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Abstract 

Over the last few decades, biology research has expanded from the study of 

naturally occurring systems to the engineering of new, synthetic functions of our 

choosing. This has been possible because of our detailed knowledge of biological 

systems, high resolution experimental biology tools, powerful computational resources 

and increasingly affordable de novo DNA synthesis technologies. For example, entire 

microbial genomes have chemically synthesized and interesting synthetic systems have 

been built with novel gene expression dynamics. Additionally, cells have been 

engineered to efficiently produce high value compounds, including a number of 

recombinant protein molecules. Now, wonderful opportunities abound for improving the 

human condition with synthetic biology. 

The work presented in this thesis introduces two new synthetic biological 

systems. One system focuses on gene expression control while the second is a new 

approach to producing and delivering antimicrobial molecules. 

The first project is a set of synthetic transcription activators called prokaryotic-

TetOn and prokaryotic-TetOff, that upregulate gene expression in response to 

anhydrotetracycline. The molecular geometries of the prokaryotic-TetOn and 

prokaryotic-TetOff systems were first optimized using protein structure refinement and 

homology modeling. Next, the molecular devices were built and tested experimentally. 

Finally, both systems were characterized using stochastic models of gene expression. 

Prokaryotic-TetOn and prokaryotic-TetOff are the first prokaryotic devices of their kind, 

inducible synthetic activators of protein expression. Notably, they have also been 
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designed to serve as firm stepping stones for developing a library of related synthetic 

transcription factors and networks. 

In a second, distinct project, we considered tacking the extensive use of 

antibiotics in agriculture. This overuse appears to have contributed to the emergence of 

antibiotic resistant pathogens that are critical to human health. This public health 

challenge motivated the development of antibiotic alternatives for agricultural 

applications. We engineered lactic acid bacteria to inducibly express and secrete 

antimicrobial peptides with activity against Escherichia coli and Salmonella typhimurium 

and infantis. This is the first demonstration of bacteria engineered to inducibly produce 

peptides with strong activity against Gram-negative pathogens. These systems may also 

be used as a foundation for developing a next generation of recombinant bacteria that 

produce and deliver antimicrobial peptides.  
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1   Introduction 

 
Significant advances in biological sciences over the past decades have afforded us 

a rich understanding of bacterial cell behavior. The genomes of many organisms have 

been sequenced and annotated, assigning specific functions to regions within promoters, 

genes and surrounding DNA sequences. For example, this has been completed for the 

microorganisms Escherichia coli, Lactococcus lactis, Lactobacillus acidophilus and 

Lactobacillus bulgaricus
1–4. Additionally, numerous promoters (DNA sequences that 

regulate gene expression) have been characterized in detail and the protein interactions 

that regulate many cell behaviors and intercellular communication (quorum sensing) are 

well understood5–8. This information has greatly enhanced the utility of these organisms 

and their components to the biology community.   

Building upon this basic biology knowledge, new experimental tools have been 

under development to propel future research efforts. Naturally occurring reporter 

molecules such as green fluorescence protein (GFP) have been modified such that higher 

sensitivity and specificity can be achieved with flow cytometry applications9,10. Also, 

processes such as the transformation of Gram-positive Lactococcus and Lactobacillus 

have been fine-tuned, making genetic modification to these organisms possible11,12. 

Lastly, it is worth noting that although traditional cloning techniques have been available 

for many years, only recently did de novo DNA synthesis technologies mature enough for 

us to custom design exact DNA sequences for use as promoters or genes in any organism 

of our choosing13.  
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In parallel to experimental progress, a variety of computational tools have also 

been developed to help characterize experimental systems. The Synthetic Biology 

Software Suite (SynBioSS) is one such tool that enables researchers to model and 

simulate the behavior of both naturally occurring and synthetic biological systems14. 

Using this kind of tool, researchers can develop models of natural and non-natural 

systems without the need for previous coding experience. This computational preparation 

step can reduce much of the trial and error, thus time and cost, traditionally associated 

with constructing and testing experimental systems. 

With a detailed understanding of numerous biological processes, many practical 

experimental tools and powerful computational technologies we have now moved well 

beyond just studying naturally occurring systems. We can presently engineer new, 

synthetic biological functions of our choosing.  With current de novo DNA synthesis 

technologies, we are free from even needing a DNA template for the new synthetic 

systems that we design and build. For example, a number of synthetic devices have been 

built that carefully control gene and protein expression. Four particular examples that are 

detailed in the Background Chapter 2 include a genetic toggle switch, a synthetic 

oscillatory network, a light sensing device and an edge detecting program. All of these 

systems utilize components of well characterized promoters, their complementary 

regulatory proteins, and quorum sensing operons15–18.  

Furthermore, bacteria have also been successfully engineered to efficiently 

produce a number of valuable compounds. Notably, many of these molecules have 

significant therapeutic potential and are not of prokaryotic origin19–21. Post-translational 
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modifications of proteins, such as glycosylation and disulfide bond formation, are often 

not natural processes in bacterial systems. Consequently, the production of molecules 

with these characteristics has historically been very difficult or practically not possible in 

bacteria. However, these limitations are now being circumvented by engineering protein 

molecules such that they meet the constraints of their host bacteria and still maintain their 

native function. Examples of achievements in this area are highlighted in the Background 

Chapter 2. 

In addition to bacteria that can be readily engineered to produce a critical product 

of interest, there are also many bacteria strains with very useful endogenous 

characteristics. Lactobacillus, Lactococcus and Bifidobacterium are three particularly 

popular probiotic species, bacteria that confer health benefits to the host organisms in 

which they reside. In fact, probiotics currently play a vital role as therapeutics  and in 

food production and preservation22–24. Presently there are thousands of probiotic food 

products and dietary supplements available for humans and animals that contain live 

bacteria strains24,25. The utility of these bacteria has not gone unnoticed as recombinant 

strains are now also being engineered to produced antigens, anti-allergens, cytokines, 

enzymes and growth factors26. With the current experimental tools and DNA synthesis 

technologies, synthetic probiotic based expression system may quickly become a major 

player in the production and delivery of therapeutic molecules. 
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1.1 Scope of thesis 

Herein we present the results of synthetic biology efforts aimed to solve two 

distinct challenges. The first effort focused on improving gene expression control and 

protein production in E. coli. The second project was motivated by the emergence of 

antibiotic resistant pathogenic bacteria strains and the pressing need for an alternative 

technology to the antibiotics currently used in livestock feeds. Our solutions to both of 

these challenges were engineered based on our detailed knowledge of biological parts and 

by using the experimental and computational tools currently available as well as de novo 

DNA synthesis technologies. 

1.1.1 Controlling gene expression and protein production in E. coli 

Robustly controlling gene expression and protein production is a major, ever-

present challenge in the biological sciences and engineering. Robust expression control is 

viewed as the ability for a system to switch from one expression state to a second state in 

a controlled and predictable fashion. This feature of robustness is likely to persist as 

precise gene and protein expression control are necessary for understanding cell 

behaviors and phenotypes and for the production of high quality biomolecules. Tools that 

facilitate inducible expression in response to a variety of external signals and that achieve 

a wide range of minimum and maximum expression levels find use in academic research 

and industrial biomolecule production facilities alike. Thus, there is a demand for unique 

devices that afford robust bacterial gene and protein expression control. 

Herein we present two new synthetic gene expression regulators. Both of these 

molecular devices are based on protein:DNA interactions and inducibly control the 
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production of a protein of interest. In developing these molecular devices for controlling 

gene expression, we generated an efficient work-flow for device design, construction and 

characterization which can be applied in the development of alternative systems. 

1.1.2 An alternative technology to antibiotics used in agriculture 

The second challenge on which we focused was the emergence of antibiotic 

resistance in pathogenic bacteria. Antibiotic resistance has become an urgent public 

health issue as many resistant pathogens are critical to human health worldwide and are 

quickly becoming impervious to our first line of therapeutic defenses27,28. It has been 

shown that long term use of antibiotics in livestock feeds at subtherapeutic levels 

promotes resistance to develop towards those compounds27–29. An alarming 80% of all 

antibiotics made in the United States are currently added to livestock feeds for non-

therapeutic purposes, at low levels and throughout the life of an animal28,29. As a result, 

there is a pressing need to develop alternative technologies that improve animal health 

and promote growth without compromising our ability to combat bacterial infections in 

humans. 

  To contribute to this public health effort, we have engineered probiotic bacteria to 

function as antimicrobial peptide (AMP) production and delivery systems. These 

recombinant probiotics are modified to inducibly express and secrete AMPs that are 

active against important Gram-negative pathogens. We used DNA sequences and protein 

molecules with well characterized functionalities to build these devices.  In the future, 

next generations of these systems may be applied in agriculture where, upon 

consumption, they could improve overall animal health and reduce the threat of key 
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Gram-negative pathogens. Importantly, their use would help to curtail the long term 

administration of antibiotics at subtherapeutic levels and the emergence of bacterial 

resistance to these molecules. 

 

1.2 Thesis organization 

This thesis demonstrates the implementation of well characterized biological parts 

to engineer novel synthetic biological devices and systems. The development of tools for 

broad application in gene expression control and for addressing specific, practical, 

healthcare challenges are discussed.  First, a brief background discusses a number of 

relevant microbiology processes and systems in Chapter 2. Extending from this, 

microbial engineering and synthetic biology are introduced. Next, Chapter 3 focuses on 

the design, construction and characterization of two synthetic devices that regulate 

prokaryotic gene expression by protein:DNA interactions. The general work-flow that 

was developed en route to achieving these final products is also highlighted. Then, in 

Chapter 4 we report how we have engineered probiotic bacteria to inducibly produce and 

secrete synthetic AMPs with activity against important Gram-negative pathogens. 

Finally, overall conclusions and future directions are presented in Chapter 5 and Chapter 

6 respectively.  
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2 Background 

 

2.1 Summary 

This chapter provides useful background information on the naturally occurring 

biological parts that were used to build the inducible gene expression devices and the 

engineered probiotics, both are the subjects of the subsequent chapters. First, basic 

concepts that are important to the field of microbiology and referred to extensively over 

the next three chapters, are introduced. In particular, the relevant details of gene and 

protein expression regulation are discussed, with emphasis on the specific promoters, 

transcription factors, and secretion signals that are implemented in the work of Chapters 3 

and 4. This discussion is followed by an introduction to AMPs. These peptides are 

broadly introduced and then details are provided for the particular AMPs relevant to the 

work presented in Chapter 4. Lastly, with the above biological phenomena in mind, a 

number of hallmark applications and discoveries are highlighted from the fields of 

bioengineering and synthetic biology. Synthetic gene expression control devices and 

achievements in heterologous protein expression for therapeutic applications are detailed 

in particular. 

 

2.2 The central dogma of molecular biology 

The central dogma of molecular biology refers to the flow of genetic information 

that is stored as genes in an organism’s DNA and is ultimately responsible for a cell’s 

behavior and phenotype30. The two basic steps of this process are first a gene’s 
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transcription from DNA into an RNA message (mRNA), and then translation of that 

mRNA into a specific protein molecule. It is important for cells to have tight control of 

this process at the levels of both transcription and translation as they are responsible for 

maintaining appropriate cellular behavior. Consequently, gene expression control has 

been studied extensively. The general process of transcription from a DNA promoter has 

been thoroughly characterized as have many details that are gene specific. The following 

sections will first introduce transcription in general and then discuss the gene specific 

details fundamental to the work presented in Chapters 3 and 4. 

2.2.1 Bacterial transcription 

 The basic process of gene transcription from a bacterial promoter is 

straightforward. Typically, a continuous promoter region is located immediately 

upstream of the gene of interest and contains the key regulatory regions as illustrated in 

Figure 1. Moving 5’ to 3’, there are always consensus -35 and -10 regions to which the 

RNA polymerase (RNApol) binds, although these sequences can vary widely between 

promoters. Next there must be a transcriptional start site where RNApol begins 

transcription as it moves 5’ to 3’ down the DNA. Lastly, there must be a ribosomal 

binding site (RBS) to which the ribosomes can bind and begin translating the mRNA 

message into protein31.   

Along with these basic molecular parts, inducible promoters also include 

additional regulatory elements. They contain operator sequences whose typical locations 

are between the -35 and -10 consensus sequences, upstream of the -35 or downstream of 

the -10, as indicated with the blue asterisks in Figure 1. These sequences bind 
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transcription factors, i.e. repressor or activator proteins, to either suppress transcription in 

an “off” state or upregulate transcription in an “on” state, respectively. Lastly, some 

promoters also contain an UP element, the role of which is to bind an RNApol subunit 

and stabilize the RNApol:promoter association while it assumes a conformation 

compatible with the start of transcription31. UP elements are located UPstream of the rest 

of the promoter as indicated by the red asterisk. 

 

 

 

 

Figure 1. Basic bacterial promoter organization. 
Moving 5’ to 3’, a bacterial promoter contains -35 and -10 consensus regions for RNApol binding, a 
transcriptional start site and an RBS. Many promoters also contain an UP element, which binds and 
stabilizes RNApol upstream of the -35 (red astrisk). Inducible promoters contain operator sites that bind 
protein transcription factors for either transcription activation or repression (blue asterisks). 
 

Over the last several decades many details of important inducible promoters and 

regulatory proteins that govern gene expression have been determined.  For example, the 

tryptophan (trp), lactose (lac) and tetracycline (tet) operons are three hallmark examples 

of inducible systems whose promoters and complementary repressor proteins are well 

understood32–34. In addition, AraC, OmpR and LuxR are examples of transactivator 

protein families. They upregulate expression of genes that are under the control of their 

complementary promoters6,35–37. Their regulatory protein and DNA components have 

also been thoroughly characterized.   
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In order to build the synthetic gene expression control devices described in 

Chapter 3, we elected to use regulatory components from two different natural systems, 

the tet and lux operons. The next sections provide an introduction to the important details 

of the regulatory proteins and promoters from these two operons. 

2.2.2 Transcription regulation by TetR 

The tet operon is a well-studied inducible gene expression system34,38–40. Research 

shows that regulation is governed by the tetracycline repressor (TetR), a homodimer 

protein that binds its 18 basepair palindromic DNA operator site, tetO, within the tet 

promoter (Ptet). When bound, TetR sterically blocks downstream gene transcription by 

RNApol. This is considered to be the uninduced or the repressed state of the tet operon 

and it maintains very low levels of gene expression34,38–40. This molecular configuration 

is illustrated in Figure 2a.  

The small molecule (and antibiotic) inducer tetracycline (Tc) shifts the tet operon 

from this repressed state to its de-repressed configuration. Tc analogues, such as 

anhydrotetracycline (aTc) and doxycycline (dox), are also popular molecules to use as 

inducers. In the presence of Tc, or a Tc analog, TetR binds to the inducer and undergoes a 

conformational change that destabilizes its interaction with tetO. When this occurs tetO 

becomes free and RNApol can easily transcribe genes downstream of the tet 

promoter34,38–40. This is the de-repressed state of the tet operon and is shown in Figure 2b. 

Switching from the repressed to the de-repressed state requires only a very small 

concentration of aTc, 10 ng/ml for example, and can occur in less than 15 min41. Upon 

induction, high levels of gene expression can be maintained. 



 

 11 

Figure 2. Regulation of the tet promoter. 
a. Repression of Ptet by TetR. In the repressed state TetR binds teto1 and tetO2, blocking RNApol 

from contacting the promoter and transcription from occurring. 
b. De-repressed Ptet. In the de-repressed state Tc binds TetR, causing a conformational change and 

the protein’s dissociation from tetO. RNApol then binds the promoter at the -35 and -10 and 
begins transcription of downstream genes such as tetR. 

c. Ribbon model of the TetR homodimer bound to the palindromic tetO1 operator. Specific 
nucleotides involved in binding each subunit are indicated in blue and red in the sequence below. 
 

The structure of TetR has been determined and the particular amino acid residues 

important for its interaction with Tc and tetO have been identified. Also, the sequence of 

Ptet is known and the residues that are important for RNApol, TetR and ribosome 
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binding have been annotated34,38–40. Figure 2c illustrates the TetR:tetO interaction that 

governs repression of the promoter.  

 

Figure 3. Regulation of the tet promoter by rTetR. 
a. Repression of Ptet by rTetR. In the presence of Tc, rTetR binds tetO blocking RNApol from 

contacting the promoter and transcription from occurring. 
b. De-repressed Ptet. In the absence of Tc, rTetR’s conformation prevents it from binding tetO. 

RNApol can then bind the promoter at -35 and -10 and begin transcription. 
 

A number of useful TetR and Ptet analogues are now available in addition to the 

naturally occurring protein and DNA molecules. For example, some variant TetR 

molecules differ from the naturally occurring protein by a single amino acid. Mutation of 

the glycine residue at position 96 to an arginine and valine to glutamic acid at position 99 

both accomplish this42. The single mutation reverses the protein’s behavior relative to Tc, 

as shown in Figure 3, such that it binds tetO in the presence of Tc and dissociates from 
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the operator in the absence of Tc42. Thus, this mutant protein has been named reverse-

TetR, or rTetR. This and other similar molecular species are very attractive additions to 

the endogenous tet operon as they afford us with a range of repressed and de-repressed 

gene expression levels with which to work.   

2.2.3 Transcription activation by LuxR 

A second system that has been of significant interest to biologists is the quorum 

sensing lux operon of Vibrio fischeri. Quorum sensing is a tightly regulated system of 

stimulus and response that bacteria use to coordinate population density-based gene 

expression6,43,44. The molecular mechanisms that govern the lux system have been 

rigorously investigated and transcription regulation by this operon is well 

understood6,8,45–47 

In contrast to the tet operon, transcription from the lux operon is upregulated by 

the homodimer transactivator protein LuxR. In low cell density environments, LuxR is 

only expressed at very low levels from the lux promoter (Plux) and remains dissociated 

from its operator site, the luxbox. In fact, in low cell density environments, all gene 

expression from Plux is very low6,8. This behavior is illustrated in Figure 4. 

As the density of a population increases, so does the concentration of autoinducer 

molecules such as acyl-homoserine lactones (acyl-HSLs). Acyl-HSLs are a popular class 

of inducer molecule synthesized by cells and are responsible for the transition of Plux 

from its low expression state to a high expression state. N-(oxohexanoyl)-homoserine 

lactone (3-oxo-C6-HSL) is the specific acyl-HSL responsible for controlling the lux 

operon of V. fischeri. Very briefly, 3-oxo-C6-HSL is synthesized by the acyl-HSL 
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synthase product of luxI from the lux operon. 3-oxo-C6-HSL accumulates in the cell and 

diffuses into the environment. Upon reaching a critical concentration it diffuses back into 

neighboring cells6,8,48.  Inside V. fischeri the inducer binds the free LuxR protein causing 

a conformational change that allows LuxR to readily bind the luxbox operator site. In this 

bound state, LuxR upregulates transcription from Plux by recruiting RNApol to the 

promoter. In the natural system, the luxR and luxI genes, along with the genes involved in 

luminescence, are upregulated by LuxR. This creates a positive feedback loop that further 

drives the switch towards high gene expression6,8,48. The activated and non-activated 

states of the lux operon are illustrated in Figure 4. 

The crystal structure of LuxR has not been solved to date. However, residues 

important for its interaction with 3-oxo-C6-HSL, the luxbox and RNApol are known49–51. 

The DNA sequence of Plux is also available and the base pairs important for RNApol, 

LuxR and ribosome binding have been annotated52–54. The details are shown in Figure 4c.  

Similar to the tet operon, a number of LuxR and Plux variants are available in 

addition to the naturally occurring molecules 50,55. In one study, truncated forms of LuxR 

were assessed for their inducible DNA binding and transcription activation properties. 

Mutant LuxR proteins were identified with a range of activation strengths and a range of 

3-oxo-C6-HSL dependence. Some particular LuxR analogues lacked the N-terminal 

domain responsible for inhibiting DNA binding in the uninduced state. These mutants 

were named LuxR∆N(x-y), with x and y being the first and last amino acids of the 

truncated region50,55. LuxR∆N(x-y) constitutively bind the luxbox and upregulate 

transcription even in the absence of 3-oxo-C6-HSL, as shown in Figure 5.  These 
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analogues are very useful supplements to the natural components of the lux operon as 

they provide us with a greater range of gene expression regulation with which to work. 

 

Figure 4. Regulation of the lux promoter by LuxR. 
a. Basal expression from Plux. In the absence of inducer, LuxR protein does not interact with the 

luxbox and transcription from the promoter occurs at a very low basal rate. 
b. Activated Plux. In the presence of 3-oxo-C6-HSL, LuxR binds the inducer and undergoes a 

conformational change that allows it to bind the luxbox. Upon binding it readily recurits RNApol 
to the promoter which then transcribes downstream genes, including more LuxR. 

c. Plux annotation. Moving 5’ to 3’, the Plux promoter contains the luxbox operator, -10 consensus 
RNApol binding site, transcriptional start site and RBS. 
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Figure 5. Regulation of the lux promoter by LuxR∆N. 
N-terminally truncated mutants of LuxR (LuxR∆N) bind the luxbox even in the absence of inducer and 
rapidly recruit RNApol to the promoter to transcribe downstream genes.  
 
 
 

2.3 Modeling of biological systems 

In addition to experimental biology approaches that have been used to study 

transcription and translation, a number of computational approaches have also recently 

emerged. It is still often prohibitively difficult to experimentally measure the kinetics of 

biomolecular interactions. Additionally, even the simplest of biological systems are often 

sufficiently complex and non-linear such that it is not practical to understand them 

through intuition alone. Fortunately, there are now computational tools available that can 

help provide insight regarding both coarse grain behavior as well as detailed kinetic 

information for bio systems. The Synthetic Biology Software Suite (SynBioSS) is one 

such tool that enables researchers to model and simulate the behavior of both naturally 

occurring and engineered biological systems14.  

SynBioSS is publically available at http://synbioss.sourceforge.net/ and consists 

of three main components14,56. The first part, the SynBioSS Wiki, is a database used for 
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storing information related to biological system components, their interactions and their 

corresponding biological information14. The second component is the Designer, which is 

the means for automatically generating reaction networks that capture the interplay 

between different molecular components of a single biosystem or among different 

biosystems57. Finally, the third element is the SynBioSS Desktop Simulator (SynBioSS 

DS) which simulates the behavior of the biosystem of interest, natural or synthetic, based 

on the reaction network generated by the Designer. It does so by implementing a hybrid 

stochastic-deterministic and stochastic-continuous approach to simulate the evolution of 

the system through time14.  

SynBioSS allows researchers to develop models describing natural and non-

natural systems. These models can quickly provide information regarding a system’s 

probable behavior. This data facilitates system tuning prior to construction, reducing 

much of the trial and error, thus time and cost, traditionally associated with experimental 

processes. Additionally, upon experimental construction and characterization, a model’s 

kinetic parameters can also be adjusted such that the behavior matches the experimental 

phenotypes. The kinetic parameters that achieve a best match are assumed to reflect what 

is governing the experimental system14. 

 

2.4 Protein secretion from Gram-positive bacteria 

While transcription and translation regulation are very important, protein 

expression control includes additional processes. Correct protein folding, post-

translational modifications and protein localization are also essential to achieving a 
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healthy cell phenotype. The following section will introduce protein secretion from 

Gram-positive L. lactis as this particular protein localization process is essential to the 

work presented in Chapter 4. 

2.4.1 Protein secretion via the general secretory pathway of Gram-positive bacteria 

The general secretory (Sec) pathway is the predominant means of protein export 

for Gram-positive bacteria. Gram-positive organisms express approximately 300 secreted 

proteins, almost all of which are translocated via the Sec pathway58,59. For processing by 

Sec, proteins are produced as precursor proteins with a cleavable N-terminal signal 

peptide (SP). The SP is responsible for targeting its unfolded protein to the membrane 

associated translocation machinery and for the initiation of translocation59,60.  

Translocation of the unfolded precursor protein occurs through an aqueous channel 

comprised of integral membrane proteins. This channel also provides binding sites for 

additional proteins that are involved in both the targeting and translocation processes61. 

Figure 6a provides a schematic illustration of the Sec pathway’s protein translocation 

machinery.  

2.4.2 Signal peptides 

Proteins to be translocated out of the cell are synthesized with N-terminal SPs that 

help retard or prevent protein folding and direct translocation to the membrane. They 

accomplish these through interactions with intracellular chaperone proteins SecB, GroEL, 

DnaJ and DNAK62–65.  
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Typical SPs are 14-25 amino acids in length and contain three domains: an N-

terminal domain, a central hydrophobic domain and a C-terminal domain. The N-terminal 

domain largely contains positively charged residues. Meanwhile, the character of the 

central hydrophobic domain affords the formation of an alpha-helical peptide 

conformation and facilitates translocation through the cell membrane. Translocation 

occurs through a transmembrane channel composed of polypeptides SecYEG, and is 

aided by the ATPase SecA and accessory proteins SecDF58,66–70.  Lastly, the C-terminal 

domain is hydrophobic and contains the cleavage site for the SP, which is recognized by 

the extracellular peptidases for processing post-translocation58,71,72. The particular amino 

acid sequence of these three parts varies across different precursor proteins and their 

efficiencies are very context dependent relative to the protein they are translocating. This 

has made heterologous protein secretion a very challenging topic. 

A number of efforts have achieved high concentrations of recombinant protein 

secreted by the Sec pathway however. For example, the SP for Usp45 (SPusp45) has been 

successfully used for heterologous protein secretion from Gram-positive L. lactis
73

. 

Usp45, annotated in Figure 6b, is the most predominant extracellular protein secreted by 

L. lactis and the SPusp4 has shown to be compatible with constitutive and inducible 

promoters, as well as numerous different protein molecules74–78. The high concentrations 

of secreted recombinant protein that have been achieved with SPusp4 and Sec are 

encouraging, especially because considerable ambiguity remains regarding the secretion 

process. In addition, efforts are currently underway to better define the mechanism of 

secretion and to engineer a more efficient SPusp4
79.  
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Figure 6. Protein secretion by the general secratory pathway. 
a. Protein secretion by the Sec pathway. Upon translation by the ribosome, the precursor peptide 

(containing the N-terminal SP and protein of interest) is bound by chaperone proteins (SecB, 
GroEL, DnaK, etc…) and targeted to membrane-bound SecA. The protein is translocated across 
the membrane via a hydrophobic pore composed of SecYEG, assisted by SecDF. Once through 
the membrane, the SP is cleaved by proteases (PrtM , PrsA, etc…) and the mature peptide is 
released to fold and cross the cell wall into the extracellular space. 

b. Signal peptide from Usp45. SPusp45 is 28 amino acids in length and contains a positively charged 
N-terminus, a central hydrophobic core and a hydrophilic C-terminal cleavage region.  
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Modifications have been introduced to expression cassettes containing SPusp4 that 

increase secreted protein yield up to 51% relative to wild-type SPusp4. Silent mutations 

alone, changes to the DNA sequence that do not result in corresponding changes to the 

amino acid sequence, have increased secreted protein expression by up to 16%. These 

modifications relaxed mRNA folding around the RBS, enhancing the rate of protein 

translation from each message. Then targeted amino acid mutations of the actual SP 

sequence further enhanced secretion of the resulting proteins to achieve the 51% 

increase79. With these successes thus far, SPusp4 is a particularly attractive system to 

pursue for secreted protein expression from L. lactis.  

 

2.5 Antimicrobial peptides 

The emergence of antibiotic resistant bacteria has become a serious public health 

concern. Many of the traditional antibiotics that we still use as a first line of defense 

against bacterial pathogens are losing their effectiveness80,81. As a result there is a 

pressing need to develop alternative antimicrobial agents. AMPs are a promising group of 

molecules that may help accomplish this task. 

Unfortunately there are number of limitations that still must be overcome before 

AMP based therapeutics are mainstream. First, a method for cost effective synthesis of 

high quality active peptide must be developed as the current approaches of solid state 

synthesis and peptide production and purification from cell culture are expensive and 

lengthy82–84. In addition, a practical method for delivering active peptide to the site of 

infection is needed as AMPs are rapidly identified and degraded by the immune system 
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and cannot be administered systemically or topically82. Lactic acid bacteria (LAB) are 

emerging as a practical means for both AMP production and delivery. The following 

section will first discuss AMPs in general and then those that are particularly essential to 

the work presented in Chapter 4. Lastly, LAB and their potential role in AMP based 

therapeutics will be introduced.  

2.5.1 General characteristics of antimicrobial peptides 

AMPs are small (10-80 amino acids), naturally occurring proteins that display a 

wide range of antimicrobial activity against bacterial species and non-bacterial cell 

types85,86.  They are expressed under constitutive and inducible promoters, by many 

eukaryotic and most prokaryotic cell types and secreted into the surrounding 

environment. This behavior confers a selective advantage to the producer cell as the 

peptides target competing bacteria strains85–87. Although resistance to these molecules has 

been reported, AMPs have remained effective components of almost every bacterial 

proteome. This is rather remarkable as they are continually present in many natural 

environments86,88. This long term effectiveness of AMPs has encouraged the 

development of new AMP based therapeutics.  

The activity of many AMPs is achieved by physically disrupting the membrane of 

a target cell. The mechanism of this process varies widely but begins with electrostatic 

interactions between the negatively charged bacterial membrane and the characteristic 

positive charge of AMPs. After their initial association, peptides compromise membrane 

integrity by forming sheets along the cell surface and thinning the membrane or by 

forming numerous transmembrane pores.  Regardless of the particular remodeling that 
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occurs, the membrane modifications promote rapid ion efflux out of the cell, 

depolarization, membrane destabilization and cell death86,87.  

Additionally, some AMPs cross the cell membrane and act by inhibiting mRNA 

synthesis, protein synthesis, protein folding, aminoglycosidase-modifying enzymes or 

cell wall synthesis86,87,89,90. Lastly, there are AMPs that utilize both interactions with the 

cell membrane and intracellular targets.  

A3APO and Alyteserin-1a are two AMP families that have emerged as 

particularly encouraging for use in therapeutic applications based on their mechanism of 

action and specificity91,92.  

2.5.2 A3APO 

A3APO is one family of designer proline-rich AMPs that have received 

considerable attention for use in therapeutic applications against Gram-negative 

pathogens. In addition to the original A3APO, a number of variant peptides have also 

been synthesized and tested91,93. The A3APO family has been shown to specifically target 

E. coli and Salmonella based on the character of their cell membranes93,94. As such, these 

peptides are considered to be a hallmark example of a new class of synthetic 

antimicrobial agents derived from natural insect products.  

Overall, the A3APO family targets Gram-negative pathogens at their cell 

membrane and by binding and inactivating the intracellular chaperonin DnaK. However, 

there are significant differences in the mechanism of action between different A3APO 

variants. For example, the large double chain A3APO analogs work predominantly by 

disrupting the pathogen cell membrane as they create a significant disruption upon 



 

 24 

insertion91. Also, their interactions with intracellular DnaK are sterically hindered by 

their double chain structure88,93. In contrast, the activity of the small single chain A3APO 

analogs is not driven by membrane disruption as they penetrate the lipid bilayer without 

irreversibly compromising its integrity. Their activity is instead mostly due to the 

peptides’ ability to bind and inactivate intracellular DnaK91. Cell viability is then lost 

without this key protein folding chaperonin. The sequence of this small, 19 amino acid, 

A3APO is given in Table 1. 

The dual mechanism of A3APO is actually a particularly exciting characteristic of 

these molecules. Target pathogens have to both remodel their membranes and acquire 

modifications to their DnaK to develop resistance to these peptides91. This requirement 

has motivated investigations into how A3APO can reduce E. coli and Salmonella colony 

counts in mice, both alone and synergistically in the presence of a second antibiotic91,94. 

With these efforts already underway, the A3APO family members are very attractive 

options to include in developing AMP based therapeutics. 

 

Table 1. Synthetic antimicrobial peptides. 

Synthetic peptides Description 

A3APO (single chain)94 RPDKPRPYLPRPRPPRPVR 

Alyteserin -1a92 GLKDIFKAGLGSLVKGIAAHVAN 

 

2.5.3 Alyteserin-1a 

Alyteserin-1a is a second family of AMPs with strong antimicrobial activity 

against Gram-negative bacteria. Members of the family have been characterized upon 
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their isolation from the secretions on frog skin and show potent activity against E. coli in 

particular92. Aside from the peptide sequence, given in Table 1, there is unfortunately 

little known about this AMP family. The peptide structures and mechanisms of action are 

still to be determined. Hopefully efforts will be dedicated to improving our understanding 

of these peptides as they may be useful components of AMP based therapeutics. 

2.5.4 Lactic Acid Bacteria 

LAB are Gram-positive bacteria that include Lactococcus, Lactobacillus, 

Streptococcus and Pediococcus. LAB are named as such because of their ability to 

produce lactic acid as a major end product of fermentation. Consequently, they have a 

strong tolerance for acidic environments, such as the gastrointestinal track (GIT). For 

example, Lb. acidophilus is known to colonize the GIT of humans and animals while L. 

lactis transiently resides in these locations95,96. LAB have been used as preservatives in 

food for many years and are considered to be generally regarded as safe (GRAS) 

organisms97. With this designation, they are popular components of yogurt, cheese and 

milk production processes and still remain in many of these food products at the point of 

consumption.  

Some LAB are also considered probiotics. Strains with this classification actually 

afford health benefits to their hosts. In many cases, these benefits are due at least in part 

to the natural production and secretion of AMPs with specificity for non-probiotic 

organisms98,99. Upon their production, AMPs reduce the number of non-probiotic bacteria 

that are present in the environment. These organisms include E. coli and Salmonella, 

which compete against the LAB for resources. In the case of animal GITs, this reduction 
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has been linked to an increase in nutrient absorption by the intestinal epithelium and a 

decrease in inflammation25,96. 

In recent years LAB have been engineered to produce and secrete a variety of 

recombinant protein molecules. Lactococcus in particular has been used for heterologous 

protein expression and secretion as the necessary molecular biology tools are available to 

engineer them11,79,100–104. Expression systems, many of which include robust inducible 

promoters and signal peptides (SPs), are available for use in Lactococcus.  

Taken together, the characteristics of LAB suggest that these bacteria could 

address many of the challenges surrounding AMP production and delivery. 

 

2.6 Bioengineering and synthetic biology 

The fields of bioengineering and synthetic biology have been propelled forward 

by our thorough understanding of many biological systems and phenomena and by our 

extensive collection of molecular biology and computational tools.  

One important goal of synthetic biology efforts has been the design, construction 

and characterization of robust devices, built using protein and DNA parts in unique 

combinations to achieve desired gene and protein expression dynamics. Hallmark 

examples of these systems include a genetic toggle switch, a synthetic oscillatory 

network of transcriptional regulators and E. coli engineered to detect light 15–17. 

Additionally, efficient production of high quality recombinant proteins, many 

with significant therapeutic value, has been achieved in both Gram-negative and Gram-

positive bacteria. Examples of this include human erythropoietin and proinsulin 
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production in E. coli as well as neutralizing antigen, allergin and cytokine synthesis by 

engineered LAB strains19,20,105–108.  

The sections that follow describe the key details of each of these expression 

regulation and protein production systems. 

2.6.1 Genetic toggle switch 

The genetic toggle switch was one of the first demonstrations that gene regulatory 

circuits could be constructed using simple regulatory elements in non-natural 

combinations15. The switch was designed for E. coli using two repressor and operator 

pairs, TetR:tetO and LacI:lacO for example, organized such that they were mutually 

repressing each other’s expression and the expression of a reporter gene. This is shown in 

Figure 7a. 

In the absence of an inducer, there are two possible steady states. In the first, LacI 

is expressed from Ptet and represses tetR and gfp expression from Plac. In the second, 

TetR and GFP are expressed from Plac. TetR represses lacI expression from Ptet in this 

state. Switching from one state to another is accomplished by adding the small molecule 

inducer, aTc or IPTG, for either TetR or LacI respectively. Upon adding either inducer, 

the molecule binds its corresponding repressor causing it to dissociate from its operator. 

Dissociation allows maximum expression of the other repressor (and reporter) as shown 

in Figure 7b.  

As a practical device, the toggle switch has promising utility for applications in 

gene therapy and biotechnology as it requires only transient (rather than continuous) 

induction. It also illustrates that a forward engineering approach using highly simplified 
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synthetic gene circuits can be implemented to accurately study regulation of natural gene 

networks. 

 

 

 

 

 

 

 

 

Figure 7. Genetic toggle switch.  
a. Toggle switch construction. Plac, inducible by IPTG and repressed by LacI, controls tetR and gfp 

expression. Meanwhile Ptet, inducible by aTc and repressed by TetR, controls lacI synthesis.  
b. Bistable behavior of the toggle switch. In the presence of IPTG repression by LacI is relieved and 

GFP expression is observed. Expression is sustained even after removal of the inducer. Upon the 
addition of aTc, TetR repression is relieved, LacI is expressed and represses gfp transcripation. 
This low GFP expression state is also maintained after removal of aTc. The grey shading indicates 
the presence of IPTG or aTc inducer as noted. pIKE107 contains the bistable system while 
pIKE105 exhibits monostability for the repression-by-LacI state. 

Adapted from Figures 1 and 4 of Gardner, Cantor and Collins 199915 

 

2.6.2 Synthetic oscillatory network 

The synthetic oscillatory network was one of the first examples of achieving a 

unique phenotype from the combination of naturally unrelated biological parts16. The 

network was constructed in E. coli from transcriptional regulators to periodically induce 

the expression of the reporter GFP. The repressors TetR, LacI and λcI, along with their 

operators, were combined such that each repressor controlled the expression of one of the 
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other two, or the reporter GFP, as show in Figure 8a. Strong RBSs were use used in each 

promoter as computer model results suggested that oscillatory behaviors were favored by 

strong promoters. Additionally, gfp was appended with a destabilizing RNA ssrA 

sequence to reduce the half-life life of the mRNA and improve the resolution of 

oscillations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Synthetic oscillatory network. 
a. Synthetic oscillatory network construction. The synthetic oscillator was built as a two plasmid 

system. The first plasmid contains the three mutually regulating repressor:operator pairs 
(Plac_tetR, Ptet_λcI, Pλ_lacI). The second plasmid encodes gfp under the control of Ptet. 

b. Oscillating GFP expression in single bacteria. The top panel shows oscillating GFP expression in a 
single cell as captured by fluorescent microscopy. The second panel shows the same cells in 
bright-field view. The fluorescence captured at these time points corresponds to the peaks and 
valleys in the time course of GFP expression plotted at the bottom over 10 hours.  

Adapted from Figures 1 and 2 of Elowitz and Leibler 200016. 
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This system did show oscillatory behavior at single cell resolution by GFP 

expression. Results also showed that GFP expression of two daughter cells is coordinated 

upon cleavage for long periods of time. These results are presented in Figure 8b. Overall, 

this system illustrated that an synthetic genetic network with unique functional properties 

can be designed and built using biological parts that naturally come from different 

contexts. 

2.6.3 Light sensing device 

Light sensing E. coli were constructed in a demonstration that non-natural 

functions can be engineered by combining biological parts from different species17. A 

synthetic light sensor that is compatible in E. coli was engineered to repress reporter gene 

expression in response to light by combining a phytochrome from cyanobacterium with 

an E. coli histidine kinase and transcription repressor.  

The two part trans-membrane phytochrome contains an extracellular sensor that 

responds to light and an intracellular response regulator, which naturally does not directly 

control gene expression. To achieve the desired output of reporter repression in response 

to light, an E. coli histidine kinase and repressor domain was fused to the intracellular 

response regulator domain. This construction was based on the EnvZ-OmpR system from 

E. coli which had been previously applied to regulate gene expression in response to a 

signal. In the presence of light, OmpR represses reporter gene expression, which is 

produced at high levels in the absence of light. This desired behavior is illustrated in 

Figure 9a. 
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Ultimately this “bacteria film” device can produce a high definition (about 100 

megapixels per inch) chemical image, as shown in Figure 9b. This two-dimensional 

spatial control of bacterial gene expression could be implemented to “print” complex 

biological materials. It may also be applied to study signaling pathways through robust 

control of spatial and temporal phosphorylation.  

 

 

 

 

 

 

 

 

 

 

Figure 9. Light sensing device. 
a. Behavior of light sensing device. In the presence of light, the extracellular PCB sensor domain of 

the chimeric transmembrane protein detects this signal and initiates the phosphorylation and 
release of its intracellular repressor domain. This EnvZ-OmpR based molecule translocates, binds 
PompC and represses expression of the reporter LacZ. (The box insert illustrates the production of 
recombinant PCB in E. coli.)  

b. An example chemical image printed on a bacterial lawn using the light sensing device. The dark 
pigment produced by LacZ is only expressed in the regions that were not exposed to light. 

Adapted from Figure 1 of Levskaya et al 200517. 
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2.6.4 Recombinant protein production achievements in E. coli 

Efficient production of high quality recombinant proteins has been an important 

goal in bioengineering and synthetic biology. This is particularly true for proteins that are 

not of prokaryotic origin. While there is still a lot to accomplish in this area, expression 

systems have been engineered in E. coli that produce a number of valuable molecules19,20. 

One example of this pertains to erythropoietin, a glycoprotein hormone that controls red 

blood cell production. The main challenge associated with producing this molecule in a 

prokaryotic host has been incorrect amino acid glycosylation. However, highly soluble 

human erythropoietin has been successfully produced in E. coli upon mutating three N-

glycosylated asparagine amino acids to lysines19.  

E. coli has also been used to produce high quantities of soluble human proinsulin, 

the prohormone precursor to insulin that is naturally made in specialized regions of the 

pancreas. The limitation encountered with this molecule is the correct formation of 

stabilizing disulfide bonds. To achieve a post-translational modification of this nature, 

proinsulin was fused to the C-terminus of the periplasmic disulfide oxidoreductase DsbA, 

the main catalyst of disulfide bond formation in E. coli
20

.  

Erythropoietin and proinsulin are but two examples of eukaryotic proteins that 

have been engineered to facilitate efficient production in E. coli. The approaches used to 

address their problematic post-translational modifications may be extended to additional 

molecules and modifications. 
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2.6.5 Recombinant protein production achievements in lactic acid bacteria 

In addition to E. coli, LAB have proven to be very useful organisms for 

recombinant protein and peptide production.  

For example, Lb. acidophilus has been engineered to express a protective, 

neutralizing antigen against dendritic cell targeting peptides produced by Bacillus 

anthracis. Antigen production has been shown to occur in the gastrointestinal track of 

mice, upon colonization by the engineered Lb. acidophilus, and confer protection against 

lethal challenges by Bacillus anthracis
105.  

Also, recombinant Lc. plantarum has been shown to produce aeroallergin Bet v 1 

and reduce the endogenous allergic reaction to birch pollen in mice. It does so by 

sensitizing the host to allergen and inducing anti-allergenic Th1 and T-regulatory 

immune responses106.  

Lastly, L. lactis has been engineered to produce and deliver human IL-10 

molecules as an anti-inflammatory therapy for patients with inflammatory bowel diseases 

(IBD)26,107. IBD include Crohn’s and ulcerative colitis and are characterized by chronic 

inflammation of the intestinal epithelium. Patients suffer from overwhelming immune 

responses with a loss of tolerance towards intestinal antigens. They consequently often 

require systemic administration of therapeutic anti-inflammatory molecules. En route 

through the GIT, these molecules are subject to a very harsh, proteolytic environment, 

which compromises the quality of the therapeutic that actually reaches the target site26. 

Using L. lactis to secrete IL-10 upon delivery to the colon thus reduces, if not prevents, 

their exposure to, and compromise by, this destructive context. Upon orally testing the 
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IL-10 secreting L. lactis strain in mice with sever inflammation of the colon, a strong 

reduction in inflammation was achieved108. Then, in light of these positive findings, the 

first clinical trials using a L. lactis strain secreting the human IL-10 began in patients with 

Crohn’s disease. The results of this phase 1 trial further supported the required biological 

containment, safety and tolerability of the engineered strain in humans107. 

While these are just three example molecules, there are numerous products 

currently being pursued in LAB. Importantly, the probiotic nature of LAB allows them to 

confer health benefits to the host in which they reside while they express and deliver the 

recombinant molecules to that host. 

 

2.7 Conclusion 

Because of the achievements in micro- and molecular biology over the last several 

decades we now have a substantial understanding of how bacteria control their behavior 

and how single cell and population phenotypes emerge. Over the last two decades 

research efforts have been able to use this information to build synthetic devices that 

accomplish user defined tasks or meet specific needs. These devices are important strides 

towards being able to use biological systems as robust sensors and reporters, molecule 

factories and delivery devices and therapeutic alternatives to the status quo. Many 

exciting accomplishments have been made towards this end thus far.  

In the following Chapter 3 and Chapter 4 two new contributions to synthetic 

biology are presented. First, Chapter 3 reports two novel inducible synthetic transcription 

activators that have opposite functionality relative to the small molecule inducer aTc. 
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These devices are also presented in the context of a novel approach that combines 

experimental and computational efforts, to design, build and characterize such systems. 

On the other hand, Chapter 4 presents two new strains of LAB. These strains have been 

engineered to inducibly express and secrete two recombinant AMPs that target important 

Gram-negative pathogens E. coli and Salmonella. These synthetic systems are a 

foundation for future efforts towards engineering probiotic alternatives to the current 

antimicrobial therapeutics. 
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3 Engineering synthetic protein devices that inducibly regulate 

gene expression by protein:DNA interactions 

 

3.1 Summary 

This chapter presents two new molecular devices that inducibly activate gene 

expression in E. coli. Using an original workflow, we have modeled, constructed and 

characterized the devices prokaryotic-TetOn and prokaryotic-TetOff (proTeOn and 

proTeOff). Both of these tools were built by fusing an inducible DNA-binding protein 

domain to a transcription activation domain and constructing a complementary synthetic 

promoter sequence through which they could control downstream gene expression.  In 

particular, the transactivators were built using variants of TetR and the transactivating 

domain of LuxR. The complementary promoter sequence included TetR’s operator, tetO, 

and elements of the lux promoter. These specific protein domains and their operator sites 

were chosen as they have been thoroughly studied and well characterized. Our 

methodology began with optimizing the geometry of the molecular components through 

molecular modeling. The devices were then built to activate the expression of GFP. Their 

unique function was found to be robustly tight, and activating many-fold increases of 

expressed gene levels, as measured by flow cytometry experiments. The devices were 

further characterized with stochastic kinetic models in parallel with experiments. The 

new devices presented herein, which display an unprecedented combination of 

controllable and transactivating functions in bacteria, may become useful additions to the 

molecular toolboxes used by biologists to control the expression of bacterial genes. The 
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methodology used may also be a foundation for the design, development and 

characterization of a library of such devices and more complex gene regulatory networks.   

 

3.2 Introduction 

As illustrated in the Background Chapter 2, controllable gene regulatory systems 

are the subject of continued, intense investigations. In addition to being critically 

important in explaining how phenotypes emerge from genotypes in living organisms, 

their components are rapidly becoming integral in efforts towards engineered gene 

expression control 5,45,109–116. Two well-studied example systems are the tet and lux 

operons. TetR, and numerous TetR derivatives, afford a remarkably robust function of 

inducible gene repression and de-repression. Thus, they have been employed in many 

synthetic biology and bioengineering applications15,16,117,118. The lux operon’s 

transcription activator protein, LuxR, is another attractive controllable molecular 

component for engineering applications. In addition, a number of variant activators have 

been identified that upregulate transcription over a range of strengths with varied 

dependence on inducer molecules6,8,49,54. 

Herein, we present two novel synthetic molecular devices that inducibly 

upregulate bacterial gene expression. We have designed, built and characterized these 

devices using a unique methodology that is based on both computational and 

experimental efforts. Both devices are composed of an inducible DNA-binding domain 

and a transcription activation domain. In particular, TetR and an rTetR derivative were 

chosen for the inducible domains while the transactivating domain of LuxR was 
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incorporated for transcription upregulation38,39,42,50. The TetR protein and rTetR 

derivative dissociate from and bind to the tetO operator in response to Tc 

(respectively)38,39,42. This is the behavior that made them attractive candidates for 

controlling our devices. In addition, LuxR∆N(2-162) (LuxR∆N) is the C-terminal, 

constitutive transactivating domain of the full length LuxR activator. Strong, constitutive 

transcription activation is achieved with this variant lacking the N-terminal residues 2-

162 of the full protein50. These specific protein components were selected as they have 

been thoroughly characterized. Specifically, protein:DNA-operator structures for both 

domains were available to us as well as the kinetic parameters that govern their 

protein:protein and protein:DNA interactions.  

We designed, constructed and characterized the two new devices using an original 

workflow that integrates experimental synthetic biology, molecular modeling, and 

stochastic reaction kinetic simulations. This methodology may be directly implemented 

for the development of other biological devices and larger regulatory networks.  The 

devices we present here, proTeOn and proTeOff, function in a Tc-dependent manner: the 

proTeOn synthetic protein (PROTEON) activates gene expression in the presence of Tc, 

and the proTeOff synthetic protein (PROTEOFF) activates expression in the absence of 

Tc. Orders of magnitude higher expression levels are observed in the activating states 

compared to the basal expression levels of both systems. With these new devices, there is 

now a dial of activated expression to complement those of basal and repressed gene 

expression. 
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While the proTeOn and proTeOff systems are functionally unique, their designs 

are conceptually inspired by the widely used TetOn and TetOff systems, which function 

in eukaryotic systems119,120. Gossen and co-workers fused the TetR protein to a 

mammalian transactivating domain, building molecular devices that activate eukaryotic 

gene expression in a Tc-dependent manner. To our knowledge, there were no prokaryotic 

transcription activators homologous to TetOn or TetOff prior to the construction of 

proTeOn and proTeOff. Additionally, our approach, using molecular dynamic 

simulations to guide system design and stochastic simulations to enhance system 

characterization, has not been previously reported in the literature. 

The proposed behaviors of proTeOn and proTeOff are illustrated in Figure 10. As 

shown, aTc, a Tc derivative, was used as the inducer in our experiments. For proTeOn, in 

the absence of aTc, the inducible DNA binding domain, rTetR, does not bind the tetO 

operator and the PROTEON protein does not upregulate the reporter gene gfp
42. Upon 

activation with aTc, rTetR binds the inducer, undergoes a conformational change and 

binds tetO
42. This binding brings LuxR∆N near its operator site, allowing it to bind 

luxbox and upregulate gfp transcription through RNApol recruitment to the promoter51–53. 

For proTeOff, in the absence of aTc, its inducible DNA binding domain, TetR, binds 

tetO
5,34,38,40. This binding brings LuxR∆N close to its operator site permitting it to bind 

luxbox and upregulate gfp transcription51–53. After the addition of aTc, TetR binds the 

small molecule, undergoes a conformational change, and releases tetO
5,34,38,40. Upon 

dissociation of TetR:tetO, the LuxR∆N:luxbox interaction is destabilized and 

transcription upregulation is terminated. 
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Figure 10. Function of proTeOn and proTeOff. 
a. proTeOn behavior. In the absence of aTc, rTetR does not bind tetO and PROTEON does not 

upregulate gfp. Upon activation with aTc, rTetR binds the inducer, undergoes a conformational 
change and binds tetO, bringing LuxR∆N near its operator site to bind luxbox and upregulate gfp 
through RNApol recruitment to the promoter. 

b. proTeOn logic. In the absence of aTc, PROTEON does not control GFP expression. Upon 
induction with aTc, PROTEON upregulates GFP. 

c. proTeOff behavior. In the absence of aTc, TetR binds to tetO, brings LuxR∆N near its operator 
site to bind luxbox and upregulate gfp through RNApol recruitment. After the addition of aTc, 
TetR binds to the small molecule, undergoes a conformational change, and releases tetO. Upon 
dissociation of TetR:tetO, the LuxR∆N:luxbox interaction is destabilized and upregulation by 
RNApol recruitment terminated.    

d. proTeOff logic. In the absence of aTc, PROTEOFF upregulates GFP expression. Upon the 
addition of aTc, PROTEOFF’s control on GFP expression is terminated. 
 

To achieve these phenotypes, we first used molecular modeling to design the 

geometry of the synthetic transactivator:promoter pairs of each system. The important 

feature of proTeOn and proTeOff on which we focused was the optimized interaction 

between the inducible synthetic transactivator protein that upregulates gene expression 

and its complementary synthetic promoter. Next, we built and characterized both systems 
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experimentally. Last, implementing stochastic simulations, we quantified the system 

dynamics and determined unknown kinetic parameters of key interactions.  

ProTeOn and proTeOff can be applied to robustly manage prokaryotic gene 

expression. Variant systems and more complex inducible gene regulatory networks can 

also be designed and constructed using this workflow and the proTeOn and proTeOff 

systems as a foundation.  

 

3.3 Materials and methods 

3.3.1 PROTEON and PROTEOFF parts 

As mentioned previously, PROTEON and PROTEOFF are composed of an 

inducible DNA binding domain and a DNA binding transcription activator. These two 

domains are connected by a linker peptide. rTetR is the N-terminal, inducible DNA 

binding domain in PROTEON while TetR is in PROTEOFF, rendering both systems 

responsive to aTc5,34,38–40,42. LuxR∆N is the DNA-binding activator at the C-terminus of 

both synthetic proteins50. LuxR∆N is the C-terminal domain of the full length LuxR 

transactivator. It lacks N-terminal residues 2-162 of the full length LuxR and possesses 

strong constitutive transactivator activity50. In both systems, the two domains are 

connected by a 150 Å, 55 amino acid, peptide linker (its design is discussed below).  
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Figure 11. proTeOn and proTeOff systems’ design. 
a. proTeOn and proTeOff synthetic promoter sequence. Both PROTEON and PROTEOFF bind and 

recruit RNApol to this synthetic promoter sequence. Moving from 5’ to 3’: the rTetR/TetR protein 
domain binds tetO, RNApol binds the UP element and the -10 region, LuxR∆N binds the luxbox, 
the mRNA stability sequence stabilizes the mRNA transcript and ribosomes bind the RBS of this 
resulting mRNA message. 

b. proTeOn molecular model. Both proTeOn and proTeOff are designed to assemble as shown. The 
inducible DNA binding domain (rTetR or TetR in blue) binds the tetO operator (purple), and the 
transcription activator domain (LuxR∆N in orange) binds the luxbox (red). The two domains bind 
their operators along the same face of the DNA double helix and are connected (TetR/rTetR’s C-
terminus to LuxR∆N’s N-terminus) by a linker peptide (green).   

 

3.3.2 proTeOn and proTeOff synthetic promoter parts 

As introduced already, the proTeOn and proTeOff synthetic promoter is 

composed of sequences from the tet and lux operons’ promoters. Operator sites for 

TetR/rTetR5,34,38 and LuxR∆N34,52,53, RNApol binding sequences (the UP element and -

10 region from Plux) 51, transcription and translation start sites, an mRNA stabilizing 

sequence and an RBS121 are included. These sequences are annotated in Figure 11a. GFP 

mutant 3 (GFP) is the reporter molecule used to monitor the systems’ behavior and is 
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under the control of the synthetic promoter9. A second synthetic promoter, containing the 

RBS of the lux promoter and lacking the mRNA stability sequence was also tested. This 

promoter provided gfp transcript increase upon induction. However, a parallel increase in 

GFP protein was not observed. 

3.3.3 Molecular modeling and molecular dynamic simulations 

Prior to construction, we optimized the proTeOn and proTeOff  systems using 

molecular modeling with MOE and with NAMD122,123. We built models of the systems 

utilizing the known structure of the inducible DNA binding domain (rTetR or TetR) 

bound to the tetO operator (PDB code 1QPI) as resolved by Orth et al. 39
. The 

transcription activator domain (LuxR∆N) bound to the luxbox was represented by 

operator-bound TraR (PDB code 1H0M),124. TraR is a homologue of LuxR and was used 

as the LuxR:luxbox crystal structure has not yet been resolved.  

Using the Schrodinger Prime software we threaded our r/TetR:tetO and 

TraR:luxbox domains onto a representative DNA structure125. The construction of both 

systems was carried out using the CHARMM software package, version c33b1. Prior to 

the production simulations, the solvated systems were minimized for 5000 steps and 

gradually heated to 310 K, with the heavy atoms of the protein and DNA restrained to 

their initial locations. The restraints were gradually removed over an additional several ns 

of equilibration, and completely removed for the production runs.  

All minimization, equilibration and production runs were carried out with the 

NAMD software package version 2.7b2123. We employed the CHARMM 27 force field 

with CMAP corrections126,127. All simulations were carried out in the constant 



 

 44 

temperature and pressure (NPT) ensemble, which is implemented in NAMD using the 

Nose-Hoover-Langevin piston method 128,129. In all cases, the pressure was set to 1 

atmosphere, the pressure piston period was set to 200 fs and the piston decay was set to 

100 fs. Simulation box dimensions were scaled isotropically to avoid box shape 

distortions that could be a source of inconsistencies among different mutants (see below). 

Electrostatic interactions were modeled using the particle mesh Ewald summation 

technique, with a fast Fourier transform grid with a spacing of approximately 1 grid point 

per Å130. van der Waals interactions were smoothly switched off between 8 and 11 Å. All 

bonds involving hydrogen atoms were constrained using the SHAKE algorithm, which 

allowed for an integration time step of 2 fs131.  

 The linker size was determined by assuming the scaling of a polymer’s end-to-

end-vector distance in a good solvent132. The specific sequence was then determined. 

Known targets of proteolysis and glycine residues were avoided to minimize degradation 

in bacteria. Thus, we designed a 55-amino acid, linker peptide, which is expected to be 

linear, flexible, and hydrophilic133. 

3.3.4 System construction and culture conditions 

Both synthetic activator genes were synthesized by GENEART and using 

standard molecular biology techniques, cloned into the expression vector pT7-FLAG1 

(p1118 Sigma), at KPN1 restriction sites, in Top10 E. coli cells (C404010 Invitrogen). 

The final constructs are illustrated in Figure 12a. The synthetic promoter and gfp were 

synthesized by GENEART, on pMK, a pUC19 derived expression vector that is 

compatible in E. coli, high copy, and kanamycin resistant (Geneart®, Life 
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Technologies)9. This construct is illustrated in Figure 12b. proTeOn and proTeOff are 

contained on these two plasmids and were transformed into chemically competent 

BL21(DE3)-T1 E. coli cells (B2935 Sigma) by heat shock for characterization.  

E. coli BL21(DE3)-T1 cells containing the proTeOn and proTeOff systems were 

cultured in selective LB media, at 30°C to facilitate temperature sensitive folding of 

LuxR∆N, agitating at 200 rpm. Cultures were maintained in mid-log growth. We 

completed initial experiments to first confirm the solubility and stability of PROTEON 

and PROTEOFF and then to establish promoter specific gene regulation by aTc.  

 

Figure 12. proTeOn and proTeOff system vectors. 
a. PROTEON and PROTEOFF. Both synthetic proteins, rTetR-LuxR∆N and TetR-LuxR∆N, are 

under the control of a LacI repressible T7 promoter on low-copy plasmid pT7-FLAG1 (Sigma).  
b. proTeOn and proTeOff synthetic promoter and gfp. The synthetic promoters and gfp gene were 

synthesized by GENEART on, pMK, a pUC19 derived expression vector that’s compatible in E. 

coli, high copy, and kanamycin resistant(GeneArt®, Life Technologies). 
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3.3.5 PROTEON and PROTEOFF solubility and stability assessment 

Basal, low, medium and high levels of the synthetic activators were maintained 

with 0, 0.25, 0.75 and 1 mM IPTG respectively. Each system was induced over a range of 

aTc concentrations: 1, 10, and 200 ng/ml. The total soluble protein was isolated from 

cultures with CelLyticB reagent (B7435 Sigma), separated by size on a 10% 

polyacrylamide gel and transferred to PVDF membrane. PROTEON was detected by 

primary mouse monoclonal anti-FLAG M2 antibody (F3165 Sigma), GFP by mouse 

monoclonal anti-GFP antibody [LGB-1] (ab291 Abcam), and loading control RNApol by 

mouse monoclonal anti-RNApol sigma 70 antibody [2G10] (ab12088 Abcam). 

Biotinylated, polyclonal sheep anti-mouse secondary antibody, VECTASTAIN ABC kit 

(PK-4002 Vector Labs), and ECL Westernblotting detection reagent (RPN 2109 

Amersham) were used to complete the specific detection of each protein. Relative 

quantification of each protein was performed using ImageJ software, publically available 

at http://rsb.info.nih.gov, taking the ratio of protein of interest to RNApol density. This 

was done to assess protein solubility and stability at low, medium and high induction 

levels. 

3.3.6 proTeOn and proTeOff system characterization  

We characterized each system maintaining PROTEON and PROTEOFF 

expression with 0.75 mM IPTG and controlling the activity of each device with 0, 10, and 

200 ng/ml aTc. Two sets of experiments were performed. In experiment set-up A, 

PROTEON and PROTEOFF production was induced overnight with 0.75 mM IPTG and 

0 ng/ml aTc; at t = 0 h cultures were treated with 0, 10, and 200 ng/ml aTc. In experiment 
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set-up B cultures were treated overnight with 0, 10, and 200 ng/ml aTc and 0 mM IPTG; 

at t = 0 PROTEON and PROTEOFF expression was induced with 0.75 mM IPTG. 

Experiments A investigated the proTeOn and proTeOff system dynamics upon induction 

with aTc while experiments B provided insight on the PROTEON and PROTEOFF 

protein production and maturation dynamics. 

IPTG and aTc levels were maintained in the cultures at all t > 0 h.  Induction 

experiments were repeated for all inducer concentrations and time points, and reported 

trends were observed across all replicates.  

Cell samples were collected for analysis by flow cytometry at t = 1, 2, 5, 10 and 

20 h, fixed with 4% paraformaldehyde for 30 min at room temperature, washed with 1x 

phosphate buffered saline (PBS) and stored in 1x PBS at 4°C. GFP expression in 

individual cells was measured by flow cytometry using a FACScalibur (BD Biosciences). 

100,000 cells were investigated per sample with excitation at λex = 488 nm and 

subsequent fluorescence detection at λem = 530 ± 30 nm. The cytometry data was 

collected using CellQuest (BD Biosciences) and analyzed using FlowJo software (Tree 

Star). Each sample’s healthy cell population was selected by first removing erroneous 

events (due to electronic noise) that fell below a minimum emission at λem = 530 ± 30 

nm, then secondly removing events that fell outside of the characteristic side-scatter and 

forward-scatter range for single E. coli cells. The differential GFP expression of the 

selected cells was analyzed and compared across samples. 
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3.3.7 Stochastic modeling 

We built computer models of proTeOn and proTeOff to further characterize the 

experimental behavior of each system. Small biological systems, either natural or 

synthetic are subject to stochasticity134–137. The behavior of such systems has been 

accurately described using detailed stochastic modeling118,138–144. To model ProTeOn and 

ProTeOff we used a hybrid stochastic-discrete and stochastic-continuous algorithm called 

Hy3S145,146. Hy3S couples chemical Langevin equations with discrete kinetic Monte 

Carlo, modeling a system’s behavior at the resolution of biomolecular interactions in 

individual cells. Characteristics of numerous natural and synthetic biological systems 

have previously been described using this approach57,138,140,141,145. Using this approach, 

each step of biology’s central dogma, including transcription, translation, degradation, 

dimerization, repression and induction are represented by biochemical reactions with this 

method. The reaction network that portrays the behavior of both of our synthetic systems 

is outlined in Table 2.147 
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Table 2. proTeOn and proTeOff reaction network. 
The kinetic constants that appear in red differentiate the behavior of the two systems. Values that were fit to 
match the experimental results have a reference denoted with *, values derived from the literature are 
indicated with “i” and literature values that were fit to match the experimental observations have are noted 
with” i*.” 
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3.3.7.1 Model description 

The first reaction of our model captures the effective rate of aTc penetration into 

the cell. Reactions 2-9 model the binding of 2 aTc molecules to one PROTEON or 

PROTEOFF (PROTET) molecule148. In particular, reactions 2-5 capture the binding and 

unbinding of aTc to PROTET when the latter is free, and 6-9 correspond to the same 

interactions when PROTET is bound to tetO. Reactions 10-13 represent the binding of 

PROTET to tetO
148. PROTET can bind to tetO either when free (reactions 10, 11) or 

bound to aTc (reactions 12, 13). Reactions 14-26  describe gfp transcription which can 

occur in three different ways as RNApol begin transcription when tetO is: a) free 

(reactions 14-18) or b) occupied by PROTET:aTc2 (reactions 19-22) or c) occupied by 

PROTET (reactions 23-26)149,150. Three different sets of reactions are therefore used to 

describe transcription. In these 3 sets, the same approach is used. The first two reactions 

(14-15, 19-20, 23-24) capture the binding and unbinding of RNApol to the promoter. 

This binding is followed by the formation of an open complex between RNApol and 

DNA (reactions 16, 21, 25). Subsequently, RNApol releases the pro (reactions 17, 22, 

26), allowing other RNApol to bind, and proceeds transcribing the entire gfp (reaction 

18). The product of transcription, mRNA(gfp), is thereafter translated into GFP protein. 

This process is coded in reactions 27-29. The time needed for a nucleotide to be 

transcribed or for a codon to be translated is assumed to be exponentially distributed. 

Consequently, the time required for the entire process of transcription and translation is 

considered to be gamma distributed 151. Finally, reaction 30 captures the GFP maturation 
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process whereas reactions 31 and 32 represent the effective rate at which GFP and 

mRNA(gfp) are degraded. 

3.3.7.2 Model initial conditions and parameters 

The initial conditions, regarding the transcription and translation machinery, that 

were used during the simulations include 100 RNApol and 100 ribosomes. Even though 

the total number of RNApol and ribosomes in each cell is significantly higher, we assume 

that only a small portion is occupied by this system. Our simulations also indicated that 

using 100 RNApol (ribosomes) does not render transcription (translation) a rate limiting 

step, which is in accordance with experimental observations. In addition, the number of 

synthetic plasmids in each E.coli is set equal to 20, inferring that there are 20 tetO and 20 

pro sites.  The number of synthetic plasmids in each E.coli was set equal to 20, inferring 

that there are 20 tetO and 20 pro sites. The effective amount of PROTET that exists in 

each cell was considered constant (20 molecules) throughout the simulations as overnight 

IPTG treatment led to a constant PROTET concentration. Using 20 PROTET molecules 

yielded a good agreement between experimental data and computational results. The 

definition of each species as abbreviated in the model is given in Table 3. 

The conditions of this system (temperature, pH) are assumed to be constant 

throughout the simulations guaranteeing that the kinetic parameters used do not vary over 

time.  It is postulated that the cell is a homogeneous, yet well stirred reactor. The volume 

of each E.coli cell is equal to 10-15 L, increases exponentially over time and is halved 

during cell division. The cell division time was adjusted relative to experimentally 

observed behaviors with changes in intracellular aTc and GFP concentrations. Cell 
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division time increases with increasing aTc as it retards cellular processes in higher 

concentrations152. In addition, cell division time increases with GFP concentration as this 

increase in protein production taxes the cellular machinery. The cell division rates that 

were used in our simulations are shown in Table 4.  

 

Table 3. Definition of reaction network species. 

 

proTeOn and proTeOff are synthetic systems and many of the associated kinetic 

parameters do not exist in the literature. Thus, most of the parameters have values that are 
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close to parameters of similar, either synthetic or naturally occurring, systems and have 

been adjusted to fit the experimental results.   

 

Table 4. Cell division times for proTeOn and proTeOff when 0, 10 and 200 ng/ml 

aTc are administered. 

aTc 

concentration 
[ng/ml] 

Cell division time  (±10 min) 

PROTEON        PROTEOFF    

0 32 57 
10 59 35.5 

200 72.5 39 
 

The penetration rate of aTc into the cell is considered equal to the penetration rate 

of Tc153.  The binding of aTc to PROTET is assumed equal to the binding of aTc to rTetR 

as there is no available data for PROTET148.  The binding of PROTET, either when free 

or bound to aTc, to the operator site, is considered almost equal to the binding of rTetR to 

tetO
148.  The affinity of RNApol for the pro, when tetO is free, is presumed similar to the 

affinity of RNApol for the tet promoter149. Further, the affinity of RNApol for the pro 

when tetO is occupied by PROTET or PROTET:aTc2 was fit, considering RNApol 

recruitment by LuxR∆N to the promoter, so that the results match the experimental 

phenotypes. The rates of transcription and translation do vary significantly throughout the 

cell population. In our simulations, we hypothesize average transcription and translation 

rates equal to 30 nucleotides and 100 codons per second. The GFP maturation rate was 

adjusted such that the simulation results were in agreement with experimental 

observations. Finally, the GFP degradation rate was adjusted for a 10 min half-life 

whereas for mRNA was adjusted to give 20 proteins per mRNA molecule. 
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3.4 Results and discussion 

3.4.1 proTeOn and proTeOff designs 

For proTeOn and proTeOff to perform efficiently, both protein domains 

(TetR/rTetR and LuxR∆N) must readily bind their operator sequences upon induction, 

LuxR∆N must recruit RNApol to the promoter and then RNApol must bind to the 

promoter and begin transcription. Numerous length and space requirements are 

associated with each of these steps and we systematically accommodated each of them by 

designing the devices prior to construction. To investigate and satisfy the above 

geometric constraints, we built molecular models of each system using MOE and 

NAMD122,123. With the chosen protein components and DNA operator sites as starting 

points, the entire DNA promoter sequence and the linker amino acid sequence were 

designed in tandem.  

The synthetic promoter for both systems was designed first, and the optimized 

sequence is annotated in Figure 11a. The major aims of the promoter design were to 

minimize the distance between the two DNA-bound protein domains while maintaining 

favorable binding between the domains and their operators.  The interactions between 

RNApol and the specific residues of the promoter to which it binds (the UP element and 

the -10 region) had to be accommodated as well. To meet these aims, the operator sites 

were integrated into the promoter such that the two domains bound along the same face 

of the DNA (Figure 11b, side view) while maintaining a minimum distance between the 

two operator sites. The final design was scrutinized to ensure that neither DNA-bound 
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protein domain was encroaching the residues of the UP element or -10 region as this 

would inhibit efficient RNApol recruitment.  

Next, we optimized the peptide linker required to connect the two DNA-bound 

protein domains (TetR/rTetR’s C-terminus to LuxR∆N’s N-terminus). We did this by 

assuming it resembles a polymer in good solution and choosing a length that would 

minimize the entropic elastic tension effects. This characteristic length was scaled by l1.3, 

where l was the end to end vector distance between the two protein domain termini to be 

connected132. The preferred linker length was determined to be 150 Å and the final 

sequence is the product of 5 repeats of a 9-amino acid subunit, ARTQYSESM. This 

subunit sequence was chosen, based on its physical, chemical, and geometric properties, 

from a database of naturally occurring peptide linkers133. The individual subunits are 

connected by single glycine residues, and this 49-amino acid peptide is flanked by 3 

glycine residues on each side. These were chosen to ensure linker flexibility and promote 

correct protein domain folding. The final optimized proTeOn system, meeting all 

geometric requirements, is illustrated in Figure 11b. 

3.4.2 PROTEON and PROTEOFF expression characterization 

Inducible expression of soluble PROTEON and PROTEOFF under the control of 

the LacI repressible T7 promoter was evaluated. Cells cultured with 0, 0.1, 0.5 and 1 mM 

IPTG showed increasing cytosolic protein levels with increasing IPTG, as shown in 

Figure 13a. Even at high concentrations, PROTEON is efficiently translated, stable, and 

soluble in E. coli. As PROTEOFF differs from PROTEON by a single amino acid, the 

same is assumed for PROTEOFF protein. 
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Figure 13. System inducibility. 
a. PROTEON expression. Relative to uninduced conditions, PROTEON monomer (43 kD) levels are 

10-fold higher upon induction with 0.5 mM IPTG and 20-fold higher with 1.0 mM IPTG. At 0.1 
mM IPTG expression is not induced. 

b. PROTEON activation. In the absence of aTc, PROTEON is inactive and GFP (27 kD) is expressed 
at a low basal level. Upon the addition of 10 and 200 ng/ml aTc, GFP expression increases 10 and 
30-fold respectively. Total cytosolic transactivator levels modestly decrease in the presence of 
aTc. 

 

3.4.3 ProTeOn activation 

Activation of ProTeOn by aTc in E. coli was assessed. In the absence of aTc, 

PROTEON is inactive and GFP is expressed at a low basal level. Upon the addition of 

aTc, PROTEON is activated through a conformational change. With this change, it binds 

the synthetic promoter and upregulates GFP expression. With 10 and 200 ng/ml aTc, 

GFP is upregulated 10 and 30 - fold respectively. Meanwhile, the total cytosolic 

transactivator levels modestly decrease in the presence of aTc, as shown in Figure 13a.  

This decrease can be attributed to the increased demand for the cell’s transcription and 

translation machinery with active PROTEON upregulating GFP. 
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3.4.4 Characterization of proTeOn and proTetOff behavior  

To investigate the behavior of both systems and to determine the optimal 

conditions and applications of each device, we performed two sets of experiments. First, 

cells expressing the transactivators were induced with a range of aTc concentrations. 

Second, cultures were primed with these aTc amounts prior to transactivator expression. 

In both experiments we monitored the resulting differential expression of the GFP 

reporter over time. Induction experiments were repeated for all inducer concentrations 

and time points. The reported trends were observed across the replicates.   

3.4.4.1 proTeOn 

Upon administration of aTc, proTeOn upregulates target genes by 1 h post-

treatment and achieves 15-fold upregulation through long times. With low (10 ng/ml) 

aTc, proTeOn achieves steady state expression of targets 10-fold over untreated cultures 

5 h post-treatment. With high (200 ng/ml) aTc, GFP reaches steady state expression by 

10 h post-treatment at levels 15-fold over untreated cultures. These behaviors are 

displayed as both expression means and population distributions in Figure 14a and Figure 

15a and b respectively. Basal GFP expression levels are observed from the synthetic 

promoter in the absence of aTc. There is no repressed state for the proTeOn system as 

presented here.  

PROTEON expressed in the presence of aTc gives target gene upregulation 

within 2 h. Steady state upregulation is achieved by 5 h after the transactivator’s initial 

expression, with GFP expression 10-fold over uninduced controls. PROTEON is thus 
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rapidly transcribed, translated, folded and becomes functional when under the control of a 

free, non-repressed, promoter. This is shown in Figure 14b and Figure 15c and d. 

Average proTeOn behavior assessed across three independent trials of 

Experiment A and Experiment B set up are presented in Figure 16. These data illustrate 

the reproducible nature of proTeOn’s behavior. 

Figure 14. Mean proTeOn system phenotype analysis by flow cytomoetry. 
Mean GFP expression was analyzed by flow cytometry 1, 2, 5, 10, and 20 h post-treatment for both 
experimental set-ups as described. 

a. Cells expressing PROTEON were induced with 0, 10 and 200 ng/ml aTc. With 10 and 200 ng/ml 
aTc, proTeOn upregulates GFP 6-fold 1 h post induction. Steady state expression is reached by 5 
and 10 h with 10 and 200 ng/ml respectively and maintained through 20 h. Maximum 
overexpression is 10 and 20-fold above uninduced controls with 10 and 200 ng/ml respectively. 

b. PROTEON was also expressed in cells pre-cultured with 0, 10 and 200 ng/ml aTc. In 10 and 200 
ng/ml aTc, significant proTeOn activity is observed (via GFP upregulation) 2 h after PROTEON 
expression is induced. Steady state activity is achieved by 5 h and maintained through 20 h. 
Maximum upregulation is 10–fold above uninduced controls with both 10 and 200 ng/ml. 



 

 59 

 

Figure 15. proTeOn system phenotype distribution analysis by flow cytometry. 
GFP expression distributions were analyzed by flow cytometry 1, 2, 5, 10, and 20 h post-treatment for both 
experimental set-ups as described. 

a. Cells expressing PROTEON were induced with 0, 10 and 200 ng/ml aTc. With 10 and 200 ng/ml 
aTc, proTeOn upregulates GFP 6-fold 1 h post induction.  

b. Steady state expression with PROTEON is reached by 5 and 10 h with 10 and 200 ng/ml 
respectively and maintained through 20 h.  

c. PROTEON was also expressed in cells pre-cultured with 0, 10 and 200 ng/ml aTc. High GFP 
expression is still emerging in cultures treated with 10 and 200 ng/ml aTc at 1 h post induction. 

d. Steady state activity is achieved by 5 h and maintained through 20 h. 
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Applications of proTeOn would be appropriate in systems when quick bursts or 

long term gene upregulation is desired. Such behavior is governed by rTetR’s responses 

to induction with aTc. This control is achievable with inducer levels as low as 10 ng/ml 

aTc. aTc concentrations outside of this range, or scaled throughout an experiment, may 

be useful depending upon the desired level of activation. Notably, long term target gene 

upregulation increases with aTc up to 200 ng/ml. Thus, inducing with a range of aTc 

concentrations, proTeOn can be tuned to robustly upregulate gene expression for both 

acute and long time scales. 

Figure 16. Average proTeOn system phenotype. 
a. Experimental set up A. 
b. Experimental set up B. 
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3.4.4.1 proTeOff 

In the absence of aTc, proTeOff readily activates target gene expression. Upon 

administration of aTc, upregulation is reduced by half just 1 h post-treatment. Steady 

state target gene expression is only one-half and one-fifth that of untreated samples with 

low and high aTc (respectively). This is observable by 5 h and remains through long 

times. While activation by proTeOff is significantly reduced with low aTc 

concentrations, a subset of activator proteins still appear to bind the promoter and 

upregulate transcription. However, with GFP levels at only one-fifth of the untreated 

controls, we consider the low GFP expression observed with 200 ng/ml aTc to be the 

synthetic promoter’s basal expression level. These low basal expression levels are 

observed through long times. These behaviors are presented also as expression means and 

population distributions in Figure 17a and Figure 18a and b respectively. Please note that 

there is also no repressed state for the proTeOff system as presented here. 

PROTEOFF expressed in the absence of aTc leads to target gene upregulation 

within one hour and maintains it through long times. PROTEOFF is therefore quickly 

transcribed, translated, folded and functional when under the control of a free, non-

repressed, promoter. In the presence of low and high aTc concentrations, the device 

activity is maintained at less than one-fourth of untreated cultures one hour after the 

PROTEOFF’s initial expression. An aTc concentration of 200 ng/ml maintains this very 

low basal activity, thus basal gene expression, through long times. Treatment with low 

aTc allows the target’s expression to rise to one third of untreated cultures by 5 h after the 

transactivator’s initial expression, where it remains through long times. This elevation is 
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due to a subset of free PROTEOFFs binding to the promoter and recruiting RNApol. 

These data are shown in Figure 17b and Figure 18c and d.  

Average proTeOff behavior assessed across three independent trials of 

Experiment A and Experiment B set up are presented in Figure 19. These data illustrate 

the reproducible nature of proTeOff’s behavior. 

 

Figure 17. Mean proTeOff system phenotype analysis by flow cytometry. 
Mean GFP expression was analyzed by flow cytometry 1, 2, 5, 10, and 20 h post-treatment for both 
experimental set-ups as described. 

a. With 0 ng/ml, proTeOff upregulates GFP expression. With 10 and 200 ng/ml aTc, expression is 
reduced to half that of untreated samples by 1 hhour. Steady state expression is reached by 5 h 
with both 10 and 200 ng/ml and maintained through 20 h post-treatment. Minimum expression is 
one third and one tenth that of untreated samples with 10 and 200 ng/ml respectively. 

b. In 0 ng/ml aTc, proTeOff activity is observed (via GFP upregulation) 1 h after PROTEOFF 
expression is induced. In 10 and 200 ng/ml aTc, reduced proTeOff activity is observed across all 
times and steady state activity is achieved by 5 h after PROTEOFF expression is induced. High 
aTc levels maintain the reduced device activity, thus basal GFP expression. Low concentrations 
permit GFP levels to rise to one-third that of untreated cultures. Both of these behaviors are 
observed through 20 h. 
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Figure 18. proTeOff system phenotype distribution analysis by flow cytometry. 
GFP expression distributions were analyzed by flow cytometry 1, 2, 5, 10, and 20 h post-treatment for both 
experimental set-ups as described. 

a. With 0 ng/ml, proTeOff upregulates GFP expression. With 10 and 200 ng/ml aTc, expression is 
reduced to half that of untreated samples by 1 h.  

b. Steady state expression is reached by 5 h with both 10 and 200 ng/ml and maintained through 20 h 
post-treatment.  

c. In 0 ng/ml aTc, proTeOff activity is observed (via GFP upregulation) 1 h after PROTEOFF 
expression is induced.  

d. In 10 and 200 ng/ml aTc, reduced proTeOff activity is observed across all times and steady state 
activity is achieved by 5 h after PROTEOFF expression is induced.  
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In addition, proTeOff can be applied to upregulate gene expression for both short 

and long times. Continuous long term upregulation can be achieved, as well as 

upregulation with intermittent periods of low expression. These behaviors are governed 

by TetR’s response to aTc. aTc levels as low as 10 ng/ml effectively achieve periods of 

low expression. Target gene expression drops with increasing aTc concentrations 10-200 

ng/ml. aTc concentrations outside of this range or scaled throughout an experiment, may 

also to achieve a desired phenotype. Thus, proTeOff can be tuned to upregulate gene 

expression for short, long-continuous and long-intermittent time scales using a range of 

aTc concentrations. 

Figure 19. Average proTeOff system phenotype. 
a. Experimental set up A. 
b. Experimental set up B. 
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3.4.5 Characterization of proTeOn and proTeOff kinetics  

In addition to experimentally testing proTeOn and proTeOff, we have also 

assessed the kinetics of both systems by conducting stochastic simulations, as described 

in the materials and methods. This was done to characterize the systems at a finer 

resolution than can be achieved in the lab alone. We aimed to quantify the strength of the 

interactions between the device components by developing a stochastic model that 

captures the time profiles of measured GFP probability distributions. We modeled the 

transcription, translation, regulatory and degradation events with stochastic kinetics. We 

built the models and conducted the simulations as described before 14,57,138–140,145,146,154,155 

and discussed in the materials and methods. Stochastic model parameters were fit to 

match the untreated experimental phenotypes (0 ng/ml) and the behaviors upon induction 

with both low and high aTc concentrations (10 and 200 ng/ml). The mean GFP 

expression is captured by the model for both proTeOn and proTeOff at short times post-

aTc induction (1 and 5 h) as well as at steady state (10 h), as shown in Figure 20. Overall, 

the mean GFP levels achieved by the simulation trajectories agree well with the 

experimental observations. 

A discrepancy is observed between the simulation and experimental results at 5 h 

with 200 ng/ml aTc. This may be attributed to high aTc levels retarding cellular 

processes, such as protein overexpression152.  By 10 h this effect is no longer 

experimentally significant and a good match is therefore observed between theoretical 

and experimental results.  
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Figure 20. proTeOn and proTeOff average GFP by stochastic simulations. 
Simulation and experimental results of average GFP expression at 1, 5, and 10 h, when 0, 10, and 200 
ng/ml aTc are administered. Overall, a good agreement between experimental and computational results is 
observed. 

a. proTeOn average culture GFP.  
b. proTeOff average culture GFP. 

 

Due to their stochastic nature, the models can also capture the GFP distributions 

observed experimentally. The GFP distributions at 10 h for proTeOn and at 1 h for 

proTeOff, when 0, 10 and 200 ng/ml aTc are administered, are presented in Figure 21. 

For both systems, and across all aTc concentrations, the distributions generated in silico 

match those observed in vivo.  

The protein-DNA binding strengths in the proTeOn and proTeOff systems are 

characterized by four kinetic parameters. These values, extracted from the models, are 

given in Table 5. Binding of aTc to PROTEON increases the affinity of the latter for the 

promoter 104-fold. Binding of PROTEOFF to aTc leads to a decrease in the affinity of 
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PROTEOFF for tetO by 108 times. Both PROTEON and PROTEOFF enhance gfp 

expression significantly when bound to tetO by recruiting RNApol to the promoter. In 

our simulations this is realized by increasing the binding strength of RNApol to DNA. 

Conforming to the simulation results, binding of PROTEON to tetO increases the binding 

strength of RNApol to DNA approximately 22 times, whereas binding of PROTEOFF to 

tetO increases the binding strength around 14 times. 

Figure 21. proTeOn and proTeOff GFP distribution by stochastic simulations. 
Experimental and simulation distributions of GFP expression throughout the cell population when 0, 10 and 
200 ng/ml aTc are administered. The simulation results largely agree with the experimental phenotypes. 

a, b. proTeOn GFP distribution at 10 h. 
c, d. proTeOff GFP distribution at 1 h. 
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Table 5. Dissociation constants of the key biomolecular interactions underlying 

proTeOn and proTeOff. 
The following dissociation constants are estimates from our modeling efforts. The units for the second 
order reactions (#1 and 2) are M whereas for the third order reactions (# 3 and 4) they are M2. 

Biomolecular Interactions 
Binding Affinity 

proTeON proTeOFF 

PROTET + tetO ↔ PROTET:tetO 2.5E-5 2.5E-10 

PROTET:aTc2 + tetO ↔ 
PROTET:tetO:aTc2 

2.5E-10 2.5E-2 

RNApol + pro + tetO ↔ 
RNApol:pro:tetO 

3.7E-9 3.7E-9 

RNApol + pro + PROTET:tetO ↔ 
RNAp:pro:tetO:PROTET 

1.67E-10 2.56E-10 

 

3.4.6 Opportunities for improvement 

 There are opportunities to improve both proTeOn and proTeOff. Variant rTetR 

and TetR DNA binding domains may be investigated to decrease leakiness and response 

time to inducer administration. Alternative LuxR mutants may be useful for increasing 

maximum expression levels in the induced state. In addition, TetR and rTetR may be 

incorporated into the proTeOn and proTeOff systems (respectively) to further repress 

gene expression in the low expression state. Taken together, these different systems could 

achieve a broad range of expression profiles for a gene of interest. 

3.5 Conclusion  

The engineered proTeOn and proTeOff systems can be applied to tightly control 

gene expression with aTc in prokaryotes. Incorporating appropriate tags in the target 

genes’ transcripts may render proTeOn and proTeOff powerful tools for cytosolic, 

membrane associated and secreted protein over-expression.   
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More broadly however, the workflow we have developed here can be 

implemented in the design, construction and testing of a library of variant devices and 

regulatory networks. Such devices include those that respond to sugars, proteins, amino 

acids, metabolites, toxins and other small molecules. With these, one may efficiently 

engineer gene expression responses as applications demand. As the collection of well 

characterized synthetic devices grows, we may also be able to combine them, along with 

naturally occurring parts, into larger gene regulatory networks to achieve more complex 

desired phenotypes. Feedback loops, feedforward loops, AND and OR logic gates are but 

a few possible networks. These devices and networks may then be used either as tools for 

controlling the expression of a single gene, or as interoperable parts of larger regulatory 

networks that control multiple genes independently. The current proTeOn and proTeOff 

devices, and the kinetic and structural details that have been identified for each, are a firm 

stepping stone from which this work can expand. Using our workflow, integrating 

experimental synthetic biology, molecular modeling, and stochastic reaction kinetic 

simulations, the required effort and expense often associated with this kind of increase in 

system complexity will also be reduced. Molecular devices that can tunably regulate the 

expression of a single, or a handful of, genes in response to sugar, protein, amino acid, 

metabolite, toxin and other small molecule levels may provide biology research fields 

and the bioengineering industry the tools they need for efficient, diverse gene expression 

control.  
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4 Antimicrobial peptides targeting Gram-negative pathogens, 

produced and delivered by lactic acid bacteria 

 

4.1 Summary 

This chapter presents recombinant L. lactis that produce and secrete heterologous 

AMPs with activity against Gram-negative pathogenic E. coli and Salmonella. In an 

initial screening, the activities of numerous candidate AMPs, made by solid state 

synthesis, were assessed against several indicator pathogenic E. coli and Salmonella 

strains. Peptides A3APO and Alyteserin-1a were selected as top performers based on 

high antimicrobial activity against the pathogens tested and on significantly lower 

antimicrobial activity against L. lactis. Expression cassettes containing the SP of the 

protein Usp45 fused to the codon optimized sequence of mature A3APO and Alyteserin 

were cloned under the control of a nisin-inducible promoter and transformed into L. lactis 

IL1403. The resulting recombinant strains were induced to express and secrete both 

peptides. A3APO- and Alyteserin-1a-containing supernatants from these recombinant L. 

lactis inhibited the growth of pathogenic E. coli and Salmonella by up to 20-fold, while 

maintaining the host’s viability. This system may serve as a model for the production of 

AMPs by LAB to target Gram-negative pathogenic bacteria populations.  

 

4.2 Introduction 

There is growing concern worldwide that extensive use of antibiotics is fostering 

the development of antibiotic resistance among pathogenic bacteria. In particular, 
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antibiotic overuse in livestock feeds compromises the effectiveness of current therapies 

via dissemination of antibiotic resistance genes to both disease-causing and commensal 

microorganisms156,157.  

In addition to their intended use as therapeutics, antibiotics are currently 

administered at sub-therapeutic concentrations throughout the life of food producing 

animals. This is done even in the absence of infection to promote animal growth and 

improve feed efficiency28,29. Over 80% of the antibiotics distributed in the United States 

are applied in swine, poultry and cattle farming29. Alarmingly, many of the antibiotics 

used in agriculture have also been listed as critically important for human health by the 

World Health Organization. Humans depend on many of these same antibiotics as a first 

line of defense against pathogens like E.coli O157:H7, Salmonella typhimurium, 

Staphylococcus aureus, Streptococcus, and Pseudomonas aeruginosa
27. Therefore, there 

is an urgent need for new therapeutic agents with activity against pathogenic bacteria and 

alternative technologies for application in agriculture, such that front line therapeutics can 

be reserved for effectively treating infections in humans.  

One promising alternative to traditional antibiotics are AMPs. AMPs are small, 

often positively-charged, peptides with high antimicrobial activity as discussed in the 

Background Chapter 2. The activity of AMPs can be broad, efficiently acting on many 

Gram-positive and Gram-negative bacteria species. However, there are AMPs with very 

specific activity, targeting one particular bacterial species or even a specific subspecies of 

a given genus82,89,158–161.  
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The current production, purification and delivery methods available for these 

peptides have numerous limitations. For example, solid state peptide synthesis and 

peptide production and purification from cell culture are costly and time consuming82–84. 

Additionally, the subsequent targeted delivery of active amounts of these compounds can 

be extremely challenging.  Generally, AMPs cannot be administered systemically as they 

are rapidly identified and targeted by the immune system before they can reach the site of 

infection82. Moreover, high peptide concentrations are required to achieve a therapeutic 

effect which would be cost-prohibitive and, more importantly, may cause severe toxicity 

effects, rendering treatment unacceptable. Taken together, these limitations have thus far 

prevented AMP- based therapeutics from becoming a component of our primary toolbox 

against bacterial infections and have contributed to their impracticality for application in 

agriculture82.  

In recent years probiotic bacteria have emerged as useful tools for effectively 

boosting overall human and animal health162. Probiotics are typically Gram-positive, bile-

resistant, bacteria that either colonize or transiently inhabit the GIT of a host and when 

administered in adequate amounts confer health benefits by improving nutrient 

absorption and decreasing the relative abundance of non-probiotic bacteria97,163. LAB, 

which include microbes in the genera Lactobacillus and Lactococcus and 

Bifidobacterium, as discussed in the Background Chapter 2, are currently the bacteria 

most commonly employed as probiotics162,163. A number of probiotic bacteria are 

currently in use as nutritional supplements for humans and animals164–170. With this 
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groundwork already completed, LAB are becoming attractive components to use in new 

therapeutic alternatives. 

With the emergence of synthetic biology approaches and tools, it has become 

practical to design, construct, and evaluate new biological schemes  to prevent and treat 

bacterial infections171–174. An important characteristic of these new concepts is that they 

are also compatible with maintaining healthy agricultural operations and combating the 

emergence of antibiotic resistance among bacteria.  

Here we report results of experimental efforts to design, build, and characterize 

AMP production and delivery systems based on the use of probiotic bacteria. Our 

approach focused on L. lactis, a GRAS, non-invasive and non-pathogenic LAB with 

probiotic properties that is amenable to heterologous protein over-expression26,28.  Since 

L. lactis is able to survive in the GI tract of both humans and animals, this bacterium is an 

excellent candidate to deliver health benefits to the targeted host organism96. Over the last 

two decades several genetic tools have been developed for L. lactis
11,98,100,104, making it 

suitable to engineer as an efficient cell-based protein expression factory100–103. Based on 

these attributes, L. lactis is a top candidate for producing and delivering AMPs to the site 

of GIT infection, and provides an ideal test case study for the development of additional 

cell-based production and delivery devices95.   

In the present work we have taken advantage of current DNA synthesis 

technologies, molecular biology techniques as well as previous work done in the field of 

heterologous protein over-expression in L. lactis
100,104. In particular, the systems that we 

report herein constitute L. lactis strains that have been engineered to inducibly express 
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and secrete the AMPs Alyteserin-1a and A3APO that are active against key Gram-

negative pathogenic E. coli and Salmonella strains. Recombinant L. lactis may function 

as inducible AMP factories and AMP delivery vehicles as illustrated in Figure 22. Our 

systems have been engineered with the intention of future application as an alternative to 

antibiotics in agriculture.  

 

 

 

 

 

 

 

 

 

Figure 22. Desired system behavior. 
a. System behavior. In the presence of a signal, the LAB  L. lactis will express the AMP A3APO or 

Alyteserin-1a which will target the pathogenic bacteria E. coli or Salmonella. 
b. System logic. In the presence of a signal, the LAB will inhibit the pathogens by production and 

secretion of active AMPs. 
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4.3 Materials and methods 

4.3.1 Synthetic peptide synthesis 

The synthetic AMPs used in this study (Table 6) were synthesized by solid-phase 

methods at the BioMedical Genomics Center at the University of Minnesota (20 mg 

aliquots at 99% purity). 

 

Table 6. Synthetic peptides used in this study. 

Synthetic peptides Description 

A3APO (single chain)94  RPDKPRPYLPRPRPPRPVR 

Alyteserin -1a92 GLKDIFKAGLGSLVKGIAAHVAN 

PC64-a LTYCRRRFCVTV 
 

4.3.2 Bacterial strains and growth conditions 

The bacteria used in this study are listed in Table 7. L. lactis IL1403 was cultured 

at 30°C in M17 broth (Oxoid Ltd., Basingstoke, UK) supplemented with 0.5% (w/v) 

glucose (GM17). The E. coli and Salmonella strains were grown in LB broth (Fisher 

Scientific, Fair Lawn, NJ, USA) at 37°C, with shaking. Agar plates were made by the 

addition of 1.5% (wt/vol) agar (Oxoid) to the liquid media. When necessary, 

erythromycin (Sigma Chemical Co., St. Louis, MO, USA) was added to the cultures at 

200 µg/ml and 5 µg/ml, for E. coli and L. lactis respectively.   
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Table 7. Strains used in this study. 

Strains Description 

E. coli JM109175 Selection of recombinant plasmids 
L. lactis IL1403176 Plasmid-free strain, non bacteriocin producer  

Indicator organisms  
E. coli BL21177 AMP indicator 
E. coli 0157-H7  

2026UMN collection AMP indicator 
2031 UMN collection AMP indicator 

S. infantis 129B UMN collection AMP indicator 
S. typhimurium 2219B UMN collection AMP indicator 

 

4.3.3 Molecular Biology  

The amino acid sequences of the peptides Alyteserin-1a, A3APO and PC64a  

(Table 6) were used as templates for design of the synthetic genes. The nucleotide 

sequences for each peptide were then based on the preferred codon usage for expression 

by L. lactis. The nucleotide sequences of the synthetic expression cassettes contained the 

SPusp45, as introduced in the Background Chapter 2 and as shown in Figure 6b, and a 5’-

nucleotide extension containing a NcoI restriction site at the N-terminus (Table 8). They 

also included and a 3’-nucleotide extension with the stop codon (TAA) and the XbaI 

restriction site. All synthetic genes were supplied by GeneArt® (Life Technologies, 

Paisley, UK). 

Molecular cloning techniques were performed according to Sambrook et al and all 

DNA restriction enzymes were supplied from New England BioLabs (Beverly, MA, 

USA) and used as recommended by the supplier11,13. Ligations were performed with the 

T4 DNA ligase (New England Biolabs). E. coli JM109 (Sigma) competent cells were 

transformed as described by the supplier, and electrocompetent L. lactis cells were 
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transformed with a Gene Pulser XCellTM (Bio-Rad Laboratories, Hercules, CA, USA) as 

described previously11. 

 

Table 8. Plasmids and synthetic genes used in this study. 

 

4.3.4 Construction of expression vectors 

 The plasmids and synthetic genes used in this study are listed in Table 8. The 

SPusp45:Alyteserin-1a, SPusp45:A3APO and SPusp45:PC64a containing NcoI-XbaI fragments 

were obtained from the digestion of the Geneart vectors pMK-RQ-Alys, pMK-RQ-

A3APO and pMK-RQ-PC64a, respectively. These fragments were inserted into plasmid 

Plasmids Description Reference 

pMK-RQ-A3APO Kanr, pMK-RQ plasmid carrying SPusp45:A3APO Geneart 
pMK-RQ-Alys Kanr, pMK-RQ plasmid carrying SPusp45:Alys Geneart 
pMK-RQ-PC64a Kanr, pMK-RQ plasmid carrying SPusp45:PC64a Geneart 
pMSP3545 Emr; expression vector  104 
pMS-A3APO Emr; pMSP3545 derivative carrying  SPusp45:A3APO This work 
pMS-Alys Emr; pMSP3545 derivative carrying  SPusp45:Alys This work 
pMS-PC64a 
pMS-A3APO(HIS) 
pMS-Alys(HIS) 

Emr; pMSP3545 derivative carrying  SPusp45:PC64a 
pMS-A3APO with C-terminal 6xHIS tag 
pMS-Alys with C-terminal 6xHIS tag 

This work 
This work 
This work 

Synthetic genes Nucleotide sequence 

SPusp45:A3APO 

ATGGATGAAAAAAAAGATTATCTCAGCTATTTTAATG

TCTACAGTGATACTTTCTGCTGCAGCCCCGTTGTCAG

GTGTTTACGCTCGTCCAGATAAACCACGTCCATATTTAC
CACGTCCACGTCCACCACGTCCAGTTCGT 

SPusp45:Alys 

ATGAAAAAAAAGATTATCTCAGCTATTTTAATGTCTA

CAGTGATACTTTCTGCTGCAGCCCCGTTGTCAGGTGT

TTACGCTGGTTTAAAAGATATTTTTAAAGCTGGTTTAGG
TTCATTAGTTAAAGGTATTGCTGCTCATGTTGCTAAT 

SPusp45:PC64a 

ATGAAAAAAAAGATTATCTCAGCTATTTTAATGTCTA

CAGTGATACTTTCTGCTGCAGCCCCGTTGTCAGGTGT

TTACGCTTTAACATATTGTCGTCGTCGTTTTTGTGTTACA
GTT 
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pMSP3545, in frame with the strong nisin inducible promoter (PnisA), obtaining 

plasmids pMS-Alys, pMS-A3APO and pMS-PC64a, respectively, as shown in Figure 23. 

C-terminal 6xHIS tags were added to Alyteserin-1a and A3APO by PCR generating 

pMS-Alys(HIS) and pMS-A3APO(HIS) for peptide detection via Western blotting. 

 

 

 

 

 

 

 

 

Figure 23. AMP expression vector. 
AMP expression vector. Peptides Alyteserin-1a, A3APO and PC-64a, are under the control of the nisin 
inducible promoter, PnisA, on low-copy plasmid backbone pMSP3545. 
 

4.3.5 Protein production 

Recombinant L. lactis were induced to produce all three AMPs upon reaching an 

OD600 of 0.5, using nisin A (Sigma) at a final concentration of 25 ng/ml as the inducer. 

Cell-free culture supernatants (SNs) were obtained by centrifugation of cultures at 12,000 

x g at 4°C for 10 min and filtering through 0.2 µm pore-size filters (Whatman Int. Ltd., 

Maidstone, UK.). SNs were stored at -20°C until use.  
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4.3.6 Bioassays for antimicrobial activity 

Minimum inhibitory concentrations (MICs) of the synthetic AMPs were 

determined in triplicate by a liquid growth inhibition microdilution assays in flat-bottom 

sterile polypropylene 96-well plates (Maxisorp, Nunc, Roskilde, Denmark), in a final 

volume of 150 µl. The bacteria were diluted 2% in fresh media and grown to an OD600 = 

0.5 ± 0.05 (OD600 = 1 ≈ 109 cells/ml). The cells were diluted 50-fold to 107 cells/ml in 

fresh media. The AMP stocks were serially diluted (150 µl/well) in liquid growth media 

in a 96-well plate, covering a concentration range of 1,000 µg/ml – 1 ng/ml. Briefly, 150 

µl of the serially diluted AMPs were inoculated with 5 µl of the bacterial strains to 

achieve a final indicator concentration of 3x105 cells/ml. For each strain a positive 

growth control with no peptide was included, and for each test a sterility control of 

medium-only was included. Plates were incubated at 37°C for 16–20 h without shaking, 

and growth inhibition was assessed measuring OD600 using a microplate reader 

(SpectraMax® Plus384; Molecular Devices, Sunnyvale, CA, USA). MICs were identified 

as the lowest antimicrobial concentration where the OD600 exceed that of the control. 

The loss of cell viability was monitored to determine the antimicrobial activity of 

the SNs from the recombinant L. lactis strains. Briefly, 0.3 ml of fresh medium, 

individually inoculated with the target strains, was added to tubes containing 0.7 ml of 

the SNs, to reach a final concentration of 1x103 cells/ml. As a control, a SN sample from 

the L. lactis strain containing only the expression vector pMSP3545 (C-SN) was used. 

Tubes were incubated at 37°C with agitation. Samples were taken at 30 min, 2 and 6 h, 

and the number of colony forming units per ml (CFU/ml) was determined by plating 25 
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µl on LB agar plates. The plates were incubated for 16 h at 37°C, and the number of 

viable cells was assessed by counting CFUs. Additionally, the OD600 was monitored up to 

15 h post-inoculation to follow the influence of AMPs on culture growth. 

4.3.7 AMP detection by Western blot 

Alyteserin-1a and A3APO were expressed from pMS-Alys(HIS) and pMS-

A3APO(HIS) as described above. The total soluble protein was isolated from cultures by 

mechanical disruption in PBS with 200 µm beads, beating 6x 1 min, with 1 min intervals 

on ice. Proteins were separated by size on a 16.5% polyacrylamide gel and transferred to 

PVDF membrane. Both peptides were detected by primary mouse monoclonal anti-

Histidine Tag (6xHis) Mouse Monoclonal Antibody (460639, Life Technologies) and the 

Westernbreeze Chemiluminescent Kit-Anti-Mouse used to complete the specific 

detection of each protein (WB7104, Life Technologies).  

 

4.4 Results and discussion 

 
Motivated by the current state of antibiotic overuse and the rapid emergence of 

bacteria strains with resistance to antibiotics molecules, the overall goal of this work was 

to engineer a LAB strain to inducibly express and secrete AMPs with high activity 

against important Gram-negative pathogens. This was achieved by first screening AMPs 

for high activity against pathogenic E. coli and Salmonella strains and low activity 

against LAB. Genes encoding peptides that displayed the most favorable activity were 

then included in expression cassettes for use in L. lactis. In the following, we detail how 
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we 1) selected the AMPs of interest, 2) engineered L. lactis to express the heterologous 

peptides and 3) tested the recombinant expression systems. Traditional molecular biology 

techniques and newly available synthetic biology tools were used throughout these 

processes. While there are a number of works that describe the heterologous production 

of AMPs with antimicrobial activity against Gram-positive pathogens, the character of 

Gram-negative cell membranes may afford them resistance to these agents178. To our 

knowledge this is one of the few works in which LAB have been engineered to express 

and secrete AMPs that are specifically active against Gram-negative pathogens. 

4.4.1 Screening of AMPs with activity against Gram-negative bacteria 

Recently discovered AMPs that have been introduced into clinical practice have 

largely displayed activity against Gram-positive organisms while being ineffective 

against Gram-negative bacteria. This is due in part to the unique cell wall and  membrane 

structure of these two classes of bacteria99,179. However there are a few exceptional 

AMPs that show high specific activity against Gram-negative bacteria91,180. To select top 

candidate AMPs to use in our study, we initially searched the literature for functional 

peptides fulfilling the following requirements: 1) lack of post-translational modifications 

and disulfide bonds, 2) activity against Gram-negative bacteria at low concentrations (≤ 

500 µg/ml) and 3) no or significantly less activity against Gram-positive bacteria, in 

particular against Lactobacillus and the L. lactis host. From this first screen, numerous 

candidates were chosen and chemically synthesized as described in the Materials and 

Methods.  
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The MICs of the chemically synthesized peptides were evaluated against different 

pathogenic strains of E. coli and Salmonella and against L. lactis, Lb. acidophilus and Lb. 

bulgaricus. The MICs for each peptide are presented in Table 9. Peptides with a MIC ≥ 

0.5 mg/ml for E. coli and Salmonella were discarded while AMPs that inhibited pathogen 

growth at ≤ 0.5 mg/ml were tested against LAB strains. AMPs A3APO, Alyteserin-1a, 

PC64-a, PG-1 and Fowlicidin met these initial screen criteria92,181–184. But, upon treating 

the L. lactis and Lactobacillus, PG-1 and Fowlicidin were discarded as they inhibited 

LAB growth at the same or a lower concentration than required for the pathogens. Thus, 

A3APO, Alyteserin-1a and PC64-a emerged as the preferred AMPs to pursue.   

 

Table 9. Synthetic AMP MICs 

Peptide 

MIC (mg/ml) 

E. coli Salmonella L. lactis Lactobacillus 

A3APO 1 0.03 >1 >1 

Alyteserin-1a 0.5 0.5 >1 >1 

PC64-a 0.03 0.06 >1 >1 

PG-1 0.06 0.1 0.01 0.01 

Fowlicidin 0.01 0.03 0.01 0.01 

NPSERQERR >1 >1 - - 

PDENK >1 >1 - - 

Acidocin NP >1 >1 - - 

Acidocin NM >1 >1 - - 

Acidocin LP >1 >1 - - 

Acidocin LM >1 >1 - - 

 

 

Alyteserin-1a was previously identified in the secretions on frog skin, A3APO 

was discovered in a synthetic peptide library screen, and PC64-a is a synthetic analog of 

PG-1 92,181,182. The MIC of pure Alyteserin-1a was 500 µg/ml against indicator E. coli 
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and Salmonella strains. Additionally, L. lactis remained viable despite treatment with up 

to 1 mg/ml Alyteserin-1a (Figure 24a). Inhibition of E. coli by A3APO was observed 

only at a concentration of 1 mg/ml. However, Salmonella growth was inhibited by 30 

µg/ml Alyteserin-1a, reducing viability through the highest concentration tested (1 

mg/ml). Similarly, L.lactis growth was not inhibited with the different A3APO 

concentrations tested (Figure 24b). Finally, PC64-a inhibited E. coli at 30 µg/ml and 

Salmonella at 60 µg/ml. Interestingly, antimicrobial activity at higher concentrations was 

reduced due to peptide aggregation. L. lactis growth remained robust at all PC64-

concentrations tested (Figure 24c).  
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Figure 24. Synthetic AMP screen against E. coli, Salmonella and L. lactis. 
Synthetic AMPs were diluted and applied to E. coli, Salmonella and L. lactis 1403.  Inhibitory 
concentrations for E. coli and Salmonella are emphasized in red, the smallest of which is the MIC observed 
for each Gram-negative pathogen and AMP combination. Inhibition of growth of L. lactis was not achieved 
by any AMP concentration tested. 

a. Alyteserin-1a 
b. A3APO 
c. PC64-a 
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The three AMPs chosen in this study did not require post-translational 

modifications for activity. The heterologous production of proteins that require post-

translational modifications to be active can be problematic when using LAB as hosts. 

There are several examples where  recombinant peptides that required these 

modifications were being produced at high concentrations but with low specific 

activity185. This has been attributed to a variety of causes, such as non-efficient disulfide 

bond formation, problems in protein folding, and protein aggregation186.  

Once the top candidate peptides were identified, L. lactis was engineered to 

express Alyteserin-1a, A3APO and PC64-a. This process is detailed in the Materials and 

Methods. The resulting L. lactis were cultured to express and secrete the peptides. The 

cell-free SNs containing these AMPs were isolated and their effect on E. coli and 

Salmonella growth and viability were assessed as also described in the Materials and 

Methods. 

4.4.2 Construction of recombinant L. lactis strains for AMP production 

Briefly, L. lactis strain IL1403 was engineered to express Alyteserin-1a, A3APO 

and PC64-a starting with the codon-optimized nucleotide sequences of all three peptides. 

These were synthesized by GENEART and fused to the SPusp45 (GeneArt®, Life 

Technologies)73. The expression cassettes were cloned downstream of PnisA from 

plasmid pMSP3545 resulting in recombinant vectors pMS-Alys, pMS-A3APO and pMS-

PC64 respectively (Table 8) 104. L. lactis IL1403 was transformed with both recombinant 

vectors, and the resulting L. lactis (pMS-A3APO), L. lactis (pMS-Alys) and L. lactis 

(pMS-PC64) strains, as well as the control L. lactis strain (L. lactis containing the empty 
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pMSP3545 vector), were cultured to express and secrete each AMP. The AMP-

containing supernatants (AMP-SNs: Alys-SN, A3APO-SN, PC64-SN and C-SN for 

supernatants containing AMPs Alyteserin-1a, A3APO, PC64-a and the control 

supernatant lacking AMPs, respectively) were collected as described in the Materials and 

Methods. 

Growth of pathogenic and non-pathogenic E. coli strains was assessed in medium 

containing these AMP-SNs while only pathogenic Salmonella strains were tested. In all 

cases, AMP-SNs diluted 7:3 with LB were inoculated with each indicator strain and 

growth was monitored by OD600 for 15 hr.  

4.4.3 E. coli growth inhibition by Alyteserin-1a produced by L. lactis 

As shown in Figure 25, Alys-SN inhibited growth of E. coli strains. Culture titer 

was assessed starting at 30 min post-inoculation and culture density was monitored by 

OD600 10-15 h post-inoculation. Prior to the 6 h time point, E. coli cultures treated with 

Alys-SN and C-SN were not statistically different (data not shown). However, different 

culture concentrations were observed beginning 6 h post-inoculation (Figure 25a), and 

this differential growth pattern was maintained through 15 h (Figure 25b). Upon 

treatment with Alys-SN, culture concentrations were reduced by over 20-fold relative to 

those treated with C-SN at 6 h post-inoculation and maintained a density at or less than 

this value through 15 h incubation period. The same trends were found with all the E. coli 

strains tested. Growth rates for E. coli, as shown in Table 10, were calculated based on 

culture densities 10-15 h post inoculation. There was no significant E. coli growth when 

treated with Alys-SN during this time and the cultures never achieved exponential 
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growth. Thus, Alys-SN effectively inhibited E. coli growth during the 15 h culture 

period. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. E. coli growth inhibition by Alyteserin-1a. 
a. Pathogenic (grey bars) and non-pathogenic (white bars) E. coli are inhibited by Alyteserin-1a. 

Cultures grown in Alys-SN achieved a density 20-fold lower than the cultures grown in control C-
SN. 

b. Pathogenic and non-pathogenic E. coli growth was inhibited by ≈100% when cultured in Alys-SN 
(red triangles) relative to the C-SN (black dots) through 15 h post-inoculation. 

 

In contrast, there was no change in E. coli culture concentration or growth rate 

when strains were treated with A3APO-SN or PC64-SN (data not shown). The MIC 

value for synthetic A3APO against E. coli strains was 1 mg/ml (Figure 24) and it is 
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reasonable that the concentration of active peptide is lower than this in tested SN 

samples. While the MIC values for synthetic PC64-a were sufficiently low to achieve in 

the supernatant (30 and 60 µg/ml for E. coli and Salmonella respectively) (Figure 24), it 

is possible that peptide aggregation is sequestering PC64-a from interacting with the 

target pathogens. 

 

Table 10. Growth rates and relative culture growth of E. coli and Salmonella with 

AMP treatment. 

 E. coli Salmonella 

 Growth rate (hr
-1

) 

C-SN 0.73 0.66 
Alys-SN ≈0 0.57 

A3APO-SN >0.8 0.7 
 Relative Growth rate (%) 

C-SN 100 100 
Alys-SN ≈0 86 

A3APO-SN >100 >100 
 

4.4.4 Salmonella growth inhibition by Alyteserin-1a and A3APO produced by L. lactis 

Alys-SN and A3APO-SN inhibited growth of pathogenic S. typhimurium and S. 

infantis as shown in Figure 26. As before, the culture titer was assessed beginning 30 min 

post-inoculation and culture density was monitored by OD600 from 10 to 15 h. By 2 h 

post-inoculation, a differential titer between cultures treated with Alys-SN and A3APO-

SN was observed (Figure 26a). Relative to culture growth with C-SN treatment, growth 

of S. infantis treated with Alys-SN was reduced by about one-half while S. typhimurium 

was reduced by 10-fold. Moreover, A3APO-SN reduced the culture density of S. infantis 

by over 20-fold relative to C-SN while S. typhimurium culture density was reduced by 4-
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fold. The inhibition of Salmonella by Alys-SN was maintained through 15 h, while 

culture density with A3APO-SN was the same as C-SN by 10 h post-inoculation (Figure 

26b). At 15 h post inoculation, the Alys-SN maintained Salmonella culture densities at 

only 25% relative to the same strains treated with the C-SN. These trends were consistent 

across both the S. infantis and S. typhimurium strains tested.  

The strong activity shown by A3APO-SN against Salmonella is consistent with 

the significantly lower MIC value observed (30 µg/ml) for synthetic A3APO peptide 

against Salmonella. Again however, there was no change in culture concentration or 

growth rate upon treatment with PC64-SN (data not shown). This further supports the 

hypothesis that peptide aggregation is preventing active peptide from interacting with the 

target pathogens. 

As shown in Table 10, growth rates for Salmonella were calculated based on 

culture densities 10 to 15 h post inoculation. In contrast to what was observed with E. 

coli, there was significant Salmonella growth in the presence of Alys-SN and the cultures 

achieved exponential growth. However, growth rates were reduced by 15% relative to 

cultures grown in C-SN during this time. Additionally, although the densities of the 

Salmonella cultures grown in A3APO-SN were significantly reduced at earlier time 

points, relative to C-SN, no differences were observed by 10 h after inoculation.  
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Figure 26. Salmonella growth inhibition by Alyteserin-1a and A3APO. 
a. S. infantis (grey bars) and typhimurium (white bars) are both inhibited by Alyteserin-1a and 

A3APO. S. infantis culture density, in Alys-SN, was reduced by about one-half and S. 

typhimurium was reduced by 10-fold. S. infantis cultures grown in A3APO-SN achieved a density 
20-fold less than the cultures in the C-SN while S. typhimurium culture density was reduced by 4-
fold.  

b. Salmonella growth is reduced by 15% when cultured in Alys-SN (red triangles) relative to the C-
SN (black dots) through 15 h post-inoculation. Growth inhibition by A3APO is not observed at 
these longer times however (blue squares). 
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4.4.5 Verification of AMP production 

 N-terminally HIS-tagged Alyteserin-1a and A3APO were detected by 

immunoblot. Abundant production of both molecules was observed from pMS-Alys(HIS)  

and pMS-A3APO(HIS) as shown in Figure 27. 

 
 

 

4.4.6 Improving active peptide production 

Currently, the factors that most significantly improve the antimicrobial activity of 

Alyteserin-1a and A3APO produced by recombinant L. lactis are difficult to determine. 

We postulate that the use of SPusp45 to produce and secrete these peptides is likely to be 

one such factor as there are significant context dependencies between an SP and the 

molecule for which they are driving secretion79. Peptide translation, targeting the Sec-

dependent protein to the membrane, the translocation process itself and the peptide’s 

subsequent processing by a signal peptidase likely represent the major bottlenecks for 

efficient translocation, and thus production of heterologous proteins187. Since there are no 

good  prediction methods for determining the right combination of SP and target protein 

to achieve an high protein production system, screening for a more efficient SP and 

protein combinations for overproduction and secretion may still further improve active 

peptide secretion186–189. Improper protein folding may also account for compromised 

antagonistic activity. Thus, the use of chaperones, increasing specific peptide activity 

Figure 27. AMP detection by Western blot. 
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through rounds of mutagenesis, and increasing peptide gene copy number are approaches 

currently being pursued to improve these expression systems190. 

 

4.5 Conclusion 

Herein we report that L. lactis can be used to produce and secrete the AMPs 

Alyteserin-1a and A3APO, with sufficient activity to inhibit pathogenic E. coli and 

Salmonella, while maintaining the host’s viability. Previous studies have reported the 

production and secretion of AMPs by recombinant L. lactis 186,191,192. However, these 

peptides have frequently displayed antimicrobial activity against Gram-positive bacteria 

but either no or poor activity against Gram-negative indicators193,194. While the activity of 

A3APO and Alyteserin-1a in the SNs of recombinant L. lactis is still not at the level of 

many small molecule antibiotics, to our knowledge this is the first time that a synthetic or 

animal-origin AMP has been produced by L. lactis with activity against Gram-negative 

bacteria pathogens. This opens a wide new space of possibilities for the design of new 

synthetic peptides and the engineering of known AMPs to improve their antimicrobial 

activity and spectrum of action. LAB are bile-resistant, GRAS organisms that may take 

hold in the GIT of animal or human hosts. As such, they can be considered as delivery 

vehicles of AMPs to the site of gastrointestinal infections. By making and delivering 

peptides to the site of E. coli or Salmonella infections, AMP-producing organisms may 

circumvent previous limitations of the short half-lives that are characteristic of AMPs and 

the high production and purification costs also associated with peptides82–84.  
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5 Future directions 

 
The synthetic transactivators proTeOn and proTeOff presented in Chapter 3 and 

the A3APO and Alyteserin-1a producing L. lactis discussed in Chapter 4 are 

contributions to the field of synthetic biology. While these tools may be used as they are, 

they are also important stepping stones for stimulating future directions. The following 

sections discuss future avenues that can be explored regarding both synthetic gene 

expression regulators and inducible AMP production by LAB.  

 

5.1 Synthetic gene expression regulators 

As illustrated in the Background Chapter 2, numerous synthetic devices are 

currently available for regulating gene expression. These systems achieve many unique 

phenotypes and are inducible with a wide range of input signals. Also, their behaviors are 

largely based on logic functions such as AND, OR and IF NOT. Unfortunately, these 

current systems are stand-alone and have been characterized only using simple kinetic 

models fit to experimental data. Thus, there is still a need for a collection of related, well 

characterized devices that regulate gene expression. The value of this assembly is that 

systems, or parts of systems, could be swapped in and out of cells to achieve desired 

expression levels. They could also be combined into larger networks that produce 

complex, predictable expression profiles. 

The proTeOn and proTeOff systems presented in Chapter 3 are composed of 

identical components, aside from their inducible DNA binding domains, and have been 
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characterized using detailed stochastic models. Their unique protein domains, TetR and 

rTetR, differ only by a single amino acid and are responsible for the systems’ opposite 

functionality relative to the presence of aTc. This one unique characteristic is captured by 

their models which differ only by the three kinetic parameters associated with the 

inducible DNA binding domains’ interactions with the promoter and RNApol.  

Moving forward, we can use the proTeOn and proTeOff systems and TetR and 

rTetR repressors as a foundation to build and characterize a collection of inducible gene 

expression regulators. The various simple, related regulatory devices can then be 

assembled into larger networks to achieve increasingly complex phenotypes. Feed-back 

loops, feed-forward loops, AND and OR logic gates are a few possible networks. These 

devices and networks may be used to control expression of a single gene or as 

components of larger networks, controlling many genes independently. 

Predictive models can be built for each new system and network using the kinetic 

information previously generated for the simpler devices or individual parts. The models 

will guide the design of each new system such that the optimal parts are selected to 

achieve the desired experimental phenotypes.  

 

5.2 AMP production by LAB 

The critical need for novel approaches to combatting pathogens in agriculture 

motivates numerous future research efforts related to AMP production by LAB. The 

Alyteserin-1a and A3APO producing L. lactis described in Chapter 4 are firm stepping 

stones for developing more efficient AMP production and delivery devices. Next, as we 
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explore future generation of these systems, our top focuses will be on identifying and 

implementing optimal AMPs, LAB strains, inducible promoters and SPs. 

Incorporating additional AMPs that are highly active against target pathogens is 

essential to this project. Random or site directed mutagenesis may be employed to 

improve Alyteserin-1a and A3APO activity against E. coli and Salmonella. Furthermore, 

many other naturally occurring AMPs may also be considered, depending upon the 

desired bacteria target. Alternatively, novel synthetic peptide molecules can be selected 

for, based on their activity against a pathogen of interest, through rounds of library 

screening. This complementary combination of approaches will generate an enormous 

pool of potential AMPs such that virtually any bacteria strain may be targeted by our 

system. 

Selecting an appropriate LAB strain to use for AMP production is also an 

important facet to this work. L. lactis, a GRAS organism, has been a very nice host thus 

far. There is extensive information available regarding protein production and secretion, 

and genetic manipulation of this strain is straightforward.  However, L. lactis is a 

transient microbe, passing through rather than colonizing the GIT. In cases where a 

colonizing species is preferred, Lb. acidophilus or Lb. plantarum may be of interest195,196. 

The optimal LAB strain will largely depend upon the intended animal host and the region 

of the GIT track that is being targeted. 

Optimizing the promoter that drives AMP expression is a very exciting future 

direction for this project. Promoters that are inducible by a pathogen specific molecule, a 

molecular product of GIT inflammation or a general characteristic of an animal GIT are 
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ideal candidates. For example, Enterococcus faecalis naturally produces and secretes a 

small peptide molecule, cCF10, which is an activator for the promoter PrgQ197. Although 

this is endogenously an Enterococcus promoter, it has been previously shown to function 

in other LAB strains. In addition, AMPs Enterocin A, Enterocin P and Nicin A known to 

target E. faecalis
186,191,198–200

. Cloning these peptides under the control of PrgQ in L. 

lactis could produce a system that is both inducible by and active against the E. faecalis 

pathogen. This behavior is illustrated in Figure 28. 

 

 

 

 

 

 

 

 

 

 

Figure 28. Desired system behavior. 
a. System behavior. In the presence of a signal produced by the pathogen of interest, the LAB will 

express an AMP which targets that pathogen. 
b. System logic. In the presence of a pathogen signal, the LAB will inhibit that pathogen by 

production and secretion of active AMPs. 
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Another possibility would be to use a promoter that is inducible by nitric oxide 

(NO) species, a natural product of inflammation, to regulate AMP expression201. Recent 

work in E. coli has already generated one such NO inducible gene expression system202. 

While significant changes would be required before application in LAB strains, this 

system could be a very helpful starting point.  

Finally, a natural condition of the GIT could be used to induce constitutive 

internal AMP expression. Temperature sensitive and ion sensitive promoters are two 

examples that could be explored203,204.  

All three types of inducible promoters should be considered in the development of 

next generation systems. Pathogen, inflammation and GIT sensitive expression systems 

all have utility as they will provide a range of AMP expression profiles. 

Lastly, identifying an efficient SP is essential to achieving robust AMP activity. 

While SPusp45 has been a good general starting point, the correct SP and AMP 

combination is essential to maximizing peptide secretion79. Screening variant SPusp45 or 

implementing AMP specific SPs are two approaches that may be considered. Also, as 

LAB in addition to L. lactis are pursued for this project, SPs particularly compatible with 

those strains will be exciting to investigate as robust SPusp45 driven secretion is specific to 

L. lactis.   
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6 Concluding remarks 

Our basic biology knowledge, computation and molecular biology tools and 

cutting edge DNA synthesis technologies have allowed us to quickly move from studying 

natural biological systems to designing, building and characterizing synthetic biological 

devices. We are no longer even limited by the need for a naturally occurring template of 

our DNA and protein parts of interest. Consequently, exciting advances have been made 

over the last decade capitalizing on these resources. The work presented in this thesis 

exemplifies two novel contributions to the field of synthetic biology.  

The synthetic transactivators presented in Chapter 3, proTeOn and proTeOff, are 

the first examples of synthetic inducible transcription regulators for use in prokaryotic 

systems. Notably, these devices were designed, built and characterized using a novel, 

predictive methodology that can be extended to future projects of this nature. Molecular 

models were first used to optimize the geometries of the synthetic protein and DNA 

components and then computer simulations were used to characterize the kinetic 

parameters of the experimental systems. By this approach, proTeOn and proTeOff were 

built without the trial and error typically associated with synthetic biology and their 

detailed characterization is now facilitating their incorporation into larger devices and 

networks to achieve desired gene expression dynamics. 

A3APO and Alyteserin-1a producing L. lactis discussed in Chapter 4 are the first 

illustrations of LAB that have been engineered to inducibly express and secrete AMPs 

with activity against Gram-negative pathogens. While recombinant AMPs have been 

produced with activity against Gram-positive bacteria, differences in the cell membrane 
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afford Gram-negative bacteria resistance to these molecules. Fortunately, pathogenic E. 

coli and Salmonella are both inhibited by our LAB based AMP expression systems. The 

AMPs, promoters, SPs and LAB strains of these systems may all be refashioned such that 

they produce AMPs that target additional pathogens of interest. In addition to small 

molecule inducers, AMP induction may be engineered to depend on the presence of the 

pathogen of interest or characteristics of the GIT. 

Taken together, this work demonstrates that novel synthetic biological systems 

can be designed and built to achieve pre-defined functions. This was accomplished by 

combining our detailed knowledge of biological systems, our experimental and 

computational biology tools and our cutting-edge DNA synthesis technologies. This work 

was undoubtedly facilitated by many previous research efforts and is intended to promote 

further exciting advances in the field of synthetic biology. 
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