adenosylmethionine. This transfer is then followed by the cyclization of the 

intermediate into the lactone product. The acyl carrier protein and 

methylthioadenosine are then released. 
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systems. LasI produces N-3-oxo-dodecanoyl-L-homoserine lactone (3-oxo-C12-HSL), while RhlI 

produces N-butyryl-L-homoserine lactone (C4-HSL), which bind to LasR and RhlR respectively. 

The larger binding tunnel of LasI permits binding to the long chain acyl-ACP construct, relative to 

the more restrictive structure of RhlI16. 3-oxo-C12-HSL-bound LasR is activated and will bind to 

las promoter boxes, while C4-HSL-bound RhlR will bind to rhl promoter boxes17. RhlI catalyzed 

production of C4-HSL from S-adenosylmethionine (SAM) has been characterized (Figure 3), and 

a similar reaction appears to be carried out by other LuxI homologues18. AHL-bound LasR and 

RhlR complexes regulate transcription of more than 300 genes in the P. aeruginosa genome7.  

An additional QS system of P. aeruginosa is the Pseudomonas quinolone signal (PQS) system1. 

PQS, or 2-heptyl-3-hydroxy-4-quinolone, is chemically distinct from AHLs used in systems with 

Figure 4: PQS biosynthesis pathway 
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a LuxR homologue, such as LasR or RhlR. PQS binds to and activates PqsR (previously known as 

MvfR), a transcriptional regulator that upregulates the pqsABCDE operon, phnAN, and pqsH 

leading to increased production of PQS19. Enzymes involved in PQS biosynthesis include 

PqsABCDE, PhnAB, and PqsH. Production of 2-N-alkyl-4(1H)-quinolones (AQs) such as PQS and 

its precursor 2-heptyl-4(1H)-quinolone (HHQ) begin with PhnAB-catalyzed synthesis of 

anthranilic acid, derived from the chorismic acid pathway (Figure 4)20. Biosynthesis from 

anthranilic acid involves the anthranilate-coenzyme A (CoA) ligase (PqsA), a heterodimer PqsBC 

that couples 2-aminobenzoylacetate (2-ABA) to an octanoyl moiety to produce HHQ, and an 

enzyme that has been proposed to form 2-aminobenzoylacetyl-CoA from anthraniloyl-CoA and 

malonyl-CoA (PqsD). PqsE is involved in limiting formation of side products of the AQs synthetic 

pathway, upregulating production of 2-ABA21. Addition of a hydroxyl group to HHQ, carried out 

by PqsH, gives the final PQS product22. 

Integrated Quorum Sensing System 

A controversial proposed component of P. aeruginosa QS is the Integrated Quorum Sensing (IQS) 

system1. This system uses a unique autoinducer, 2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde, or 

aeruginaldehyde23, production of which is stimulated under low phosphate conditions. Upon 

discovery of this system, it was reported that a set of enzymes involved in the production of L-2-

amino-4-methoxy-trans-3-butenoic acid (AMB), an antimetabolite that acts to repress plant seed 

germination24 may be involved in the production of the IQS signal25. The AMB synthesis pathway 

involves the genes of the ambABCDE operon, and it was reported that ΔambBCDE (but not 

ΔambA) mutants expressed lower levels of PQS and C4-HSL used in the RhlI/R QS system but had 

no effect on the LasI/R system. PQS and C4-HSL production could be restored by adding the IQS 

signal molecule. Virulent behaviors such as pyocyanin production, generally controlled by QS 

systems, were also downregulated in ΔambBCDE strains, and could be restored by addition of IQS. 

This was interpreted this as evidence that ambBCDE were involved in production of the IQS signal, 

not AMB as previously reported25.  

Later work both revised the initial structure of the IQS signaling molecule and demonstrated that 

while aeruginaldehyde is involved in QS, it is most likely produced as a side product during the 

synthesis of a siderophore, pyochelin23. Other researchers however, have shown that knockouts of 

the amb and pch operons (for AMB and pyochelin synthesis, respectively) show no significant 

change in production of PQS, C4-HSL, or 3-oxo-C12-HSL, indicating that if these gene clusters 
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are important in IQS signal production, the IQS system has little to no interaction with other QS 

systems26. These mutants also showed no change in the regulation of phz1 or phz2 gene clusters 

involved in phenazine production (a precursor to pyocyanin)26. In short, while the signaling 

molecule of the IQS system has been identified as aeruginaldehyde, its synthesis27, effects26, and 

receptor1 remain controversial and/or require further elucidation, as evidenced by conflicting 

literature reports on the subject7. 

1.4 Quorum sensing regulated behaviors of 

Pseudomonas aeruginosa 
A wide variety of P. aeruginosa behaviors are regulated via QS systems (See Table 1), including 

motility, membrane permeability, antibiotic resistance, adhesion, biofilm production, enzyme and 

toxin production, and nutrient uptake. Motility and adhesion of P. aeruginosa are controlled 

through the production of rhamnolipids28, which may have additional roles as surfactants and 

antimicrobial agents29. Production of rhamnolipids appears to under the direct control of the 

RhlI/RhlR QS system, but is also is indirectly controlled by LasR and PqsR29. 

Table 1: QS regulated behaviors of P. aeruginosa 

Regulator 

Protein 

Affected Regulatory 

Protein or Behavior 

Regulated 

Genes 

Response Effect Ref. 

LasR, RhlR, 

PqsR 

Biofilm Production  Formation of mature biofilms with 

exopolysaccharide matrix 
+ 1 

LasR, RhlR Elastase B Production lasB Proteolytic activity against host + 17 

LasR Alkaline Protease 

Production 

aprA Proteolytic activity against host + 17 

LasR Exotoxin A 

Production 

toxA Host cell death + 17,30 

RhlR Rhamnolipid 

Production 

rhlABR Motility and adhesion + 17 

RhlR Hemolysin Production  Lysis of cell membranes + 17 

LasR, RhlR, 

PqsR 

Pyocyanin 

(phzABCDEFG, 

phzM) 

phzABCDEFG 

phzM 

Increase of oxidative stress on host 

cells 
+ 17,31 

LasR, RhlR Elastase A lasA Proteolytic activity against host + 31 

PqsR Lectins LecA and 

LecB 

lecA, lecB Adhesion to host mucosa and 

cytotoxicity against host 

respiratory epithelia, biofilm 

formation 

+ 31,32 

PqsR Outer Membrane 

Vesicle (OMV) 

formation 

 Secretion of large molecules into 

extracellular environment 
+ 7 

LasR, RhlR Xcp-T2SS 

 

 Secretion of virulence factors 

elastase A/B and exotoxin A 
+ 33 

RhlR T3SS  Secretion of virulence factors, - 33,34 
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Membrane permeability, resistance to antibiotics, and the capability to hide from a host’s immune 

system are also mediated by QS, partially through modification of lipopolysaccharides (LPS) on 

the outer membrane of the bacteria. Increased membrane LPS acts as a barrier against antibiotics 

that would otherwise permeate and negatively affect P. aeruginosa. Some antibiotics target and 

bind to bacterial LPS, and QS systems are involved in modifying LPS structure to increase 

resistance. LPS and flagella of can also associate with host receptors, leading to an inflammatory 

response7.  

Protease and elastase production 

LasR and RhlR also control production and secretion of proteins and toxins that increase virulence 

against the host. Genes controlling protease, elastase, and exotoxin A production are upregulated 

by 3-oxo-C12-HSL-bound LasR, while similar genes encoding proteases, elastases, and pyocyanin 

are upregulated by C4-HSL-bound RhlR3. PqsR mutants have also demonstrated lower production 

of elastase and exoprotein toxins22. Elastase B from P. aeruginosa is capable of degrading human 

and bovine elastin, a protein found in organ and tissues of vertebrates. Patients suffering from cystic 

fibrosis have been shown to have decreased elastin and collagen in their lung tissue due to elastase 

activity. Additionally, elastase B is capable of degrading several proteins of the human immune 

system, including antibodies IgA, IgG, and Surfactant Proteins A and D, which are involved in 

recognition of surface oligosaccharides of many bacteria37. Elastase B functions alongside several 

other P. aeruginosa proteases including Elastase A. In concert they have also been demonstrated 

to have activity in the degradation of the tight junctions38, increasing the capability of the bacteria 

to infect epithelial cells. Elastase A has also demonstrated staphylolytic activity against 

Staphylococci aureus, possibly as a way of eliminating competition39.  

Exotoxin production 

Pseudomonas Exotoxin A (PE) inhibits synthesis of proteins by the host organism. PE is translated 

as an unfolded precursor in the cytoplasm, cleaved to remove an N-terminal signal peptide, folds 

 various exotoxins 

RhlR, LasR, 

PqsR 

H2-T6SS  Secretion of virulence factors, iron 

transport 
+ 33,35 

LasR Phospholipase C-B 

(PLC-B) 

 Breakdown of lung surfactant, 

decreased lung function, hydrolyze 

lipids such as sphingomyelin and 

phosphatidylcholine in host cell 

membranes 

+ 36 
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in the periplasm, and then is secreted through the outer membrane. Two components (AB) make 

up PE: the cell binding component B and the enzymatic component A. Component B of binds to 

CD91, a receptor protein on the surface of host cells, and reaches the trans Golgi network (TGN) 

through either the KDEL-receptor mediated pathway or the lipid-dependent sorting pathway. The 

first pathway involves first internalization of PE, then cleavage into a 28 kDa fragment and a 37 

kDa fragment (component A). The 37 kDa fragment contains the ADP-ribosylation domain that 

grants PE its toxicity. This fragment is then transported to the endoplasmic reticulum (ER) via 

binding to a KDEL receptor which moves between the TGN and the ER. The second pathway 

involves internalization via caveolar endocytosis, and then transport of PE by caveosomes into 

early endosomes. PE is cleaved inside the early endosomes into the same 28 kDa and 37 kDa 

fragments. In both pathways, the 37 kDa fragment is then secreted into the cytosol from the ER. 

Component A then ADP-ribosylates eukaryotic elongation factor-2 (eEF-2), inactivating it and 

preventing host protein synthesis30. 

Pyocyanin production 

Pyocyanin (PYO) is a phenazine and a blue pigment that acts as an electron carrier for P. 

aeruginosa. Molecular oxygen is reduced by pyocyanin to form the superoxide anion O2
- leading 

to the formation of reactive oxygen species (ROS). Because PYO can cross host cell membranes, 

it can oxidize host electron carriers such as NADH and NADPH, using the electrons to increase 

ROS concentrations. As well as decreasing the concentration of reduced NADH/NADPH available 

for host ATP production, the increased concentration of ROS places host cells in the respiratory 

epithelium under oxidative stress. As a result, both the innate immune system and epithelial cell 

gene expression are modified, leading to overproduction of mucin, inhibition of catalase activity, 

and overproduction of cytokines leading to recruitment and activation of neutrophils. Resulting 

damage to epithelial lung tissue can be observed in cystic fibrosis patients, in whose infections P. 

aeruginosa is dominant40.  PYO production is regulated by both the LasI/LasR and RhlI/RhlR QS 

systems as well as by PQS. Phenazines in general are synthesized from chorismic acid as part of 
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the shikimic acid pathway (See Figure 5, modified from previous work41,42). A variety of phenazine 

biosynthesis genes (phzABCDEFGOMS) are required41. 

 

Biofilm formation 

After initially invading an area or infecting a host, bacteria can attach to both biological and non-

biological surfaces. After attachment the bacterial will proliferate and may reach high cell densities, 

and will release a variety of extracellular polymeric substances products to form a protective 

matrix7,43. The bacteria living within this matrix are known as a biofilm43. Bacteria in biofilms have 

demonstrated resistance to host immune systems, antibiotics, and greater production of virulence 

factors that can negatively impact the host44.  

The process of biofilm formation involves adhesion to the surface, transition from a planktonic 

Figure 5: Biosynthesis of Pyocyanin 

in P. aeruginosa. Enzymes 

PhzABCDEFGOMS catalyzing 

various steps are in bold. E4P 

Erythrose 4-phosphate, PEP 

Phosphoenolpyruvic acid DAHP 3-

deoxy-d-arobino-heptulosonate 7-

phosphate, ADIC 2-amino-2-

deoxyisochorismate, DHHA trans-

2,3,-dihydro-3-hydroxyanthranilic 

acid, AOCHC 6-amino-5-oxo-

cyclohex-2-ene-1-carboxylic acid, 

HHPDC hexahydro-phenazine-1,6-

dicarboxylate, PCA phenazine-1-

carboxylic acid, 2-OH-PHZ  2-

hydroxy-phenazine, 5MPCA 5-

methylphenazinium phenazine 1-

carboxylate 
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(motile) to sessile lifestyle, proliferation, differentiation of different cells, and then finally release 

of some of the cells in order to infect new surfaces. Initial attachment to surfaces can involve 

specific receptors on a host’s cell, the action of the invading bacteria’s pili and flagella, and the 

hydrophobicity of the surface43. Bacteria can also produce adhesin proteins that can modify and 

attach to specific host membrane proteins44. In Salmonella, Vibrio, and E. coli, the production and 

function of pili and flagella are controlled by QS systems, but in P. aeruginosa adhesin is instead 

controlled by QS through its regulation of rhamnolipid production. Rhamnolipid is a glycolipid that 

is key for P. aeruginosa biofilm formation, maintenance, and virulence against both its competitors 

and its host7. 

After adhesion, cells will proliferate, mature, and differentiate into metabolically distinct micro-

communities connected by pores and channels within the biofilm. They will also produce 

polysaccharides, lipids, proteins, and DNA that combine with water to form a protective matrix7. 

Upon reaching sufficient cell density within the biofilm, the concentration of autoinducers will 

reach threshold levels and upregulate QS controlled behaviors. Finally, mechanical forces or 

production of enzymes capable of degrading the extracellular matrix will lead to the release of 

microbes from the community in order to colonize new areas43. Biofilm formation in P. aeruginosa 

is controlled by the LasR, RhlR, and PQS QS systems1,17. 

1.5 Interdependence among the Las, Rhl, PQS, and 

IQS quorum sensing systems of Pseudomonas 

aeruginosa 
Autoinducer-bound LuxR homologues in P. aeruginosa upregulate not only the production of their 

matching LuxI homologe but also regulate expression levels of genes involved in the other QS 

systems. 3-oxo-C12 AHL-bound LasR upregulates RhlI expression. Production of the PQS signal 

is positively regulated by the LasR system through upregulation of the pqsH and pqsR genes 

involved in the PQS synthesis pathway (see Figure 4). The PQS system is negatively regulated by 

RhlR system  through repression of pqsABCD and pqsR in the same pathway3. Table 2 and Figure 

6 summarize the interactions and behaviors controlled by each system. 
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Table 2: Effects of the Las, Rhl, PQS, and IQS QS systems on one another 

Regulator 

Protein 

Affected 

System or 

Behavior 

Regulated 

Genes 

Effect, Role Affect Notes Ref. 

LasR LasR/I QS lasI 3-oxo-C12-HSL 

production 
+ Results in 

autoinduction 

1 

RhlR RhlR/I QS rhlI C4-HSL production + Results in 

autoinduction 

1 

PqsR PQS QS pqsABCDE, 

phnAB 

PQS production + Results in 

autoinduction 

22 

IqsR 

(putative) 

IQS system Controversial 

(see section on 

IQS) 

Aeruginaldehyde 

production 
+ Results in 

autoinduction 

23,31 

LasR RhlR QS rhlR, rhlI C4-HSL production +  31 

LasR PQS QS pqsR, 

pqsABCDH 

PQS production +  1,31 

PqsR RhlR QS rhlI C4-HSL production +  17,19 

RhlR PQS QS pqsR, 

pqsABCD 

PQS production -  17,19 

IQS PQS, RhlR/I 

QS 

Unknown PQS production 

C4-HSL production 
? Unknown 

mechanism 

26,27,31 
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1.6 Quorum sensing using autoinducer peptides and γ-

butyrolactone derivatives 
While quorum sensing utilizing N-acyl homoserine lactones in gram-negative bacteria is the main 

focus of my research, other small molecules such as autoinducer peptides (AIPs) and γ-

butyrolactone derivatives are also used in quorum sensing. 

Figure 6: Hierarchal control of the quorum sensing systems of P. aeruginosa. Arrows 

symbolize upregulation, while inhibition is symbolized with a line. Autoinducers are 

indicated with different shapes:  pentagon: 3-oxo-C12-AHL, diamond: C4-AHL, 

triangle: PQS. Products whose expression has found to be inhibited in strains with 

mutations in each QS system are listed underneath the appropriate system (see table 1 

and 2 for references and further details). Products in white boxes are virulence factors 

that attack the host in a variety of ways, black boxes indicate a role in secretion, and 

grey boxes a role in biofilm formation and adhesion. The putative IQS system has not 

been included. 
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Autoinducer peptides 
AIPs include simple linear peptides, cyclic lactones and thiolactones, and peptides with complex 

posttranslational modifications (See Figure 1). Unlike the AHLs, AIPs cannot freely diffuse 

through the cell membrane in order to act as an extracellular signal, and thus AIP production and 

export in gram-positive bacteria is generally more complex than AHL synthesis in gram-negative 

bacteria. AIP biosynthesis, modification, and export systems fall into three groups, exemplified by 

systems in Bacillus, Enterococcus, and other gram-positives. These systems generally involve 

cytoplasmic production of a precursor peptide followed by processing by either integral or 

extracellular peptidases3. 

Production of autoinducer peptides 

In Bacillus, a precursor peptide is produced that contains an N-terminus secretion sequence. 

Following secretion, extracellular proteases remove the signal sequence. Enterococcus AIP 

production involves a precursor with a lipoprotein C-terminal tail and an N-terminus secretion 

signal, both of which are removed by integral proteases. Cyclic peptide signal precursors contain a 

leader sequence and a charged C-terminal tail45. The peptidase responsible for removing the C-

terminal also catalyzes the cyclization of the peptide46.  

Response to autoinducer peptides 

Response to produced AIPs occurs through two general mechanisms: either the AIP is transported 

directly into the cell directly binding to and activating a transcriptional regulator, or it indirectly 

activates a regulator by binding to a membrane-bound kinase that then activates a transcription 

regulating protein via phosphorylation. Either method causes an activated regulatory protein to bind 

to a promoter, thus upregulating expression of genes associated with QS behaviors and production 

of the precursor AIP3.  

Use of γ-butyrolactone derivatives as signaling 

molecules 
Other gram-positive bacteria of the Rhodococcus and Streptomyces genera can utilize γ-

butyrolactone derivatives (Figure 1) as quorum sensing molecules that regulate gene expression47. 

In various Streptomyces species, γ-butyrolactones structural groups known as A-factor, IM-2, and 

VB bind to repressor proteins, changing their conformation and allowing expression of regulated 
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genes for virginiamycin, pigment, actinorhodin, and undecylprodigiosin production48. Further work 

has shown that Rhodococcus jostii produces an isomer of A-factor γ-butyrolactone that can bind to 

receptor proteins in Strepomyces griseus, indicating a possible role in communication between 

Streptomyces and Rhodoccous species47. 

 

 

1.7 The diversity of signaling molecules and their 

receptors demonstrates the complexity of microbial 

communication systems 
As previously mentioned, LuxR and its homologues such as RhlR, LasR, and TraR respond to 

subsets of the different N-acyl homoserine lactones. Complexes of these receptors with their 

cognate ligands are responsible for DNA binding as dimers (See Figure 7), regulating complex 

microbial behaviors including increased production of their autoinducer49,50. However, research has 

shown that each receptor is also capable of responding to signaling molecules other than those 

produced by their matching LuxI synthase. Some receptors, such as QscR in P. aeruginosa are 

receptors capable of regulating gene expression after binding to AHLs, but do not have a matching 

synthase51. Receptors reported as being AHL specific may also be capable of responding to non-

AHL lactones such as γ- and 𝛿-lactones, a possibility that is investigated as part of my research. 
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1.8 Implications of quorum sensing dependent 

bacterial behaviors on human activities 

Bacterial virulence is regulated by quorum sensing in 

numerous pathogens infecting humans. 
Medical complications due to bacterial infections are a major concern. P. aeruginosa is a common 

bacteria found in infections of soft tissue burns, the urinary tract, the respiratory system, and 

corneas4. Strains of P. aeruginosa resistant to a wide variety of antibiotics have been characterized 

in patients suffering from diabetic foot ulcers52 as well as infections of the ear in patients with 

malignant external otitis (swimmer’s ear)53. Gram positive bacteria such as S. aureus use 

autoinducer peptides to regulate expression of virulence factors such as biofilm formation, 

adhesion, and hemolysins. Strains of S. aureus with knock out mutations of genes important in its 

QS systems have demonstrated reduced virulence. The majority of strains involved in human 

infections have active QS systems54. 

Bacteria will form biofilms on both implanted devices and other medical equipment such as 

Figure 7: Structures of TraR (left) in complex with N-(3-oxo-octanoyl)-L-homoserine lactone, and QscR (right) in 

complex with N-(3-oxo-dodecanoyl)-L-homoserine lactone. Each receptor forms a dimer (monomers white and black), 

with the DNA binding site oriented towards the bottom in this figure. Each lactone is show with carbons as grey 

spheres. TraR structure reported in Vannini et al, 2002 and QscR structure in Lintz et al, 2011. 
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catheters and contact lenses43. The formation of an extracellular matrix protects a biofilm from both 

a host’s immune system and antibiotics, and sessile biofilm can be 10-1000 times as resistant to 

antimicrobial agents as planktonic bacteria55. Antimicrobial resistance can be explained via several 

mechanisms. The first involves the limited diffusion of some antibiotics through the 

exopolysaccharide matrix of some microbes and absorption of antimicrobial agents to the matrix 

itself. Mature biofilms also tend to exhibit slower bacterial growth, a characteristic that is usually 

accompanied by higher antibiotic resistance56. 

Ventilator associated pneumonia (VAP) is caused by formation of biofilm on the inner surface of 

endotracheal tubes used to intubate hospital patients55. As the ventilator cycles, parts of the biofilm 

itself, and secretions from that biofilm, are moved deeper into the respiratory system until the 

infection can colonize the lower airways. 9-27% of intubated patients suffer from VAP, which is 

associated with increased mortality and longer hospital stay57. Biofilm infections occurring in VAP 

have some similarity to those occurring in cystic fibrosis (CF) patients55. CF occurs due to 

mutations in the cystic fibrosis conductance regulator gene, and corresponding malfunction of the 

chloride channel of the lung mucosa. As a result, non-inflammatory removal of pathogens via 

ciliary clearance of mucous is impaired, and inflammatory responses occur. Chronic P. aeruginosa 

infection occurs in 80% of CF patients58. Before early eradication strategies involving inhalation 

of colistin and oral ciproflaxin, chronic P. aeruginosa infection would cause mortality in 50% of 

patients within 5 years59. Quorum sensing mediated biofilm formation has been linked to increased 

tolerance to tobramycin, kanamycin, and hydrogen peroxide58. 

Bacterial virulence is regulated by quorum sensing in 

numerous pathogens infecting plants 
Plant pathogens such as Agrobacterium tumefaciens (discussed earlier), Pectobacterium 

carotovorum, Pectobacterium atrosepticum, and Pantoea stewartii have a variety of negative 

effects on human crops14,60. QS regulated behaviors in Pectobacteria include the production of 

cellulases, pectate lyases, and pectin methyl esterase collectively known as plant cell wall 

degrading enzymes (PCWDE). These PCWDE cause soft rot disease in plants, a disease responsible 

for yearly losses of 5-7% of potato crops in eastern Europe and some Asian countries, with a yearly 

cost in Europe estimated at 200 million euros61. Different strains of P. carotovorum and P. 

atrosepticum produce different ratios of autoinducers – strains in Class I produce mostly N-3-
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oxooctanoyl-L-homoserine lactone (3-oxo-C8-AHL), and lesser amounts of N-3-oxohexanoyl-L-

homoserine lactone (3-oxo-C6-AHL), while Class II strains produce mostly 3-oxo-C6-AHL and 

negligible amounts of 3-oxo-C8-AHL62. QS regulation of PCWDE allows Pectobacteria species to 

colonize a plant at low cell densities without activating host defenses61. Upon reaching a threshold 

density, AHL autoinducers bind to ExpR or other LuxR homologues found in Pectobacteria62. The 

AHL-ExpR complex inhibits the production of an mRNA binding protein, RsmA, which is 

responsible for blocking the translation of mRNA transcribed from the genes encoding PCWDE. 

In the absence of RsmA activity, PCWDE and other virulent behaviors are expressed and begin to 

macerate plant tissue63. 

Other QS regulated systems are found in bacteria in symbiosis with plants. For example, the LuxR/I 

homologues PhzR/I found in Pseudomonas chlororaphis regulate production of phenazines capable 

of broad-spectrum antifungal activity64. Species of Bradyrhizobium form symbiotic relationships 

with many legume crops, and behaviors such as nodulation and biofilm formation are partially 

controlled by QS systems. In Bradyrhizobium japonicum the expression of the nod gene, a 

component of a signal involved in nodulation, is controlled via a QS signal known as a cell density 

factor (CDF), or bradyoxetin65.  

Quorum sensing is involved in biofilm formation and 

biofouling 
Marine bacteria colonize and form biofilms on the surfaces of ships hulls, desalination plants, and 

industrial equipment exposed to seawater. Biofilms generally form in several stages involving first 

microcolonization with marine bacteria and diatoms, and then macrofouling as larger organisms 

such as algae, mussels, and barnacles attach (see Figure 8)66. These biofilms increase operating 

costs due to higher fuel costs related to greater drag on ship hulls and increased maintenance costs 

related to cleaning and removal of biofilms from surfaces67.  

Figure 8: Biofilm formation occurs in stages. First, bacteria adhere to surfaces using a variety of membrane proteins 

and lipids (A). Second, as population density increases, bacteria secrete a protective coating of polysaccharides and 

other components (B). Finally, larger organisms attach to the new biofilm (C). 
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Biofouling is also a major concern for the use of membrane bioreactors (MBRs)68. MBRs include 

an activated sludge reactor in which degradation of nitrogenous and phosphate waste is carried out 

by microorganisms and a membrane for filtration of solids and microorganisms from the effluent. 

The membrane can be submerged in the bioreactor or can be placed externally. External membranes 

require pumping of treated wastewater out of the reactor and through the membrane, while 

submerged membranes operate by applying a vacuum to the a submerged membrane chamber69. 

While MBRs have some advantages over conventional systems such as smaller footprints and 

higher quality water treatment, biofouling due to the growth of biofilms reduces membrane 

performance and requires costly maintenance or replacement of membranes70. A mixture of 

chemical and physical methods have had limited success in controlling biofouling, but disruption 

of quorum sensing mediated biofilm formation may be a more cost-efficient strategy68. 

Encapsulation of autoinducer-degrading bacteria into beads or sheets incorporated into MBRs has 

been shown to reduce biofilm formation and decrease the frequency of required membrane 

cleaning68,71.  

1.9 Interfering with microbial quorum sensing and 

communication 
QS systems evidently play an important role in a variety of microbial behaviors, many of which 

are detrimental to human activities. The ability to selectively interfere with microbial 

communication has the potential to inhibit all behaviors regulated by QS, and thereby benefit 

human industry, medicine, and agriculture72. Interference with QS utilizing AHLs has been the 

focus of much of this work and will be discussed further here.  In pursuit of this goal, three basic 

strategies have been proposed: (1) inhibition of the autoinducer synthase, (2) inhibition of the 

autoinducer receptor, and (3) degradation of the autoinducer to prevent its accumulation60,61 (See 

Figure 9). A brief discussion of strategies (1) and (2) follows, but the focus of this work is 

development of enzymatic methods to degrade autoinducers, as in strategy (3).   
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Small Molecule Quorum Sensing Inhibitors (QSIs) 

The first two strategies involve the use of small molecules capable of inhibiting QS, with the 

advantage of being able to infiltrate established biofilms, aiding in their dispersal and 

downregulation of virulent behaviors73. In order to develop the first strategy of inhibiting 

autoinducer synthesis, quorum sensing inhibitors (QSI) antagonistic towards these synthases have 

been characterized. One study tested 114 compounds from plant extracts and 10 synthetic 

compounds, discovering that salicylic acid, tannic acid, and trans-cinnamaldehyde inhibited 

production of AHLs as detected by a Chromobacterium violaceum. Salicylic acid was shown to 

decrease, but not eliminate AHL production, and the effects of tannic acid were attributed to 

unknown mechanisms instead of direct inhibition of the LasI or RhlI, but trans-cinnamaldehyde 

decreased production of both 3-oxo-C12-AHL and pyocyanin in P. aeruginosa74. Other plant 

extract small molecule QSIs include pyrogallol, L-canavanine, curcumin, furocoumarins, 

limonoids, and flavanoids75. 

In pursuit of the second strategy, that of interfering with autoinducer reception, many compounds 

with antagonistic effects towards LuxR homologues have been discovered and synthesized. Some 

quorum sensing inhibitors (QSI) with structures based on AHLs have been synthesized and their 

Figure 9: Proposed strategies for interfering with bacterial communication and quorum sensing. The LasR/I 

system of P. aeruginosa is used as an example. 
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capability to modulate QS related to the activity of LuxR homologues has been measured75. 

Reviews of the literature regarding these AHL analogues have shown that modifying certain 

moieties present in AHLs affects the antagonistic or agonistic effects of these molecules, including 

the length of the acyl chain, modification of the group attached to the 3-carbon of the acyl chain, 

lactone ring modifications, and addition of aromatic groups76. PQS inhibitors have also been 

synthesized and have demonstrated antagonistic capability against PqsR1.  

Naturally occurring  small molecule QSI are produced by a wide variety of marine organisms such 

as algae, sponge, coral, fungi, and bacteria60. One class of small molecule QSI are the halogenated 

furanones, originally isolated from marine algae extracts. Originally isolated with bromine, 

additional halogenated furanones have also been synthesized and have demonstrated QS 

inhibition76. Brominated furanones have been shown to inhibit biofilm formation in Streptococcus 

mutans, which colonizes tooth surfaces77. These furanones may bind to the LuxS synthase 

responsible for production of 4,5-dihydroxy-2,3-pentanedione (DPD), the precursor to AI-21. 

Brominated furanones with various chemical modifications inhibit biofilm formation in P. 

aeruginosa and Escherichia coli78, despite the lack of a LuxS synthase gene in P. aeruginosa1. 

Quorum Quenching Through Degradation of 

Autoinducer Signals 
A third strategy for control of QS involves the use of enzymes capable of degrading autoinducers. 

The majority of these quorum quenching enzymes (QQE) have been isolated from bacteria capable 

of degrading AHLs (and in some cases, γ-lactones), and include lactonases capable of opening the 

lactone ring, acylases capable of removing the acyl chain, and oxidoreductases catalyzing the 

hydroxylation of the ω-1, 2, or 3 carbon of the acyl chain75. (Figure 10).  

Figure 10: Enzymatic strategies for 

degradation of AHLs. R1 represents -H, -

OH, or =O groups, while R2 represents a 

saturated hydrocarbon chain between 1 

to 9 carbons in length. 
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AHL lactonases include several families of enzymes: the paraoxonases (PONs), the 

phosphotriesterase-like lactonases (PLLs), the metallo-β-lactamase like lactonases (MLLs)79, and 

the α/β-hydrolase family lactonases. Each of these families has a unique protein fold, and some 

incorporate metal cations80. See Figure 11 for specific examples and folds of lactone degrading 

enzymes. PON1 was isolated from mammalian liver81, SsoPox82 and GcL79 from thermophilic 

bacteria, and ZHD from Clonostachys rosea, a fungus (which will later be covered in more detail)74.  

 

 

Discovery and characterization of novel naturally occurring quorum quenching enzymes is an 

ongoing area of research, as these enzymes have demonstrated the promising capability to degrade 

a variety of small molecules used in quorum sensing, interfering with microbial behaviors that can 

be detrimental to human activities. Protein engineering approaches are also being pursued to 

improve the stability, specificity, and catalytic ability of these enzymes83.  

Figure 11: Families of 

enzymes capable of degrading 

AHL autoinducers. Metal 

cations shown as spheres. 
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Chapter 2 

2.1 Introduction  

LuxR type receptors have diverse mechanisms and 

substrate specificities 
A wide variety of receptors responding to the autoinducer signals used in quorum sensing have 

been characterized. Here I will discuss some of the LuxR type receptors that have been 

characterized along with their reported cognate ligand, and then discuss my characterization of 

some of these receptors and their response to previously unstudied potential ligands. Systems 

utilizing autoinducers other than homoserine lactones (such as autoinducer peptides and PQS) will 

not be discussed here. 

Each QS system utilizing LuxR homologues consists of a synthase producing an endogenous ligand 

that binds to a receptor protein capable of modulating gene expression (See Table 3). The receptors 

have both a N-terminus autoinducer binding domain and an C-terminus DNA binding domain84. 

Receptors are diverse. As already discussed, the two AHL based QS systems of P. aeruginosa are 

the LasI/R and the RhlI/R systems. Both LasR54 and RhlR85 form homodimers after binding with 

their cognate ligand and then modulate gene expression by binding to a regulatory sequence (las 

and rhl) respectively1. Others, such as EsaR can dimerize and bind to their regulatory sequences in 

the absence of AHLs, and are actually inactivated and monomerized in the presence of AHLs62, 

while SdiA from E. coli lacks a synthase partner and can bind to AHLs as a monomer86.  

Table 3: LuxR homologous receptors paired with their reported ligands and the synthase producing that ligand. HSL: 

homoserine lactone, 3O: 3-oxo, C4/6/8/10/12: number of carbons in the acyl chain (refer back to figure 1 for the 

structure of these compounds).  

Organism Synthase Receptor(s) Proposed Endogenous 

Ligands 

Reference(s) 

P. aeruginosa RhlI RhlR C4-HSL 17,87 

LasI LasR 3OC12HSL 16,17 

P. syringae AhlI AhlR 3OC6HSL 88 

P. syringae pv. 

tabaci 

PsyI PsyR C6-HSL, 3OC6HSL 89 
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E. carotovora CarI CarR, ExpR, 

VirR 

3OC6HSL 65,90 

P. stewartia EsaI EsaR 3OC6HSL 91 

B. glumae TofI TofR C8HSL 92 

A. tumefaciens TraI TraR 3OC8HSL 14 

C. violaceum CviI CviR C10HSL 93 

S. liquifaciens SwrI SwrR C4-HSL, C6-HSL 94 

V. fischeri LuxI LuxR 3OC6-HSL 11,12 

AinS AinR C8-HSL 11,12 

E. coli NA SdiA C6-HSL, 3OC6-HSL 86 

A. hydrophilia AhyI AhyR C4-HSL 95 

A. salmonicida AsaI AsaR C4-HSL 95 

M. tianshanense MrtI MrtR 3OC12-HSL, 3OC14-

HSL 

96 

 

Some researchers have proposed that LuxR homologues can be sorted into classes based on the 

effect of AHLs on protein folding, dimerization, and the regulatory state of the bound receptor (See 

Table 4) 97. For example, Class I receptors such as TraR require bound 3-oxo-C8-HSL during 

translation in order to fold and then regulate gene expression as a dimer. 3-oxo-C8-HSL binds to 

each monomer of a TraR dimer, stabilizing the protein and protecting it from proteases49. 

Table 4: Functional classes of LuxR homologues97 

Class Example Characteristics and mechanism of action 

I TraR Irreversibly binds AHL during translation, binds DNA as dimer 

II LuxR Reversibly binds AHL during translation, binds DNA as dimer 

III MrtR Does not require AHL during translation, ligand-receptor complex binds 

DNA as dimer  

IV EsaR Does not require AHL during translation, dimerized in absence of AHL but 

is nonfunctional when AHL-bound 

V SdiA Does not require AHL during translation, binds DNA as a monomer in 

complex with AHL 
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LuxR type receptors can exhibit different ligand 

specificity 
Receptors are also diverse regarding their specificity. Some receptors, such as SdiA, have an 

unrestrictive binding pocket that permits a wide range of ligand binding97. Behaviors beneficial at 

threshold population cell densities have been assumed to require high fidelity receptors capable 

responding to endogenous autoinducers for accurate quorum sensing1. The endogenous ligands 

reported in Table 3 were determined using similar methods. C6-HSL was identified as the ligand 

of CviR after HPLC and mass spectrometry analysis of the culture supernatant from a quorum 

sensing deficient strain of Chromobacterium violaceum was compared to the quorum sensing 

strain98. The endogenous ligands C4-HSL of AhyR and AsaR95 and 3-oxo-C6-HSL of LuxR in V. 

fischeri13 were determined via a similar method. 

Research has shown that some LuxR-type receptors are promiscuous and capable of binding to 

several AHLs99. CviR from C. violaceum regulates production of the purple pigment violacein in 

response to AHLs with acyl chains ranging from four to eight carbons in length, which allows the 

use of this bacteria in the detection of these autoinducers100. Evidently LuxR-type receptor 

responses are not restricted to endogenously produced autoinducers101. In fact, a census of LuxR 

homologous genes102 found that 2698 out of 3550 luxR genes did not have an adjacent luxI 

homologues. The receptors encoded by these “solo” luxR-type genes may respond to exogenous 

signals from the wider microbial community, or possibly to autoinducers produced by non-adjacent 

luxI-type genes102. While exogenous signal molecules are sometimes referred to as “non-cognate 

AHLs”85, the capability of LuxR-type receptors to respond to exogenous signals may actually have 

an important role in interspecies communication in natural microbial communities103.  

Biosensors incorporating LuxR-type receptors can be 

used to measure gene expression in response to 

lactones 
Plasmid biosensors constructed by other researchers are capable of quantifying lactone 

concentration in solution, and generally contain a gene for the production of the LuxR homologue, 

a promoter region to which the AHL-bound LuxR homologue can bind, a reporter gene regulated 
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by that promoter, and a resistance marker (see Fig. 12). Incorporation of different receptor genes 

including AhyR, RhlR, LasR, and LuxR (See Table 6) allow detection and quantification of 

AHLs99 due to their capability to easily 

diffuse through the cell membrane of reporter 

strains with these reporter plasmids104. The 

orphan LuxR homologue SdiA found in E. 

coli (Table 3) can interfere with detection of 

AHLs by these reporter plasmids. E. coli 

sdiA(-) strains have also been transformed 

with biosensor plasmids. Other researchers 

have constructed plasmids  containing a lux-

type promoter but lacking luxR-type gene in 

order to measure background expression of 

the regulated reporter gene even in the absence of the receptor (Table 5, pAL102, 104, 106)105. 

Cultures of bacteria transformed with reporter plasmids are incubated with small volumes of the 

solution to be quantified, and the expression of the reporter gene (fluorescence or luminescence) is 

compared to standard curves relating known concentrations of the AHL and reporter response99. 

Degradation of AHLs can also be measured relative to an inert control such as BSA by first 

incubating the AHL in question with a putative lactonase or acylase and then measuring the 

remaining AHL concentration using the same method106.  

  

Figure 12: Components of reporter plasmids. 
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Table 5: Characteristics of biosensor plasmids used to reporter lactone concentration. Strain JLD271 is a SdiA(-) 

strain of E. coli.  

Plasmid Receptor 

/Promoter Pair 

Promoter 

regulates 

expression 

of: 

Notes Bacterial strain Ref 

pSB403 LuxR/lux lux operon  E.coli MT102 99 

pSB401 LuxR/lux lux operon  E.coli  JM109 99 

pSB536 AhyR/ahy gfp  E.coli  JM109 99 

pSB406 RhlR/rhlI lux operon  E.coli  JM109 99 

pSB1075 LasR/las lux operon  E.coli JM109  99 

pAL101 RhlR/rhl lux operon  E. coli JLD271 105 

pAL102 rhl lux operon Negative control for 

pAL101 

E. coli JLD271 105 

pAL103 LuxR/lux lux operon  E. coli JLD271 105 

pAL104 lux lux operon Negative control for 

pAL103 

E. coli JLD271 105 

pAL105 LasR/las lux operon  E. coli JLD271 105 

pAL106 las lux operon Negative control for 

pAL105 

E. coli JLD271 105 

pJNL 

*pPROBErsaL 

LasR/rsaL gfp pJNL contains lasR, for 

constitutive expression 

E. coli DH5α 103 

pJNR 

*pPROBErhlA 

RhlR/rhlA gfp pJNR contains rhlR for 

constitutive expression 

E. coli DH5α 103 

pJNQ 

*pPROBEPA1897 

QscR/PA1897 gfp pJNL contains qscR for 

constitutive expression 

E. coli DH5α 103 

*The plasmid pPROBE is a template plasmid containing gfp. Promoters can be added to 

regulate GFP expression, shown as subscripts. 

2.2 LuxR homologues in reporter plasmids have 

nonspecific broad AHL specificity 
The biosensors listed in Table 5 often express measurable responses to a variety of AHLs99,105, with 

the caveat that this response sometimes occurs at relatively high concentrations of some AHLs. 

This is interesting in that these receptors all have a matching synthase that primarily produces one 
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endogenous ligand, as previously described, and is another indicator that cross-talk between species 

using different AHLs may be an important factor in microbial communities.  

In order to confirm these findings, and to generate standard curves measuring reporter culture 

response to AHLs, overnight cultures of E. coli with reporter plasmids were grown in LB media 

with the appropriate antibiotic, the diluted 1:50 (v:v) into fresh culture. After 1 hour, 2 µL of a 

stock 100x AHL solution was diluted with 198 µL of biosensor culture, and then further incubated 

for 2 hours. After 2 hours, either the fluorescence or luminescence was measured and then 

normalized by the OD600 of the cultures, and then the background luminescence from controls 

lacking AHLs was subtracted from those values. As can be seen in Figure 13, signal becomes 

significantly greater than background at AHL concentrations between 100 nM to 1 µM. Biosensors 

utilizing rhl, las, or lux promoters have shown to allow some expression of the regulated genes 

even in the absence of ligand-bound receptor proteins107. 

It is interesting to note that while the canonical cognate ligand for LuxR is 3-oxo-C6 AHL, Figure 

13 demonstrates that the biosensor can respond to C6, C8, and C10-HSL at similar concentrations. 

The measured maximum fluorescence with C10-AHL was roughly ~70% that of C6 and C8-AHL, 

and the threshold concentration for a response was an about an order of magnitude higher, but the 

receptor is responding to C10-AHL. These biosensors are thus useful tools for investigating the 

Figure 13: Dose response 

of E. coli cultures 

transformed with AhyR 

(pSB536) and LuxR 

(pSB403) reporter 

plasmids to AHLs with 

acyl chains of different 

lengths. Expression was 

measured in Relative 

Luminescence (RLU) or 

Relative Fluorescence 

(RFU) and normalized by 

OD600 of the cultures. 

SEM of biological 

quadruplicates shown as 

error bars. Background 

signal from samples not 

treated with ligands was 

subtracted. EC50 values 

are shown. 
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response of LuxR-type receptors to a variety of small molecules with the caveat that the response 

is occurring via heterologous expression in E. coli. While most receptors have a ligand to which 

they will respond at relatively low concentrations (See Table 6), our survey of the literature shows 

that most receptors show wide substrate selectivity in their capacity to respond to a variety of AHLs 

of different acyl chain length103. 

Table 6: Approximate concentrations of different AHLs eliciting ~50% maximum response using various constructed 

biosensor plasmids. See Table 5 for more details regarding each plasmid. pJNL, pJNR, and pJNQ allowing constitutive 

expression of each receptor were co-transformed with pPROBE plasmids containing GFP and the promoter to which 

each receptor binds. Some sensors did not reach maximum signal, so their EC50 was not resolved “UNR”. Ligands 

were not tested marked “-”, and some gave no detectable response marked “ND”. The reported endogenous ligand for 

each receptor is highlighted. QscR is an orphan receptor with no endogenous ligand, but appears to respond most 

strongly to C10-AHL103.* indicates values that were determined by examining a graph or chart, as raw data was not 

available. 

 Biosensor plasmid(s) with incorporated LuxR-type receptor 

 pSB1075 
LasR 

pAL105 

LasR 

pJNL 

LasR 

pSB406 

RhlR 

pAL101 

RhlR 

pJNR 

RhlR 

pSB401

LuxR 

pAL103 

LuxR 

pJNQ 

QscR 

Lactone EC50 Approximate concentration of ligand yielding 50% of maximum response (log[M]) 

C4 AHL -5 UNR ND UNR UNR -4 -4 - ND 

3OC4 AHL -7.5 - - UNR - - -4 - - 

C6 AHL -5 - ND -8* - -4 -7 - UNR 

3OC6 AHL -6 - ND UNR UNR UNR -8.5 -8 UNR 

C8 AHL -5 - UNR -8* - UNR -6 - -6 

3OC8 AHL -6.5 - -5 UNR - UNR -8 - -7 

C10 AHL -7 - -5 -7* - ND -6 - -9 

3OC10 AHL -8.5 - -7 -8* - ND -7 - -7 

C12 AHL -8.5 - -6 -7* - ND -6 - -8 

3OC12 AHL -9.5 -8 -8 -7* - ND -6 - -7 

C14 AHL - - -7 - - ND - - -7 

3OC14 AHL -9 - -8 -7* - ND -6 - -8 

Reference(s) 99 105 103 99 105 103 99 105 103 

Table 6 reveals some interesting patterns. While the reported endogenous “cognate” of each ligand 

appears to have an EC50 lower than other ligands, each receptor seems to have a wide substrate 

selectivity. In addition, RhlR in pSB406 appears to require a relatively high concentration (~100 

µM) of its reported C4-AHL cognate in order to reach half of maximum signal but is capable of 

responding to much lower concentrations of other AHLs. While LasR, LuxR, and QscR biosensors 

reach signal saturation, RhlR biosensor signal continues to increase with some ligands even at high 

concentrations, making their EC50 impossible to resolve with this receptor103. 

LuxR homologues may respond to γ, 𝛿, and ε-lactones 
Much work has been done to identify synthetic antagonists capable of inhibiting AHL binding to 
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LuxR-type receptors (see earlier discussion), but little work has been done to identify natural 

small molecules other than AHLs capable of inducing a response from these receptors. As 

mentioned previously, gram-positive bacteria such as Streptomyces and Rhodococcus can use γ-

butyrolactone derivatives for quorum sensing and microbial communication48. Thus, it may be 

possible that LuxR and its homologues such as LasR and AhyR may engage in cross-talk with these 

species, and the receptors incorporating these receptors may be capable of responding γ, 𝛿, and ε-

lactones despite their different chemical structures. The γ, 𝛿, and ε-lactones have an acyl chain from 

the γ, 𝛿, and ε carbons of the lactone ring, respectively, while the acyl chain of AHLs is attached 

to the α carbon (Figure 14). In order to examine this possibility, we performed biosensor assays 

measuring the expression of reporter genes regulated by LuxR homologues in response to γ, 𝛿, and 

ε-lactones99. 

Figure 14: AHL and γ, 𝛿, ε -lactone structure 
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To test whether these biosensors responded to non-AHL lactones, γ, 𝛿, and ε-lactones at 1 mM 

concentration in solutions of dimethyl sulfoxide (DMSO) were incubated with 198µL of reporter 

culture with six replicates in the same method as the AHLs. Interestingly, the LuxR biosensor 

showed a statistically significant response to some non-standard lactones, while the LasR and AhyR 

biosensors showed a similar pattern of inhibition relative to the background signal with DMSO 

(See Figure 15). This may indicate that 

some non-standard lactones, such as γ-

nonalactone, are capable of binding to 

LuxR productively, while possibly 

inhibiting expression of the reporter gene 

in LasR and AhyR regulated biosensors. 

Low levels of active LasR dimers have 

been detected in cultures in the absence of 

3-oxo-C12-HSL, suggesting that these 

regulator proteins are capable of folding 

into an active conformation in the absence 

of signal101. The γ-lactones with longer 

acyl chains appear to have a greater effect 

on inhibiting background signal. The LasR 

and AhyR biosensors also appear to show 

a similar pattern in their responses to γ-, 𝛿-

, and ε-lactones and there is only ~28% 

similarity between the ligand binding 

domains of these proteins as seen in 

protein-protein BLAST108. This may 

indicate that these lactones are affecting 

reporter gene expression through a 

mechanism unrelated to the receptor. 

Controlling for these effects will require 

using a reporter plasmid lacking the gene 

encoding a LuxR homologue. 

Figure 15: Response of LuxR type receptors to 1mM non-

AHL lactones. (A) pSB1075 with LasR receptor, (B) pSB536 

with AhyR receptor, (C) pSB403 with LuxR receptor. 

Lactones present at 1mM. The horizontal line and second 

column indicate background signal in the absence of lactone 

addition. The first column indicates signal from the same 

concentration of AHL as a positive control. Y-axis ranges 

are unique to each biosensor. 
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Figure 15C indicates that 1mM of some γ and δ lactones may upregulate production of the GFP 

reporter in pSB403. In order to examine whether this response was correlated to lactone 

concentration, we carried out a similar dose response assay using the LuxR containing pSB403 

with different concentrations of several representatives of γ and δ lactones (Figure 16). Only γ-

lactones appeared to cause a response, and only at relatively high concentrations (EC50 was 

approximately 20 µM and 300 µM for γ-nonalactone and γ-undecalactone, respectively) compared 

to the response to ~10nM of 3-oxo-C6 AHL. The addition of γ-undecalactone or γ-nonalactone at 

increasing concentrations was correlated with a clear increase in fluorescence.  

 

Because the production of the signal reports on the productive binding (i.e. binding and activation 

of the receptor, it does not inform on non-productive binding events. Therefore, we also examined 

the effects of competition between γ lactones and an AHL (see Figure 17). For these experiments 

increasing concentrations of γ lactones were added alongside a constant concentration of C10-AHL. 

Figure 16: Dose response of LuxR biosensor to γ and δ lactones. Fluorescence signal from 

reporter cultures was normalized by culture OD and background signal from cultures without 

addition of lactones was subtracted. Error bars display SEM for biological replicates in 

quadruplicate. Y-axis scales are different for each lactone. 
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Based on the reduction of background luminescence in cultures containing 1mM γ-undecalactone 

and γ-dodecalactone seen in Figure 15, these two lactones were examined first. Interestingly, γ-

undecalactone appears to inhibit ~50% of luminescence when present at roughly 1/100-fold of the 

concentration of C10-AHL, whereas the structurally close γ-dodecalactone only inhibited 

luminescence when present at 100-fold the concentration of C10-AHL. We hypothesize that γ-

undecalactone may be capable of productive binding with LuxR but may bind to LasR 

antagonistically. 

Figure 17: Effects on relative luminescent signal from pSB1075 reporter with LasR with addition of 1µM C10-AHL 

and increasing concentrations of γ-undecalactone and γ-dodecalactone. The x-axis is the [γ-lactone]/[C10-AHL], 

with a vertical line to indicate a 1:1 ratio of both lactones. Error bars display the SEM for biological replicates 

performed in quadruplicate. Y-axis scales are different between the two experiments. 
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If γ- and δ-lactones are capable of binding to LuxR homologues, they may also be capable of 

inducing or inhibiting behaviors regulated by those homologues. In order to examine this 

possibility, we measured pyocyanin production from cultures of P. aeruginosa PA14 with addition 

of GcL, a lactonase that should degrade autoinducers and downregulate pyocyanin production, as 

well as 100 µM γ-dodecalactone or γ-undecalactone. Cultures of PA14 with the added γ-lactones 

demonstrated a significant increase in pyocyanin production (See Figure 18). We hypothesize that 

high concentrations of γ- and δ- lactones may bind productively to some LuxR-type receptors but 

not as productively as their endogenous ligands. The effects of adding non-AHLs need to be 

confirmed through in vivo measurement of other virulence factors such as biofilm formation, 

elastase/protease production, and others. Additional confirmation using qPCR to measure 

expression of genes regulated by receptors involved in quorum sensing will also be carried out. 

 

2.3 Conclusion 
It seems clear that most LuxR-type receptors, despite their widespread association with a specific 

cognate ligand, can in fact respond to a range of different acyl homoserine lactones and may also 

be capable of responding to some γ- and δ-lactones. This response occurs both in assays using 

reporter cultures and in vivo when measuring pyocyanin production in P. aeruginosa, a behavior 

regulated by quorum sensing systems. The capability of these receptors to respond to exogenous 

Figure 18: Concentration of pyocyanin present in cultures of P. aeruginosa PA14 3 

hours after addition of GcL (a lactonase), 100 µM γ-dodecalactone or 100 µM γ-

undecalactone. Error bars display the SEM for biological replicates in 

quadruplicate.*** indicates p<.001 relative to “no treatment”.  
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signals may indicate a role in interspecies communication in microbial communities. 

Understanding the complex nature of these communication networks is essential to their 

manipulation and the modification of quorum sensing regulated bacterial behaviors. In future work 

we will continue to characterize key LuxR-type receptors and perform structural studies to discover 

determinants of ligand specificity. We expect these findings to help us better understand which 

types of signaling molecules bacterial species can sense and respond. 

2.4 Future work 
While the changes in the biosensor signals, apparent competition, and increased pyocyanin 

production may indicate binding of γ-, 𝛿-, and ε-lactones to LuxR homologues, this needs to be 

further confirmed with proper controls. If confirmed, the relationship between the structure of the 

lactone (including the length of the acyl chain and the size of the lactone ring) and its capability to 

bind to LuxR homologues will be examined. Crystallization of the receptor protein complexed with 

non-standard lactones would provide insight into the mechanisms that allow classes of molecules 

with somewhat different properties to bind to a single active site. Additionally, the effect of non-

standard lactones on expression of other behaviors (biofilm formation, protease production, etc.) in 

P. aeruginosa would also be measured. 

Chapter 3 

3.1 Introduction 
As mentioned previously, a variety of enzymes are capable of degrading AHLs and preventing the 

detection of a quorum by a bacterial population. These enzymes are referred to as quorum 

quenching enzymes (QQE) and use a variety of mechanisms (see Figure 10). Here we will focus 

on the discussion of the enzymes that act as a lactonase, opening the lactone ring of their target 

molecule. These lactonases are generally split into different families based on their protein folds, 

and they originate from a variety of different bacteria, archaea, and mammals109. Some lactonases 

have broad substrate selectivity against lactones with a variety of attached moieties, while others 

are relatively specific. Some are highly thermostable while others are sensitive to solvents and 

temperature.81 
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Quorum quenching lactonases are divided into four major families, the paraoxonases (PONs), the 

metallo-β-lactamase-like lactonases (MLLs), the phosphotriesterase-like lactonases (PLLs), and 

the αβ hydrolase fold lactonases.  An overview of these families is given below, followed by a 

description and characterization of zearalenone hydrolase, a member of a new potential lactonase 

family capable of quorum quenching. 

Members of the PONs family with highly conserved sequences have been found among a variety 

of different mammals, as well as some invertebrates10 and bacteria109. This family is characterized 

by a six-bladed β-propeller fold and a central tunnel. A catalytic calcium cation is involved in 

aligning and stabilizing the bound ligand and its intermediate110. PONs were studied due to their 

capability to degrade paraoxon, a metabolite of parathion, an insecticide. They can also degrade 

other organophosphates and neurotoxins such as sarin and soman111. However, PON1 paraoxonase 

activity is relatively low, while other closely related (~60% homologous) variants in this family, 

such as PON2 and PON3,  have almost no paraoxonase activity110. Thus, it is likely that this activity 

is not the main function of these enzymes. PON1 and PON2 exhibit similar activity profiles against 

AHLs with acyl chain lengths ranging from 7 to 14 carbons for the homoserine lactones, and from 

6 to 12 carbons for the 3-oxo-homoserine lactones. PON3 has a tighter activity profile and is more 

active against  the longer chain 3-oxo-homoserine lactones such as 3-oxo-C12 AHL81. 

MLLs exhibit a αβ/βα fold and a conserved HXHXDH motif that permits a bi-metallic active site, 

and are found in bacteria, archaea, and eukaryotes109. Examples of this class of lactonases include 

AaL109, GcL112, MomL113, AidC, AiiB, and AiiA112. These lactonases are proficient enzymes with 

a broad substrate selectivity109.  

PLLs belong to the amidohydrolase superfamily, and exhibit a (α/β)8 TIM barrel fold with a 

bimetallic active site located at the C-terminus of the barrel. Four histidine residues coordinate two 

metal cations which activate a bridging water molecule which opens the lactone ring of the substrate 

through nucleophilic attack112. PLLs have been isolated from bacteria and archaea and are often 

highly thermostable. They tend to show a preference for AHLs with longer acyl chains109. 

The α/β-hydrolase fold lactonases were isolated from bacteria, and have a wide substrate 

specificity109. The enzymes of this class do not contain a bimetallic active site. Instead they rely on 

a serine residue to attack the carbonyl carbon of the substrate’s lactone ring. The serine is part of a 

catalytic triad with histidine and glutamate. Histidine acts as a base, deprotonating serine and 
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allowing it to form an enzyme/substrate bond through nucleophilic attack. The resulting tetrahedral 

intermediate is stabilized by an oxyanion hole, followed by the breaking of the weakened carbon-

oxygen bond of the ring. An example of this class is AidH114.  

3.2 Characterization of a novel quorum quenching  

lactonase from fungi  
As noted, most lactonases have a broad substrate specificity, and are equally capable of degrading 

AHLs with short and long acyl chains. An example of this is GcL from Parageobacillus 

caldoxylosilyticus, which catalyzes with similar efficiency the degradation of 3OC12 AHL and C4-

AHL. However, some enzymes demonstrate a narrower substrate specificity. A member of the 

PLL-family, variant SsoPox W263I from Saccharolobus solfataricus, has a 930-fold greater 

catalytic efficiency towards 3OC12 AHL than with C4-AHL115. In P. aeruginosa, C4-AHL is the 

autoinducer produced by RhlI and activating RhlR, while 3OC12 is produced by LasI and activates 

LasR1.  LasR regulates virulence factors such as the production of elastase, protease, and 

exotoxins3, while RhlR regulates rhamnolipid production and swarming motility28, as well as 

pyocyanin production87 (See Figure 6 for other regulated behaviors).  

Lactonases with broad or narrow substrate selectivity have different effects on quorum sensing 

systems. The addition of SsoPox W263I and GcL to cultures of P. aeruginosa, both together and 

separately, has been shown to quench the expression of various virulence factors. Each of these 

enzymes reduced the production of pyocyanin, protease, and elastase, and when added in 

combination produced a synergistic effect, quenching these behaviors to a greater degree than either 

enzyme alone. SsoPox W263I showed a greater capability to disrupt biofilm formation and increase 

the antibiotic susceptibility of cultures of P. aeruginosa towards antibiotics. The addition of this 

enzyme also strongly reduced the expression of pqsA115, a gene responsible for the production of 

the PQS autoinducer19. SsoPox W263I also decreased virulence of P. aeruginosa in an amoeba 

infection model115. When clinical isolates of P. aeruginosa from patients with cystic fibrosis were 

treated with either enzyme, the expression of virulence factors in some isolates was inhibited by 

one enzyme and not the other116.  

Engineering Quorum Quenching Enzymes 

While a variety of QQE have been characterized, their use as biocontrol agents may have 
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unintended consequences as QS molecules are used to regulate beneficial and detrimental 

behaviors81. Expression of the lactonase aiiA has been shown to reduce nodule formation in 

Sinorhizobium meliloti (a N2 fixing bacterium) due to degradation of long-chain AHLs produced 

by that species’ LuxI homologue, SinI10.  The same lactonase expressed in Pseudomonas 

chlororaphis has been shown to reduce the anti-fungal capabilities of this strain and decrease its 

ability to protect plants81. Apart from specificity, affinity, and activity, other considerations for 

engineering QQE include practical considerations such as thermostability, high yield, solubility, 

and immunogenecity83.  

To avoid interfering with potentially beneficial bacterial interactions, we propose that systems that 

are less wide-spread among bacteria could be targeted, or enzymes could be engineered for greater 

specificity towards certain small molecule autoinducers using both rational design and directed 

evolution81.  The WT acylase PvdQ poorly degrades AHLs with side chains of less than 10 carbons, 

but researchers were able switch its specificity through the introduction of a L146W and a F24Y 

mutation. The resulting mutant degraded C8-AHL but not 3-oxo-C12 AHL, and as C8-AHL is used 

to modulate virulent behaviors in the pathogen Burkholderia, this mutant can be used to quench 

those behaviors106. The PLL orthologue enzyme MCP from Mycobacterium avium subspecies 

paratuberculosis shows little activity against C6 AHL, and no detectable activity against C4 and 

3-oxo-C6 AHL, but a single mutant N266Y showed novel activity against C4 and 3-oxo-C6 AHL, 

as well as increased activity against C6-AHL and 3-oxo-C8-AHL117. 

The mechanisms underlying the specificity of enzymes and their mutants toward different 

substrates have been examined for several enzymes. In the case of the PvdQ work mentioned 

previously, crystallographic analysis of both the wild type PvdQ and PvdQ L146W F24Y showed 

that the introduction of a bulky tryptophan side chain in place of leucine decreased the size of the 

hydrophobic binding pocket, excluding the binding of longer chain AHLs such as 3-oxo-C12 and 

increasing affinity for C8-AHL. The replacement of phenylalanine with tyrosine introduced a new 

hydroxyl group that formed a hydrogen bond with the amine of Trp146, stabilizing its 

conformation106. The importance of the binding cleft size in conferring specificity has been 

demonstrated with other QQE such as the promiscuous lactonases AaL and GcL, in which the acyl 

chain of longer AHLs is exposed to the solvent, and the active site is relatively accessible112,118. In 

addition, AaL has a unique hydrophobic patch that may contribute to lower KM values118.  QQE 

engineering has demonstrated success in producing mutants with modified specificity and greater 
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ability to impact targeted QS regulated bacterial behaviors. However, concerns over unintended 

effects on beneficial host microbes and the development of resistance to QQE or small molecule 

inhibitors indicate that more research is needed in this field83.  

Thus, controlling quorum sensing regulated behaviors may require the use of multiple enzymes of 

different specificities. Engineering and discovery of quorum quenching enzymes may allow us to 

better understand the structural determinants of substrate specificity and eventually fine-tune our 

control of quorum sensing in microbial communities. To that end, we characterize in this work the 

substrate specificity and binding mode of zearalenone hydrolase, a lactonase capable of degrading 

AHL autoinducers. 

Structural and Kinetic Characterization of a Quorum 

Quenching Lactonase from Fungi 
Zearalenone (ZEN) is a mycotoxin produced by Fusarium fungal species, specifically F. 

graminearum and F. culmorum119. These species infect wheat and corn crops meant for human 

consumption in a disease known as Fusarium head blight120. Contamination of these crops is 

problematic, as ZEN is a mimic that competes with estrogen, binding to its receptors and causing 

a variety of reproductive disorders121. Fusarium species may produce ZEN to inhibit the growth of 

competing fungi122.  

Clonostachys rosea is a soil fungus that has shown potential as a biocontrol agent of Fusarium123, 

but the mechanism of biocontrol was unknown until 2002, when a hydrolase capable of degrading 

ZEN was discovered124. Zearalenone hydrolase (ZHD) degrades the large lactone  ring of ZEN to 

produce 1-(3,5- dihydroxy-phenyl)-10’-hydroxy-1’-undecen-6’-one, a much less potent toxin125 

(See Figure 19). 
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Although the chemical structures of ZEN and AHLs are different (see Figure 23), both contain a 

lactone ring. It had been proposed that ZHD may have a role in quorum quenching and may be an 

example of an α/β-hydrolase fold lactonase that does not require a metal cation for catalytic activity. 

The crystal structure of ZHD in complex with ZEN74 and the hydrolysis product 1-(3,5- dihydroxy-

phenyl)-10’-hydroxy-1’-undecen-6’-one126 has been solved, and a catalytic mechanism has been 

proposed involving nucleophilic attack by a serine residue as part of a catalytic triad with histidine 

and glutamic acid74, similar to another α/β-hydrolase, AidH114. 

Here we provide data showing that ZHD is a broad-spectrum lactonase. We verified its ability to 

degrade AHLs using pH colorimetric assays, biosensor assays, and mass spectrometry. Contrary to 

some other characterized lactonases, no promiscuous activity was observed for paraoxon. The 

resolution of ZHD structure bound with an AHL molecule allowed us to establish the substrate 

binding mode of the substrate in this enzyme. The following work is presented in the format of a 

journal article as it is being prepared for future publication.  

Materials and Methods 

Cloning, expression, and purification of the protein ZHD. 

The protein was produced in Escherichia coli strain BL21(DE3)-pGro7/GroEL (TaKaRa). A His 

tag (LEHHHHHH) was added to the C-terminus of the amino acid sequence which was then 

inserted into the expression plasmid pET22b(+) using the XhoI/NdeI restriction sites, and ordered 

from Genscript (New Jersey, USA). The protein was produced at 37º C in 6 L of autoinducer media 

ZYP along with 100 µg·ml-1 ampicillin, 34 µg·ml-1 chloramphenicol, and 1 mM MgSO4. When the 

OD600 of the culture reached the exponential growth phase, it was induced with 0.2% L-arabinose. 

After induction the cultures were grown at 18º C overnight, and then were centrifuged at 4400 x g 

for 20 minutes at 4º C to pellet the cells, which were then frozen at -20º C. Frozen pellets were then 

resuspended in lysis buffer (10 mM Tris, 100 mM NaCl, pH 7.5, .1mM PMSF, 25 mg/mL 

Figure 19: Cleavage of zearalenone by ZHD. Lactone group is highlighted. 
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lysozyme, and 10 µg/mL DNAse I) and left on ice for 45 minutes. Then, cells were sonicated for 

35 seconds (1 second pulse-on, 1 second pulse-off) at amplitude 35 (Q700 Sonicator, Qsonica, 

USA) until the lysate viscosity was low and no visible cell pellet remained. Sonication was 

followed by centrifugation of the lysate (27000 x g, 45 minutes, 4º C). The lysate supernatant was 

then filtered first through a .8 µm and then a .45 µm syringe filter. The sample was then loaded 

onto a 5 ml HisTrap HP chromatography column (GE Healthcare) in ZHD binding buffer (10 mM 

Tris, 100 mM NaCl, pH 7.5) at room temperature. The column was then washed with 5 column 

volumes of binding buffer, and then with 2 column volumes of 90% binding buffer and 10% elution 

buffer (10 mM Tris, 100 mM NaCl, pH 7.5, 300 mM imidazole). The % elution buffer was then 

increased linearly from 10% to 60% over 5 column volumes. Upon observation of a UV peak 

corresponding to protein release from the column, the percent elution buffer was held constant over 

a period sufficient to completely elute the protein. After confirmation of the protein’s monomeric 

size and purity using Coomassie-stained SDS-PAGE, the protein sample was filtered through a 0.2 

µm syringe filter and loaded onto a size exclusion column (Superdex 75 16/60, GE Healthcare) to 

further purify the protein. Final purity and size of the protein was again confirmed via Coomassie-

stained SDS-PAGE.  

Kinetic Measurements 

ZHD catalytic activity was measured using a microplate reader (Synergy HTX, BioTek, USA), 

using Gen5.1 software, in a 96 well plate with a path length of 0.58 cm, each well containing 200 

uL reaction volume at room temperature. Kinetic parameters were calculated by fitting the data to 

the Michaelis-Menten equation using Graph-Pad Prism 5.0 software. Measurements were 

performed in quadruplicate at minimum. 

Biosensor assay 

Biosensor plasmids containing reporter genes regulated by LuxR/I or AhyR/I were used to detect 

the concentration of AHLs present in solution. The two reporter plasmids used were pSB403 and 

pSB53699. Each plasmid contains one regulatory gene (R) without a functional AHL synthase gene 

(I). pSB403 encodes LuxR, regulating expression of green fluorescent protein, while pSB536 

encodes AhyR regulating a lux operon. pSB403 was transformed into Escherichia coli strain 

MT102, while pSB536 was transformed into E. coli strain JM109. Cultures of each transformed 

strain were grown overnight for 18 hours at 30 ºC with appropriate antibiotics (10 μg/ml 



43 

 

tetracycline for pSB403, and 100 μg/mL ampicillin for pSB536) in LB, and then diluted 1:50 in 

fresh LB and grown for 1 hour before addition of lactones. 180 μL of culture was then combined 

with 20 μL of lactone solution and incubated for 3 hours on a rocking platform at 37 ºC. 

Luminescence was measured with a microplate reader (Synergy HTX, BioTek, USA), while 

fluorescence was measured at 509 nm after excitation at 488 nm. Standard curves of luminescent 

or fluorescent response were generated using GraphPad Prism 5.0 software. The LuxR/I pair 

responds to a wider variety of AHLs with various chain lengths, and so pSB403 was used with C6, 

C8, and C10-AHL. pSB536 with the AhyR/I pair was used with C4-AHL due to its stronger signal 

with that lactone. 

Quorum Quenching Assay 

Degradation of lactones by Bovine Serum Albumin (BSA) ZHD, and GcL, was quantified by 

incubating 495 μL of 100 μM of each lactone with 5 μL of .1mg/ml enzyme solution in LB media 

for 2 hours at 30 ºC. GcL and SsoPox W263I were used as positive controls due to their known 

activity against AHLs79,127. A blank without lactone was used to subtract background signal. After 

incubation, 20 μL of the media was added to 180 μL of the appropriate biosensor culture as detailed 

in the previous section, after which the luminescent or fluorescent signal was measured. 

Lactonase assay 

Hydrolysis of the lactone ring of AHLs generates a carboxylic acid, which lowers the pH of the 

solution. The rate of hydrolysis can thus be indirectly measured by reading a colorimetric 

absorbance change at 577 nm of a pH indicator, m-cresol purple as previously described82,112. The 

rate factor of this indicator was determined by titration with acetic acid at a range of concentrations 

from .35 mM to .05 mM. Reaction volumes contained 2.5 mM Bicine, 150 mM NaCl, .25 mM m-

cresol purple, and 5% dimethyl sulfoxide at pH 8.3. Lactone substrates were added at 8 

concentrations in the range of 10 µM to 1000 µM. Substrates tested included N-acyl homoserine 

lactones of different acyl chain lengths of 4, 6, 8, and 10 carbons (C4,6,8, or 10-AHL), 𝛿-lactones, 

and γ-lactones. AHL substrates were purchased from Cayman Scientific, while γ- and 𝛿-lactones 

were obtained from Sigma.  

Thiolactonase assay 

Hydrolysis of the lactone ring of homocysteine lactones was measured using the Ellman assay 

(1961) following the reaction of 5,5’dithio (bis-2 nitro benzoic acid, DTNB) with sulfhydryl 
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groups128,129. The resulting production of 5-thio-2-nitrobenzoic acid (TNB) is followed by 

measuring the A412nm due to increasing yellow coloration. Ellman assays were carried out in 

phosphotriesterase (PTE) buffer (50 mM HEPES, 150 mM NaCl, pH 8.0). The extinction 

coefficient of TNB at pH 8.0 is 1.36x104 M-1·s-1. In short, 145 µL of PTE buffer was combined with 

40 µL of Ellman solution (4mg/mL DTNB in PTE buffer), with 5 µL of the enzyme solution, and 

10 µL of the thiolactone solution (in DMSO) for a 200µL reaction volume. A large volume mixing 

was performed before beginning the time course measurement of a A412nm. 

Paraoxonase assay 

Ethyl-paraoxon hydrolysis by ZHD at 25 ºC was measured by following the production of p-

nitrophenolate at 405 nm (ε405nm = 17000 M-1·cm-1) in PTE buffer (50 mM HEPES, 150 mM NaCl, 

pH 8) as previously described82,112. 

Dihydrocoumarin Hydrolase Assay 

Dihydrocoumarin (DHC) hydrolase activity was measured by following the production of 3-(2-

hydroxyphenyl)propionate through measurement at A270nm at pH 7, 25 ºC, in 50 mM potassium 

phosphate buffer as described previously130. Assays were performed in quadruplicate, and were 

compared to activity in an enzyme with measured DHC hydrolytic activity (SsoPox W263I)127. 

Liquid Chromatography – Mass Spectroscopy of lactone degradation products 

200 uL solutions of C4--AHL, C8-AHL, γ-butyrolactone, γ-decalactone, δ-octanolactone, δ-

undecanolactone were prepared at concentrations of 1 mg/mL. The AHL solutions contained 5% 

DMSO to improve solubility of the lactone, while the γ- and δ-lactones contained 1% DMSO. 

These samples were incubated with 5 μL of ZHD enzyme solution at 10 mg/mL. A second set of 

identical lactone solutions were incubated with 5 μL of .5 mg/mL GcL, a lactonase with broad 

spectrum activity, as a positive control112, while a third set without enzyme treatment was also 

tested. Each enzyme/substrate solution was incubated for 4 hours, then frozen overnight before 

being sent for LC/MS. The solutions were then diluted 1/100 in water with 5% acetonitrile (ACN), 

and .1% formic acid. 10μL of each sample was then injected onto a reverse-phase, positive mode 

column (Water, Acquity BEH C-18 column, 2.1 x 100 mM, 1.7 μm particle size), at 40 °C, with a 

flow rate of .4ml/minute, with the effluent flowing directly into the mass spectrometer. Buffer A 

consisted of water with 0.1% formic acid, while buffer B was ACN with 0.1% formic acid. A 

gradient elution method was used, in which % buffer B was increased linearly from 1 to 40% over 
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4 minutes, followed by a rapid linear increase from 40 to 95% buffer B, after which buffer B was 

held at 95% for one minute, then decreased to 2% over the next 30 seconds. Finally, buffer B was 

held at a 2% for the last minute and a half.  

Mass spectrometric analysis was performed on a ThermoScientific, Q Exactive, Quadrupole, 

Orbitrap with Heated-Electrospray Ionization probe source (HESI-II). Ion spray voltage was 3400 

V positive, sheath gas flow rate was 50 mL/min, capillary temperature was 320 ºC, with an auxiliary 

gas heater at 400 ºC. MS method was full MS-SIM, with data collection duration of 8 minutes. 

Chromatographic peak width was 4 seconds, with positive polarity, 70,000 resolution, automatic 

gain control (AGC) target was 106. Maximum injection time was 200 ms. Scan range was 70 to 

1050 m/z.  

Quantitative analysis of lactones from LC/MS 

Examination of mass spec data was performed using Thermo Xcalibur software. Background signal 

from samples lacking lactones were subtracted before comparison of curves from lactone solutions. 

Peaks for both the intact homoserine lactone and the lactonase degradation product were found 

using their accurate isotope mass, and the peak intensities for each species in the non-enzyme 

treated, ZHD treated, and GcL treated samples were compared. Accurate isotopic masses used 

were: C4-AHL: 172.09737 m/z, C4 homoserine: 190.10793 m/z, C8-AHL: 228.15997 m/z, C8 

homoserine: 246.17053 m/z.  

Crystallization 

Conditions for crystallization were hanging-drop vapor diffusion at 293 K with a protein 

concentration 30 mg/ml. Protein solution consisted of ZHD buffer (10 mM Tris, 100 mM NaCl, pH 

7.5). Reservoir solution contained 1.4 M ammonium dibasic phosphate, 200 mM KCl, 100 mM 

imidazole pH 7.5. Crystals in the shape of long rectangular prisms appeared after 2 or 3 days, with 

sizes ranging from .3 x .05 x .05 mm to 2 x .25 x .25 mm. Cryoprotectant solution (.1 M imidazole, 

.2M KCl, .6 M ammonium dibasic phosphate, and 30% glycerol) including substrate appropriate 

to the complex crystallized was added at a ratio of 1:1 to the crystal drops prior to flash freezing in 

liquid nitrogen. Concentration of substrate used in both co-crystallization and cryoprotectant 

solutions were near their respective maximum solubilities in aqueous solution to increase 

occupancy of the active site. C4-AHL was present at 35 mM, C8-AHL at 8 mM, and γ-nonalactone 

at 20 mM.  
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X-ray diffraction data collection and protein-ligand complex modelling  

X-ray diffraction data for each complex were collected at 100 K using synchrotron radiation at the 

23IDB beam line (Advanced Photon Source, Argonne National Laboratory, USA). X-ray 

diffraction data were integrated and scaled with the XDS package131. The phases were obtained 

using the structure of ZHD (PDB code 5c7y) as a starting model for molecular replacement with 

MOLREP. WinCoot132 was used for building models which were then refined with REFMAC5132. 

PyMOL v2.3.0 was used to generate structure diagrams133. 

Melting point determination for ZHD 

Melting point determination was carried out using SYPRO Orange dye as detailed by Huynh and 

Partch134 with some modifications. Briefly, this assay involves the use of a dye that fluoresces after 

binding to the exposed hydrophobic regions of denatured proteins. A RT-PCR machine is used to 

change the temperature of the solution, denaturing the protein and increasing the fluorescence of 

the dye. 5 µM ZHD was combined with 3X SYPRO Orange dye in triplicate, while a blank triplicate 

without the protein was used to subtract background fluorescence. The reaction mixture was 

incubated for 3.5 minutes at 25° C, and then increased from 25° C to 95° C at the rate of 0.5° C 

every 30 seconds while measuring fluorescence at 570 nm.  
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Results and Discussion 

ZHD is a quorum quenching enzyme.  

Biosensor responses to samples treated with ZHD were less than those from samples treated with 

BSA (Figure 20).  

Degradation of C4 and C8-AHL by ZHD was further confirmed via LC/MS of lactone solutions 

incubated with the enzyme (Figures 21 and 22). Samples were treated with ZHD or GcL, a highly 

active AHL lactonase used as a positive control. GcL treated samples showed large peaks 

corresponding to the degraded homoserine products for both C4 and C8-AHLs, with a 

corresponding decrease in the peak associated with the intact AHL. ZHD treated samples showed 

a similar pattern confirming the lactonase activity yet suggesting that it is slower than GcL. 

 

Figure 20: Quenching of luminescent (C4- 

AHL) or fluorescent (C6, C8) signal from 

reporter plasmid pSB536 or pSB403 

respectively after incubation of 100µM 

lactone solution with BSA control or ZHD 

for 3 hours. BSA was used as a negative 

control, One-tailed P values comparing 

BSA and ZHD treated samples are shown. 
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Figure 21: Mass spectroscopic 

analysis of solutions of C8-AHL after 

incubation without enzyme, with GcL, 

or with ZHD. The peak with a 

retention time of 5.08 minutes 

corresponds to the hydrolyzed C8-

AHL, while the peak at 5.54 minutes 

corresponds to the intact C8- AHL. 

Figure 22: Mass 

spectroscopic analysis of 

solutions of C4-AHL after 

incubation without enzyme 

with GcL, or with ZHD. The 

peak with a retention time of 

2.47 minutes corresponds to 

the C4 homoserine, while the 

peak at 2.81 minutes 

corresponds to the intact C4 

homoserine lactone. The 

small peak at 2.62 minutes is 

an unknown contaminant 

with the formula C10H22O9 
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ZHD is a broad-spectrum lactonase. 

The activity of ZHD against a variety of 

substrates was measured (Table 3). Along 

with zearalenone (A), ZHD degrades a broad 

spectrum of AHLs (B), γ-lactones (D), and δ-

lactones (E). No activity was found for ZHD 

against homocysteine lactones, also known 

as homothiolactones (HTLs, C), 

dihydrocoumarin (F), or paraoxon-ethyl (G). 

The kinetic parameters were determined and 

are reported below in Table 7. ZHD 

demonstrated broad spectrum activity against 

a variety of AHLs, γ-lactones, and δ-lactones, 

with a kcat/KM in the range of 104 to 105 M-1·s-

1. These kinetic parameters are consistent 

with previous observations showing that 

Figure 23: Potential 

substrates of ZHD. R-

groups indicate carbon 

chains of different 

lengths. 

A. Zearalenone (ZEN) 

B. Acyhomoserine 

Lactone (AHL) 

C. Acylhomocysteine 

Lactone (HTL) 

D. γ-lactone 

E. δ-lactone 

F. Dihydrocoumarin 

G. Paraoxon-ethyl 

Table 7: Kinetic constants for ZHD. αKinetics with zearalenone at pH 

8.5 were determined in 2004 by Takahashi-ando, et al123. 
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ZHD is less active than GcL, which exhibits rates up to 106 M-1·s-1
. It had no detectable activity 

against some substrates that are commonly degraded by other classes of known lactonases (PONS, 

PLLs, MLLs) such as homocysteine lactones, dihydrocoumarin, or phosphotriesters such as 

paraoxon ethyl.  

ZHD has moderate thermal stability, but appears to lose activity rapidly in solution 

We measured the melting temperature of ZHD (Figure 24) using a SYPRO Orange dye assay134 

and determined that the melting temperature of ZHD was 50.80 ± .38 ºC. Despite this relatively 

high melting temperature, ZHD appears to lose activity after less than 20 minutes in solution with 

C4 and C8 AHL, for unknown reasons that need to be examined further (mass spec data not shown). 

This loss of activity could explain the large difference in peak area from LCMS observed between 

ZHD and our positive control, the highly active GcL enzyme (Figures 21 and 22).  

Crystallization and modelling of ZHD in complex with an AHL and a γ-lactone 

In order to examine whether ZHD is capable of hydrolyzing lactones commonly used in quorum 

sensing (the AHLs as well as some γ lactones), we crystallized ZHD in complex with both C8 AHL 

and γ-nonalactone and modeled these structures using x-ray diffraction. The crystal structures of 

ZHD in complex with C8 AHL and γ-nonalactone were determined at resolutions of 1.90 Å and 

1.80 Å respectively using molecular replacement with a previously determined model of ZHD74. 

Size exclusion chromatography of ZHD demonstrates that it is monomeric in solution. It is very 

similar in structure to AidH, a member of the α/β-hydrolase family (RMSD = 2.06). Like AidH, 

ZHD has a core α/β-hydrolase fold core and a cap domain. Data collection and refinement statistics 

Figure 24: Fluorescence of SYPRO Orange in solution 

with ZHD with increasing temperature. 
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for these modeled complexes can be found in Table 8, while models of the active site of ZHD 

bound to each ligand are shown in Figure 25. 

 

Table 8: Data collection and refinement statistics for ZHD complexes 

Structure ZHD bound to C8 AHL ZHD bound to γ-nonalactone 

DATA COLLECTION STATISTICS 

PDB ID   

Diffraction source APS Argonne 23ID-B APS Argonne 23ID-B 

Wavelength (Å) .991840 .991840 

Detector DECTRIS EIGER 16M DECTRIS EIGER 16M 

Rotation range per image (°) 0.5 0.5 

Total rotation range (°) 250 250 

Space group  P212121 P212121 

Unit cell parameters (Å) 

a = 74.80 a = 74.19 

b = 91.30 b = 91.84 

c = 113.50 c = 113.45 

α = 90.000 α = 90.000 

β = 90.000 β = 90.000 

γ = 90.000 γ = 90.000 

Resolution range (Å) (last bin) 1.90 (1.90-2.00) 1.80 (1.80-1.90) 

Total N° of reflections (last bin) 530767 (76749) 389702 (57815) 

N° of unique reflections (last bin) 60380 (8474) 71500 (10568) 

Completeness (%) (last bin) 99.9 (99.9) 99.8 (99.7) 

Redundancy (last bin) 8.79 (9.06) 5.45 (5.47) 

⟨I/σ(I)⟩ (last bin) 25.61 (4.29) 22.84 (3.75) 

Rsym (%) (last bin) 5.4 (53.3) 7.9 (57.1) 

CC(1/2) (last bin) 99.9 (92.0) 99.9 (93.0) 

REFINEMENT STATISTICS 

Rfree/Rwork (%) 19.88/16.51 18.31/15.91 

N° of total model atoms 4880 5032 

Ramachandran favored (%) 95.44 94.95 

Generously allowed rotamers (%) 2.73 3.21 

Ramachandran outliers (%) 1.82 1.83 

Rmsd from ideal  

Bond lengths (Å) .013 .013 

Bond angles (°) 1.727 1.827 
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Figure 25(a) shows the interactions present between the intact C8 AHL in the active site of ZHD 

and nearby residues. Ser102 is located at a distance of 2.7 Å from the carbonyl carbon of the lactone 

ring, well situated to perform a nucleophilic attack on this carbon in the formation of a tetrahedral 

transition state. Two members of the catalytic triad are shown (Ser102 and His242). The carbonyl 

oxygen of the lactone ring is 2.7 Å and 3.2 Å from the main chain amide groups of Gly32 and 

Ser103 in a position that allows these residues to stabilize the oxyanion of the transition state after 

nucleophilic attack. Trp183 forms a 3.2 Å hydrogen bond with the carbonyl oxygen of the acyl 

chain amide group of the substrate. On the left side of Figure 25(a) are several hydrophobic 

residues (Leu135, Leu132, and Val158) that accommodate the side chain.  

ZHD was also crystallized with γ-nonalactone (Figure 25(b)), and the hydrolyzed product could 

be modelled. A similar pattern of interactions occurs with this substrate, with Ser102 situated for 

attack on the carbonyl carbon of the lactone ring, and an oxyanion hole formed by the main chain 

amid groups of Gly32 and Ser103. Trp183 forms a hydrogen bond with one of the oxygens of the 

carboxylic acid group formed as a result of hydrolysis. A variety of residues accommodate the 

hydrocarbon tail of γ-nonalactone, including Leu135, Leu132, Val158, Val153, and Met154.  

Figure 25: Active site residues of ZHD in complex with C8 AHL (a) and the product of γ-nonalactone hydrolysis (b). 

The perspective has been rotated 180° horizontally between (a) and (b). The substrates are shown as sticks with a 

radius thicker than the side chains of the residues. The main chain portion of S102, S103, and G32 are also shown. 
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As briefly discussed earlier, ZHD has been crystallized in complex with zearalenone (ZEN) 

substrate as well as its hydrolysis product. A variety of residues in the active site hydrogen bond 

with ZEN, while others (Ser102, His242, and Glu126) have been proposed as members of a 

catalytic triad, with Ser102 acting as a nucleophile and attacking the ester carbon of the lactone 

ring74 (see Figures 26 and 27). AidH, another α/β-hydrolase, has a similar catalytic triad (Ser102, 

His248 and Glu219) and has demonstrated activity against a variety of homoserine lactones114. 

The catalytic triad shown in Figure 26 is well known, but a brief description of its mechanism 

follows. An aspartate or glutamate forms a hydrogen bond with a histidine, stabilizing the positive 

charge on the histidine, allowing the histidine to deprotonate the nucleophile (a). This nucleophilic 

serine can then attack the ester carbon of a lactone ring. A tetrahedral transition state is formed (b) 

followed by donation of a proton by histidine to the leaving group P1’ (c). Water then attacks the 

carbon of the ester group (d), and then the catalytic serine is regenerated (e). The final products are 

an alcohol-bound moiety (P1’) and a carboxylic acid bound moiety (P1) (f). The members of the 

catalytic triad in Figure 26 are labeled as those from ZHD. The tetrahedral transition states (b and 

e) are stabilized by an oxyanion hole consisting of backbone amide groups135. 

The relatively wide binding channel for ZHD, with few large residues that could block the active 

site helps explain the wide substrate specificity of ZHD toward a variety of AHLs as well as γ- and 

𝛿-lactones. The acyl chains of both molecules are bound differently in the active site (see Figure 

25), as the AHL and γ-lactone acyl chains are attached at the α and γ positions of the lactone ring. 

Figure 26: ZHD binding mode to ZEN. Dotted lines represent hydrogen bonding coordination in the active site of 

ZHD, while the curved arrow represents nucleophilic attach of serine on the ester carbon of the lactone ring. 
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The catalytic Ser102 seems well situated for nucleophilic attack on the lactone ring of these 

substrates, and the main chain amide groups of Gly32 and Ser103 provide stabilization for the 

resulting oxyanion transition state. This binding mode is consistent with the proposed mechanism 

in Figure 27, and consistent with the proposed binding mode of Zearalenone to ZHD74.  

Figure 27: Catalytic triad of ZHD 
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3.3 Zearalenone Hydrolase - Conclusion 
ZHD degrades a variety of small molecules that are used by both gram-negative and gram-positive 

bacteria as part their quorum-sensing systems, demonstrating a broad substrate specificity with a 

catalytic efficiency in the same range as other lactonases belonging to distinct families.  

Quorum quenching activity has arisen from a variety of protein folds and families. ZHD is not a 

member of the three main lactonase families, the phosphotriesterase-like lactonases, the 

paraoxonases, and the metallo-β-lactamase-like lactonases. Respectively, the proteins of these 

families utilize six-bladed β-propeller, αβ/βα, and a(α/β)8 TIM barrel fold, while ZHD exhibits a 

α/β-hydrolase fold. AidH114, a different member of the α/β-hydrolase family, also demonstrates 

lactonase activity with mechanism similar to ZHD but little sequence similarity exists between 

ZHD and AidH. Convergent evolution of various families has thus produced enzymes capable of 

degrading similar substrates, while parallel evolution of ZHD and AidH has produced two enzymes 

with similar functional and structural characteristics but no sequence identity (See Figure 28)136. 

ZHD is thus a novel lactonase with a fold unique from the major lactonase families, and a sequence 

with no similarity to the other characterized α/β-hydrolase lactonase. 

Bacteria compete for nutrients with fungal hyphae in the soil, and the formation of biofilm on the 

hyphae can prevent nutrient uptake by those hyphae. Fungi, such as Clonostachys rosea from which 

ZHD was isolated, use a variety of strategies to prevent bacterial growth and biofilm formation. 

These strategies include the secretion of antimicrobial molecules and interference with microbial 

Figure 28: Superimposition of AidH (white) and ZHD (black). These proteins share no detectable sequence similarity 

but have a similar structure. Both hydrolyze AHLs. 
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communication137. As ZHD has a demonstrated capability to degrade AHLs used in bacterial 

communication, it may have a role in fungal interference in quorum sensing among competing 

gram-negative bacteria. 

4. Conclusion 
Quorum sensing is a complex phenomenon, and receptors used by bacteria to regulate their 

behaviors can respond to a specific or wide range of molecules. Here we have shown that LuxR 

homologue regulated biosensors capable of responding to AHLs display some wider substrate 

selectivity toward some γ-lactones. This response was further verified in vivo through the 

measurement of pyocyanin production in P. aeruginosa. We have also demonstrated that LuxR 

homologous receptors vary in their specificity to substrates with the N-acyl homoserine lactones. 

The wider substrate selectivity of some receptors may indicate that they have a role in interspecies 

communication in addition to their capability to detect and respond to autoinducers produced by 

their host species.  

Bacteria and fungi have evolved a range of enzymes capable of interfering with quorum sensing 

through the degradation of these molecules. Control of the behaviors regulated by quorum sensing 

through the use of quorum quenching enzymes can be a useful tool, and the discovery of novel 

proteins with different sequences, structures, and mechanisms for the degradation of autoinducers 

provides a variety of starting points for engineering enzymes that may be useful in industry, 

agriculture, and medicine. Here we have shown that ZHD, isolated from a fungus, is capable of 

degrading AHLs used for quorum sensing in bacterial populations, crystallized it in complex with 

a representative AHL, and proposed a mechanism by which it catalyzes AHL degradation. 

Zearalenone hydrolase is a representative of the α/β-hydrolase family of quorum quenching 

enzymes that offers a novel sequence with the potential for further engineering and application. 

Continuing research in quorum sensing has demonstrated that bacterial communication involves 

autoinduction among individuals of the same species, but also that the receptors used by these 

species can respond to signaling molecules produced by the wider microbial community. Behaviors 

regulated by these different small molecules are diverse and targeting specific behaviors will be 

greatly facilitated through both a better understanding of these communication networks and the 

discovery and improvement of enzymes capable of interfering with quorum sensing.  
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