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Abstract 
Refactoring the Salmonella Type III Secretion System 

Ethan Mirsky 

 

Bacteria naturally contain a wide variety of multi-component molecular machines 

that perform complex functions such as chemotaxis, photosynthesis, chemical fixation, 

and protein secretion, all of which are potentially valuable to synthetic biologists for use 

in engineered organisms.  However, in most cases, the gene clusters encoding these 

functions are complex and intricately regulated by the bacteria, making them difficult to 

reuse for new applications. 

One potential method to address these difficulties is refactoring:  a process of 

recoding the genes for the purpose of simplification and re-use.  Here, we present the 

methods, techniques and results of refactoring the Salmonella Pathogenicity Island I 

(SPI-1) Type III Secretion System (T3SS).  The SPI-1 T3SS is used naturally by 

Salmonella to inject pathogenic effector agents into its host cell and, unlike the most 

commonly used secretion mechanisms in bacteria, is capable of transporting functional 

proteins through both membranes of the bacteria directly into the culture media. This 

function may enable such biotech applications as targeted peptide/drug delivery and 

continuous protein expression.  In addition, the methods developed here should be 

broadly applicable to a wide range of bacterial gene-clusters.  

 



v 

Table of Contents 

Chapter 1! Introduction .................................................................................................. 1!
1.1.! Synthetic Biology .............................................................................................. 1!
1.2.! Gene Clusters and Refactoring .......................................................................... 2!
1.3.! Salmonella Type III Secretion System .............................................................. 3!

1.3.1.! Needle Structure ......................................................................................... 4!
1.3.2.! T3SS Operation .......................................................................................... 5!
1.3.3.! T3SS Utility ................................................................................................ 6!

1.4.! Outline of this Dissertation ................................................................................ 7!
Chapter 2! Refactoring Gene Clusters ........................................................................... 9!

2.1.! General Refactoring Process ............................................................................. 9!
2.2.! Identify Essential Genes .................................................................................. 10!
2.3.! Remove Native Regulation and non-coding DNA .......................................... 11!
2.4.! Randomize Codons .......................................................................................... 11!
2.5.! Create synthetic parts for non-coding DNA .................................................... 12!
2.6.! Organize the Parts into Operons ...................................................................... 13!
2.7.! Create a synthetic control mechanism ............................................................. 13!
2.8.! Synthesize the refactored gene cluster ............................................................. 14!
2.9.! Testing and Debugging the refactored gene cluster ........................................ 14!

Chapter 3! SPI-1 Refactoring Approaches and Methods .......................................... 16!
3.1.! Refactoring the SPI-1 Gene Cluster ................................................................ 16!
3.2.! Experimental Setup .......................................................................................... 17!
3.3.! Methods ........................................................................................................... 19!

3.3.1.! Gene Recoding and Synthesis .................................................................. 19!
3.3.2.! Growth Media ........................................................................................... 19!
3.3.3.! Prg-Org Ribosome Binding Site Measurements ...................................... 19!
3.3.4.! Inv-Spa Ribosome Binding Site Measurements ....................................... 21!
3.3.5.! Secretion Assay ........................................................................................ 22!
3.3.6.! Western Blot ............................................................................................. 23!

Chapter 4! Prg-Org Refactoring .................................................................................. 25!
4.1.! Essential Gene Determination ......................................................................... 25!

4.1.1.! PrgH .......................................................................................................... 25!
4.1.2.! PrgI ........................................................................................................... 26!
4.1.3.! PrgJ ........................................................................................................... 26!
4.1.4.! PrgK .......................................................................................................... 26!
4.1.5.! OrgA ......................................................................................................... 26!
4.1.6.! OrgB ......................................................................................................... 27!
4.1.7.! OrgC ......................................................................................................... 27!
4.1.8.! Gene Selection Summary ......................................................................... 27!

4.2.! Initial Complementation .................................................................................. 28!
4.3.! Gene Recoding ................................................................................................ 28!



vi 

4.4.! Ribosome Binding Site Replacement .............................................................. 29!
4.5.! Synthetic Operon Assembly and Analysis ...................................................... 31!

4.5.1.! Synthetic Prg-Org Operon Design and Synthesis .................................... 31!
4.5.2.! Refactored Prg-Org Analysis ................................................................... 32!

4.6.! Conclusion ....................................................................................................... 34!
Chapter 5! Inv-Spa Operon Refactoring ..................................................................... 35!

5.1.! Essential Gene Determination ......................................................................... 35!
5.1.1.! Inv-Spa Operon Genes ............................................................................. 35!
5.1.2.! Gene Selection Summary ......................................................................... 36!

5.2.! Initial Complementation .................................................................................. 37!
5.3.! Gene Recoding ................................................................................................ 38!
5.4.! Ribosome Binding Site Replacement .............................................................. 38!
5.5.! Synthetic Operon Assembly and Initial Analysis ............................................ 39!
5.6.! Operon Debugging .......................................................................................... 40!

5.6.1.! Promoter Problems ................................................................................... 40!
5.6.2.! pBad Inv-Spa Initial Data ......................................................................... 41!
5.6.3.! Gene Substitution ..................................................................................... 41!

5.7.! Ongoing Work ................................................................................................. 43!
Chapter 6! Conclusion and Future Directions ............................................................ 44!
References ........................................................................................................................ 47!

 



vii 

List of Tables 
Table 4.1. All Prg-Org Ribosome Binding Site Measurements ........................................ 29!
Table 4.2.  Prg-Org RBS Selection ................................................................................... 31!
Table 5.1.  Single Gene Substitution Secretion Assay Results ......................................... 42!
 



viii 

List of Figures 
Figure 1.1. Salmonella Pathogenicity Island 1 (SPI-1) ....................................................... 3!
Figure 1.2. Salmonella Type III Secretion Needle .............................................................. 4!
Figure 1.3. Salmonella Type III Secretion Operation ......................................................... 6!
Figure 3.1. Experimental Setup ......................................................................................... 17!
Figure 3.2. Prg-Org Ribosome Binding Site Test Plasmid ............................................... 19!
Figure 3.3. Inv-Spa Ribosome Binding Site Test Plasmid ................................................ 21!
Figure 3.4. Secretion Assay ............................................................................................... 22!
Figure 4.1. Prg-Org Wild-Type Complementation ........................................................... 28!
Figure 4.2. Wild-Type Prg-Org RBS Measurements ........................................................ 30!
Figure 4.3. Synthetic Prg-Org RBS Measurements ........................................................... 31!
Figure 4.4. Synthetic Prg-Org Operons ............................................................................. 32!
Figure 4.5. Refactored Prg-Org Secretion Assay Results ................................................. 33!
Figure 5.1. Inv-Spa Wild-Type Complementation ............................................................ 37!
Figure 5.2. Wild-type and Synthetic Inv-Spa RBS Measurements ................................... 39!
Figure 5.3. Synthetic Inv-Spa Operon ............................................................................... 39!
Figure 5.4. Initial Synthetic Inv-Spa Secretion Assay Results .......................................... 40!
Figure 5.5. Initial pBad Synthetic Inv-Spa Secretion Assay Results ................................ 41!
Figure 5.6. Single Gene Substitution Secretion Assay Results ......................................... 42!



  1 

Chapter 1  

Introduction 

1.1. Synthetic Biology 

Synthetic Biology is an emerging science dedicated to approaching biology as an 

engineering discipline.  The goal is to be able to employ biological materials, tools, 

techniques and systems in the same way that mechanical, electrical and chemical 

engineering has made use of the sciences of physics and chemistry.  Principles such as 

abstraction, modularity and standardized re-use of parts are being successful applied to 

biological systems.  Currently, the main focus has been on engineering micro-organisms 

to change their behavior in ways that make them more useful for tasks as varied as 

production of biofuels, materials and as medical “devices” [1]. This has taken the form of 

the creation of novel or modified natural “parts” (simple DNA-based elements that can be 

combined into larger functional units), metabolic engineering in which cellular pathways 

and signaling networks are altered to changed the function of the cell, computer-aided 

design tools which enable more rapid engineering through the use of predictive design 

and post-experiment analysis, as well as a host of other technologies. 
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1.2. Gene Clusters and Refactoring 

Much of the early work in synthetic biology has occurred in the area of genetic 

circuits in which modular genetic components are combined to “reprogram” cells to 

exhibit novel behaviors [2-5].  These systems often combine simple natural “parts” such 

as light sensors and fluorescent proteins with novel “logic” components to produce their 

desired behavior.  This is possible because the natural parts used are either single natural 

proteins, or simple fusions of natural protein domains.  Recently, there has been an effort 

to make use of larger and more complex biological components in which dozens or more 

genes form complex machinery.  In bacteria, these genes are often encoded near each 

other in the organism’s DNA – regions referred to as gene clusters [6].  Their functions 

can include large protein scaffolds, nano-machines, and cytoplasmic organelles which 

play a role in nutrient scavenging, energy production, chemical synthesis, and 

environmental sensing.  All of these are functions that, if made controllable, would 

enable vast array of useful biological devices.  However, because of their complexity, 

these structures are difficult to engineer.   

One approach to simplifying natural systems is the process of refactoring.  

Refactoring is term derived from the mathematical technique of factoring and was 

originally used by software engineers to describe the process of rewriting a particular 

piece of code in which the code is simplified and made more readable and usable without 

altering its functionality [7].  In the context of synthetic biology we use the term to refer 

to similar process of regenerating a gene cluster at the DNA level in such as way as to 

make it more understandable and usable for human engineers while retaining, as much as 

possible, its original biological function [8].  This can be used as end into itself since 
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making the gene cluster more usable allows its function to be exploited in engineered 

systems.  Or, it can be the first step towards altering the gene cluster’s function. 

 

1.3. Salmonella Type III Secretion System 

Type III secretion systems (T3SS) are protein transport mechanism required for 

the interaction of many Gram-negative bacteria with eukaryotic hosts.  Their main 

purpose is to inject, directly into host cells, effector proteins that modulate eukaryotic cell 

function to aid infection [9].  In Salmonella typhimurium this functionality is encoded on 

a gene cluster of approximately 35 kilobases of centrosome 63, known as the Salmonella 

Pathogenicity Island 1 (SPI-1) [10, 11]. 

 

 

Figure 1.1. Salmonella Pathogenicity Island 1 (SPI-1) 

The Salmonella Pathogenicity Island 1 (SPI-1) includes genes for regulation, secretion apparatus 

structure, secretion machinery as well as effectors (proteins during infection of eukaryotic cells) an 

chaperones used to target effectors to the secretion apparatus. 

 

Regulators 

Needle Structure 

Secretion Apparatus 

Effectors and Chaperones 

invH  invFGEABC                              spaMNOPQRS            sicA sipBCDA                        iacPsicPSptPiagB hilA          hilD  prgHIJKorgABC     hilC  sprB    

Salmonella!Pathogenicity!Island!1!(SPI41)!!!35kb!
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1.3.1. Needle Structure 

The SPI-1 T3SS forms a needle-like structure that crosses both the inner and outer 

membranes of the bacteria [12, 13].  This is in contrast to the more common Sec and Tat 

pathways, which deliver proteins to the periplasm [14, 15].  The Sec pathway threads 

polypeptides in an unfolded state across the inner membrane in an ATP-dependent 

manner [16, 17].  The Tat pathway uses the proton motive force to drive the transport of 

folded proteins to the periplasm [18-20]. 

 

 

Figure 1.2. Salmonella Type III Secretion Needle 

Cyro-EM image of the Salmonella Type III Secretion Needle.  From [13] 

 

In Type III Secretion, a chaperone is required for secretion, as well as an N-

terminal peptide tag that is not cleaved post secretion [21].  Secreted proteins can be 

20 nm 

30 nm 

50 nm 

~30 Å 
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folded in the cytoplasm and then are unfolded in an ATP-dependent reaction before 

secretion [22].  It is expected, based on needle dimensions, that proteins must be at least 

partially unfolded to transit through the needle and would be required to re-fold outside 

the cell.  The structure is genetically, structurally, and functionally related to bacterial 

flagella [23]. 

 

1.3.2. T3SS Operation 

A complex regulatory network controls the dynamics of T3SS gene expression.  

Environmental signals from two-component systems and global regulators control the 

expression of the HilC, HilD, and HilA transcription factors, which together form a 

commitment circuit for the expression of SPI-1 genes [11, 24-26].  These, in turn, 

activate the genes responsible for constructing the needle and the genes responsible for 

the secretion apparatus (the machinery involved in directing and secreting proteins 

through the needle).  The same network also activates the genes that code for the effector 

proteins and their chaperones.  Once expressed, the chaperones bind to the N-terminal 

signal sequences on the effector proteins and direct them to the needle complex, where 

the proteins that form the secretion apparatus direct the chaperone unbinding and 

unfolding of the effector protein [22].  Once started, the secretion occurs through a 

repulsive electrostatic mechanism [27]. 
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Figure 1.3. Salmonella Type III Secretion Operation 

(a) Environmental signals from two-component systems and global regulators control the 

expression of (b) the HilC, HilD, and HilA transcription factors, which together form a 

commitment circuit for the expression of SPI-1 genes.  These, in turn, activate the genes 

responsible for constructing the needle (c) and the genes responsible for the secretion apparatus 

(d).  The same network also activates the genes that code for the effector proteins and their 

chaperones (e).  Once expressed, the chaperones bind to the N-terminal signal sequences on the 

effector proteins and direct them to the needle complex (f), where the proteins that form the 

secretion apparatus direct the chaperone unbinding and unfolding of the protein.  Once started, the 

secretion occurs through a repulsive electrostatic mechanism (g). 

 

1.3.3. T3SS Utility 

The Type III Secretion System is a potentially useful tool for biotechnology as it 

provides a one-step secretion process in which the secreted proteins do not need to reside 

invH  invFGEABC                              spaMNOPQRS            sicA sipBCDA                        iacPsicPSptPiagB hilA          hilD  prgHIJKorgABC     hilC  sprB    

PrgOrg!

InvSpa! SipB!PsicA! SicA!

HilA!

HilC!

HilD!

Environmental 
Sensors 

(a) 

(b) (d) 

(c) 

(g) 

(f) 

(e) 
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in the periplasm where potential folding or toxicity problems may occur.  This has been 

shown to be effective in delivering heterologous proteins into the culture media [28, 29].  

In addition, because the T3SS is naturally used to inject effector proteins into a 

eukaryotic cell, the system has been shown to be effective in delivering antigens into 

cancer cells as well as vaccine delivery, turning the Salmonella bacterium into a targeted 

and engineerable drug delivery device [30-32]. 

Thus far, no one has re-engineered the SPI-1 system for use as a biotechnological 

part.  Widmaier, et.al. was able to re-engineer part of the system in order to control the 

secretion of heterologous proteins [28].  Wilson and Nickerson were able to clone the 

entire SPI-1 system onto a plasmid and use it complement a SPI-1 knockout, but didn’t 

change any of the native regulation [33].  This project is the first attempt we are aware of 

to completely re-engineer SPI-1. 

 

1.4. Outline of this Dissertation 

The goal of this project was to explore and to explore and demonstrate the 

methods and utility of the refactoring process by applying it to a useful and challenging 

target:  the SPI-1 Type III Secretion System of Salmonella typhimurium.  It is hoped that 

this work will provide guidance to future efforts to develop and refine refactoring as a 

powerful tool for synthetic biologists in the creation of useful engineered organisms. 

Chapter 2 will outline the process developed for refactoring Gene Clusters. 

Chapter 3 will detail the approaches and methods used to refactor the SPI-1 Gene 

Cluster. 
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Chapter 4 will detail the refactoring of prg-org operon of the SPI-1 Type III 

Secretion System. 

Chapter 5 will detail the refactoring of the inv-spa operon of the SPI-1 Type III 

Secretion System. 

Finally, Chapter 6 will conclude by summarizing the information presented and 

describing ongoing work to further refactor the secretion system and other future 

directions. 
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Chapter 2  

Refactoring Gene Clusters 

2.1. General Refactoring Process 

As noted in Chapter 1, refactoring is term derived the mathematical technique of 

factoring and was originally used by software engineers to describe the process of 

rewriting a particular piece of code in which the code is simplified and made more 

readable and usable without altering its functionality [7].  In the context of synthetic 

biology we use the term to refer to similar process of regenerating a gene cluster at the 

DNA level in such as way as to make it more understandable and usable for human 

engineers while retaining, as much as possible, its original biological function [8].  

Applying this principle, a eight step process was created in order refactor gene clusters: 

 

1. Identify essential genes and eliminate non-essential ones. 

2. Remove native regulation and non-coding DNA 

3. Randomize codons to achieve as much sequence dissimilarity 

4. Create synthetic parts for non-coding DNA 

5. Organize the recoded genes and synthetic parts into operons 
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6. Create a synthetic control mechanism to activate the system. 

7. Synthesize the refactored gene cluster DNA 

8. Test and debug the refactored gene cluster 

 

Each of this will be discussed below. 

 

2.2. Identify Essential Genes 

Probably the most important step in any gene cluster refactoring project is to 

identify which genes are required and which are not.  In addition, the actual gene coding 

sequences must be determined.  This can be done either through literature review (what is 

already known) or experimental analysis (typically knockouts).  This process is especially 

tricky for bacterial gene clusters because genes are often overlapping, so isolating 

specific genes may be difficult.   Moreover, this work, as well as other refactoring 

projects in the Voigt Lab at UCSF (publications in preparation) have shown that often 

genes aren’t always correctly annotated, resulting in the refactoring of genes of incorrect 

length or structure. 

Once a tentative set has been determined, ideally this would be confirmed by 

knocking out the gene cluster (eliminating the cluster’s function in the cell), then 

complementing it back using only the essential genes.  Depending on the structure of the 

wild-type gene cluster, this may or may not be easy.   Proceeding with a unconfirmed set 

of essential genes is certainly possible, but may result in more debugging later.  
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2.3. Remove Native Regulation and non-coding DNA 

Once the essential components have been identified, the next step is to remove 

everything else.  In addition to non-essential genes this includes all native regulatory 

elements and any pieces of non-coding DNA.  This includes promoters, operator binding 

sites, terminators, ribosome binding sites, and any “junk” DNA.  The goal is to ensure 

that the refactored system contains only parts and regulation that have be designed to be 

there. 

That said, it is important to try to understand what all the removed pieces were 

actually doing because it will often be necessary to replicate their essential functionality 

with synthetic components.  This may involve experimental characterization of the parts.  

For this project, the primary non-coding DNA that required characterization was the 

ribosome binding sites for each gene. 

 

2.4. Randomize Codons 

The next step is to refactor the essential genes.  The goal is to remove as much 

similarity to the native DNA as possible, without changing their protein-coding function.  

This is accomplished by randomizing their codon usage.  Because most amino acids have 

multiple DNA codons that code for them, it is possible to switch to different codon 

without changing the protein’s sequence.  The alteration is ideally done computationally, 

with the algorithm optimized to achieve maximum dissimilarly to the original sequence.  

However, the algorithm must also take into account several key constraints: 
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1. It should minimize the use of “rare” codons.  In many organisms some codons 

are used very infrequently.  In many cases, if these codons are used too 

frequently in a particular gene, they will cause pausing and possible 

termination of DNA to protein translation. 

2. The algorithm should attempt to remove restriction enzyme binding sites for 

enzymes that will be used in constructing the final gene cluster. 

3. The algorithm should attempt to minimize the amount of repetitive DNA in 

order to reduce the risk of recombination in the target organism. 

4. The algorithm should ensure that the resulting DNA does not contain, as far as 

is known, any promoters, strong internal ribosome binding sites, terminators, 

transposon binding sites, or any other regulatory elements.  Again, this 

ensures that the resulting refactored gene cluster only responds to commands 

engineered into it. 

 

Several free and commercial tools exist that can perform these operations, 

including Gene Designer, which was used for this project [34]. 

 

2.5. Create synthetic parts for non-coding DNA 

At this point, the essential genes are ready for synthesis.  What is now required 

are the non-coding parts of the cluster:  promoters, ribosome binding site and terminators 

primarily.  These can be acquired in several ways: 

 



  13 

1. From heterologous organisms or known “generic” vectors.  The important 

consideration for these parts is that they be functional in the target host, but 

completely orthogonal to the host’s own genetic functions. 

2. From a parts registry such as The Registry of Standard Biological Parts 

(http://partsregistry.org/Main_Page).  The same consideration as above 

applies. 

3. Computationally generated de novo.  This method is particularly useful for 

parts such as ribosome binding sites where the sequence of the associated 

open reading frame effects the part’s functionality.  A useful tool for this 

purpose is the Ribosome Binding Site Calculator 

(https://salis.psu.edu/software/) [35]. 

 

2.6. Organize the Parts into Operons 

Next, all the parts should be assembled in silico, manually or computationally.  

The specific arrangement will depend on the gene cluster function and constraints. 

 

2.7. Create a synthetic control mechanism 

Finally, the last part of the design process is to design a control system to activate 

the gene cluster.  The specific function will depend on how the cluster is going to be 

used.  The control mechanism could be as simple as a single inducible promoter or as 

complex as a multi-layer gene circuit [36].  The ability to do this is one of the key 
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advantages of refactoring – since the control inputs are all known, the system can be 

activated at will without any unrelated stimulus. 

 

2.8. Synthesize the refactored gene cluster 

Once the design is complete, the DNA encoding the complete gene cluster can be 

created.  Typically, this will be done with whole-gene synthesis since the clusters are too 

large for more simple assembly methods.  Many gene synthesis companies including 

DNA2.0, GeneArt and Genscript will all perform this service. 

 

2.9. Testing and Debugging the refactored gene cluster 

Once synthesized, the gene cluster should be tested by using it in place of the 

wild-type gene cluster, or in any other context in which it is needed.  If it works, the 

process is complete.  If not, as often happens, a process of debugging must begin.  A 

number of approaches can be used including: 

 

1. Measuring gene expression directly or indirectly (microarrays, RNAseq, 

epitope or fluorescent tagging).  This approach is most useful if the problem 

exists in the control circuitry.  

2. Replacing one or more genes with their wild-type sequences.  This can be 

done one at a time or in a kind of binary search approach.  This method can 

help identify any genes that have be broken by the recoding or a poor 

ribosome binding site. 
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3. As an inverse of #2, the synthetic genes can be inserted into the wild-type 

gene cluster.  This is useful as it can identified mis-annotated or otherwise 

incorrectly sequenced genes. 

 

The actual method and amount of debugging will depend on the cluster and 

systems used. 
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Chapter 3  

SPI-1 Refactoring Approaches and 

Methods 
 

3.1. Refactoring the SPI-1 Gene Cluster 

We began refactoring the SPI-1 gene cluster using the approach described in 

Chapter 2.  The first step, a preliminary to identifying essential genes, was to identify 

essential operons.  As shown in Figure 1.1, the SPI-1 gene cluster contains genes that are 

involved in making the needle structure, forming the secretion apparatus, regulating the 

SPI-1 activation and effectors used to infect eukaryotic cells.  With the goal of creating a 

independent, refactored, part we decided that only the first two functions (structure and 

secretion apparatus) were necessary.   These genes are located in two operons:  prg-org 

and inv-spa.  Prg-org contains 7 genes in approximately 4kb of DNA, while inv-spa 

contains 13 genes in approximately 12.5kb.  Most of the prg-org genes are involved in 

the needle structure, while most of the inv-spa genes are involved with the secretion 

apparatus.   
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In order to simplify the refactoring process, we decided to approach each operon 

separately.  This allowed us to test and debug a smaller constructs, making manipulation 

easier.  The downside of this approach is that we were unable to re-arrange the operon 

structure in the refactored system as completely as we could have, but we believe that this 

is a fair tradeoff in this case.  We began with the prg-org operon for two reasons.  One, it 

is smaller and therefore easier to work with and, two, the functions and characteristics of 

the prg-org genes are better understood as compared with the inv-spa genes. 

Before describing the details and results of the refactoring process, this chapter will 

outline the experimental procedures used.  

3.2. Experimental Setup 

 

Figure 3.1. Experimental Setup 

Experimental setup for the SPI-1 Refactoring Project.  Each of the two essential operons (blue and 

green boxes on top) were independently knocked out of the Salmonella genome (prg-org knockout 

shown).  The knockouts were complemented by either a test setup containing (a) the 

corresponding wildtype or refactored operon on a low-copy plasmid and (b) a reporter plasmid 

Test Setup Control Setup 

invH  invFGEABCIJ                                        spaOPQRS         sicA sipBCDA                      iacPsicPSptPiagB hilA          hilD   prgHIJKorgABC      hilC  prB    

Salmonella!Pathogeneity!Island!1!(SPI31)!!!35kb!

C I J H K A 

prg org 
B 

PprgH 

Psc101* Origin AmpR Marker 

ColE1 Origin 

BBa_ 
J23114 SicP-SptP-FLAG BBa_ 

B0015 

CmR Marker 

Psc101* Origin AmpR Marker 

ColE1 Origin 

BBa_ 
J23114 SicP-SptP-FLAG BBa_ 

B0015 

CmR Marker 

(a) 

(b) 

(c) 

(d) 
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containing the SicP-SptP effector fused to a FLAG epitope tag on a high-copy plasmid; or a 

control setup containing (c) an empty low-copy plasmid and the (d) the same reporter plasmid. 

 

The basic experimental platform used in the project was a the SL1344 strain of 

Salmonella typhimurium (gift of Stanley Falkow, Stanford).  This was chosen because it 

was the more virulent of two commonly used laboratory strains (the other being LT2).  

This was deemed important because the SPI-1 system is part of the virulence mechanism 

and we wanted a robust one to start with. 

Each of the two essential operons (see Figure 3.1) were independently knocked 

out of the Salmonella genome using an alpha-red recombinase method [37].  The 

knockouts were complemented by either a test setup or control setup.  The test setup 

consisted of two plasmids.  The first contained a low-copy origin (Registry of Standard 

Biological Parts number BBa_I50042) and the test construct, usually the wildtype or 

refactored operon.  The low copy was essential to ensure that the complementation was 

as similar as possible to a genomic copy.  The promoter used varied and will be described 

with each experiment.  In some cases the wild-type promoter was used.  In others an 

inducible promoter was used.  The terminator used was BBa_B0015. 

The second plasmid was a reporter.  It contained a high-copy origin and a pair of 

genes under the control of a medium-strength constitutive promoter (BBa_J23110).  The 

genes were the natural Salmonella chaperone SicP and effector SptP.  These were chosen 

because SptP is known to secrete in high quantities.  The SptP was fused to a C-terminal 

3xFLAG epitope tag (BBa_J64005) so that the protein would easily detectible by western 

blot. 
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The control setup was similar, except that instead of the complementation 

plasmid, an empty plasmid was used.  The empty plasmid was employed to ensure that 

the same antibiotic resistance was conveyed to both test and control strains. 

 

3.3. Methods 

3.3.1. Gene Recoding and Synthesis 

All gene recoding and synthesis was performed by DNA2.0 (www.dna20.com). 

 

3.3.2. Growth Media 

Three medias were used for cultures: Luria-Bertani Miller (LB) (Difco Cat#: 

244510) Luria-Bertani Lennox (L) (Difco Cat#:241210) and SPI-1 Inducing Media (IM) 

(LB, 0.3M NaCl [38]). All plasmid manipulations were done in Luria-Bertani media. 

Media was supplemented with 25 µg/mL Kanamycin (Kan), 30 µg/mL Chloramphenicol 

(Cm) or 100 µg/mL Ampicillin (Amp) as needed.  

 

3.3.3. Prg-Org Ribosome Binding Site Measurements 

 

Figure 3.2. Prg-Org Ribosome Binding Site Test Plasmid 

 

ColE1 Origin 

BBa_ 
J23100 RBS - RFP BBa_ 

B0015 
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The ribosome binding sites for each gene in the prg-org operon were measured 

with the plasmid shown in Figure 3.2.  A constitutive promoter (BBa_J23100) drives the 

ribosome binding site region (up to 36 bases) fused to the Red Fluorescent Protein 

mRFP1 (BBa_E1010) and followed by the terminator BBa_B0015.  Not shown in the 

figure was a Chloramphenicol resistance marker. 

This plasmid was transformed into wild-type SL1344 and grown on LB-agar 

plates with Chloramphenicol.  Colonies were picked in 5mL of LB media with antibiotic, 

grown overnight shaking at 37°C, then subcultured 1:100 to a concentration of OD600 

~0.025 in fresh LB.  These were then grown shaking at 37°C for 4 hours, at which point 

they were diluted 1:100 into PBS with 2mg/mL of Kanamycin to stop protein expression.  

The cells were then run through a BD FACScalibur cytometer where ~50,000 counts 

were taken per culture.  These were analysed with TreeStar FlowJo software.  After 

tightly gating cells for uniform size and eliminating all dead (non fluorescent) cells, the 

geometric mean of the fluorescence of the remaining cells was determined.  This “raw” 

measurement was further calibrated by subtracting the value obtained by running the 

wild-type SL1344 with no plasmid (“white” cells).  The resulting value was determined 

to be the RBS strength. 

Please note that all these values are relative and in arbitrary units and therefore 

only have value when compared with values obtained during the same experimental run. 
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3.3.4. Inv-Spa Ribosome Binding Site Measurements 

 

Figure 3.3. Inv-Spa Ribosome Binding Site Test Plasmid 

 

Measurements on the Inv-Spa operon ribosome binding sites were performed 

similarly to the prg-org operon, except that by the time the inv-spa operon was measured, 

we had discovered that more accurate RBS measurements could be obtained by including 

the first 36 bases of the intended open reading frame after the RBS being measured and 

before the RFP [35].  As a result, we redesigned the test plasmid as shown in Figure 3.3.  

All other aspects of the assay were performed in the same manner. 

 

ColE1 Origin 

BBa_ 
J23100 

RBS + ORF 
Nterm 

BBa_ 
B0015 

RFP 

Start Codon 
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3.3.5. Secretion Assay 

 

Figure 3.4. Secretion Assay 

 

The main assay used in this project was a secretion assay.  The protocol was 

derived from[28].  Briefly, the SPI-1 T3SS is induced in high-salt LB (0.3M NaCl) and 

uninduced in LB-Lennox (L broth, 0.085M NaCl) [38].  Cells were plated on L-broth 

agar plates from frozen stock and grown overnight. Single colonies were picked and 

grown 12-15 hours overnight in 5 ml liquid L broth with antibiotic at 30°C with gentle 

shaking (160rpm). The overnights were diluted to an OD600 of ~0.025 (typically around 

1:100) into 5mL fresh L-broth and grown for 2 hours at 37°C shaking at 160 rpm. The 

cultures were diluted a second time 1:10 into 50mL of inducing media in a non-baffled 

250mL glass flask.  The inducing media also contains any inducer required by the assay.  

The cultures were grown at 37°C at 160 rpm.  Generally, the cultures were assayed after 
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!
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6 hours in inducing media.  Supernatants were harvested by spinning 1mL of the culture 

at 3000xg for 5 minutes followed by filtration through a 0.45µm cellulose acetate filter.  

The samples were then observed via western or dot blot 

The reason for using this induction system is that we are currently only 

refactoring one part of the gene-cluster at a time.  Thus, in order to achieve functional 

secretion, we must activate the non-refactored portions of the cluster as well.  This is best 

accomplished through this assay.  It is hoped that a complete refactored gene cluster can 

be activated solely by induction under any reasonable media conditions. 

 

3.3.6. Western Blot 

Samples were prepared in SDS loading buffer under reducing conditions and run 

on 10% or 12% polyacrylamide gels (Lonza Biosciences). The gels were transferred to 

PVDF membranes (BioRad Cat#: 162-0177) and blocked for 1-12 hours in TBST (TBS-

Tween20) with 2% BSA with gentle shaking.  

Two antibodies were used.  The secreted proteins were detected with anti-FLAG 

(Sigma Cat# F3165) as a primary and sheep anti-mouse HRP [Jackson ImmunoResearch 

Cat#: 515-035-003]) as a secondary.  Cytosolic leakage was detected with an anti-GroEL 

antibody (Sigma Cat# G6532) as primary and goat anti-rabbit HRP (Sigma Cat# A0545) 

as secondary. 

The primary antibody was generally (unless otherwise noted) diluted 1:5000 in 

TBST and allowed to bind for 1 hour. After each antibody step, membranes were rinsed 

three times with deionized water followed by three 10 minute washes in TBST. The 

secondary antibody was also diluted 1:5,000 and allowed to bind for one hour. 
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Development was done using an enhanced chemiluminescent substrate for HRP (Pierce 

Cat#: 32209) and captured on film (Kodak: Cat#:178-8207). 

Dot blots were performed similarly, with the following changes: 

1. No gels were run – the samples were prepared in an undyed SDS loading 

buffer and ~1uL of each was deposited directly on the membranes.  The 

membranes were allowed to dry completely before starting the blocking step. 

2. Nitrocellulose membranes (Bio-Rad part number 162-0115) were substituted 

for PVDF. 

3. The antibody concentrations were increased to 1:2500 each. 
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Chapter 4  

Prg-Org Refactoring 

4.1. Essential Gene Determination 

The first step in refactoring the prg-org was determining which of the seven genes 

are required for secretion.  This was done through literature review.  The following is a 

summary of the known aspects of the genes in the prg-org operon.  This information has 

been derived from:  [12, 13, 39-46]. 

One of the side benefits of working with structural gene is that its possible to 

determine relative stoichiometry of the genes based on the structure formed.  This turned 

out to be very important when designing synthetic ribosome binding sites. 

4.1.1. PrgH 

PrgH, along with PrgK, form the inner ring of the needle structure (the ring in the 

inner membrane).  It has been shown to be required for both needle formation and 

invasion.  Based on cryo-EM images it appears to be ~17.4 units per ring, with small 

variations.  Based on unit count estimates (see PrgI, below), this should be ~1/6 of the 

PrgI count.  However, there has been an observation that there is more PrgH in the cell 

than is associated with needles. 
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4.1.2. PrgI 

PrgI forms the needle structure.  It is required for both needle formation and 

invasion.  There is no quantitative measurement of abundance, but it is estimated to be 

~120 copies per needle, based on comparison to flagella.  It has been shown that the ratio 

of PrgI to PrgJ determines the needle length (more PrgI makes longer needles, more PrgJ 

makes shorter).  Longer and shorter needles both appeared to be functional, however. 

4.1.3. PrgJ 

PrgJ forms the “inner rod” structure (the channel that connect the export apparatus 

in the cytoplasm to the needle on the outside of the cell).  It is required for both needle 

formation and invasion.  There is no specific abundance count, but it has been measured 

at a 1:6 ratio to PrgI. It has been shown that the ratio of PrgI to PrgJ determines the 

needle length (more PrgI makes longer needles, more PrgJ makes shorter).  Longer and 

shorter needles both appeared to be functional, however. 

4.1.4. PrgK 

PrgK forms the inner membrane ring along with PrgH.  It is required for both 

needle formation and invasion.  It has been measured at  ~22 units per ring (measured as 

roughly 1:1 with PrgH).  

4.1.5. OrgA 

OrgA, along with OrgB and SpaO (from the inv-spa operon) form a complex 

believed to be involved in the secretion apparatus.  It is required for needle formation and 

invasion.   No quantitative measurements of abundance are available, but it has been 

reported that LacZ fusions show ~30 Miller Units of expression in N-minimal media.   
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4.1.6. OrgB 

OrgB, along with OrgA and SpaO (from the inv-spa operon) form a complex 

believed to be involved in the secretion apparatus.  It is required for needle formation and 

invasion.  No quantitative measurements of abundance are available, but it has been 

reported that LacZ fusions show ~170 Miller Units of expression in inducing media.  

However, when only HilA induced expression is measured, it shows ~90 Miller Units.  

This compares to ~700 Miller units for PrgH, giving a ratio of ~1:8. 

4.1.7. OrgC 

OrgC is believed to be an effector protein that is expressed by a PhoP-dependant 

promoter after invasion.  PhoP is thought to be activated after invasion to help the 

bacteria survive inside its target cell and thus OrgC will be expressed at that point.  Its not 

clear if this is just a side-effect or is something that is required for intracellular survival as 

well.  OrgC is not required for needle formation or invasion. 

4.1.8. Gene Selection Summary 

Based on the information above, we decided to include PrgHIJK and OrgAB in 

the refactored prg-org operon, leaving out OrgC. 
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4.2. Initial Complementation 

 

Figure 4.1. Prg-Org Wild-Type Complementation 

 

Once the gene selection was done, we verified it by complementation as described 

in Section 3.2.  The wild-type prg-org operon, without OrgC was cloned into the test 

plasmid under the control of the wild-type PprgH promoter and the test and reporter 

plasmids were transformed into the prg-org knockout of SL1344.  The results are shown 

in Figure 4.1.  Wildtype secretes strongly (as expected), the knockout essentially does not 

secrete (a small amount of reporter always leaks into the media from cells dying over the 

course of the experiment), and the complement restores secretion.  This shows that the 

gene selection was good. 

 

4.3. Gene Recoding 

The six remaining prg-org genes were recoded by DNA2.0.  They were able to 

achieve ~40% codon identity to the wild-type while eliminating all observed regulatory 

sequences. 

 

WT# +#comp#
Δprg+org##
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4.4. Ribosome Binding Site Replacement 

Next, the ribosome binding sites for each of the six genes were measured 

according to the protocol outlined in Section 3.3.3.  In addition, 27 additional RBS were 

measured to create a library of synthetic RBSs.  The goal was to find RBSs that match, as 

closely as possible the natural RBS strength.  The library consisted of several RBSs used 

in other project, several taken from the Registry of Standard Biological Parts and several 

hand-modified RBSs.  The complete list is shown in Table 4.1. 

 

Table 4.1. All Prg-Org Ribosome Binding Site Measurements  
      

 
 

The wild-type measurements are shown graphically in Figure 4.2.  Two anomalies 

were noticed.  The first is that the PrgK RBS measured essentially zero in our assay.  We 

believe that this is likely due to interactions between the RBS and the RFP reporter and is 

one of the reasons that lead to the development of the improved assay for the inv-spa 

Name RBS Cassette Sequence Mean (B-A) Signal
White 111.73
J61101 RBS TCTAGAgaaagacaggacccactagATGGCGAGCTCT 141.65 29.92
J61104 RBS TCTAGAgaaagaagggacagactagATGGCGAGCTCT 172.04 60.31
J61107 RBS TCTAGAgaaagaagagactcactagATGGCGAGCTCT 118.90 7.17
J61115 RBS TCTAGAgaaagaagggatacactagATGGCGAGCTCT 211.21 99.48
J61120 RBS TCTAGAgaaagacgcgagaaactagATGGCGAGCTCT 131.46 19.73
J61130 RBS TCTAGAgaaagaaacgacatactagATGGCGAGCTCT 111.63 -0.10
OrgB RBS TCTAGAaaatgtcaattttgctactggccttacaatATGGCGAGCTC 114.43 2.70
OrgA RBS TCTAGAccattatgcccgcaataagaaaggcataacggctgATGGCGAGCTC 119.27 7.54
PrgK RBS TCTAGAagtcggggctgttgaaacgctattacgctcATGGCGAGCTC 112.32 0.59
PrgJ RBS TCTAGAaacttccgttaatcagttataaggtggattATGGCGAGCTC 423.15 311.42
PrgI RBS TCTAGActttaatttaacgtaaataaggaagtcattATGGCGAGCTC 1615.47 1503.74
PrgH RBS TCTAGAcgagaacgacagacatcgctaacagtatatATGGCGAGCTC 250.70 138.97
RWorig-2 RBS TCTAGAattaaagAGGAgaaatagcATGGCGAGCTC 2750.46 2638.73
RWorig-4 RBS TCTAGAattaaagAGGAgatagcATGGCGAGCTC 484.54 372.81
RWorig+2 RBS TCTAGAattaaagAGGAgaaattattagcATGGCGAGCTC 761.72 649.99
RWorig+4 RBS TCTAGAattaaagAGGAgaaattataatagcATGGCGAGCTC 295.71 183.98
RWfullSD RBS TCTAGAattaaTAAGGAGGaattaagcATGGCGAGCTC 5095.54 4983.81
RWfullSD-2 RBS TCTAGAattaaTAAGGAGGaatagcATGGCGAGCTC 2445.37 2333.64
RWfullSD+2 RBS TCTAGAattaaTAAGGAGGaattattagcATGGCGAGCTC 3520.62 3408.89
RWmut_A RBS TCTAGAattaaTGAGGAAAaattaagcATGGCGAGCTC 428.13 316.40
RWmut_B RBS TCTAGAattaaATAGGACAaattaagcATGGCGAGCTC 295.91 184.18
RWmut_C RBS TCTAGAattaaTTAGGAGCaattaagcATGGCGAGCTC 828.14 716.41
RWmut_D RBS TCTAGAattaaGGAGGATAaattaagcATGGCGAGCTC 464.32 352.59
RWmut_E RBS TCTAGAattaaGAAGGACTaattaagcATGGCGAGCTC 303.10 191.37
RWmut_F RBS TCTAGAattaaTGAGGATAaattaagcATGGCGAGCTC 523.94 412.21
RWmut_G RBS TCTAGAattaaTCAGGATCaattaagcATGGCGAGCTC 225.44 113.71
RWmut_H RBS TCTAGAattaaACAGGATAataagcATGGCGAGCTC 408.96 297.23
RWorig RBS TCTAGAattaaagaggagaaattaagcATGGCGAGCTC 2080.83 1969.10
RWrbs1 RBS TCTAGAtcacacaggaaaccggttcgATGGCGAGCTC 231.54 119.81
RWrbs2 RBS TCTAGAtcacacaggaaaggcctcgATGGCGAGCTC 132.89 21.16
RWrbs3 RBS TCTAGAtcacacaggacggccggATGGCGAGCTC 129.72 17.99
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operon described in Section 3.3.4.  In this case, however, we already knew that PrgK was 

required for the needle at approximately a 1:1 ratio with PrgH and therefore should have 

a similar RBS strength. 

 

 

Figure 4.2. Wild-Type Prg-Org RBS Measurements 

 

The second anomaly is that the OrgA and OrgB RBS appear to be relatively 

weak.  This is potentially due to the same reason that PrgK is absent.  In this case, we 

decided that it was better err on the side of making the RBSs too strong.  Figure 4.3 

shows the strength of the synthetic RBSs chosen for the refactored operon and Table 4.2 

shows the details of the selection process. 
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Figure 4.3. Synthetic Prg-Org RBS Measurements 

 

Table 4.2.  Prg-Org RBS Selection 
      

 
 

4.5. Synthetic Operon Assembly and Analysis 

4.5.1. Synthetic Prg-Org Operon Design and Synthesis 

The operon was assembled with the recoded genes, the selected synthetic RBSs 

and a synthetic terminator (the T1 phage terminator).  The order of the genes was chosen, 

somewhat arbitrarily, with the strongest RBSs first going to the weakest last.  In fact, this 

only resulted in a single swap from the wild-type order – PrgH was moved from the first 

to the third position. 
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PrgI 1503.74 C055 
(RWorig) 

1968.10 ~120 
copies/needle 

Ratio of PrgJ and PrgI 
Determines Needle 

Length PrgJ 311.42 C050 
(RWmut_D) 

352.59 1/6 of PrgI 

PrgH 138.97 C054 
(RWmut_H) 

297.23 ~17 copes/needle, 
~1/7 PrgI 

Measured at 
700 Miller Units 

PrgK 0.59 C054 
(RWmut_H) 

297.23 ~22 copes/needle, 
~1:1 with PrgH 

 

OrgA 7.54 C029 
(J61104) 

60.31 No good data. 
Assumed to be similar to OrgB 

OrgB 2.70 C029 
(J61104) 

60.31  Measured at 90 Miller 
Units (1/8 PrgH) 
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The operon was synthetized by DNA2.0 and then cloned into the test vector in 

two versions.  One version used the wild-type promoter and the other used an IPTG-

inducible pTRC promoter.   

 

 

Figure 4.4. Synthetic Prg-Org Operons 

 

4.5.2. Refactored Prg-Org Analysis 

The synthetic operon test constructs were transformed into the prg-org knockout 

of SL1344 and tested as described in Sections 3.3.5 and 3.3.6.  The western blot results 

are shown in Figure 4.5. 

 

• With Natural Promoter: 

• With pTRC (IPTG-inducible) Promoter: 
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Figure 4.5. Refactored Prg-Org Secretion Assay Results 

Western Blot of the secretion assay results for the refactored prg-org operon.  Left is the anti-

FLAG antibody detecting secreted protein.  Right is the anti-GroEL antibody detecting cell leakage or lysis. 

 

As can be seen from the Anti-FLAG antibody, the synthetic (refactored) operon 

successful complements the prg-org knockout strain with both the wild-type and 

inducible promoters.  Moreover, the inducible promoter does, in fact, allow the operon to 

be turned on or off with control of the IPTG inducer.  Interestingly, the refactored operon 

secretes even better than wild-type.  We speculate that this could be due to an increase in 

the number of needle structures formed due to the fact that refactored operon is on a low-

copy, not single copy, plasmid.  The wild-type operon is only single-copy in the genome.  

However, we currently have no direct evidence for this. 

One alternative explanation for the increased secretion is that the operon is 

causing cells to lyse or leak the contents of their cytoplasm which would result in a 

similar result.  There are two pieces of data that contradict this explanation.  The first is 

that the growth of the induced and uninduced cultures was essentially the same (data not 
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shown).  Second, we ran a western blot on the supernatant with an anti-GroEL antibody.  

GroEL is a common cytosolic protein that is never secreted by healthy cells.  If GroEL is 

seen the media, then the cells are unhealthy and spilling their contents.  As can be seen in 

Figure 4.5, this is not occurring (the gain on this image was turned up considerably to be 

able see the faint bands resulting from the small number of dying cells typical in any 

experiment such as this). 

 

4.6. Conclusion 

The data above shows that the refactored prg-org is working at least as well could 

be expected (and maybe more).  We believe that this result shows that the refactoring 

process developed here is valid and we decided proceed with the refactoring of the inv-

spa operon. 
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Chapter 5  

Inv-Spa Operon Refactoring 

5.1. Essential Gene Determination 

As with the prg-org operon, the first step in refactoring the prg-org was 

determining which of the thirteen genes are required for secretion.  Again, this was done 

through literature review.  Unfortunately, there is much less information about gene 

function for these genes than was true for the prg-org operon.  The following is a 

summary of the known aspects of the genes in the inv-spa operon.  This information has 

been derived from:  [12, 13, 40-43, 46-49].  Also unfortunately, most of the inv-spa genes 

are not structural components so stoichiometry information is not readily available. 

5.1.1. Inv-Spa Operon Genes 

InvF is a transcription Factor controlling sicA and downstream genes (effectors).  

It works in conjunction with sicA to up-regulate effector after needle formation.  It is not 

required for needle formation, may be required for secretion. 

InvG is the outer membrane ring structural protein.  It is required for both needle 

formation and invasion. 
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InvE’s function is unknown.  It is required for secretion of protein translocases 

SipB, SipC, and SipD.  Interestingly knockouts of InvE actually have increased secretion 

into culture media of other effectors, but are not capable of invasion. 

InvA’s function is unknown.  It is required for needle formation and invasion. 

InvB is a chaperone for SopE effector protein.  It is not required for needle 

formation. 

InvC is the ATPase involved in chaperone release and protein unfolding.  It is 

required for needle formation and invasion. 

InvI’s function is unknown, but it is required for needle formation and invasion. 

InvJ regulates the length of the needle by triggering the formation of the inner rod 

(which stops needle length extension).  It is required for needle formation and invasion. 

SpaO forms a complex with OrgA and OrgB and is involved in ordering the 

secretion of effector proteins.  It is required for needle formation and invasion. 

SpaP,Q,R and S have unknown functions, but are required for needle formation 

and invasion. 

5.1.2. Gene Selection Summary 

Based on the information above, we decided to include all the inv-spa genes 

except InvB in the refactored inv-spa operon.   
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5.2. Initial Complementation 

 

Figure 5.1. Inv-Spa Wild-Type Complementation 

 

As before, once the gene selection was done, we attempted a complementation as 

described in Section 3.2.  The wild-type inv-spa operon was cloned into the test plasmid.  

In this case, we used the entire inv-spa operon including InvB because it would have been 

too difficult for this quick test to eliminate it.  Also in this case, we had great difficultly 

cloning the wild-type pInvF promoter.  Personal communications with other researchers 

revealed that many had similar problems.  As a result, we chose to use the pTRC IPTG-

inducible promoter for this assay. 

The test and reporter plasmids were transformed into the prg-org knockout of 

SL1344.  The results are shown in Figure 5.1.  Wildtype secretes as expected) the 

knockout does not, and the complement restores secretion.  Interestingly, we find that 

zero IPTG results in secretion, while increasing IPTG reduces it.  We speculate that the 

leakage from the promoter (its not very tightly repressed) is enough for the 

complementation, while increasing expression is toxic in some way.   For this reason, for 

later assays to use more tightly repressed promoters.  We initially used the pTet 

(anhydrotetracycline (aTc) inducted) system.  As will explained, this turned out to be a 

bad choice and we switched to the pBAD (arabinose-induced) system.  This isn’t an ideal 

WT############################$#Ptac####$#IPTG####10µM##100µM######

Δinv$spa## +#complement#

Anti-Flag 

Anti-GroEL 
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system because Salmonella can metabolize arabinose over time.  However, it is sufficient 

for our testing purposes. 

 

5.3. Gene Recoding  

Gene recoding on the inv-spa operon genes was performed by DNA2.0 with 

similar results as with the prg-org operon genes. 

 

5.4. Ribosome Binding Site Replacement 

As outlined in Section 3.3.4, we developed a more sophisticated system of 

measuring ribosome binding site strengths in time to use for the inv-spa operon.  The key 

difference is the use of the first 36 bases of the target open reading frame with RBS.  This 

should the amount of context-dependent changes when translating test results into an 

actual system.  We also began to use computation tools to generate synthetic ribosome 

binding site de novo [35].  The result of this was a dramatic increase in the library of 

synthetic RBS since each open reading frame requires testing many possible synthetic 

sites before finding one that matches.  In the end, we tested over 600 RBSs to generate 

the matches shown in Figure 5.2.  As before, we chose to err on the side of stronger, 

rather than weaker RBSs. 
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Figure 5.2. Wild-type and Synthetic Inv-Spa RBS Measurements 

 

5.5. Synthetic Operon Assembly and Initial Analysis 

 

 

Figure 5.3. Synthetic Inv-Spa Operon 

 

The synthetic inv-spa operon was again assembled with the strongest RBSs first, 

followed by weaker ones, as shown in Figure 5.3.  The operon was synthesized by 

DNA2.0 and cloned into the test vector with the pTet promoter.  This, along with the 

reporter was transformed into the inv-spa knockout SL1344.  A secretion assay was 

performed with the results shown in Figure 5.4.  As can be seen, the synthetic system 

appeared to be non-functional 
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Figure 5.4. Initial Synthetic Inv-Spa Secretion Assay Results 

 

5.6. Operon Debugging 

5.6.1. Promoter Problems 

In order to address this problem we began a process of debugging.  The initial 

rounds of debugging (removing InvE and InvF since the weren’t necessarily required and 

performing a sensitivity analysis to see if any single gene was toxic) failed to turn up any 

results.  We eventually discovered that the pTet promoter itself was causing problems.  

We have not determined the specific cause, but it appears that anytime pTet is used in our 

knockout strains, it does not work.  As a result, we switched to a pBad (arabinose-

inducible) promoter.   
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5.6.2. pBad Inv-Spa Initial Data 

 

Figure 5.5. Initial pBad Synthetic Inv-Spa Secretion Assay Results 

 

The pBad Synthetic Inv-Spa results were generated as a dot-blot (like a western, 

only with the gel) and shown in Figure 5.5.  They show that pBad operon version is not 

functional either, unfortunately. 

5.6.3. Gene Substitution 

At this point, we began a process of substituting synthetic genes into the wild-type 

operon one at a time to determine which work and which don’t.  We chose this approach, 

rather than substituting the wild-type genes into the synthetic operon, because we wanted 

to start with a known working system.  We created 12 test constructs (one for each 

synthetic gene) and also included 4 others:  wild-type operons removing InvF, InvE and 

InvB (since each of these might be removable) and a synthetic SpaQ with a weak RBS 

(some earlier tests suggested that SpaQ might be too strong).  Each of these 16 constructs 

was tested in a secretion assay.  The results are shown in Figure 5.6 and summarized in 

Table 5.1.  

Anti-Flag Anti-GroEL 

WT     ∆inv-spa 

uM IPTG: 
   0            1             10         100 

WT     ∆inv-spa 

uM IPTG: 
    0               1               10        100 
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Figure 5.6. Single Gene Substitution Secretion Assay Results 

 

Table 5.1.  Single Gene Substitution Secretion Assay Results 
      

 

   WT          SynInvG       SynInvC 

∆inv-spa         ∆InvE         SynInvI       SynSpaQ 

WT inv-spa     SynInvE       SynInvJ     SynSpaQ * 
w/weak RBS 

  ∆InvF          SynInvA       SynSpaO 

 SynInvF         ∆InvB         SynSpaP 

   WT          SynInvG       SynInvC 

∆inv-spa         ∆InvE         SynInvI       SynSpaQ 

WT inv-spa     SynInvE       SynInvJ     SynSpaQ * 
w/weak RBS 

  ∆InvF          SynInvA       SynSpaO 

 SynInvF         ∆InvB        SynSpaP 

Strains are ∆inv-spa + pBad WT_inv-spa with changes as noted 
 
* Also had Reduced Growth  

Anti-Flag Anti-GroEL 

Modification Effect on anti-FLAG Effect on anti-GroEL 
ΔInvF - Increase 
SynInvF - Increase 
SynInvG - Increase 
ΔInvE - - 
SynInvE - - 
SynInvA - - 
ΔInvB - Slight Increase 
SynInvC - Slight Increase 
SynInvI - - 
SynInvJ - - 
SynSpaO Eliminated - 
SynSpaP - - 
SynSpaQ - - 
SynSpaQ * Weak - 
SynSpaR N/A 
SynSpaS N/A 

Weak RBS: 
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Note that, at the time this data was generated SynSpaR and SynSpaS had not been 

done.  Since then, SynSpaR has been shown to be fine, but SynSpaS behaves similarly to 

SynInvF or SynInvG – increased leakage, but no effect on secretion. 

The net result is that we discovered one major and three minor candidates for 

investigation.  SpaO is clearly a problem – it is responsible for eliminating secretion.  

InvF, InvG and SpaS work, but appear to cause some increase cellular stress or leakage.  

These will be the targets for future work. 

 

5.7. Ongoing Work 

At the time of this writing, work is continuing on resolving the problems with the 

four genes identified above.  A number of promising avenues are being explored and we 

expect to be able to report a completely refactored inv-spa gene soon. 
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Chapter 6  

Conclusion and Future Directions 
This dissertation has presented a body of work studying and implementing the 

process of refactoring bacterial gene-clusters and specifically the refactoring the 

Salmonella Pathogenicity Island 1 gene-cluster from the bacterium Salmonella 

typhimurium.  It is hoped that this work will provide guidance to future efforts to develop 

and refine refactoring as a powerful tool for synthetic biologists in the creation of useful 

engineered organisms. 

The first part of this effort was to develop methodologies, approaches and 

experimental procedures that will able to allow a complex gene-cluster such as SPI-1 to 

be refactored.  This was covered in Chapter 2 and Chapter 3.  The next step was to 

demonstrate the utility of these methods by performing the refactoring process on each of 

the two essential operons of SPI-1.  This was covered in Chapter 4 and Chapter 5.  The 

current result of these studies was the successful refactoring of the first (prg-org) operon.  

This represents the first time, that we are aware of, that an entire synthetic bacterial 

operon has been designed and built from scratch and is functional in a native 

environment.   
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Unfortunately, the second operon (inv-spa) has proved considerably more 

difficult, although work on it is continuing along promising avenues identified here.  The 

main lesson derived from this is that the refactoring process is highly dependent on 

accurate knowledge of the gene-cluster and its constituent components.  In cases where 

that knowledge is missing (as is the case with many inv-spa genes), assumptions must be 

made.  Where those assumptions are incorrect, the refactoring process will break down.  

A side benefit of this process, however, is that by making the system easier to engineer, 

we are also making it easier to experiment with, allowing a more rapid process of 

identifying the critical areas of missing knowledge and leading to further studies in order 

to fill them. 

The ongoing work in this project consists of investigations into each of the four 

identified problematic genes (InvF, InvG, SpaO and SpaS) as well as experiments to 

further validate the function of the refactored systems.  These include imaging of the 

refactored needle complexes to look for any structural differences.  In addition, we are 

working on connecting the refactored operons into a more sophisticated control network 

so that a single activator can properly activate both operons. 

A refactored SPI-1 Type III Secretion System will be a valuable genetic part for 

both researchers and engineers.  Researchers will be able to use such a part as a tool to 

investigate the workings of the Salmonella T3SS.  Some very simple initial experiments 

with a refactored part will be able to help determine whether there are other components 

in Salmonella controlled by the SPI-1 control network that are required for secretion.  

The experiment would be to attempt to activate the refactored part while the cell is in 

non-inducing conditions.  If all necessary components have been included in the part, 
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secretion should still occur.  If not, there is something else that will need to be added to 

the refactored part to make it even more complete. 

In addition to this kind of initial experiment, a refactored part will enable easy 

deletion, tagging and substitution of genes in the controlled operons.  A refactored part 

will also enable researchers to change the timing of the T3SS activation, perhaps even 

enabling activation under entirely different conditions from the natural system.  

Engineers will also want to change the way the T3SS is activated but will, perhaps, be 

more interested in tying the T3SS into a larger synthetic control structure that is also 

involved in other activities such as signaling - activating secretion under the direction of 

another cell, for example.  

Beyond this, it is our belief that the tools and techniques developed during this 

project will enable the refactoring of many other useful systems and enable the creation 

of a wide variety of engineered organisms. 
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