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The global objective of this research is to rewire the circuitry of bacterial 

quorum sensing to facilitate recombinant protein production in bacteria.  Previous 

research has shown that the activity of AI-2, the putative “universal” bacterial 

autoinducer, decreased in culture fluids when several proteins were overexpressed in 

E. coli W3110, suggesting bacteria communicate or possibly potentiate the 

“metabolic burden” associated with protein overexpression.  Additionally, 

conditioned medium obtained from LuxS+ and LuxS- strains was added to these 

cultures, resulting in a 2-4 fold increase in specific yield for both chloramphenicol 

acetyltransferase (CAT) and organophosphorus hydrolase (OPH). These simple 

observations set the stage for examining the role of quorum sensing in recombinant 

protein expression systems and also suggested that “rewiring” the quorum sensing 

circuitry would lead to significant improvement of yield. 



  

In this dissertation, we have inserted luxS into expression vectors (IPTG 

inducible) which can co-synthesize target recombinant proteins (arabinose inducible) 

to accomplish the modulation of the metabolic landscape for protein synthesis via 

altered AI-2 signaling. Our results show significant enhancement in both protein yield 

and activity, and reveal a strong linkage between bacterial cell communication and 

cellular processes involved in synthesis and folding of recombinant proteins in E. 

coli.  Second, we have attempted to rewire the native quorum sensing signaling 

circuitry and couple it to the widely-used T7 expression system for constructing an 

autoinducible recombinant protein expression platform. We demonstrate, for the first 

time, true autoinduction of recombinant proteins in E. coli or, in fact, any expression 

system. That is, our results showed that GFPuv, CAT, and LacZ were all expressed 

using this innovative system without cell growth monitoring or inducer addition. 
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Chapter 1 Introduction 

 

Recombinant protein technology has been extensively applied in 

manufacturing therapeutic, agricultural and numerous biological products in recent 

years.  Therefore, the need to produce larger quantities of recombinant proteins of 

higher quality is in great demand.  Understanding the underlying mechanisms, 

optimizing the procedures, improving the existing expression systems, and 

developing novel approaches are the main objectives for biochemical engineers to 

benefit this rising and flourishing industry.   

The production of recombinant proteins is carried out by introducing various 

deoxyribonucleic acid (DNA) sequences encoding for the foreign proteins into 

various host cells as different expression systems.   The gene encoding the desired 

foreign protein is typically downstream of an inducible promoter, so that its 

transcription level can be controlled by inducer addition.  Transcription of the foreign 

gene produces a messenger ribonucleic acid (mRNA) transcript which is then 

translated into the target protein product via ribosomal complexes (Lewin 2000; 

Shuler and Kargi 1992). 

Coordination of the knowledge of recombinant protein technology and 

bioprocess engineering has admitted large scale production of recombinant proteins 

by different genetically modified microorganisms.  The gram-negative prokaryotic 

bacterium, Escherichia coli (E. coli), is one of the most often used microorganisms 

for industrial production of recombinant proteins if the posttranslational 

modifications are not necessary.  Compared to other developed expression systems, 
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the advantages of E. coli are: (1) high growth rate; (2) inexpensive media; (3) 

availability of high-cell-density fermentation; (4) relative ease of process scale-up; (5) 

broad knowledge of the host; and(6) abundant selection of genetic control elements 

and the generally well-known methods for genetic manipulation (Baneyx and Mujacic 

2004; Shuler and Kargi 1992; Sodoyer 2004).  However, there are still drawbacks 

using E. coli as a host: (1) misfolded recombinant proteins result in the accumulation 

of insoluble and biologically inactive inclusion bodies; (2) E. coli lack systems for 

post-translational modifications; and (3) there are poor secretors (Baneyx and 

Mujacic 2004; Lee 1996; Shuler and Kargi 1992).  Furthermore, overexpression of 

recombinant proteins usurps the limited resources from the host and triggers 

physiological responses such as a decreased cell growth rate (Bentley et al. 1990; 

DeLisa et al. 2001b; Georgiou 1988; Glick 1995), coincidence with a  rapid stress 

response which can lead to the upregulation of stress genes and their products 

(Andersson et al. 1996; Gill et al. 2001; Harcum and Bentley 1993b); and finally, 

plasmid instability (Andersson et al. 1996; Bentley et al. 1990).  These factors can all 

result in the reduction of recombinant protein yield.   

Therefore, in order to pursue improvements in productivity, several cell-based 

molecular strategies have been developed: (1) the regulation of heat shock regulator, 

σ32, to depress the stress response by antisense RNA (Srivastava et al. 2000); (2) the 

utilization of protease minus mutants as hosts (Georgiou 1988); and (3) the co-

expression recombinant “functional” proteins (e.g. chaperones) coincident with the 

target protein products (Baneyx and Mujacic 2004; Lee and Olins 1992; Thomas and 
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Baneyx 1996b).  This study presents one other target for manipulating the host cells 

to increase yield. 

To date, there is some preliminary evidence suggesting a linkage between 

recombinant protein overproduction in E. coli and bacterial quorum sensing or cell-

to-cell communication (DeLisa et al. 2001b).  Indeed, bacterial signaling circuits have 

been coupled to innovative biotechnological applications which have attracted more 

and more attention, suggesting a wealth of potentiality for advancing biotechnology 

(March and Bentley 2004).   

 

1.1 Research Background 

1.1.1 Quorum Sensing: How Bacteria Communicate with Each Other? 

Quorum sensing is a process that bacteria communicate cell-to-cell via the 

production and detection of small secreted signal molecules termed autoinducers 

(AIs).  It enables population-density-based regulation of gene expression, whereby a 

single cell senses and communicates a minimal population unit (or quorum) needed 

for intra- or inter-species orchestrating population behavior (Fuqua and Greenberg 

1998a; Fuqua and Greenberg 1998b; Hastings and Greenberg 1999; Salmond et al. 

1995).  Therefore, while a threshold of an autoinducer level is achieved, a signal 

transduction cascade is initiated that results in diverse changes in bacterial behavior 

including: bioluminescence(Lilley and Bassler 2000; Miller and Bassler 2001), 

motility (Ren et al. 2004; Sperandio et al. 2001), competence (Perego and Hoch 

1996), antibiotic synthesis (Bainton et al. 1992), virulence (Miller et al. 2002; 

Sperandio et al. 1999), and biofilm maturation (Davies et al. 1998; Prouty et al. 
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2002).  In general, there are two paradigmatic quorum-sensing systems: (1) different 

oligopeptides used as autoinducers in Gram-positive bacteria (Figure 1-1A), and (2) 

various small molecules such as acylated homoserine lactones (AHLs) used as 

autoinducers in Gram-negative bacteria (Figure 1-1B) (Waters and Bassler 2005; 

Xavier and Bassler 2003). 

 

Gram-positive Bacteria Communicate with Oligopeptides.   

The oligopeptide signals (Figure 1-1A) are first synthesized as precursor 

peptides.  After the modification processes, the quorum signals are exported using 

ATP binding cassette (ABC) transporters.  When the cell densities increase, the 

secreted signals accumulate to a certain level, which can be detected by two-

component phospho-relay circuits. Through phosphorylation/dephosphorylation 

processes, the signals are transduced from the sensors to transcriptional regulators and 

then the phosphorylated regulatory proteins stimulate the expression of target genes. 

 

Gram-negative Bacteria Speak with Various AHLs. 

The AHL autoinducers are derived form S-adenosyl methionine (SAM), and 

share a common homoserine lactone moiety with different lengths of acyl side-chain 

and the substitutions on the side chain (Fuqua et al. 1996; Schauder and Bassler 

2001).  Bacteria use similar LuxI/LuxR type protein pairs to regulate different cellular 

activities.  The LuxI-like proteins produce specific AHL autoinducers, which are able 

to freely diffuse through the bacterial membrane and accumulate in concentration 

along with the cell growth.  The LuxR-like proteins are responsible for binding with 
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the partner AHL autoinducers to specific DNA promoter regions for the regulation of 

target genes (Figure 1-1B)  (Fuqua et al. 1994; Schauder and Bassler 2001).  

 

Parallel Quorum Sensing Circuits in Vibrio harveyi 

Quorum sensing processes in different microorganisms are variable.  An 

interesting example is the bioluminescence of Vibrio harveyi, which is governed via a 

multi-component signal transduction cascade built upon three parallel sensory 

pathways channeled to a shared response regulator protein, LuxO (Figure1-1C) 

(Bassler et al. 1994; Waters and Bassler 2005).  The first pathway responds to an 

AHL autoinducer, N-(3-oxohexanoyl)-L-homoserine lactone (autoinducer-1 or AI-1) 

(Bassler et al. 1993; Cao and Meighen 1989), which is similar to other Gram- 

negative bacteria.  However, the mechanism by which V. harveyi responds to AI-1 is 

mediated by a Gram-positive-like two-component phospho-relay system. The second 

pathway is mediated by autoinducer-2 (AI-2), dependent on the luxS gene product 

and identified as furanosyl borate diester (Bassler et al. 1994; Chen et al. 2002; Miller 

et al. 2004).  The third pathway, responding to cholerae autoinducer 1 (CAI-1), which 

is produced by the CqsA enzyme, was recognized recently (Henke and Bassler 2004).  

Sensory signals from the three pathways are transduced by 

phosphorylation/dephosphorylation to the shared signal integrator protein, LuxU, 

which, in turn, signals to the common response regulator, LuxO.  At high cell density, 

a condition in which the autoinducers exist in high level, the phosphate leaves LuxO, 

and dephosphorylated LuxO activates the expression of the transcriptional activator 

LuxR. In this way, the lux operon is transcribed and the 
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Figure 1-1 Different types of quorum-sensing circuits  
(A) Quorum sensing in Gram-positive bacteria are mediated via oligopeptides. Two-
component phosphorylation cascades are used for signal transduction. (B) In most 
Gram-negative bacteria, quorum circuits are mediated by species-specific AHLs, 
which are produced by the LuxI-type enzyme and detected by LuxR-type 
transcription regulator. (C) The Vibrio harveyi has three sensor kinases, LuxN, LuxQ, 
and CqsS, which respond to the three autoinducers, AI-1, AI-2, and CAI-1, 
respectively. The proteins of LuxLM, LuxS, and CqsA are responsible for the 
production of the three autoinducers respectively. At low concentration of the 
autoinducers, phosphate flows toward LuxO and phosphorylated LuxO works with 
σ54 to activate the expression of the loci encoding four sRNAs. These sRNA interact 
with a chaperone protein Hfq to reduce the mRNA stability of the luxR gene, which 
encodes a transcriptional activator of the lux operon. As a result, low luminescence is 
produced. At high cell density, when autoinducers are present, phosphate flows away 
from LuxO and repression of the lux operon is eliminated. Differing from system 1 
and 2, the CAI-1-CqsS system responds to CAI-1 at much lower cell densities 
(Waters and Bassler 2005; Xavier and Bassler 2003). 
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bacteria produce luminescence (Miller and Bassler 2001; Waters and Bassler 2005).  

Though the first pathway is species specific, signaling via AI-2 appears to be more 

widespread, occurring in numerous Gram-positive and Gram-negative bacteria and 

suggesting that the V. harveyi AI-2 quorum architecture may constitute an 

interspecies communication mechanism among bacteria.  By comparing to the first 

two pathways, it was recognized that the third pathway responds to CAI-1 at a much 

lower cell density (Henke and Bassler 2004).  These examples demonstrate the 

complexity and multiplicity of quorum sensing in Vibrio harveyi. 

 

LuxS Quorum Sensing and Autoinducer-2 

The presence of different cell-density-sensing systems to regulate bio-

luminescence in V. harveyi seems at first excessively redundant. To enable 

differentiation of the different systems, Bassler et al. developed V. harveyi mutant 

strains as reporters that are able to respond to the different autoinducers.  In their 

study in 1997, cell-free culture fluids from various bacterial species were tested by 

various reporter strains: BB120 (sensor 1+ sensor 2+), the wild type strain, responds to 

both AI-1 and AI-2; BB886 (sensor 1+ sensor 2-) only responds to AI-1; BB170 

(sensor 1- sensor 2+) which only responds to AI-2(Bassler et al. 1997).  Interestingly, 

cell-free culture fluids from a number of different bacterial species induced 

bioluminescence in V. harveyi, and most the substances produced by these species 

mimicked the response of AI-2 but not AI-1.  This result demonstrated that V. harveyi 

system 1 is specific, while V. harveyi system 2 is less specific.  The gene encoding 

AI-2 synthase, luxS, exists in numbers of sequenced bacterial genomes and AI-2 
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production has been confirmed in many of these species.  Therefore, because of its 

conserved nature, AI-2 is suggested to be a “universal” signal which is responsible to 

interspecies cell-to-cell communication (Bassler et al. 1997; Surette et al. 1999; 

Xavier and Bassler 2003). 

The complete AI-2 biosynthesis pathway has demonstrated that AI-2 is 

derived form S-adenosylmethionine (SAM) (Figure 1-2) (Schauder et al. 2001; 

Xavier and Bassler 2003).  SAM acts as a methyl donor dependent on 

methyltransferases in the biosynthesis or modification of DNA, RNA and cell 

proteins, and produces the toxic intermediate S- adenosylhomomcycteine (SAH).  

SAH is hydrolyzed to S-ribosylhomocysteine (SRH) and adenine by the nucleosidase, 

Pfs, and thereafter LuxS, the AI-2 synthase, cleaves homocysteine from SRH to 4,5-

dihydroxy-2,3-pentanedione (DPD).  DPD is highly reactive and readily undergoes 

nucleophilic attack.  After spontaneous cyclization and further rearrangement 

processes, it results in distinct but related derivatives (Figure 1-2) suggesting that 

distinct signal molecules can be distinguished as AI-2 by different bacterial species 

(Miller et al. 2004; Schauder et al. 2001; Waters and Bassler 2005; Xavier and 

Bassler 2003).   

There have been two distinct DPD derivatives identified in Salmonella 

typhimurium (S. typhimurium) and V. harveyi by trapping the signal molecules in 

their individual receptors (LsrB in S. typhimurium and LuxP in V. harveyi) and 

resolving their structures by crystallography.  The AI-2 in V. harveyi is (2S,4S)-2-

methy-2,3,3,4-tetrahydroxytetrahydrofuran-borate (S-THMF borate) and the AI-2 in 

S. typhimurium is (2R,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran (R-THMF)  
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Figure 1-2 Biosynthesis and formation of AI-2 signaling molecules 
(A) DPD is produced from SAM in three enzymatic steps. With catalysis of several 
methyltransferases, the SAM donates its methyl group to a methyl acceptor, resulting 
in production of the SAH, which is degraded by Pfs into adenine and SRH. LuxS acts 
on SRH to produce homocysteine and DPD (Xavier and Bassler 2003). (B) Formation 
of the AI-2 signaling molecules (Miller et al. 2004). The DPD molecules undergo 
self-cyclization and arrangement to form S-DHMF and R-DHMF, which are hydrated 
to yield S-THMF and R-THMF (the S. e. typhimurium AI-2). S-THMF may undergo 
further reaction with borate to form S-THMF-borate, the V. harveyi AI-2. The 
different DPD derived molecules are in an equilibrium, which can be shifted toward 
S-THMF-borate by the presence of borate. 
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(Figure 1-2)(Chen et al. 2002; Miller et al. 2004; Waters and Bassler 2005).  Though 

AI-2 structures are distinct, V. harveyi can report activity of S. typhimurium AI-2 

under the presence of boric acid and S. typhimurium AI-2 bioassay can report the 

activity of V. harveyi AI-2(Miller et al. 2004).  Additionally, the result of the co-

culture of V. harveyi and E. coli has demonstrated the bacteria can manipulate AI-2 

quorum sensing and interfere with other species’ cell-to-cell communication (Xavier 

and Bassler 2005b).  Therefore, the distinct AI-2 structures are presumably able to 

interconvert, which allows bacteria to sense not only their own AI-2 but also AI-2 

produced by different species.  These results further demonstrate that AI-2 is 

potentially a “universal” language between different bacterial species (Meijler et al. 

2004; Miller et al. 2004; Xavier and Bassler 2005b).   

 

1.1.2 Quorum Sensing in E. coli  

There have been over 55 Gram-positive or Gram-negative bacterial species 

found to produce and secrete AI-2(Vendeville et al. 2005).  The discovery that E. coli 

and S. typhimurium are also able to release AI-2 may have the most remarkable 

impact towards bioengineering applications.  Surette and Bassler observed that cell-

free culture media (conditioned media) from E. coli and S. typhimurium contain 

extracellular factors that can induce luminescence in V. harveyi through the non-

selective autoinducer sensor, Autoinducer-2 sensor (Figure 1-3) (Surette and Bassler 

1998).  The authors’ previous results also indicated that quorum sensing in E. coli 

was affected by several environmental factors.  This suggested that the signal might 

have communicated the growth phase and metabolic activity of the cells (Surette and 
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Bassler 1998; Surette et al. 1999).  After this discovery, more and more researchers 

attempted to characterize the potential roles that quorum sensing has in E. coli. 

 

 

 

 

 

 

 

 

 

 

Figure 1-3 Listening in on the conversation of bacteria  
Vibrio harveyi BB170 cross-species AI-2 activity assay for quantitative detection of 
autoinducer-2 (AI-2) in cell-free medium from E. coli W3110 cultures (DeLisa et al. 
2001b). 

 
 

Previously, our lab applied various environmental stimuli to chemostat 

cultures of E. coli K12 to investigate the response levels of AI-2 (DeLisa et al. 

2001a).  AI-2 was found to increase with the steady state-growth rates (i.e. dilution 

rate), but decreased during the overproduction of recombinant protein (DeLisa et al. 

2001a).  Further results demonstrated that there was a significant reduction of AI-2 in 

response to the overexpression of a variety of recombinant proteins in batch cultures 

of E. coli.   This response can be attributed to a “metabolic burden” (Bentley et al. 

1990), which is widely believe to be associated with the redistribution of metabolites 
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and nutrient resources (DeLisa et al. 2001b).  These works suggested that 

recombinant E. coli communicate the burden of overexpressing heterologous genes 

via the AI-2 quorum sensing circuit, and elicited more curiosity towards determining 

the physiological roles of quorum sensing in E. coli. 

The evidence that S. typhimurium can also detect AI-2 signaling is another 

milestone towards understanding quorum circuitry of E. coli and S. typhimurium.  

Although the quorum sensing role of AI-2 in the genus Vibrio has been determined, it 

was once disputed as to whether or not the molecule was just a metabolic byproduct 

or a nutrient (Ahmer 2004; Winzer et al. 2002b).  Previous research indicated that 

quorum sensing in E. coli and S. typhimurium might be critical for regulating 

behavior prior to the stationary phase of growth.  The maximal extracellular AI-2 

activity was observed during mid- to late-exponential phases in the presence of 

glucose.  AI-2 activity was observed to decrease, based on degradation, when glucose 

was depleted or during the onset of the stationary phase (Surette and Bassler 1998).  

Because the phenomenon is in contrast to general quorum sensing schemes, which are 

cell-density related, the roles that AI-2 played was a topic of debate until the lsr (luxS 

regulated)  operon was identified in S. typhimurium, a homologous operon of lsr 

present in E. coli (Taga et al. 2003).  Consequently, the discovery of the lsr operon is 

an important step towards understanding AI-2 quorum sensing in E. coli and S. 

typhimurium (Ahmer 2004; Taga et al. 2003; Taga et al. 2001 ).   

In order to identify and characterize AI-2 regulated genes of S. typhimurium, 

Taga et al. screened 11,000 isogenic wild type and luxS null strains harboring random 

MudJ (lacZ) reporter insertions in the chromosome.  The lsrACDBFGE operon was 
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identified.  The lsr operon encodes an ATP binding cassette (ABC)-type transporter 

system which is similar to the ribose transporter system of E. coli and S. typhimurium 

(Taga et al. 2001). Therefore, the Lsr transporter system is suggested to be 

responsible for AI-2 uptake and modification (Figure1-4A).  The lsrACDB genes 

encode the transport apparatus which seemingly bind to AI-2 specifically and 

function to import AI-2.  The gene, lsrR, located adjacent to the upstream sequences 

of the lsr operon encodes the primary regulatory protein of the operon (Taga et al. 

2001).  Following the entry into the cells, AI-2 is phosphorylated by a kinase encoded 

by lsrK.  The phospho-AI-2 is suggested to be the inducer responsible to inactivate 

the LsrR repressor, which results in the de-repression of lsr expression (Taga et al. 

2003).  In E. coli, b1513 operon is homologous to S. typhimurium lsr operon.  Also, 

ydeV and ydeW encode the proteins homologous to S. typhimurium LsrK and LsrR 

respectively (Figure 1-4B) (Taga et al. 2003; Wang et al. 2005a; Xavier and Bassler 

2005b).  Unsurprisingly, it is also shown that b1513 operon of E. coli encodes AI-2 

transport system which function to import AI-2 from the culture fluid (Xavier and 

Bassler 2005b).  Additionally, the work from our group determined that AI-2 

synthesis and uptake in E. coli are regulated by the catabolite repression through the 

cyclic AMP (cAMP) and cAMP receptor protein (CRP) complex, which directly 

stimulates transcription of the lsr operon and indirectly represses luxS 

expression(Wang et al. 2005a).  The model describing the production, accumulation, 

and transduction of AI-2 in E. coli was proposed to interpret AI-2 regulation (Figure 

1-4C)(Wang et al. 2005a).      

 



 

 14 
 

Figure 1-4  Conceptual models of AI-2 synthesis and internalization in S. 
typhimurium and E. coli   
(A)AI-2 (pentagons) is produced by LuxS and accumulates extracellularly. 
Thereafter, AI-2 is internalized by the Lsr ABC-type transporter and following 
phosphorylation via the LsrK kinase. Phopho-AI-2 is an inducer of transcription of 
the lsr operon, and is proposed to bind to the lsr operon repressor LsrR and inactivate 
LsrR (Xavier and Bassler 2005b). (B) E. coli b1513 operon is homologous to S. 
typhimurium lsr operon. The proteins encoded by ydeV and ydew are homologous the 
AI-2 kinase LsrK and the lsr repressor LsrR respectively (Xavier and Bassler 2005b). 
(C) In the presence of glucose, low level of cAMP and CRP repress the lsr operon. 
Also, indirect upregulation and likely relatively abundant precursor flux result in the 
increases AI-2 synthesis. Both factors enable the rapid accumulation of AI-2 
extracellularly. While the inducer of lsr, phosphor-AI-2, is absent, LsR represses the 
expression of lsr operon.  After glucose is depleted, cAMP-CRP stimulates the 
expression of lsr. As AI-2 accumulates, lsr transcription is de-repressed and more AI-
2 is internalized. Plus and minus indicate positive and negative regulations 
respectively (Wang et al. 2005a). 
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1.1.3 Biotechnological Applications of Quorum Sensing  

Biotechnology researchers look for novel platforms that assist in the enhancement of 

efficiency, searching for wider applications, and maintaining or intensifying of 

process specificity.  There have been several research reports directed at harnessing 

quorum sensing in areas such as novel antimicrobial therapies to the management of 

pathogen/pest (For reviews, see(March and Bentley 2004; Weber et al. 2005)).  One 

of the most innovative application of quorum sensing research has been in metabolic 

engineering (March and Bentley 2004).  Specifically, Neddermann et al. 

(Neddermann et al. 2003) developed a novel expression system in mammalian cells 

by transferring the bacterial quorum sensor of Agrobaterium tumefaciens into 

mammalian hosts under a eukaryotic transcriptional regulation.  Also, Weber et al. 

(Weber et al. 2003) implanted Streptomyces bacterial quorum sensing system into a 

eukaryotic transactivation domain to engineer a tunable heterogeneous gene 

expression system in mammalian cell culture and mice.  Finally, Bulter et al. (Bulter 

et al. 2004) created an artificial quorum circuit expression system via acetate for cell 

to cell signaling in E. coli. 

 

1.2 Outline of the Dissertation 

In this dissertation, Chapter 2 presents the work on the “rewiring” of E. coli 

quorum sensing by altering the induction level of AI-2 synthase LuxS. This work has 

linked a dramatic improvement in yield by LuxS manipulation to the level of E. coli 

chaperone, GroEL. Chapter 3 presents an entire new “autoinduction” expression 

system. The whole work is summarized in Chapter 4.  
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Chapter 2 Rewiring Native AI-2 Quorum Sensing Circuit 
Increases Yield of Recombinant Proteins in E. coli through Post-
transcriptional Control of GroEL 
 

2.1 Introduction 

Quorum sensing (QS) enables population-density-based regulation of gene 

expression, whereby a single cell senses and communicates with a minimal 

population unit (or quorum) needed for orchestrating population behavior (Fuqua and 

Greenberg 1998a; Fuqua and Greenberg 1998b; Hastings and Greenberg 1999; 

Salmond et al. 1995). While there is intense interest in understanding the mechanisms 

of QS-signal transduction, there have been few technological or commercial 

applications that have directly resulted from adapting or rewiring this signaling 

process. One of the most striking targets is in the field of metabolic engineering, 

where signaling modules can be constructed to alter phenotype and aid in the 

synthesis of recombinant gene products (March and Bentley 2004; Tjalsma et al. 

2004). For example, Bulter et al. (Bulter et al. 2004) created an artificial genetic 

switch using acetate for modulating cell to cell signaling in Escherichia coli (E. coli). 

Neddermann et al. (Neddermann et al. 2003) developed a hybrid expression system 

by incorporating the quorum circuitry of Agrobaterium tumefaciens into a eukaryotic 

transcriptional controller for HeLa cells. Weber et al. (Weber et al. 2003) implanted 

the Streptomyces bacterial QS system for tuning heterologous protein expression in 

mammalian cell culture and mice (human primary and mouse embryonic stem cells).   

The molecular basis by which QS works varies among different species, both 

in the synthesis of the signaling compounds and in the modes of their perception. This 
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diversity affords a vast array of potential application – the types of rewired systems 

for achieving specific outcomes can vary greatly and are limited by our imagination 

and ability to abstract regulatory features and reconstruct them into modular, 

transplantable, controllers. For instance, bioluminescence of Vibrio harveyi is 

governed via a multi-component signal transduction cascade built upon three parallel 

sensory pathways channeled to a single response regulator protein, LuxO (Bassler et 

al. 1994; Waters and Bassler 2005). The first pathway responds to an acylated 

homoserine lactone (AHL), N-(3-oxohexanoyl)-L-homoserine lactone (autoinducer-1 

or AI-1) (Bassler et al. 1993; Cao and Meighen 1989), while the second is mediated 

by autoinducer-2 (AI-2), (Chen et al. 2002; Miller et al. 2004), and the third pathway 

responds to CAI-1, which, in turn, is produced by CqsA (Henke and Bassler 2004). 

Though the first pathway is species specific, signaling via AI-2 appears to be 

widespread, as its terminal synthase, LuxS, is present in numerous Gram-positive and 

Gram-negative bacteria (Chen et al. 2002; Miller et al. 2004; Xavier and Bassler 

2005a). Indeed, the mode by which an AI-2 signal is transduced also varies and can 

therefore be exploited by using these modalities in a variety of metabolic engineering 

applications. For these reasons, we have systematically studied both the synthesis and 

perception of AI-2 in E. coli, so that we might create novel modular QS-based 

approaches for enhancing bacterial performance in commercial processes. 

The ability of bacteria such as E. coli to produce the AI-2 quorum signal has 

been attributed to the LuxS protein, a homodimeric zinc metalloenzyme originally 

identified in V. harveyi (Lewis et al. 2001; Surette et al. 1999). AI-2 signal generation 

results from LuxS-catalyzed cleavage of S-ribosylhomocysteine (SRH) yielding 
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homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD) which is cyclized into AI-2 

(Schauder et al. 2001; Zhu et al. 2004). The specific genes, proteins, pathways, and 

functions attributed to AI-2 signaling in E. coli, while described to be widespread 

(DeLisa et al. 2001a; DeLisa et al. 2001c), are not fully understood and are 

continually emerging (Ahmer 2004; Vendeville et al. 2005). Notably, important 

phenotypes have been attributed to AI-2 signaling (e.g. virulence, biofilm formation, 

etc.) (Barrios et al. 2006; Domka et al. 2006). We have demonstrated that AI-2 also 

communicates the “metabolic potential” of E. coli, particularly when they are 

expressing recombinant proteins (DeLisa et al. 2001a; DeLisa et al. 2001b). The 

signal level in the extracellular milieu decreased precipitously upon the 

overexpression of recombinant proteins at a rate proportional to their rate of 

synthesis. This observation was independent of the protein, whether of viral, 

bacterial, or eukaryotic cell origin (DeLisa et al. 2001a; DeLisa et al. 2001b). We 

subsequently hypothesized that the global protein synthesis landscape (e.g., 

chaperone, protease, polymerase activities) could be altered by shifting the window of 

quorum-dependent gene regulation through exogenous addition of AI-2 or 

modulation of AI-2 production via the regulation of luxS.   

While metabolic engineering studies often target, via complementation or 

mutation, the proteins or enzymes directly involved in a particular pathway of 

interest, such as TraR above (Neddermann et al. 2003), an approach described here 

“tweaks” the native signal transduction pathway to alter the global landscape 

necessary for the desired objective. That is, we describe for the first time the 

intentional manipulation of native QS communication for improving the synthesis of 
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recombinant proteins. We have confirmed that the approach is general by testing 

several proteins of interest. Moreover, we attribute this to increased level of active 

GroEL, which, in turn, is shown for the first time to be post-transcriptionally 

modulated by AI-2. Such QS-mediated post-transcriptional modulation of protein 

level has never been reported in E. coli.   

 

2.2 Materials and Methods  

Bacterial strains and plasmid construction: Strains and plasmids used in this study 

are listed in Table 2-1.  Chloramphenicol acetyltransferase (CAT)(Bentley 1991) and 

organophosphorus hydrolase (OPH)(Wu et al. 2000) were expressed using pTrcHisB 

(Invitrogen).  In luxS co-expression experiments, plasmid pBO was constructed by 

digestion of the opd gene encoding organophosphorous hydrolase with NcoI and 

HindIII from pTO(Srivastava et al. 2000), and insertion into pBADHisA (Invitrogen).  

The luxS gene was amplified by PCR from genomic DNA of W3110 using primers 

LuxSF and LuxSR (Table 2-2) containing EcoRI restriction sequences and inserted 

into pKK223-3 (Amersham Pharmacia) yielding pKK-luxS.  Plasmid pBOL was 

constructed by PCR amplification of the tac promoter-luxS fusion from pKK-luxS 

using primers pkk223LuxSF and pkk223LuxSR (Table 2-2), followed by ligation into 

NdeI digested pBO.  Plasmid pBOL-LacIq was built by PCR amplification of lacIq 

encoding and overproducing Lac repressor from the vector pTrcHisB (Invitrogen) 

using primers LacIqF and LacIqR (Table 2-2). The PCR product was blunt cloned into 

BstZ17I digested pBOL.  Two additional sets of plasmids were derived from pBO, 

pBOL, and pBOL-LacIq to express two other recombinant proteins, CAT and the UV 
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variant green fluorescent protein (GFPuv).  Plasmids pBC, pBCL, and pBCL-LacIq, 

the PCR amplified cat gene from pTrcHisCAT (Invitrogen) using similar methods 

and primers FCAT and RCAT (Table 2-2). Likewise, pBG, pBGL, and pBGL-LacIq 

were constructed to express GFPuv using pTrcHisGFPuv(Cha et al. 2000) and 

primers FCAT and RGFPuv (Table 2-2).  All plasmids were transformed to TOP10 

competent cells (Invitrogen) for sequencing (DNA sequencing facility, UMBI) and 

later transformed into W3110 or MDAI2.  Recombinant model proteins were under 

the control of the arabinose-inducible araBAD promoter, and the luxS was controlled 

by the isopropyl-β-D-thiogalactopyranoside (IPTG)-inducible ptac promoter.  In vitro 

synthesized AI-2 was made using plasmids pTrcHis-luxS and pTrcHis-pfs(Barrios et 

al. 2006), which overproduce His6-LuxS and His6-Pfs in the host E. coli BL21 

(Novagen) (Barrios et al. 2006).  Vibrio harveyi BB170 (luxN::Tn5, sensor 1-, sensor 

2+) and BB152 (luxL::Tn5, autoinducer 1-, autoinducer 2+) (Surette and Bassler 

1998), were used for AI-2 activity assays (kindly provided by Dr. B. Bassler).  

Transformations, cloning procedures and DNA isolation were performed using 

standard protocols (Sambrook 2000). 

 

Growth media: Luria Bertani (LB) medium contained 5 g L-1 yeast extract (Sigma), 

10 g L-1 bacto tryptone (Difco), and 10 g L-1 NaCl. E. coli defined growth medium 

was prepared according to Riesenberg (Riesenberg et al. 1991) and supplemented 

with 0.8% glucose (Sigma). Autoinducer bioassay (AB) medium was made according 

to Greenberg et al (Greenberg et al. 1979).  
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Table 2-1  Bacterial strains and plasmids used in this study 
 
Strain/plasmid Relevant genotype and property Source or reference 
Strains   
E. coli    

   W3110 Κ12 strain, wild type,  λ-, F-, IN(rrnD-rrnE)1, rph-
1s 

GSC, Yale 
University, New 
Haven, CT 

   MDAI2 W3110 luxS::Tcr W3110-derived luxS mutant 
strain 

(DeLisa et al. 
2001a) 

   BL21 F-ompT [dcm][lon]hsdS(rB
-MB

-)gal Novagen 
V. harveyi   

   BB152 BB120 luxL::Tn5 (AI-1-, AI-2+), Kmr (Surette and 
Bassler 1998) 

   BB170 BB120 luxN::Tn5 (sensor 1- ,sensor 2+), Kmr (Bassler et al. 
1993) 

Plasmids   
  pKK223-3 Cloning vector, Apr Pharmacia Biotech 
  pTrcHisA,B,C Cloning vector, Apr Invitrogen 
  pBADHisA Cloning vector, Apr Invitrogen 
  pTrcHisCAT pTrcHis derivative, Apr Invitrogen 
  pKKluxS pKK223-3 derivative, luxS+ Apr This study 

  pTO pTrcHisA derivative, containing opd, Apr (Srivastava et al. 
2000) 

  pBO pBADHisA derivative, containing opd, Apr This study 
  pBOL pBO derivative, containing luxS from W3110, Apr This study 

  pBOL-LacIq pBO derivative, containing luxS from W3110 and 
lacIq, Apr This study 

  pBC pBO derivative, containing cat, Apr This study 
  pBCL pBC derivative, containing luxS from W3110, Apr This study 

  pBCL-LacIq pBC derivative, containing luxS from W3110 and 
lacIq, Apr This study 

  TrcHisGFPuv pTrcHisB derivative, containing gfpuv, Apr (Cha et al. 2000) 
  pBG pBO derivative, containing gfpuv, Apr This study 
  pBGL pBG derivative, containing luxS from W3110, Apr This study 

  pBGL-LacIq pBG derivative, w/ luxS from W3110 and lacIq, 
Apr This study 

  pTrcHis-LuxS pTrcHisC derivative, containing luxS from 
W3110, Apr 

(Barrios et al. 
2006) 

  pTrcHis-Pfs pTrcHisC derivative, containing pfs from W3110, 
Apr 

(Barrios et al. 
2006) 
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Table 2-2 Oligonucleotide primers used in this study 
 

Name Sequence Relevant description 

LuxSF CCTTGAATTCAGGATGCCGTTGTTA
GATAGC 

Upstream primer for cloning luxS 
from W3110 

LuxSR AACTGAATTCCGGCTAGATGTGCA
GTT 

Downstream primer for cloning 
luxS from W3110 

pkk223LuxSF ACGCATATGTCCTACTCAGGAGAG
CGTTCA 

Upstream primer for cloning tac 
promoter-luxS fusion from pKK-
luxS 

pkk223LuxSR AGCCATATGTCGCTCAAGGCGCACT
CCCG 

Downstream primer for cloning tac 
promoter-luxS fusion from pKK-
luxS 

LacIqF GGAGCTGCATGTGTCAGAGGTT Upstream primer for cloning lacIq 
from pTrcHisB 

LacIqR CAAAAAACATTATCCAGAACGGGA
G 

Downstream primer for cloning 
lacIq from pTrcHisB 

FCAT TAAAAGACATGTGGGGTTCTCATCA
TCATC 

Upstream primer for cloning cat 
and gfpuv from pTrcHisCAT and 
pTrcHisGFPuv respectively. 

RCAT2 TTAATGTTTAGCGGCCGCTTAAAAA
AATTACGC 

Downstream primer for cloning cat 
from pTrcHisCAT 

RGFPuv TTAATGTTTAGCGGCCGCCAGCTTT
CATTATTT 

Downstream primer for cloning 
gfpuv from pTrcHisGFPuv 

 

 

Culture condtions: Primary E. coli inoculums consisting of LB medium, glucose 

(0.8%), ampicillin (100 μg mL-1, Sigma) and frozen E. coli, were grown for 4 hr at 

37oC with 250rpm shaking, then 1% (v/v) inoculated into overnight cultures in 

defined medium (~16 h at 30oC and 250 rpm) (DeLisa et al. 2001b). To initiate 

experimental cell growths, overnight cultures were inoculated into 40 mL defined 

medium and volumes were adjusted to achieve similar initial cell densities (OD600 = 

0.10). For conditioning experiments (Figure 2-1), mid-log phase (OD600 ~ 0.25) cells 

were spun down gently (2500 x g for 5 min, 4oC) and resuspended in either fresh 

defined medium, defined medium + 10% (v/v) CM or defined medium + 50% (v/v) 

CM. For co-expression experiments, arabinose (Sigma) or arabinose and IPTG 

(Sigma) were added to mid-log phase cultures (OD600 ~ 0.40). 
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Preparation of cell-free culture fluids and conditioned medium: Cell-free culture 

fluids were prepared by centrifugation of 1-mL E. coli whole broth samples for 10 

min (10,000 x g at 4oC).  Cleared supernatants were passed through 0.22 μm Sterile 

Millex filters (Millipore) and stored at –20oC.  V. harveyi BB152 cell-free culture 

fluids were prepared likewise to obtain positive control samples as reported 

previously.  CM was prepared by growing W3110 or MDAI2 in LB + 50 mM glucose 

or defined medium +50 mM glucose to an OD600 = 3.0 (~6-8 hr) followed by 

centrifugation (10 min, 10,000 x g at 4oC) and filtering of cleared supernatants by 

vacuum driven filter (Corning).The detailed preparation of cell-free culture fluids for 

AI-2 activity assays and for conditioning experiments were also described previously 

(DeLisa et al. 2001b; Wang et al. 2005a).  

 

Analytical measurements of AI-2 activity  The AI-2 activity assay was based on the 

reports of Surette and Bassler (Surette and Bassler 1998; Surette et al. 1999). 

Luminescence was measured hourly as a function of V. harveyi cell density by 

quantitating light production with a luminometer (EG&G Berthold).  Data reported as 

fold activation were obtained by dividing the light produced by the reporter cells after 

addition of E. coli cell-free culture fluids by the light output from the reporter cells 

while growth medium alone was added. 

 

Western blotting and protein activity assays: Culture volumes equivalent to 2 ml at 

OD600=1.0 were withdrawn from experiments and centrifuged at 10,000×g for 10 

min. The cell pellets were resuspended and lysed in 300 μl BugBuster protein 
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extraction reagent (Novagen) under room temperature for 30 minutes, and then 

centrifuged again at 10,000×g for 10 min to separate soluble and insoluble cell 

extracts. We found this lysis method was complete, systematic and reproducible. 

Protein concentration of soluble cell extracts was determined by the protein assay kit 

(Bio-Rad Lab). Insoluble cell debris was resuspended with 0.1 ml resuspension buffer 

(0.06M Tris-HCl (pH6.8)). The soluble cell extracts or insoluble debris were 1:1 (v/v) 

mixed with SDS sample buffer (12.5% 0.5M Tris-HCl (pH=6.8), 10% glycerol, 2% 

sodium dodecyl sulfate (SDS), 5% β-mercaptoethanol, 0.0025% bromophenol blue), 

heated at 100oC for 5 min, and centrifuged for 1 min. Samples were loaded onto 

12.5% SDS polyacrylamide gels for electrophoresis and blotted onto nitrocellulose 

membranes (BioRad) using a mini-trans blot cell (BioRad) and Bjerrum and Schafer-

Nielsen transfer buffer (48 mM Tris, 29 mM glycine, 20% methanol) for 30 min at 

20V. Monoclonal anti-polyhistidine (Sigma), polyclonal anti-OPH (kindly provided 

by Dr. J. Grimsley), monoclonal anti-GroEL, and monoclonal anti-DnaK (Stressgen) 

were diluted 1:4000 in antibody buffer (0.5% Tween-20 (v/v), Tris-buffered saline 

with 1% (w/v) non-fat dry milk) to probe recombinant proteins. The membranes were 

then transferred to a 1:4000 diluted goat-anti-mouse or goat anti-rabbit antibody 

conjugated with alkaline phosphatase (Sigma). Membranes were developed with 1:50 

diluted nitro blue tetrazolium/5-bromo-4-chloro-indolyl phosphate (NBT/BCIP) 

solution (Roche Molecular Chemicals). Lastly, the membranes were scanned and the 

images were analyzed using ImageJ software (http://rsb.info.nih.gov/ij/). Activity of 

soluble CAT within crude cell extracts was measured according to Rodriguez and 

Tait(Surette and Bassler 1998), OPH activity was measured as per Wu et al.(Wu et al. 
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2000), and GFP activity of 1-mL whole cell samples was measured using a Perkin-

Elmer LS-3B fluorescence spectrometer at excitation and emission wavelengths of 

395 and 509 nm, respectively. Finally, specific CAT and OPH activity were reported 

as activity divided by total protein concentration (Rodriguez 1983; Wu et al. 2000). 

 

Synthesis and fractionation of in vitro AI-2 His6-Pfs and His6-LuxS were 

overpexpressed (Barrios et al. 2006; Schauder et al. 2001) under 1 mM IPTG 

induction of BL21(pTrcHis-pfs) and BL21(pTrcHis-luxS) as cell densities were 

grown to OD600=0.4~0.6 at 37oC.  The cells were harvested after 4 hr induction by 

centrifugation at 14000xg under 4oC for 20 min. After lysis using BugBuster solution 

(Novagen) at room temperature for 40 min, the soluble cell extracts were mixed with 

Co2+ affinity resin (BD TALONTM, BD Biosciences), and the bound His6-Pfs and 

His6-LuxS was washed three times using phosphate buffer (pH=7.4) (Sigma) to 

remove non-specifically bound proteins.  The purified enzymes were eluted (125 mM 

imidazole in phosphate buffer, pH=7.4) and used to synthesize AI-2 from 1 mM S-

adenosylhomocysteine (SAH) in 50 mM Tris-HCl (pH=7.8) under 37oC for 4hr 

(Barrios et al. 2006).  The enzymatic reaction product was twice extracted by 

chloroform and recovered from the aqueous phase.  To remove unreacted substrate, 

SAH, and byproducts, adenine and homocysteine, in vitro AI-2 reaction product was 

fractionated by HPLC with a preparative silica reverse-phase column (25×10cm), 

using 90% water : 10% acetonitrile eluent at flow rate of 3ml/min by Dynamax SD-

200 pumps (Varian Inc., Walnut Creek CA).  Absorbance at 210nm and 260nm was 

recorded using a UV-D II dual wavelength UV-vis detector.  After fractionation, 
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acetonitrile was evaporated from each aliquot for 1.5 hr by CentriVap concentrator 

(Labconco) and analyzed for AI-2.  Fractionated in vitro AI-2 was further confirmed 

by mass spectrometry using a JEOL AccuTOF electrical mass spectrometer (dual 

ESI+ ionization; mass ranges from 100 to 1000m/z were monitored). 

 

2.3 Results 

“AI-2-conditioned” cultures exhibit increased chloramphenicol acetyltransferase 

(CAT), and organophosphorus hydrolase (OPH). In earlier studies, we observed a 

significant drop in AI-2 level after the induction of recombinant proteins (DeLisa et 

al. 2001b); we asked a simple question: what if we were to restore AI-2 into the 

growth medium when we induce recombinant proteins? Would enhanced cross-talk 

result and would protein yield increase? We performed a series of simple experiments 

wherein conditioned medium (CM) with or without AI-2 was added to cultures at the 

same time as the inducer of recombinant proteins (IPTG). Thus, W3110/pTrcHis-X 

cells (where X = CAT and OPH) were cultured to mid-log phase and resuspended in 

varying concentrations of conditioned media (CM) (10%, 50%), which were from AI-

2 producing (+AI-2) or luxS mutant (-AI-2) cells, then immediately induced with 1 

mM IPTG. Accordingly, for the CAT producing cultures, AI-2 was initially highest in 

the 10% and 50% CM (+AI-2) cases, and thereafter approached similar levels as the 

remaining control cultures (Figure 2-1A). Similar AI-2 results were obtained for E. 

coli cultures producing OPH (not included here). W3110 produced AI-2 via the 

normal metabolic pathways and MDAI2 is an isogenic luxS knockout, so our results 
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reflect behavior due to an imposed large differential in AI-2 activity with presumably 

little other differences in the CM (DeLisa et al. 2001c).  

Remarkably, the expression levels of CAT (25 kDa) and OPH (36 kDa) both 

increased 2 to 4 fold relative to control cells identically resuspended in CM from 

MDAI2 cells (-AI-2; Figure 2-1B & D). In both cases, the yield in terms of specific 

activity increased concomitantly, with activities in +AI-2 CM cultures reaching 4-fold 

higher than controls (Figure 2-1C & E). We note the enhancements observed were 

typically greatest during the periods where the AI-2 levels were most disparate (first 

three hours). 
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Figure 2-1 exogenous AI-2 from culture fluids enhances recombinant protein 
production  
AI-2 level was modulated in W3110/pTrcHis-X (X=CAT or OPH) cell cultures by 
resuspending cells in CM containing AI-2 activity (+AI-2, circles, generated from 
W3110 wild type) or lacking AI-2 activity (-AI-2, triangle, generated from MDAI2 
luxS- cells). Recombinant protein expression was induced at t = 0 h (1 mM IPTG). (A) 
AI-2 activity in W3110/pTrcHis-CAT culture fluids. (B) Relative CAT induction 
level and (C) normalized specific CAT activity. Results demonstrate exogenously-
added AI-2 enhances CAT production. (D) and (E) show similar results for 
W3110/pTrcHis-OPH. Induction level and normalized specific activity are reported 
as Western band intensity and specific activity of each sample, respectively, relative 
to the pre-induced (t = 0 h) value. Reported blot intensities and activity levels are the 
average of duplicate experiments and agreed to within 15%. 
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 Construction of controllable LuxS co-expression system While excited by the 

results of condition medium addition experiments, we recognize that runtime addition 

of media and/or in vitro-produced signaling molecules is both inefficient and 

expensive for commercial systems. More importantly, directly ascribing the 

differences in yield to the presence or absence of AI-2 is premature based on these 

experiments. Notably, some reports have pointed to the dual function of LuxS as both 

a signal molecule synthase and a key metabolic enzyme (Sperandio et al. 2001; 

Winzer et al. 2002a; Winzer et al. 2003). While the experiments shown in Figure 2-

1suggest alternatives in AI-2 signaling are responsible for enhanced yield, they are 

not sufficient to validate this hypothesis. 

To generate a more commercializable scheme and to more systematically 

investigate how QS affects recombinant protein productivity, we constructed LuxS 

co-expression vectors for in vivo generation of AI-2 as well as the production of 

recombinant proteins – wherein LuxS and the product proteins were independently 

controlled under different controllable promoters. In this way, we also intentionally 

and systematically manipulate quorum sensing pathways for testing effects on 

recombinant protein productivity. MDAI2, a luxS null mutant host, was used as the 

background host to enable a full range of AI-2 “tuning” [from near zero (mutant and 

LacIq-repressed culture) to high levels (LuxS overexpression)]. Organophosphorus 

hydrolase (OPH) was selected as the first model product because its expression in E. 

coli has been proven difficult (Wu et al. 2000). In order to co-express luxS, ptac-luxS 

(IPTG-inducible sequence) was inserted into pBO, which produces OPH under the 

control of araBAD (arabinose-inducible) promoter (Figure 2-2A). Further, to 
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minimize background luxS transcription, lacIq was inserted into pBOL yielding 

pBOL-LacIq (Figure 2-2A). These vectors enable independent control of luxS and 

opd.   

To determine if luxS expression could modulate AI-2 level, MDAI2 (pBOL-

LacIq) were grown to mid-log phase (OD600 ≈ 0.4) in defined minimal medium 

supplemented with 0.8% glucose which, in turn, ensures high AI-2 activity (Surette 

and Bassler 1998; Wang et al. 2005a). IPTG was added at varying levels (0 to 1mM) 

after 5 hr, when cells would otherwise be induced for recombinant protein expression. 

We found AI-2 levels in the extracellular media spanned a 150-fold range after an 

additional 4 hours. The more immediate AI-2 activity differences (< 1 hr) were 

substantially less, but a 25-fold difference was still observed between the 0 and 1mM 

IPTG cases. Interestingly, SDS-PAGE gels were run and no significant LuxS bands 

were revealed (LuxS MW=19.4kD), suggesting that even 1mM did not result in 

dramatic LuxS overexpression (not shown). These results demonstrate that LuxS 

expression in a luxS null mutant can significantly alter the AI-2 level found in 

extracellular fluids.  
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Figure 2-2 LuxS and recombinant protein co-expression vectors 
(A) pBO expresses opd under arabinose-inducible promoter araBAD control. An 
expression cassette of the IPTG-inducible promoter ptac and the luxS gene was 
inserted into pBO, yielding pBOL. To more effectively regulate luxS expression, 
LacIq was inserted into pBOL, yielding pBOL-LacIq. (B) Modulation of AI-2 via 
varied luxS expression was carried out by addition of different IPTG levels to MDAI2 
(pBOL-LacIq) cultures. At different time points during cell growth, aliquots were 
collected for measurement of cell density (lines) and AI-2 activity (bars). The AI-2 
values shown here are representative of three independent experiments. Replicate 
assays agree within 15%. 
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Co-expression of LuxS significantly improves recombinant OPH protein 

production in MDAI2. Wild-type E. coli W3110 and luxS isogenic knockout 

MDAI2 were transformed with plasmids pBO, pBOL, and pBOL-LacIq, and grown to 

mid-log phase (OD600 ≈ 0.4) in defined minimal medium containing 0.8% glucose. 

Arabinose (0.2%) was added to each culture to induce opd. Additionally, IPTG was 

added at varied levels (0 and 0.01mM) to the cultures containing pBOL-LacIq to 

induce luxS. The results from the 0.01mM case are depicted in Figure 2-3. We found 

that 0.01 mM IPTG was sufficient to generate, but not rapidly accumulate AI-2 

(Figure 2-2). The growth rates of MDAI2 (pBOL- LacIq) with or without luxS 

induction were both slower than MDAI2 (pBO) and MDAI2 (pBOL) (Figure 2-3A). 

Remarkably, in both MDAI2 (pBOL- LacIq) cases, a 3 to 4-fold increase in 

specific OPH activity was observed (Figure 2-3B). We also examined the relative 

expression levels of OPH via Western blot and found an appreciable increase (~1.5-

fold) in OPH in the soluble fraction of cell extracts (Figure 2-3C). The level of OPH 

found in the insoluble fractions was constant among all cultures (Figure 2-3D). The 

nearly 1.5-fold increase in soluble OPH at 4 hpi, however, was insufficient to account 

for the increased specific activity (4-fold) (Figure 2-3B). Thus, the OPH was of 

higher activity due to mechanisms beyond simple expression rate and is attributed to 

the presence of LuxS.  

The AI-2 activity in wild-type W3110 was highest among all cultures, 

reaching ~300 fold by 9 hrs. MDAI2 cells containing unrepressed pBOL, reached 

similar levels (~250 fold AI-2 activity). As expected, MDAI2 (pBO) produced no AI-

2 and MDAI2 (pBOL- LacIq) without IPTG also resulted in insignificant AI-2 
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accumulation. The addition of 0.01 mM IPTG to this culture, however, resulted in 

similar AI-2 levels as previous experiments without arabinose (~50 fold AI-2 activity 

at 4 hpi, Figure 2-2). These results demonstrate no proportional correlation between 

AI-2 level and OPH yield, but instead suggest that manipulation of AI-2 synthesis 

capacity and/or homocysteine synthesis via modulation of luxS gene expression can 

have a significant impact both on protein activity (quality) and yield (quantity). 

Alternatives in amino acid metabolism have previously proven beneficial (Ramirez 

and Bentley 1993). These results, therefore, provided further motivation to pinpoint 

the features of AI-2-mediated quorum circuitry which contributed to the apparent 

increase in yield. First, however, we checked to see whether improved yield was 

general by examining two additional recombinant proteins expressed in E. coli.  
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Figure 2-3 OPH accumulation and activity are both enhanced significantly by 
modulating LuxS expression in co-expression system.  
(A) OPH was expressed in E. coli W3110 (wild type) and MDAI2 (luxS-) by 0.2% 
arabinose induction and altered AI-2 signaling. That is, MDAI2 (pBOL- LacIq), with 
and without 0.01 mM IPTG, were compared with those in W3110 (pBO), MDAI2 
(pBO), and MDAI2 (pBOL) when identical levels of arabinose (0.2%) were added. 
Throughout, the cell density (lines) and AI-2 activity (bars) were observed. (B) After 
induction, samples were collected and lysed. OPH activity in each sample was 
measured and divided by the total protein concentration to derive specific OPH 
activity. The data shown here are representative of two independent experiments. The 
errors shown are standard errors from triplicate OPH activity and total protein assays. 
(C) and (D) OPH accumulation levels in the soluble and insoluble fractions of cell 
extracts were examined 1 hpi and 4 hpi by Western blots. The results shown here are 
not pooled, but instead are representative of triplicate experiments (which agree to 
within 20%). 
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CAT and GFPuv as model proteins co-expressed with LuxS.  In previous work, 

the recombinant proteins’ amino acid composition proved to be important in 

observing an enhanced yield (Ramirez and Bentley 1993). We replaced the opd gene 

in the plasmids noted above (pBO, pBOL, and pBOL-LacIq) with cat or gfpuv for the 

overexpression of CAT and GFPuv. CAT, GFPuv and OPH all have dissimilar amino 

acid compositions. All recombinant proteins are under control of arabinose-inducible 

araBAD promoter, and LuxS remains independently regulated by the IPTG-inducible 

ptac promoter. Again, W3110 and MDAI2 were transformed with these two sets of 

plasmids and the LuxS co-expression experiments were executed under the same 

conditions as OPH and LuxS co-expression experiments depicted above. In all cases, 

co-expression of LuxS increased specific activities of recombinant model proteins, 

CAT (~1.5 fold) and GFPuv (4~6 fold) (Figure 2-4). Protein expression levels were 

also investigated via Western blot. In general, both CAT and GFPuv were found to 

increase in both soluble and insoluble fractions (not shown). These data support the 

notion that LuxS co-expression increased yield and activity of recombinant proteins, 

irrespective of the protein’s native origin and composition (GFPuv, CAT, and OPH). 
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Figure 2-4 Specific activities of CAT and GFPuv are enhanced in the LuxS co-
expression system. 
(A) and (B) CAT and GFPuv were expressed in E. coli W3110 and MDAI2 by 0.2% 
arabinose induction and at different AI-2 levels (by varied IPTG). CAT activities 
were divided by total protein level of each cell extract to generate the specific CAT 
activities. However, in order to derive specific GFPuv activities, fluorescence results 
of GFPuv were divided by cell density (OD600) directly instead of total protein 
concentration of each sample. Both CAT and GFPuv co-expression experiment were 
duplicated to confirm reproducibility; data shown here are representative and the 
errors are form triplicate assays. 
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Chaperone protein, GroEL, is affected by luxS co-expression. It is broadly 

recognized that chaperone proteins are accessory factors that play key roles in the 

assembly and folding of heterologous proteins synthesized in E. coli (Gragerov et al. 

1992; Thomas and Baneyx 1996a). It is also recognized that the abundance of heat 

shock proteins (hsps, including chaperones and proteases) is influenced by 

heterologous protein overexpression and, in turn, can impact the protein yield 

(Bentley et al. 1990; Harcum and Bentley 1993a; Kanemori et al. 1994; Ramirez and 

Bentley 1995; Thomas and Baneyx 1996a). We have previously demonstrated that 

avoiding (Ramirez and Bentley 1995) or intentionally downregulating (Srivastava et 

al. 2000) the heat shock response coincident with protein overexpression can facilitate 

increased yield and activity of CAT and OPH (Srivastava et al. 2000). To ascertain 

whether luxS co-expression leads to increased yield through the pleiotropic regulation 

of hsps, we measured the levels of two important heat shock proteins, GroEL and 

DnaK, as well as transcription of several other proteins in the presence and absence of 

varied LuxS expression.   

The amounts of GroEL and DnaK in MDAI2 cultures induced with arabinose 

to synthesize OPH were examined both 1 and 4 hpi (Figure 2-5). In all cases where 

luxS was present or intentionally induced, the GroEL level in the soluble fractions 

was higher (up to 3~4-fold) than in controls (W3110 (pBO) and MDAI2 (pBO), 

Figure 2-5A). The GroEL level in the insoluble fractions of all cultures was similar in 

all cases (Figure 2-5B). The level of DnaK in the soluble fractions was also typically 

unchanged, although there was a 60% increase in the cases where LuxS was regulated 

by LacIq (Figure 2-5C). There was no detectable DnaK in any of the insoluble 
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fractions (not shown). Importantly, in the cases where soluble GroEL increased the 

most (MDAI2, lacIq, +/- IPTG), we found the highest and most active levels of OPH 

(Figure 2-3B&C).  In separate experiments (data not shown), the independent 

presence of LacIq was tested; results demonstrated that LacIq had no effect on protein 

yield or GroEL/DnaK. 

 While the overexpression of non-native proteins has previously been shown 

to increase the levels of GroEL and DnaK in E. coli (Kanemori et al. 1994; Srivastava 

et al. 2000), we attempted to explore whether LuxS had an independent effect on 

these important chaperones, irrespective of the recombinant product. Hence, MDAI2 

(pBOL- LacIq) cultures were supplemented with different levels of IPTG to vary 

LuxS expression and the two chaperones were examined by Western blot (Figure 2-

5D-F). These experiments were also described in Figure 2-2 and depict altered levels 

of luxS induction with no background opd expression (as confirmed by activity 

measurements, data not shown). Interestingly, GroEL was notably upregulated in the 

soluble fractions in cultures with IPTG at or above 0.01 mM IPTG (Figure 2-5D) and 

was moderately downregulated in the insoluble fractions of the same cultures (Figure 

2-5E). There was no significant difference in DnaK found in the soluble fractions 

(Figure 2-5F), and there was no observable DnaK in the insoluble fractions (not 

shown). These results demonstrate that LuxS expression in a luxS- host can modulate 

levels of GroEL in both soluble and insoluble fractions, and suggest that an 

appropriate LuxS expression level could be found that is coincident with an 

appropriate GroEL level that facilitates the folding of target proteins in E. coli.   
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Figure 2-5 the expression level of chaperone protein GroEL in soluble cell 
extracts is significantly higher than controls in the luxS modulated system.   
(A), (B), and (C) the amounts of GroEL and DnaK in cultures induced with arabinose 
to synthesize OPH at both 1 and 4 hpi were examined by Western blot. MDAI2 
(pBOL- LacIq), with and without 0.01 mM IPTG, were compared with W3110 (pBO), 
MDAI2 (pBO), and MDAI2 (pBOL) when identical levels of arabinose (0.2%) were 
added. (D), (E), and (F) MDAI2 (pBOL- LacIq) cultures were supplemented with 
different levels of IPTG to vary LuxS expression in the absence of recombinant 
protein synthesis. GroEL and DnaK were examined by Western blot.   
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Does AI-2 communicate with GroEL? To this point, we have manipulated QS by 

tuning LuxS expression, achieved higher yield of several proteins, and found that 

chaperone GroEL was upregulated. However, an open question remained. That was, 

whether the expression of LuxS leaded to increased GroEL (as a stress response) or 

whether AI-2 signaling played the key role in altering the expression landscape. In 

order to clarify this, we added in vitro synthesized AI-2 to MDAI2 cells and asked 

whether or not GroEL was increased in the soluble fraction. In Figure 2-6A., we 

synthesized AI-2 in vitro (Barrios et al. 2006; Schauder et al. 2001) and fractionated 

the reaction mixture using high performance liquid chromatography (HPLC) to 

remove the byproducts and any unreacted SAH (Figure 2-7 and Figure 2-8). AI-2 

levels in treated MDAI2 cultures decreased steadily, and growth rates were 

unaffected (data not shown). The two chaperones, GroEL and DnaK, were observed 

by Western blot (Figure 2-6B-D). GroEL increased ~1.5 to 2-fold in the soluble 

fractions for the first hour when diluted AI-2 was added (20X-100X). There was no 

apparent difference in the level of GroEL in the insoluble fraction (Figure 2-6C). 

There was no observable trend in soluble DnaK (Figure 2-6D), and no insoluble 

DnaK was detected under any of the conditions (data not shown). Additionally, 

results after 2 hpi showed no conclusive changes in GroEL or DnaK levels in 

response to AI-2. We might attribute these phenomena to the rapid decrease in AI-2 

activity that occurred when exogenous AI-2 was added to the mutant cultures. These 

results demonstrate that the QS signal molecule, AI-2, affects the level of GroEL in 

the soluble fraction of E. coli, and suggests further that the expression of LuxS in luxS 
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mutants, regulates the chaperone GroEL and that this contributes to the enhancement 

of the recombinant protein productivity in E. coli.  
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Figure 2-6 in vitro synthesized AI-2 increases soluble GroEL level. 
(A)The scheme depicts synthesis, fractionation, and addition of AI-2 to cell cultures. 
First, AI-2 is synthesized in vitro from substrate SAH. Second, any un-reacted SAH 
and byproducts, homocysteine and adenine, are removed by HPLC. After mobile 
phase solvent removal via vacuum pump, the fractionated AI-2 was added to MDAI2 
cell cultures. (B) Chaperones, GroEL and DnaK, were analysis by Western blot. The 
results shown here are representative from duplicate experiments and triplicate 
assays. Results are within +/- 20%. 



 

 46 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7 Collection of the HPLC fractionated in vitro AI-2 with activity  
(A) HPLC chromatogram of the in vitro synthesized AI-2 fractionation and (B) AI-2 
activity of fractionated samples over different collection periods. We observed that 
the AI-2 activity was only in the void fraction (window between the dotted lines). The 
fractionated samples with AI-2 activity were then mixed for mass spectrometry and 
further experiments 
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Figure 2-8 Mass spectrometry of in vitro synthesized AI-2 with and without 
HPLC purification  
(A) MS analysis of in vitro synthesized AI-2 without HPLC fractionation. Adenine 
and homocysteine are found in superimposed peaks. There was no SAH or SRH 
detected after the 4hr reaction. (B) After HPLC separation of the in vitro synthesis 
product and AI-2 bioassay, we found the AI-2 activity was only in the void fraction. 
There was no SAH, SRH, adenine, or homocysteine in void fractions (mass spec 
result). 
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2.4 Discussion 

Studies of AI-2 mediated QS suggest quorum signaling may communicate the 

prevailing metabolic condition (DeLisa et al. 2001a; DeLisa et al. 2001b) and that a 

“tuned” signaling process may potentially enable improved recombinant protein 

production. There have been no reports on the intentional manipulation of the AI-2 or 

any other QS system for improving recombinant protein synthesis in bacteria. In 

Figure 2-1, we demonstrate for the first time that exogenous addition of AI-2-

containing CM enhances CAT and OPH production both in quantity (protein yield) 

and quality (protein activities). Recognizing the potential that many metabolites may 

have altered concentration in CM from luxS- vs. luxS+ strains (DeLisa and Bentley 

2002; Lee and Shuler 2000), we developed a carefully controlled study to investigate 

and “tune” luxS/AI-2 QS during recombinant protein overexpression.   

We constructed a luxS coexpression system wherein luxS and target 

recombinant proteins (i.e. opd, cat, and gfpuv genes) were expressed under the control 

of two independent promoters (Figure 2-2). In all cases, both the expression level and 

activity of the recombinant product was increased when cells were complemented 

with luxS under lacIq control, with or without induction of luxS at the same time as 

the target recombinant protein. Unexpectedly, the best results were found in the luxS- 

host, MDAI2. We also demonstrated that for all cases of dramatically improved 

recombinant protein production, GroEL levels were increased in the soluble fractions. 

Upregulation of hsps, including GroEL and DnaK, is commonly observed to 

accompany recombinant protein overexpression, owing to an upregulated heat shock 

response (Bentley et al. 1990; DeLisa et al. 2001a; Harcum and Bentley 1993a; 
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Kanemori et al. 1994; Ramirez and Bentley 1995; Thomas and Baneyx 1996a). That 

is, increases in both groEL and dnaK transcription (DeLisa et al. 2001a) and GroEL 

and DnaK protein levels (Bentley et al. 1990; Harcum and Bentley 1993a; Kanemori 

et al. 1994; Ramirez and Bentley 1995) are typically observed. Notably, in our luxS 

co-expression system, DnaK levels exhibited no systematic trends. Moreover, dnaK 

and groEL transcription are unaltered by luxS mutation (Wang et al. 2005b), and are 

seemingly uncorrelated with QS. Hence, the apparent decoupling of (1) GroEL level 

from its transcription and (2) GroEL from DnaK, suggested that the enhanced level of 

GroEL was due to other mechanisms than the classic heat-shock-like response (Gill et 

al. 2000; Gragerov et al. 1992; Kanemori et al. 1994; Schweder et al. 2002). Since 

groEL transcription is apparently unaffected by AI-2, the apparent linkage between 

the GroEL level and luxS co-expression is likely at the post-transcriptional level. We 

are aware of only one report in which an AI-2 mediated process affects the level of a 

protein in a manner other than transcriptional regulation. In that report, the AI-2 

phospho-relay system of V. harveyi is shown to affect endogenous lux enzyme 

activity by modulating translation through the recruitment of small RNAs and RNA 

chaperone, Hfq (Lenz et al. 2004). There have been no reports of post-transcriptional 

regulation in E. coli that are attributed to QS.  

In our experiments in which we added purified AI-2 to cultures of MDAI2, we 

found that the level of GroEL in the soluble fraction increased significantly within the 

first hour. Also, we found in several cases that the increase was accompanied by a 

decrease in the insoluble fraction supporting the absence of a linkage between AI-2 

and groEL transcription. Rather, this was the first demonstration that AI-2 could alter 



 

 50 
 

soluble GroEL level in E. coli. Our experiments with modulated LuxS level point to 

altered GroEL but do not confirm causality between endogenously synthesized AI-2 

and increased GroEL. It is noteworthy that GroEL co-expression (or increased GroEL 

level) is used to increase the yield of recombinant proteins in E. coli(Gamez et al. 

2000; Gragerov et al. 1992; Nishihara et al. 1998; Thomas and Baneyx 1996a; 

Thomas and Baneyx 1996b). Our results clearly demonstrate that altered LuxS 

expression also altered yield and activity. They also coincidently demonstrate 

increased GroEL level with minimal perturbation on the cell growth. Hence, the 

results suggest a linkage between QS signaling, increased soluble GroEL, and 

increased yield. Such metabolic “tuning” suggests future efforts directed at varying 

AI-2, luxS, and protein synthesis via altered IPTG and arabinose addition in this 

system are warranted. 
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Chapter 3  Rewiring Native AI-2 Quorum Sensing Circuit for 
True Autoinduction of Recombinant Proteins in E. coli 

 

3.1 Introduction 

Bacteria communicates cell-to-cell using signal molecules, termed 

autoinducers (AIs), and this process which enables bacteria to sense and communicate 

with each other in a population-dependent manner has been termed quorum sensing 

(QS). This cell-to-cell communication process is mediated by the bacteria’s 

production, secretion, and response to signal molecules (Fuqua and Greenberg 1998a; 

Surette and Bassler 1998; Waters and Bassler 2005). Many Gram-positive bacteria 

use peptides as autoinducers(Kleerebezem et al. 1997; March et al. 2003; Waters and 

Bassler 2005), while many Gram-negative bacteria use small chemical molecules as 

autoinducers(Fuqua and Greenberg 1998a; Surette and Bassler 1998; Waters and 

Bassler 2005). The QS signaling relying on autoinducer-2 (AI-2), has evoked 

researchers’ intense interest, because its synthase, LuxS, is found in over 55 bacteria 

and is hypothesized AI-2 as an inter-species signal molecule (Meijler et al. 2004; 

Miller et al. 2004; Xavier and Bassler 2005b). QS systems, including the AI-2 system 

of E. coli, are characterized by signal accumulation in the exponential phase, a peak 

as the cell begin to enter the stationary phase, and rapid decrease (which is glucose 

dependent) shortly thereafter (Wang et al. 2005a). The rapid decrease is attributed to 

the uptake process (Wang et al. 2005a; Xavier and Bassler 2005b), and the ATP-

binding cassette (ABC) transporter, denoted Lsr. As such, the extracellular activity of 
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the signal molecule represents an indication of a metabolic switch. In this work we 

intend to exploit this switch for recombinant protein production. 

AI-2 is phosphorylated by LsrK, a cytoplasmic kinase, becoming phospho-AI-

2. LsrR, the repressor of the lsrACDBFGE operon, interacts with the lsr promoter, 

and is de-repressed by phospho-AI-2 resulting in the induction of lsr genes. The 

conceptual model has been depicted in different reports (Li et al. 2007; Wang et al. 

2005a; Xavier and Bassler 2005b). Our laboratory has been interested in 

understanding and modulating microbial behavior for enhancing recombinant protein 

production and we considered AI-2 quorum circuitry is a potential target. Several 

conceptual approaches for exploiting QS signal transduction have been proposed. For 

example, Bulter et al. (Bulter et al. 2004) created an artificial genetic switch using 

acetate for modulating cell to cell signaling in Escherichia coli (E. coli). Neddermann 

et al. (Neddermann et al. 2003) developed a hybrid expression system by 

incorporating the quorum circuitry of Agrobaterium tumefaciens into a eukaryotic 

transcriptional controller for HeLa cells. Weber et al. (Weber et al. 2003) implanted 

the Streptomyces bacterial QS system for tuning heterologous protein expression in 

mammalian cell culture and mice (human primary and mouse embryonic stem cells). 

Furthermore, recent “synthetic biology” studies were reported wherein synthetic 

genetic circuits were constructed for various purposes, including protein synthesis 

and understanding the native systems (Feng et al. 2004; Hooshangi et al. 2005; 

Yokobayashi et al. 2002). Few “autoinducible” expression models in bacteria have 

been reported to date (Carbonell et al. 2002; Studier 2005). These have made use of  

the auto-inducible promoters which are induced based on changing the culture 
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medium throughout the culture; one system is now commercially available (Novagen) 

(Studier 2005). In contrast, we have attempted to develop an innovative autoinducible 

expression platform by harnessing “native” QS signaling in E. coli for recombinant 

protein synthesis. Our belief is that the metabolic activity of the cell is minimally 

perturbed when the “native” QS circuit is exploited.   

E. coli QS signaling circuitry consists of an inducible and repressible 

promoter, the lsr promoter, and its cognate repressor, LsrR, which in turn are the most 

critical units for any expression system (Georgiou 1988). In this study, to achieve 

high expression and compatibility with established expression systems, we have 

attempted to rewire the E. coli native QS circuitry and couple the popular expression 

system, pET-series vectors, to develop a genetic switching network. Our results have 

demonstrated that three model proteins (GFPuv, CAT, and LacZ) were successfully 

expressed in the novel expression system, and the expression system can be also 

induced by adding in vitro synthesized AI-2 exogenously. 

 

3.2 Materials and Methods  

Bacterial strains and growth conditions: The strains used in this study are listed in 

Table 3-1.  E. coli K-12 strain W3110 (Genetic Stock Center, Yale University, New 

Haven, CT), and W3110-derived luxS mutant strain, MDAI2 (W3110 

luxS::Tcr)(DeLisa et al. 2001a), were used as hosts. The E. coli B strain derivative, 

BL21 Star (DE3) [F– ompT hsdSB(rB
- mB

-) gal dcm rne131λ(DE3)] (Invitrogen), was 

used as the host of the plasmids, pET200/D/X (X=gfpuv, cat, and lacZ), to confirm 

plasmids’ expression abilities and also for comparative expression experiments. 
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Vibrio harveyi BB170 (luxN::Tn5, sensor 1-, sensor 2+) and BB152 (luxL::Tn5, 

autoinducer1-, autoinducer 2+)(Surette and Bassler 1998), were used for AI-2 activity 

assays (kindly provided by Dr. B. Bassler).  Luria Bertani (LB) medium contained 5 g 

L-1 yeast extract (Sigma), 10 g L-1 bacto tryptone (Difco), and 10 g L-1 NaCl.  The 

autoinducer bioassay (AB) media has been described in detail elsewhere (Bassler et 

al. 1994; Greenberg et al. 1979). Cultures of E. coli which had grown overnight in LB 

under 30oC were inoculated in 40mL fresh LB to achieve a similar initial cell 

densities (OD600 = 0.10) in 250mL flasks.  The cultures were then incubated at 30oC 

with shaking at 250 rpm. For the experiments with induction, the inducers [arabinose 

(Sigma), IPTG (Sigma) or in vitro synthesized AI-2], were added into cultures at mid-

log growth phase (OD600 ~ 0.40 to 0.60). 

 

Construction of Plasmids for Autoinducible Expression Platform: The plasmids 

used in this study are listed in Table 3-1 and were constructed using standard 

procedures (Sambrook 2000) and have been described in previous reports (Tsao et al. 

2007; Wang et al. 2005a). Oligonucleotides [Integrated DNA Technologies 

(Coralville, IA)] are listed in Table 3-2. DNA sequencing was performed at the DNA 

Core Facility of the Center of Biosystems Research (University of Maryland 

Biotechnology Institute).  Plasmid pFZY1, a mini-F derivative (average copy number 

= 1~2/ cell) (Koop et al. 1987; Wang et al. 2005a), was used to construct plasmids 

pCT1, pCT2, pCT5 and pCT6. The promoter region of the lsrACDBFG operon (-248 

to -1 relative to the start codon of lsrA) (abbreviated as Plsr) was amplified by PCR 

using primers Flsrp and Rlsrp (Table 3-2).  The Plsr including the lsrR operon  
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Table 3-1 Bacterial strains and plasmids used in this study 

Strain/plasmid Relevant genotype and property Source or reference 
Strains   
E. coli    

   W3110 Κ12 strain, wild type,  λ-, F-, IN(rrnD-rrnE)1, rph-1s 

Genetic Stock 
Center Yale 
University, New 
Haven, CT 

   MDAI2 W3110 luxS::Tcr W3110-derived luxS mutant strain (DeLisa et al. 
2001a) 

   BL21 B strain, F-ompT [dcm][lon]hsdS(rB
-MB

-)gal Novagen 

   BL21Star (DE3) B strain, F– ompT hsdSB(rB
- mB

-) gal dcm 
rne131λ(DE3) Invitrogen 

V. harveyi   

   BB152 BB120 luxL::Tn5 (AI-1-, AI-2+), Kmr (Surette and 
Bassler 1998) 

   BB170 BB120 luxN::Tn5 (sensor 1- ,sensor 2+), Kmr (Bassler et al. 
1993) 

Plasmids   

  pFZY1 galK'-lacZYA transcriptional fusion vector, Apr (Koop et al. 1987; 
Wang et al. 2005a) 

  pET200/D-TOPO Cloning vector, containing T7 promoter, Kmr Invitrogen 

  pTOPO-lsrP pCR-Blunt II(Invitrogen)derivative, containing lsr 
promoter, Kmr This study 

  pTOPO-lsrP&R pCR-Blunt II(Invitrogen)derivative, containing lsrR 
and lsrR promoter region, Kmr This study 

  pTOPO-T7RP pCR-Blunt II(Invitrogen)derivative, containing the 
gene encoding T7 RNA polymerase, Kmr This study 

  pCT1 pFZY1 derivative, containing lsr promoter, Apr This study 

  pCT2 pFZY1 derivative, containing lsrR and lsrR promoter 
region, Apr This study 

  pCT5 pFZY1 derivative, containing lsr promoter fused with 
T7RPol, Apr This study 

  pCT6 pFZY1 derivative, containing lsrR and lsrR promoter 
region fused with T7RPol, Apr This study 

  pTF7-3 containing T7RPol, Apr (Fuerst et al. 1986) 
  pTrcHisCAT pTrcHis derivative, Apr Invitrogen 
  pTrcHisGFP pTrcHisB derivative, containing gfpuv, Apr (Cha et al. 2000) 
  pET200/GFP pET200 derivative, containing gfpuv, Kmr This study 

  pET200/CAT pET200 derivative, containing cat from pTrcHisCAT, 
Kmr This study 

  pET200/LacZ pET200 derivative, containing lacZ, Kmr Invitrogen 

  pTrcHis-LuxS pTrcHisC derivative, containing luxS from W3110, Apr (Barrios et al. 
2006) 

  pTrcHis-Pfs pTrcHisC derivative, containing pfs from W3110, Apr (Barrios et al. 
2006) 
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Table 3-2 Oligonucleotide primers used in this study 

Name Sequence Relevant description 
Flsrp CGAATGGATCCTCAATTCATTCTT

CACTTTGAAC Upstream primer for cloning lsr promoter 

Rlsrp GCTTGAAGCTTATAATTTCCCCCG
TTCAGTTTTG Downstream primer for cloning lsr promoter 

FlsrP&R CGCGAATGGATCCTCTTAACTACG
TAAAATCG 

Upstream primer for cloning lsr promoter 
region with lsrR 

FT7RP CCGCAAACCCAAGCTTGCATGAAC
ACGATTAACATC 

Upstream primer for cloning T7 RNA 
polymerase gene from pTF7-3  

RT7RP GTAAACGTACGGATCCTTGTTACG
CGAACGCGAAG 

Upstream primer for cloning T7 RNA 
polymerase gene from pTF7-3 

GFPuvF CACCATGAGTAAAGGAGAAGAAC
TTTTCACTG 

Upstream primer for cloning gfpuv from 
pTrcHisGFPuv  

GFPuvR GGAATTCAGAGCTCATCCATGCCA
TG 

Downstream primer for cloning gfpuv from 
pTrcHisGFPuv  

FpETCAT CACCATGGAGAAAAAAATCACTG
G 

Upstream primer for cloning cat from 
pTrcHisCAT 

RpETCAT CTTAAAAAAATTACGCCCCGCCC Downstream primer for cloning cat from 
pTrcHisCAT 

 

 

promoter region (abbreviated as PlsrR) and lsrR gene (-1202 to -1 relative to the start 

codon of lsrA) (Wang et al. 2005a) was amplified by PCR using FlsrP&R and Rlsrp 

primers. These PCR products were respectively cloned into the pCR-Blunt II-TOPO 

vector (Invitrogen) and resulted in pTOPO-lsrP and pTOPO-lsrP&R. To create pCT1 

and pCT2, pTOPO-lsrP and pTOPO-lsrP&R were both digested with  

BamHI and HindIII. The digested fragment containing the promoter region of lsr 

operon or the fragment containing both the promoter region of lsr operon and lsrR 

structural gene was inserted into BamHI-HindIII digested FZY1. The resulting 

plasmids pCT1 and pCT2 were both transformed into Top10 chemical competent 

cells (Invitrogen), and the colonies were selected using blue/white screen. The gene 

encoding T7 RNA polymerase (simplified as T7RPol) was amplified by PCR from 

pTF7-3 (Fuerst et al. 1986) (kindly provided by Dr. V. N. Vakharia) using primers 

FT7RP and RT7RP (Table 3-2) and the PCR product was inserted into pCR-Blunt II-
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TOPO vector (Invitrogen) resulting in plasmid pTOPO-T7RP. The plasmid pTOPO-

T7RP was digested with HindIII; the fragment containing T7RPol was respectively 

inserted into the HindIII site of pCT1 and pCT2, resulting plasmids pCT5 and pCT6. 

The vector pET200/D-TOPO was used to constructed plasmids pET200/GFP and 

pET200/CAT. Plasmid pET200/GFP was generated by PCR amplification of gfpuv 

from pTrcHisGFPuv (Cha et al. 2000) using primers GFPuvF and GFPuvR followed 

by TOPO directionally cloning into pET200/D-TOPO. Similarly, plasmid 

pET200/CAT was generated by PCR amplification of cat from pTrcHisCAT 

(Invitrogen) using primers FpETCAT and RpETCAT followed by TOPO 

directionally cloning into pET200/D-TOPO. In order to create the AI-2-inducible 

expression strains, the plasmid pCT5 or pCT6 was chemically transformed into hosts 

W3110 and MDAI2 and two resulting strains were transformed with pET200/X 

(X=GFP, CAT, and LacZ) respectively. The constructed plasmids pCT6 and 

pET200/GFP and the interactions between them are shown in Figure 3-1. 

 

RT-PCR: To determine relative transcription levels of T7RPol, cell pellets were 

lysed and RNA extracted using an RNAqueous kit (Ambion) according to the 

manufacturer’s instructions.  Total RNA concentration was determined by the 

measurement of the absorbance of a diluted sample at the 260 nm wavelength using 

UV spectrophotometer (Beckman).  To synthesize cDNA, 300ng total RNA was 

subject to reverse transcription using gene specific primer RT7RP.  The cDNA 

template was followed by PCR with gene-specific primers (FT7RP and RT7RP).  
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PCR products were run on a 1% agarose gel to compare band intensities using ImageJ 

software (http://rsb.info.nih.gov/ij/).  

 

 

 

 

 

Figure 3-1 the plasmids of two genetic switching network 
There are two units in the genetic switching network. The plasmid pCT6 contains lsr 
promoter fused with T7RPol. The plasmid pET200/GFP contains T7 promoter along 
with the protein of interest, GFPuv. In this design, lsr promoter can be induced when 
the repressor LsrR is de-repressed by phospho-AI2, resulting in the transcription and 
translation of T7RPol. T7RPol can induce the T7 promoter, and the target protein 
GFPuv can be expressed thereafter. In order to strengthen the regulation of the lsr 
promoter and achieve a tighter control, lsrR was also included into pCT6. 
 

 

 

Protein Activity Assays: Fluorescence of GFPuv in 1-mL cell culture samples was 

measured using a Perkin-Elmer LS-3B fluorescence spectrometer which was at an 

excitation wavelength 395nm and emission wavelengths 509 nm. Specific GFPuv 

fluorescence was reported as fluorescence divided by cell density (OD600). In order to 
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measure the activity of soluble CAT, the crude cell extracts were prepared as 

described (Tsao et al. 2007) and the CAT activity was measured as per Rodriguez and 

Tait (Rodriguez 1983). Specific CAT activity was reported as activity divided by total 

protein concentration which was measured using Bio-Rad protein assay kit. The 

Miller assay was performed to measure β-galactosidase activity(Miller 1972).  

 

Analytical measurements: Preparation of cell-free culture fluids for AI-2 activity 

assays and for conditioning experiments were described previously (DeLisa et al. 

2001b; Tsao et al. 2007; Wang et al. 2005a). The AI-2 activity assays were based on 

Surette and Bassler’s previous reports (Surette and Bassler 1998; Surette et al. 1999) 

and have been described (Tsao et al. 2007; Wang et al. 2005a). In order to observe the 

expression levels of the proteins of interest, Western blotting was performed with the 

Anti-His6 primary antibody (Invitrogen) according to the earlier standard protocols 

(Sambrook 2000). Finally, the membranes of the blots were scanned and the images 

were also analyzed using ImageJ. 

 

Synthesis of in vitro AI-2: In order to observe the effects of in vitro synthesized AI-2 

supplemented to the autoinducible expression system, AI-2 was synthesized 

according previous reports (Barrios et al. 2006; Schauder et al. 2001; Tsao et al. 

2007). Briefly, His6-Pfs and His6-LuxS were overexpressed with 1 mM IPTG 

induction of BL21(pTrcHis-pfs) and BL21(pTrcHis-luxS) cells as cell densities were 

grown to OD600=0.4~0.6 at 37oC. After 4 to 6 hours induction, the cells were lysed 

using BugBuster solution (Novagen), and His6-Pfs and His6-LuxS were purified with 
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Co2+ affinity resin (BD TALONTM, BD Biosciences). The purified enzymes were 

eluted with 125 mM imidazole in phosphate buffer (pH=7.4) and used to synthesize 

AI-2 from 1 mM S-adenosylhomocysteine (SAH) in 50 mM Tris-HCl (pH=7.8) under 

37oC for 4hr (Barrios et al. 2006; Tsao et al. 2007).  Lastly, the enzymatic reaction 

product was twice extracted by chloroform and recovered from the aqueous phase.   

  

3.3 Results 

Rewiring AI-2 QS network for recombinant protein expression: In E. coli, the lsr 

operon has been shown to directly respond to AI-2, and directly regulates its secretion 

and uptake (Wang et al. 2005a; Xavier and Bassler 2005b). In order to harness E. coli 

AI-2 QS to develop a true autoinducible recombinant protein expression platform, a 

two-step genetic switching network was transformed into E. coli augmenting its 

native AI-2 QS circuit (Figure 3-2). The schematic plot of the autoinducible system 

are shown in Figure 3-2A. There are two units (plasmids) involved in the network: 

the first unit (pCT5 or pCT6) is responsible for expression T7 RNA polymerase 

(T7RPol) under the control of the lsr promoter; the second unit (plasmid pET200/X) 

expresses a protein of interest X (X=GFP, CAT, or LacZ) under the control of T7 

promoter. The T7 promoter can be induced by the product of the first unit, T7RPol. 

The polymerase then amplifies the initial AI-2 signal for the synthesis and 

overproduction of the product protein.  

This design is an attempt to exploiting the native signaling and decrease the 

artificially imposed “metabolic burden” on hosts (DeLisa et al. 2001b). The system 

also incorporates with the well-known pET-system. Thus, the expression system 
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exploiting the lsr promoter enables true auto-induction of a protein of interest. 

Further, a second parallel system was constructed (plasmid pCT6) that exploits the 

fine tuning of the native lsr regulon (Taga et al. 2003; Wang et al. 2005a; Xavier and 

Bassler 2005b). The circuit includes the lsrR repressor enabling tighter control for the 

expression of potentially toxic or harmful proteins to the hosts. 

Figure 3-2B shows the logic circuit of the genetic network and a truth table of the 

logic function for different input factors. LsrR is a transcriptional regulator of the 

native E. coli lsr operon (Li et al. 2007; Wang et al. 2005a; Xavier and Bassler 

2005b). In the system with pCT6, lsrR is included in the circuit in order to strengthen 

the regulation of Plsr and decrease its basal transcription. The E. coli QS signal 

molecule, AI-2, is phosphorylated by LsrK and becomes phospho-AI-2 which 

inactivate the LsrR repressor and induce the lsr promoter. This results in the 

transcription and translation of T7RPol (plasmid pCT5 or pCT6), which, in turn, is 

the inducer of the T7 promoter on the plasmid pET200/X (X=GFP, CAT, or LacZ). 

After the T7 promoter is induced by T7RPol, the target genes (i.e. gfpuv, cat, or lacZ) 

can be expressed. Therefore, the final output of this genetic network, or the 

expression level of the proteins of interest (i.e. GFPuv, CAT, or LacZ), is putatively 

correlated to the strength of the input, AI-2 level. The first two columns of the truth 

table (Figure 3-2B) illustrate different inputs; the third column shows the T7RPol 

output, which represents the transcriptional activity of the lsr promoter. As shown, 

the T7RPol can be expressed when LsrR does not exist in the circuit or the lsr 

promoter is de-repressed by the signal molecule, AI-2. In this study, because LsrR 

always exists in the hosts, only the last two input cases are met. Lastly, because 
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T7RPol is the inducer of the promoter of the target genes, the expression levels of the 

final products are directly related to T7RPol expression level.  

In order to investigate the performance of the expression system with or 

without AI-2, the two units of the genetic network were respectively transformed into 

wild-type E. coli W3110 and the W3110-derived AI-2 synthase, luxS knockout 

MDAI2. 
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Figure 3-2 (A) Schematic plot of the rewired QS signaling circuitry for 
autoinducible expression system. AI-2 is produced by LuxS and accumulated 
extracelluarly. Thereafter, AI-2 is internalized by the LsrABC-type transporter and 
following phosphorylation via the LsrK kinase. Phospho-AI-2 is an inducer of the lsr 
promoter and can de-repress the lsr repressor LsrR. After the insertion of the genetic 
network, the lsr promoter on pCT6 can also be induced by de-repression of LsrR and 
initiate the cascade network, resulting in the expression of the target protein. (B) The 
logic circuit of the genetic switching network and a truth table of the logic 
function for different factors. When the lsr promoter is with the inputs being the 
repressor LsrR and inducer AI-2, the output is T7RPol. T7RPol is the input of the 
inverter, T7 promoter, and induces the synthesis of the target protein GFP. In the truth 
table, “1” and “0” represent the high and low level of the circuit components 
respectively. 
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 Expression of the genes of interest using the autoinducible expression system  

GFPuv Expression: At first, GFPuv was studied as a model protein investigation due 

to its stability and simple detection (March et al. 2003). Sequential transformation of 

plasmid pCT5 or pCT6 followed by pET200/GFP was used for hosts W3110 and 

MDAI2. Cells were grown in LB medium shaking at 30oC without inducers or 

additives. Figure 3-3A shows a time course of cell growth, demonstrating no apparent 

difference between the strains.  

AI-2 activities in the extracellular mediums are also shown in Figure 3-3B. In 

W3110, AI-2 activity increased to a maximum at 4 hr and then sharply decreased to 

zero shortly thereafter. In W3110 (pCT5+pET200/GFP), which is the expression 

cascade network without the exogenous insertion of lsrR, the trend of AI-2 activity 

was similar to W3110 except at the maximum level was ~30% lower. In 

W3110(pCT6+pET200/GFP), which is the expression switching network including 

the exogenous insertion of lsrR, the AI-2 activity also accumulated to the maximum 

at 4 hr, but decreased more slowly than both W3110 and 

W3110(pCT5+pET200/GFP). As expected, no AI-2 activity was observed throughout 

the time course in the cultures of MDAI2(pCT5+pET200/GFP) and  

MDAI2(pCT6+pET200/GFP). The expression levels of the final product GFPuv in 

different strains are represented by the specific fluorescence and are depicted in 

Figure 3-3C. In both the W3110 (pCT5+pET200/GFP) and the 

W3110(pCT6+pET200/GFP) cultures, the specific expression levels of GFPuv 

increased along the time course. However, GFPuv expression levels in 

W3110(pCT6+pET200/GFP) were slightly lower than W3110(pCT5+pET200/GFP). 
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There was also no apparent increase of specific GFPuv expression observed in  

MDAI2(pCT5+pET200/GFP) and MDAI2(pCT6+pET200/GFP). Nevertheless, the 

specific GFP expression in the MDAI2(pCT6+pET200/GFP) culture was even lower 

than in the MDAI2(pCT5+pET200/GFP) culture. The expression levels of GFPuv 

were also confirmed by Western blotting (data not shown). 

RT-PCR for the samples from the 4 hr and 8 hr time points was performed to 

further check the transcriptional levels of the gene T7RPol, which is under the control 

of the lsr promoter and encodes the inducer of the second unit in the genetic cascade 

network. The results are shown in Figure 3-3D and support our hypothesis showing in 

wild type host W3110 (1 and 2 in Figure 3-3D), the T7RPol transcriptional levels 

were higher than in MDAI2 host (3 and 4 in Figure 3-3D) at the 4 hr and 8 hr time 

points. Additionally, the T7RPol transcriptional levels were lower in the case with the 

exogenous insertion of lsrR into the genetic network (column 1 vs. column 2; column 

3 vs. column 4) in both the 4 hr and 8 hr time points. Comparing the results from the 

same cultures at these two time points reveals that the T7RPol transcriptional levels at 

8 hr were higher than at 4 hr. The trends of T7RPol transcriptional levels in different 

cultures compared closely to the corresponding trends in specific GFPuv in the same 

cultures (Figure 3C vs. Figure 3D), showing that the specific expression levels of 

GFPuv were directly related to the transcriptional levels of T7RPol. These results 

demonstrate realization of our switching design. 
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Figure 3-3  GFPuv expression using the autoinducible expression system in 
W3110 and MDAI2.  
Cells were grown in LB medium shaking at 30oC. The fluorescence detection is 
described in Materials and Methods. (A) Time course of cell growth; (B) extracellular 
AI-2 activity; (C) specific GFPuv expression results have been normalized by the 
expression level in the W3110(pCT6+pET200/GFP) culture at 12 hr; (D) The 
transcriptional analysis of T7RPol. The agarose gel was run to show DNA fragment 
obtained from RT-PCR of total RNA extracted at 4hr and 8hr. 
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CAT and LacZ Expression: To investigate whether the designed expression 

platform could be used with different recombinant target proteins, CAT and LacZ 

constructs were introduced.  Plasmid pET200/GFP was therefore replaced by the 

plasmids pET200/CAT or pET200/LacZ. The conditions of the cell cultures for the 

expression experiments were the same as GFPuv expression experiments. The growth 

curves and the AI-2 activities are similar to the results of GFPuv expression 

experiment depicted in Figure 3-3 (data not shown). 

The expression levels of CAT in different strains are represented by the 

specific activity and the results are depicted in Figure 3-4A. Similar to the GFPuv 

expression results, the specific CAT activity increased in time in both the 

W3110(pCT5+pET200/CAT) and the W3110(pCT6+pET200/CAT) cultures. 

However, the increase of the CAT expression level in W3110(pCT5+pET200/CAT) 

culture was more steady and reached a higher level as compared to the 

W3110(pCT6+pET200/CAT) culture. In the MDAI2(pCT5+pET200/CAT) culture, 

there was a basal CAT activity observed but without any obvious and accumulation 

along the time course. In the MDAI2(pCT6+pET200/CAT) culture, there was almost 

no observable CAT activity. These results show that the exogenous insertion of lsrR 

into pCT6 resulted in tighter regulation for the cascaded genetic network. The 

expression levels of CAT were also confirmed by Western blotting. 

In Figure 3-4B, the LacZ expression results in different strains are represented 

by β-galactosidase activity. The negative control, W3110, exhibited almost no β-

galactosidase activity. Expression results from the cultures of 

W3110(pCT5+pET200/LacZ) and W3110(pCT6+pET200/LacZ) show similar 
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patterns to GFPuv and CAT expression results. Expression results from the cultures 

of MDAI2(pCT5+pET200/LacZ) and MDAI2(pCT6+pET200/LacZ) are also similar 

to the  GFPuv and CAT MDAI2 expression results.  
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Figure 3-4  (A) CAT expression using the autoinducible expression system in 
W3110 and MDAI2.  
Cells were grown in LB medium shaking at 30oC. The CAT activity was measure by 
CAT assay.  (B) LacZ expression using the autoinducible expression system in 
W3110 and MDAI2. Cells were grown in LB medium shaking at 30oC. The LacZ 
expression level is represented by β-galactosidase activity and β-galactosidase 
activity is measured by Miller assay. 
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In vitro synthesized AI-2 for switching on the genetic cascade network: There 

have been several reports demonstrated that the lsr promoter can be activated via 

phospho-AI-2 inactivating the repressor LsrR (Taga et al. 2003; Wang et al. 2005a; 

Xavier and Bassler 2005b). In order to determine whether the expression platform can 

also be induced artificially, AI-2 was synthesized in vitro and exogenously added into 

MDAI2(pCT6+pET200/GFP) cultures. The W3110(pCT6+pET200/GFP) culture was 

used as the positive control. When the cells were grown to mid-log phase (OD600 ≈ 

0.4~0.6) at 2 hr, in vitro AI-2 was added into MDAI2(pCT6+pET200/GFP) cell 

cultures at two supplemental levels [4% (v/v) and 1% (v/v)]. Figure 3-5A shows the 

results of AI-2 activities. In the W3110(pCT6+pET200/GFP) culture (black bars), the 

trend of AI-2 activity is consistent with the result shown in Figure 3-3B. In the 

MDAI2(pCT6+pET200/GFP) culture, without the addition of in vitro AI-2, there was 

no observable AI-2 activity. In the MDAI2(pCT6+pET200/GFP) culture with 4% 

(v/v) in vitro AI-2 addition (green bars), AI-2 activity was highest (~450 folded units) 

immediately after the in vitro AI-2 was added and the AI-2 activity in the medium 

monotonically decreased thereafter. However, in the MDAI2(pCT6+pET200/GFP) 

culture with 1% (v/v) in vitro AI-2 addition (blue bars), the AI-2 activity maintained 

at a similar level (~300 folded units) until 6 hr and followed by a sharp decline.  

The GFPuv expression level results for this artificial in vitro AI-2 induction system 

are shown in Figure 3-5B. Consistent with the trend in Figure 3-3C, the GFPuv 

expression levels in the W3110(pCT6+pET200/GFP) culture (black bars) increased in 

time, and only a basal expression level was observed in the 

MDAI2(pCT6+pET200/GFP) cultures without the addition of in vitro AI-2 (red bars). 
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Confirming our hypothesis, the addition of in vitro AI-2 did lead to the induction of 

the genetic network to produce GFPuv. However, the GFPuv expression levels in the 

MDAI2(pCT6+pET200/GFP) culture with 4% (v/v) in vitro AI-2 addition (green 

bars) were similar to expression levels in  the W3110(pCT6+pET200/GFP) culture 

and apparently higher than in the MDAI2(pCT6+pET200/GFP) culture with 1% (v/v) 

in vitro AI-2 addition (blue bars). Although initially the expression levels in the 

MDAI2(pCT6+pET200/GFP) culture with 1% (v/v) in vitro AI-2 addition were close 

to the expression levels in the MDAI2(pCT6+pET200/GFP) culture with 4% (v/v) in 

vitro AI-2 addition at 4 hr, the GFPuv expression levels in the 

MDAI2(pCT6+pET200/GFP) culture adding 1% (v/v) in vitro AI-2 were only 

slightly higher than in the MDAI2(pCT6+pET200/GFP) culture without in vitro AI-2.  
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Figure 3-5  Induced the expression system by in vitro synthesized AI-2 addition. 
Cells were grown in LB medium shaking at 30oC and the in vitro AI-2 was applied at 
2hr. W3110(pCT6+pET200/GFP) was conducted for the autoinducible expression 
which was the positive control.  (A) Extracellular AI-2 activity. In the case with 
4%(v/v) in vitro AI-2 addition, AI-2 activity decrease steadily; in the case with 
1%(v/v) in vitro AI-2 addition, AI-2 activity maintained at a similar level until 6 hr.  
(B) Specific GFPuv expression results have been normalized by the expression level 
in the W3110(pCT6+pET200/GFP) culture at 10 hr. 
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 Comparison of the autoinducible expression system with other protein 

expression platforms: In order to further understand the performance of the 

autoinducible recombinant protein expression platform, GFPuv expression using the 

QS autoinducible genetic network was compared to the expression using two other 

popular commercially available expression platforms, the trc expression system 

[BL21(pTrcHis-GFPuv)] and the T7 expression system [BL21(DE3) (pET200/GFP)]. 

BL21(pTrcHis-GFPuv) and  BL21(DE3) (pET200/GFP) cells were grown to mid-log 

phase (OD600 ≈ 0.4-0.6) at 37oC and induced by 1mM IPTG. 

MDAI2(pCT5+pET200/GFP) cells were induced with 4% (v/v) in vitro AI-2, and 

compared to the GFPuv auto-expression in W3110 (pCT5+pET200/GFP) grown 

similarly. Figure 3-6A shows the growth curves of all cell cultures. The growth curve 

for W3110(pCT5+pET200/GFP) and MDAI2(pCT5+pET200/GFP) were very similar 

to W3110. However, the growth rates of BL21(DE3) (pET200/GFP) and 

BL21(pTrcHis-GFPuv) decreased significantly after IPTG induction and were slower 

than W3110, W3110(pCT5+pET200/GFP), and MDAI2(pCT5+pET200/GFP).  

The GFPuv expression performance in the different systems were compared 

on a volumetric basis and the results are shown in Figure 3-6B. The volumetric 

expression in BL21(DE3) (pET200/GFP) culture reached the highest final level, 

though the culture grew much slower as compared to the other strains after induction. 

The volumetric expression in BL21(pTrcHis-GFPuv) reached the second highest 

level and was ~20% less than the final volumetric expression level of BL21(DE3) 

(pET200/GFP). The volumetric expression in the auto-inducible system, W3110 

(pCT5+pET200/GFP), was only ~33% of that in BL21(DE3) (pET200/GFP) and was 
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~50% of that in BL21(pTrcHis-GFPuv). The volumetric expression levels in 

MDAI2(pCT5+pET200/GFP) induced by 4% (v/v) in vitro AI-2 were only ~33% of 

the level in auto-inducible culture. 
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Figure 3-6 Expressed GFPuv using different expression systems.  
The cells were grown in LB medium and shaking at37oC to compare the expression 
performance of different expression systems. (A)Time course of cell growth shows 
that BL21(DE3)(pET200/GFP) culture grew slowest after induced by 1mM IPTG; 
BL21(pTrcHisGFP) culture grew the second slowest after induced by 1mM IPTG. In 
the MDAI2(pCT5+pET200/GFP) culture, 4% (v/v) in vitro AI-2 was added at 2 hr. 
(B) The expression performance was represented by volumetric fluorescence. 
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3.4 Discussion   

Quorum sensing (QS) systems are characterized by signal molecule 

production, transduction, and regulation of genes in a growth-dependent manner. An 

auto-inducible recombinant protein expression platform was constructed in this study 

that exploits the native QS signaling process in E. coli. Specifically, E. coli AI-2 

signaling transduction pathway is regulated by the lsr and lsrRK operons (Li et al. 

2007; Wang et al. 2005a; Xavier and Bassler 2005b). The principles of our protein 

expression system design include high levels of expression, simplicity, and 

compatibility with commercially available expression vectors. At first glance, QS 

signaling may provide simplicity but not compatibility or high expression levels. In 

order to amplify the E. coli QS auto-inducible effect to achieve a higher expression 

level, we have attempted to rewire the widely used T7 expression system by inserting 

QS signaling as a switch, thereby generating a new genetic circuit. Our expression 

results for the three model proteins (GFPuv, CAT, and LacZ) demonstrated the 

system could be auto-induced and target proteins could be expressed in high levels 

(Figure 3-3 and Figure 3-4). Moreover, our results demonstrate coupling to the 

established and popular T7 expression system, pET-series vectors which include the 

T7 promoter (Studier and Moffatt 1986; Studier et al. 1990). That is, our second unit 

is transformed directly to pET host vector system, and QS signaling system is created.  

Notably, when the plasmid pCT6, including the gene lsrR with its promoter, 

was introduced as the first unit, the expression of the target proteins in the wild type 

host W3110 showed only slightly lower levels compared to the pCT5 system in 

W3110(Figure 3-3C and Figure 3-4). As expected, the AI-2 activity (Figure 3-3B) in 
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the W3110(pCT6+pET200/GFP) culture decreased more slowly than both W3110 

and W3110(pCT5+pET200/GFP) cultures. Because the native lsrACDBFG operon 

encodes the AI-2 transduction apparatus proteins in E. coli (Li et al. 2007; Wang et al. 

2005a; Xavier and Bassler 2005b), these results not only demonstrate that the 

insertion of lsrR reduces the leaky expression of the target proteins in the host 

MDAI2, but also suggest that the stronger LsrR expression gives stronger repression 

to the native lsrACDBFG operon in the host W3110, resulting in a slower AI-2 

uptake rate from the medium. Correspondingly, the expression in the pCT6 system is 

delayed relative to the pCT5 system. This was found to be the case for all model 

proteins (Figure 3-4B). The minor differences in the protein accumulation patterns 

might be caused from different processing properties of different target proteins 

(Georgiou 1988; March et al. 2003; Tsien 1998) and a slight decrease in T7RPol 

expression.  

Since there is no AI-2 production in MDAI2(DeLisa et al. 2001a), the AI-2 

synthase luxS knockout, we attempted to investigate whether the target protein in 

MDAI2(pCT6+pET200/GFP) culture could be induced by in vitro synthesized AI-2 

added exogenously. The data shown in Figure 3-5B demonstrate that at a 4% (v/v) 

supplemental level of in vitro AI-2, the specific GFPuv expressed was comparable to 

the W3110(pCT6+pET200/GFP) auto-expression results. However, at the 1% (v/v) 

supplemental level there was only slightly higher expression than the 

MDAI2(pCT6+pET200/GFP) culture without induction. The AI-2 uptake in the 4% 

case was uniform throughout, while in the 1 % case the AI-2 level stayed steady upon 

addition and then decreased when the culture moved into the stationary phase. This 



 

 78 
 

suggests that the increment of AI-2 (4% vs. 1%) was needed to stimulate AI-2 uptake 

in this system. Correspondingly, this increment is observed to induce protein 

synthesis. Because ours is the first true AI-2 responding reporter system in E. coli, 

such QS signaling phenomenon has never been observed with this level of precision. 

These results demonstrate that the inserted lsr promoter on the plasmid and native lsr 

promoter regulating lsr operon in E. coli can be both induced by sufficient level of in 

vitro synthesized AI-2.  

Importantly, though the AI-2 activity in W3110 (pCT6+pET200/GFP) 

cultures were lower than MDAI2(pCT6+pET200/GFP) culture with 1% (v/v) of in 

vitro AI-2 induction, the GFPuv expression levels were much higher. In addition, 

though the AI-2 activity levels in W3110 (pCT6+pET200/GFP) was apparently lower 

than MDAI2(pCT6+pET200/GFP) culture with 4% (v/v) of in vitro AI-2 induction 

after 6 hr, the expression levels of GFPuv were almost identical. These results suggest 

that endogenous AI-2 of W3110, without the secretion and uptake process, can still 

be phosphorylated by LsrK, or otherwise used to stimulated lsr expression directly. In 

our previous studies, the investigation of the lsr promoter transcriptional level in 

ΔlsrK and ΔlsrACDBFG mutants was conducted, and the results suggested that both 

the exogenous and endogenous AI-2 can be phosphorylated by LsrK(Li et al. 2007; 

Wang et al. 2005a). Therefore, the results of the in vitro AI-2 induction experiment in 

this study provide new evidence supporting our previous inference.  

The original purpose of this study was to develop a new recombinant protein 

expression system. Therefore, there is always a critical question that will be asked: 

“How good does it perform?” In order to determine the performance of the novel 
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expression system, we expressed GFPuv in the autoinducible strain, 

W3110(pCT5+pET200/GFP), and compared the volumetric yield with the expression 

of GFPuv by two well established and popular expression systems, trc expression 

system and traditional T7expression system [pET-X express in BL21(DE3) host]. All 

these experiments conducted were at 37oC, a common temperature for recombinant 

protein production in E. coli. Our results demonstrate the autoinducible expression 

system performs only modestly compared to BL21(pTrcHis-GFP) (c.a. 2 fold higher) 

and BL21(DE3)(pET200/GFP) (c.a. 3 fold higher). Furthermore, the volumetric yield 

of the MDAI2(pCT5+pET200/GFP) with 4% (v/v) of in vitro AI-2 induction was 

obviously lower than the volumetric yield of W3110(pCT5+pET200/GFP). This 

result is not consistent to the results of the induction experiment conducted at 30oC, 

suggesting that the in vitro AI-2 may degrade or its signaling process be attenuated 

and lose activity faster at 37oC. Our initial comparison results suggest that the new 

autoinducible system might not be as powerful as the two popular expression systems 

at the conditions used. Note, however, BL21 and BL21(DE3) were constructed 

specifically to achieve high yields and used in concert with the pTrcHis and pET-

series vectors. It would be interesting to transform our autoinducible system into 

BL21 host to conduct a further comparison. Also, we might transfer our system into 

different hosts which possess AI-2 QS circuitry or screen different culture conditions 

to optimize the novel expression system in the future. One important characteristic of 

the autoinducible expression system is: there is no apparent metabolic burden shown 

based on the growth course, but there were different levels of metabolic burden was 

shown in BL21(pTrcHis-GFP) and BL21(DE3)(pET200/GFP) (Figure 3-6B). 
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3.5 Conclusion  

In this study, we have developed a novel autoinducible recombinant protein 

expression platform via rewiring E. coli native AI-2 QS signaling circuit. We also 

demonstrate that the genetic cascade network can be induced by exogenously adding 

in vitro AI-2. Therefore, this expression system provides not only the convenience of 

operation and significance in yield for recombinant protein production, but also a new 

tool to investigate the cell-to-cell communication in bacteria.  
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Chapter 4  General Conclusions 

 

4.1 Exploiting quorum circuitry for enhancement for recombinant protein production. 

We inserted luxS (AI-2 synthase) into a vector which co-synthesizes proteins 

of interest CAT, OPH, or GFPuv and found dramatically increased yield in all cases. 

Moreover, we have attributed this yield to the upregulation of the chaperone, GroEL, 

which is shown for the first time to be positively regulated at the post-transcriptional 

level by AI-2. This research is the first to tuning the quorum sensing signaling to 

improve recombinant protein synthesis. 

 

4.2 Harness bacterial cell-to-cell communication for an innovative autoinducible 

recombinant protein expression system. 

We rewired the QS signaling to develop a true autoinducible expression 

platform by transforming a genetic switching network into E. coli. Three model 

protein, GFPuv, CAT, and LacZ were all successfully expressed at significant yields. 

The genetic switching network can also be induced by in vitro synthesized AI-2. The 

novel autoinducible system facilitates protein synthesis without culture monitoring or 

inducer addition.  

4.3 Future Directions  

Though our results suggest that AI-2 can upregulate the chaperone GroEL, 

further investigation must be conducted to understand the mechanisms. Also, 
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extracellular AI-2 activity does not faithfully indicate the effect of AI-2 signaling. 

That is, AI-2 level signals a dynamic process but does not itself indicate the 

amplitude of a “switch”. We can measure luxS transcript levels using RT-PCR to 

correlate the transcriptional level of luxS with the chaperon GroEL in transcriptional 

or translation level. Further, we also can apply the antisense RNA to modulate the 

endogenous luxS and AI-2 activity to further confirm the phenomena we observed in 

this study. 

For the novel autoinducible expression system, we only use three reporter 

proteins as models. Some problematic recombinant proteins may need to be 

examined. The lsr promoter can be stimulated by cyclic AMP, which is related to the 

absence of glucose or other phosphotransferase system sugars(Wang et al. 2005a; 

Xavier and Bassler 2005b). Therefore, we may screen different medium and different 

culture conditions to get optimal expression results. Also, we can transform the 

expression system into different E. coli hosts to investigate the optimal host. 

Furthermore, the novel autoinducible expression system can be used as new cell-to-

cell communication reporter, which provides us a new tool to understand how 

bacteria communicate between different species. QS signaling in E. coli also relates 

to the formation of biofilm which is correlated to the pathogenesis(Davies et al. 1998; 

Li et al. 2007; Prouty et al. 2002), the autoinducible system may also provide us a 

new drug discovery platform. 



 

 83 
 

Chapter 5  Bibliography 
 

 
Ahmer BM. 2004. Cell-to-cell signalling in Escherichia coli and Salmonella enterica. 

Molecular Microbiol 52(4):933-45. 
 
Andersson L, Yang SJ, Neubauer P, Enfors SO. 1996. Impact of plasmid presence 

and induction on cellular responses in fed batch cultures of Escherichia coli. 
Journal of Biotechnology 46(3):255-263. 

 
Bainton NJ, Bycroft BW, Chhabra SR, Stead P, Gledhill L, Hill PJ, Rees CE, Winson 

MK, Salmond GP, Stewart GS and others. 1992. A general role for the lux 
autoinducer in bacterial cell signalling: control of antibiotic biosynthesis in 
Erwinia. Gene 116(1):87-91. 

 
Baneyx F, Mujacic M. 2004. Recombinant protein folding and misfolding in 

Escherichia coli. Nature Biotechnology 22(11):1399-1408. 
 
Barrios AFG, Zuo RJ, Hashimoto Y, Yang L, Bentley WE, Wood TK. 2006. 

Autoinducer 2 controls biofilm formation in Escherichia coli through a novel 
motility quorum-sensing regulator (MqsR, B3022). Journal of Bacteriology 
188(1):305-316. 

 
Bassler BL, Greenberg EP, Stevens AM. 1997. Cross-species induction of 

luminescence in the quorum-sensing bacterium Vibrio harveyi. Journal of 
Bacteriology 179(12):4043-5. 

 
Bassler BL, Wright M, Showalter RE, Silverman MR. 1993. Intercellular signalling 

in Vibrio harveyi: sequence and function of genes regulating expression of 
luminescence. Molecular Microbiology 9(4):773-86. 

 
Bassler BL, Wright M, Silverman MR. 1994. Multiple signalling systems controlling 

expression of luminescence in Vibrio harveyi: sequence and function of genes 
encoding a second sensory pathway. Molecular Microbiology 13(2):273-86. 

 
Bentley WE, Davis, R.H. & Kompala, D.S. 1991. Dynamics of induced CAT 

expression in E. coli. Biotechnology and Bioengineering 38:749-760. 
 
Bentley WE, Mirjalili N, Andersen DC, Davis RH, Kompala DS. 1990. Plasmid-

Encoded Protein - the Principal Factor in the Metabolic Burden Associated 
with Recombinant Bacteria. Biotechnology and Bioengineering 35(7):668-
681. 

 
Bulter T, Lee SG, Wong WW, Fung E, Connor MR, Liao JC. 2004b. Design of 

artificial cell-cell communication using gene and metabolic networks. 



 

 84 
 

Proceedings of the National Academy of Sciences of the United States of 
America 101(8):2299-304. 

 
Cao JG, Meighen EA. 1989. Purification and structural identification of an 

autoinducer for the luminescence system of Vibrio harveyi. The Journal of 
Biological Chemistry 264(36):21670-6. 

 
Carbonell X, Corchero JL, Cubarsi R, Vila P, Villaverde A. 2002. Control of 

Escherichia coli growth rate through cell density. Microbiological Research 
157(4):257-265. 

 
Cha HJ, Wu CF, Valdes JJ, Rao G, Bentley WE. 2000. Observations of green 

fluorescent protein as a fusion partner in genetically engineered Escherichia 
coli: monitoring protein expression and solubility. Biotechnology and 
Bioengineering 67(5):565-74. 

 
Chen X, Schauder S, Potier N, Van Dorsselaer A, Pelczer I, Bassler BL, Hughson 

FM. 2002. Structural identification of a bacterial quorum-sensing signal 
containing boron. Nature 415(6871):545-9. 

 
Davies DG, Parsek MR, Pearson JP, Iglewski BH, Costerton JW, Greenberg EP. 

1998. The involvement of cell-to-cell signals in the development of a bacterial 
biofilm. Science 280(5361):295-8. 

 
DeLisa MP, Bentley WE. 2002. Bacterial autoinduction: looking outside the cell for 

new metabolic engineering targets. Microbial Cell Factories 1(1):5. 
 
DeLisa MP, Valdes JJ, Bentley WE. 2001a. Mapping stress-induced changes in 

autoinducer AI-2 production in chemostat-cultivated Escherichia coli K-12. 
Journal of Bacteriology 183(9):2918-28. 

 
DeLisa MP, Valdes JJ, Bentley WE. 2001b. Quorum signaling via Al-2 

communicates the "metabolic burden" associated with heterologous protein 
production in Escherichia coli. Biotechnology and Bioengineering 75(4):439-
450. 

 
DeLisa MP, Wu CF, Wang L, Valdes JJ, Bentley WE. 2001c. DNA microarray-based 

identification of genes controlled by autoinducer 2-stimulated quorum sensing 
in Escherichia coli. Journal of Bacteriology 183(18):5239-47. 

 
Domka J, Lee J, Wood TK. 2006. YliH (BssR) and YceP (BssS) regulate Escherichia 

coli K-12 biofilm formation by influencing cell signaling. Applied and 
Environmental Microbiology 72(4):2449-2459. 

 
Feng XJ, Hooshangi S, Chen D, Li GY, Weiss R, Rabitz H. 2004. Optimizing genetic 

circuits by global sensitivity analysis. Biophysical Journal 87(4):2195-2202. 



 

 85 
 

Fuerst TR, Niles EG, Studier FW, Moss B. 1986. Eukaryotic Transient-Expression 
System Based on Recombinant Vaccinia Virus That Synthesizes 
Bacteriophage-T7 Rna-Polymerase. Proceedings of the National Academy of 
Sciences of the United States of America 83(21):8122-8126. 

 
Fuqua C, Greenberg EP. 1998a. Cell-to-cell communication in Escherichia coli and 

Salmonella typhimurium: they may be talking, but who's listening? 
Proceedings of the National Academy of Sciences of the United States of 
America 95(12):6571-2. 

 
Fuqua C, Greenberg EP. 1998b. Self perception in bacteria: quorum sensing with 

acylated homoserine lactones. Current Opinion Microbiology 1(2):183-9. 
 
Fuqua C, Winans SC, Greenberg EP. 1996. Census and consensus in bacterial 

ecosystems: the LuxR-LuxI family of quorum-sensing transcriptional 
regulators. Annual Review of Microbiology 50:727-51. 

 
Fuqua WC, Winans SC, Greenberg EP. 1994. Quorum sensing in bacteria: the LuxR-

LuxI family of cell density-responsive transcriptional regulators. Journal of 
Bacteriology 176(2):269-75. 

 
Gamez A, Perez B, Ugarte M, Desviat LR. 2000. Expression analysis of 

phenylketonuria mutations - effect on folding and stability of the phenylalanie 
hydroxylase protein. Journal of Biological Chemistry 275(38):29737-29742. 

 
Georgiou G. 1988. Optimizing the Production of Recombinant Proteins in 

Microorganisms. Aiche Journal 34(8):1233-1248. 
 
Gill RT, DeLisa MP, Valdes JJ, Bentley WE. 2001. Genomic analysis of high-cell-

density recombinant Escherichia coli fermentation and "cell conditioning" for 
improved recombinant protein yield. Biotechnology and Bioengineering 
72(1):85-95. 

 
Gill RT, Valdes JJ, Bentley WE, Bentley WE. 2000. Analysis of differential stress 

gene transcription in response to recombinant protein over-expression and 
high cell density fermentation in Escherichia coli. Abstracts of Papers of the 
American Chemical Society 219:U185-U185. 

 
Glick BR. 1995. Metabolic Load and Heterologous Gene-Expression. Biotechnology 

Advances 13(2):247-261. 
 
Gragerov A, Nudler E, Komissarova N, Gaitanaris GA, Gottesman ME, Nikiforov V. 

1992. Cooperation of Groel/Groes and Dnak/Dnaj Heat-Shock Proteins in 
Preventing Protein Misfolding in Escherichia coli. Proceedings of the 
National Academy of Sciences of the United States of America 89(21):10341-
10344. 



 

 86 
 

Greenberg EP, Hastings JW, Ulitzur S. 1979. Induction of Luciferase Synthesis in 
Beneckea-Harveyi by Other Marine-Bacteria. Archives of Microbiology 
120(2):87-91. 

 
Harcum SW, Bentley WE. 1993a. Detection, Quantification, and Characterization of 

Proteases in Recombinant Escherichia coli. Biotechnology Techniques 
7(6):441-447. 

 
Harcum SW, Bentley WE. 1993b. Response Dynamics of 26-Kda, 34-Kda, 39-Kda, 

54-Kda, and 80-Kda Proteases in Induced Cultures of Recombinant 
Escherichia coli. Biotechnology and Bioengineering 42(6):675-685. 

 
Hastings JW, Greenberg EP. 1999. Quorum sensing: the explanation of a curious 

phenomenon reveals a common characteristic of bacteria. Journal of 
Bacteriology 181(9):2667-8. 

 
Henke JM, Bassler BL. 2004. Three parallel quorum-sensing systems regulate gene 

expression in Vibrio harveyi. Journal of Bacteriology 186(20):6902-14. 
 
Hooshangi S, Thiberge S, Weiss R. 2005. Ultrasensitivity and noise propagation in a 

synthetic transcriptional cascade. Proceedings of the National Academy of 
Sciences of the United States of America 102(10):3581-3586. 

 
Kanemori M, Mori H, Yura T. 1994. Induction of Heat-Shock Proteins by Abnormal 

Proteins Results from Stabilization and Not Increased Synthesis of Sigma(32) 
in Escherichia coli. Journal of Bacteriology 176(18):5648-5653. 

 
Kleerebezem M, Quadri LEN, Kuipers OP, deVos WM. 1997. Quorum sensing by 

peptide pheromones and two-component signal-transduction systems in 
Gram-positive bacteria. Molecular Microbiology 24(5):895-904. 

 
Koop AH, Hartley ME, Bourgeois S. 1987. A low-copy-number vector utilizing beta-

galactosidase for the analysis of gene control elements. Gene 52(2-3):245-56. 
 
Lee CW, Shuler ML. 2000. The effect of inoculum density and conditioned medium 

on the production of ajmalicine and catharanthine from immobilized 
Catharanthus roseus cells. Biotechnology and Bioengineering 67(1):61-71. 

 
Lee SC, Olins PO. 1992. Effect of Overproduction of Heat-Shock Chaperones Groesl 

and Dnak on Human Procollagenase Production in Escherichia coli. Journal 
of Biological Chemistry 267(5):2849-2852. 

 
Lee SY. 1996. High cell-density culture of Escherichia coli. Trends in Biotechnology 

14(3):98-105. 
 



 

 87 
 

Lenz DH, Mok KC, Lilley BN, Kulkarni RV, Wingreen NS, Bassler BL. 2004. The 
small RNA chaperone Hfq and multiple small RNAs control quorum sensing 
in Vibrio harveyi and Vibrio cholerae. Cell 118(1):69-82. 

 
Lewin B. 2000. Genes VII. Oxford: Oxford University Press. 
 
Lewis HA, Furlong EB, Laubert B, Eroshkina GA, Batiyenko Y, Adams JM, 

Bergseid MG, Marsh CD, Peat TS, Sanderson WE and others. 2001. A 
structural genomics approach to the study of quorum sensing: crystal 
structures of three LuxS orthologs. Structure (Camb) 9(6):527-37. 

 
Li J, Attila C, Wang L, Wood TK, Valdes JJ, Bentley WE. 2007. Quorum Sensing in 

E. coli is Signaled by AI-2/LsrR: Effects on sRNA and Biofilm Architecture. 
Journal of Bacteriology (Print).  

 
Lilley BN, Bassler BL. 2000. Regulation of quorum sensing in Vibrio harveyi by 

LuxO and sigma-54. Molecular Microbiology 36(4):940-54. 
 
March JC, Bentley WE. 2004. Quorum sensing and bacterial cross-talk in 

biotechnology. Current Opinion in Biotechnology 15(5):495-502. 
 
March JC, Rao G, Bentley WE. 2003. Biotechnological applications of green 

fluorescent protein. Applied Microbiology and Biotechnology 62(4):303-315. 
 
Meijler MM, Hom LG, Kaufmann GF, McKenzie KM, Sun CZ, Moss JA, Matsushita 

M, Janda KD. 2004. Synthesis and biological validation of a ubiquitous 
quorum-sensing molecule. Angewandte Chemie-International Edition 
43(16):2106-2108. 

 
Miller JH. 1972. Experiments in molecular genetics. Cold Spring Harbor, N.Y.: Cold 

Spring Harbor Laboratory. xvi, 466  
 
Miller MB, Bassler BL. 2001. Quorum sensing in bacteria. Annual Review of 

Microbiology 55:165-99. 
 
Miller MB, Skorupski K, Lenz DH, Taylor RK, Bassler BL. 2002. Parallel quorum 

sensing systems converge to regulate virulence in Vibrio cholerae. Cell 
110(3):303-14. 

 
Miller ST, Xavier KB, Campagna SR, Taga ME, Semmelhack MF, Bassler BL, 

Hughson FM. 2004. Salmonella typhimurium Recognizes a Chemically 
Distinct Form of the Bacterial Quorum-Sensing Signal AI-2. Molecular Cell 
15(5):677-87. 

 
Neddermann P, Gargioli C, Muraglia E, Sambucini S, Bonelli F, De Francesco R, 

Cortese R. 2003. A novel, inducible, eukaryotic gene expression system based 



 

 88 
 

on the quorum-sensing transcription factor TraR (vol 4, pg 159, 2003). Embo 
Reports 4(4):439-439. 

 
Nishihara K, Kanemori M, Kitagawa M, Yanagi H, Yura T. 1998. Chaperone 

coexpression plasmids: Differential and synergistic roles of DnaK-DnaJ-GrpE 
and GroEL-GroES in assisting folding of an allergen of Japanese cedar pollen, 
Cryj2 in Escherichia coli. Applied and Environmental Microbiology 
64(5):1694-1699. 

 
Perego M, Hoch JA. 1996. Cell-cell communication regulates the effects of protein 

aspartate phosphatases on the phosphorelay controlling development in 
Bacillus subtilis. Proceedings of the National Academy of Sciences of the 
United States of America 93(4):1549-1553. 

 
Prouty AM, Schwesinger WH, Gunn JS. 2002. Biofilm formation and interaction 

with the surfaces of gallstones by Salmonella spp. Infection and Immunity 
70(5):2640-9. 

 
Ramirez DM, Bentley WE. 1993. Enhancement of Recombinant Protein-Synthesis 

and Stability Via Coordinated Amino-Acid Addition. Biotechnology and 
Bioengineering 41(5):557-565. 

 
Ramirez DM, Bentley WE. 1995. Fed-Batch Feeding and Induction Policies That 

Improve Foreign Protein-Synthesis and Stability by Avoiding Stress 
Responses. Biotechnology and Bioengineering 47(5):596-608. 

 
Ren DC, Bedzyk LA, Ye RW, Thomas SM, Wood TK. 2004. Differential gene 

expression shows natural brominated furanones interfere with the autoinducer-
2 bacterial signaling system of Escherichia coli. Biotechnology and 
Bioengineering 88(5):630-642. 

 
Riesenberg D, Schulz V, Knorre WA, Pohl HD, Korz D, Sanders EA, Ross A, 

Deckwer WD. 1991. High Cell-Density Cultivation of Escherichia coli at 
Controlled Specific Growth-Rate. Journal of Bacteriology 20(1):17-28. 

 
Rodriguez RLT, R.C. 1983. Recombinant DNA techniques:  An introduction: 

Benjamin/Cummings Publishing Company, Inc., Menlo Park, CA). 187-191. 
 
Salmond GP, Bycroft BW, Stewart GS, Williams P. 1995. The bacterial 'enigma': 

cracking the code of cell-cell communication. Molecular Microbiology 
16(4):615-24. 

 
Sambrook JC, Fritsch, E.F. & Maniatis, T. 2000. Molecular Cloning: A Laboratory 

Manual: Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY. 
 
Schauder S, Bassler BL. 2001. The languages of bacteria. Genes Dev 15(12):1468-80. 



 

 89 
 

Schauder S, Shokat K, Surette MG, Bassler BL. 2001. The LuxS family of bacterial 
autoinducers: biosynthesis of a novel quorum-sensing signal molecule. 
Molecular Microbiology 41(2):463-76. 

 
Schweder T, Lin HY, Jurgen B, Breitenstein A, Riemschneider S, Khalameyzer V, 

Gupta A, Buttner K, Neubauer P. 2002. Role of the general stress response 
during strong overexpression of a heterologous gene in Escherichia coli. 
Applied Microbiology and Biotechnology 58(3):330-337. 

 
Shuler ML, Kargi F. 1992. Bioprocess Engineering Basic Concepts. Englewood 

Cliffs: Prentice-Hall, Inc. 
 
Sodoyer R. 2004. Expression systems for the production of recombinant 

pharmaceuticals. Biodrugs 18(1):51-62. 
 
Sperandio V, Mellies JL, Nguyen W, Shin S, Kaper JB. 1999. Quorum sensing 

controls expression of the type III secretion gene transcription and protein 
secretion in enterohemorrhagic and enteropathogenic Escherichia coli. 
Proceedings of the National Academy of Sciences of the United States of 
America 96(26):15196-201. 

 
Sperandio V, Torres AG, Giron JA, Kaper JB. 2001. Quorum sensing is a global 

regulatory mechanism in enterohemorrhagic Escherichia coli O157:H7. 
Journal of Bacteriology 183(17):5187-97. 

 
Srivastava R, Cha HJ, Peterson MS, Bentley WE. 2000. Antisense downregulation of 

sigma(32) as a transient metabolic controller in Escherichia coli: effects on 
yield of active organophosphorus hydrolase. Applied and Environmental 
Microbiology 66(10):4366-71. 

 
Studier FW. 2005. Protein production by auto-induction in high-density shaking 

cultures. Protein Expression and Purification 41(1):207-234. 
 
Studier FW, Moffatt BA. 1986. Use of Bacteriophage-T7 Rna-Polymerase to Direct 

Selective High-Level Expression of Cloned Genes. Journal of Molecular 
Biology 189(1):113-130. 

 
Studier FW, Rosenberg AH, Dunn JJ, Dubendorff JW. 1990. Use of T7 Rna-

Polymerase to Direct Expression of Cloned Genes. Methods in Enzymology 
185:60-89. 

 
Surette MG, Bassler BL. 1998. Quorum sensing in Escherichia coli and Salmonella 

typhimurium. Proceedings of the National Academy of Sciences of the United 
States of America 95(12):7046-50. 

 



 

 90 
 

Surette MG, Miller MB, Bassler BL. 1999. Quorum sensing in Escherichia coli, 
Salmonella typhimurium, and Vibrio harveyi: a new family of genes 
responsible for autoinducer production. Proceedings of the National Academy 
of Sciences of the United States of America 96(4):1639-44. 

 
Taga ME, Miller ST, Bassler BL. 2003. Lsr-mediated transport and processing of Al-

2 in Salmonella typhimurium. Molecular Microbiology 50(4):1411-1427. 
 
Taga ME, Semmelhack JL, Bassler BL. 2001. The LuxS-dependent autoinducer Al-2 

controls the expression of an ABC transporter that functions in Al-2 uptake in 
Salmonella typhimurium. Molecular Microbiology 42(3):777-793. 

 
Thomas JG, Baneyx F. 1996a. Protein folding in the cytoplasm of Escherichia coli: 

Requirements for the DnaK-DnaJ-GrpE and GroEL-GroES molecular 
chaperone machines. Molecular Microbiology 21(6):1185-1196. 

 
Thomas JG, Baneyx F. 1996b. Protein misfolding and inclusion body formation in 

recombinant Escherichia coli cells overexpressing heat-shock proteins. 
Journal of Biological Chemistry 271(19):11141-11147. 

 
Tjalsma H, Koetje EJ, Kiewiet R, Kuipers OP, Kolkman M, van der Laan J, Daskin 

R, Ferrari E, Bron S. 2004. Engineering of quorum-sensing systems for 
improved production of alkaline protease by Bacillus subtilis. Journal of 
Applied Microbiology 96(3):569-578. 

 
Tsao CY, Wang L, Hashimoto Y, Yi H, March JC, DeLisa MP, Wood TK, Valdes JJ, 

Bentley WE. 2007. Rewiring native AI-2 quorum sensing circuit increases 
yield of recombinant proteins in E. coli through post-transcriptional control of 
GroEL. Applied and Environmental Microbiology (submitted). 

 
Tsien RY. 1998. The green fluorescent protein. Annual Review of Biochemistry 

67:509-544. 
 
Vendeville A, Winzer K, Heurlier K, Tang CM, Hardie KR. 2005. Making 'sense' of 

metabolism: autoinducer-2, LuxS and pathogenic bacteria. Nature Reviews 
Microbiology 3(5):383-96. 

 
Wang L, Hashimoto Y, Tsao CY, Valdes JJ, Bentley WE. 2005a. Cyclic AMP 

(cAMP) and cAMP receptor protein influence both synthesis and uptake of 
extracellular autoinducer 2 in Escherichia coli. Journal of Bacteriology 
187(6):2066-76. 

 
Wang L, Li J, March JC, Valdes JJ, Bentley WE. 2005b. luxS-Dependent gene 

regulation in Escherichia coli K-12 revealed by genomic expression profiling. 
Journal of Bacteriology 187(24):8350-8360. 

 



 

 91 
 

Waters CM, Bassler BL. 2005. QUORUM SENSING: Cell-to-Cell Communication 
in Bacteria. Annual Review of Cell Developmental Biology 21:319-46. 

 
Weber W, Malphettes L, Rinderknecht M, Schoenmakers RG, Spielmann M, Keller 

B, van de Wetering P, Weber CC, Fussenegger M. 2005. Quorum-sensing-
based toolbox for regulatable transgene and siRNA expression in mammalian 
cells. Biotechnology Progress 21(1):178-185. 

 
Weber W, Schoenmakers R, Spielmann M, El-Baba MD, Folcher M, Keller B, Weber 

CC, Link N, van de Wetering P, Heinzen C and others. 2003. Streptomyces-
derived quorum-sensing systems engineered for adjustable transgene 
expression in mammalian cells and mice. Nucleic Acids Research 31(14):e71. 

 
Winzer K, Hardie KR, Burgess N, Doherty N, Kirke D, Holden MTG, Linforth R, 

Cornell KA, Taylor AJ, Hill PJ and others. 2002a. LuxS: its role in central 
metabolism and the in vitro synthesis of 4-hydroxy-5-methyl-3(2H)-furanone. 
Microbiology-Sgm 148:909-922. 

 
Winzer K, Hardie KR, Williams P. 2002b. Bacterial cell-to-cell communication: 

Sorry, can't talk now - gone to lunch! Current Opinion in Microbiology 
5(2):216-222. 

 
Winzer K, Hardie KR, Williams P. 2003. LuxS and autoinducer-2: Their contribution 

to quorum sensing and metabolism in bacteria. Advances in Applied 
Microbiology, Vol 53 53:291-396. 

 
Wu CF, Cha HJ, Rao G, Valdes JJ, Bentley WE. 2000. A green fluorescent protein 

fusion strategy for monitoring the expression, cellular location, and separation 
of biologically active organophosphorus hydrolase. Applied Microbiology and 
Biotechnology 54(1):78-83. 

 
Xavier KB, Bassler BL. 2003. LuxS quorum sensing: more than just a numbers game. 

Current Opinion in Microbiology 6(2):191-7. 
 
Xavier KB, Bassler BL. 2005a. Interference with Al-2-mediated bacterial cell-cell 

communication. Nature 437(7059):750-753. 
 
Xavier KB, Bassler BL. 2005b. Regulation of uptake and processing of the quorum-

sensing autoinducer AI-2 in Escherichia coli. Journal of Bacteriology 
187(1):238-248. 

 
Yokobayashi Y, Weiss R, Arnold FH. 2002. Directed evolution of a genetic circuit. 

Proceedings of the National Academy of Sciences of the United States of 
America 99(26):16587-16591. 

 



 

 92 
 

Zhu J, Patel R, Pei D. 2004. Catalytic mechanism of S-ribosylhomocysteinase 
(LuxS): stereochemical course and kinetic isotope effect of proton transfer 
reactions. Biochemistry 43(31):10166-72. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


