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ABSTRACT 

Author: Readnour, Logan, R. MSABE 

Institution: Purdue University 

Degree Received: December 2018 

Title: Development of Novel ELP-Based Transcriptional Regulators for Improved 

Biomanufacturing 

Major Professor: Dr. Kevin Solomon 

 

Microbial chemical factories (MCFs) have become an attractive platform for producing valuable 

drugs, chemicals, and biofuels due to increasing environmental concerns, energy demands, and 

the difficulties associated with chemically synthesizing complex molecules. However, the 

potential of using microbes to produce many valuable products has not been fully realized due to 

low productivity and yields. Production may be enhanced through the dynamic control of 

metabolic pathways to alleviate metabolic imbalances and toxic product build-up, but very few 

tools are available to broadly implement this paradigm. I aim to expand this toolbox by 

developing tunable sensor-regulator devices that act as feedback controllers for toxic 

intermediate formation by responding to cues of cell health for improved production. Elastin-like 

polypeptide (ELP) will act as the sensing domain of the controller to indirectly sense toxic 

metabolite accumulation through changes in intracellular pH. ELPs make ideal sensors since 

they exhibit a sharp, inverse phase transition to indicators of cellular health such as pH and ionic 

strength, and external stimuli such as temperature. In this research, a library of ELPs that exhibit 

pH sensitivity and transition under various conditions was made and purified using a new 

organic solvent extraction method. It is hypothesized that fusion of ELP to orthogonal 

transcription factor will allow for the controlled expression of target genes in response to stimuli 

without disrupting native processes. As proof of concept, an ELP fusion to orthogonal sigma 

factor was designed to drive the expression of a fluorescent reporter protein. Initial designs 

successfully alter gene expression by 21% in response to temperature. To improve this response, 

an alternative feed-forward loop architecture was modelled, which predicted an improved 

response of 35% and increased ultrasensitivity. Refinement of this design and combinatorial 

construct libraries will generate various regulators with diverse outputs that may be integrated in 

bioproduction pathways for improved performance. 
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1. INTRODUCTION 

 Motivation  

Microbes have the extraordinary biosynthetic potential to sustainably make the compounds that 

drive today’s society, such as medicines, biofuels, and chemicals. However, microbial systems 

are not yet efficient enough to produce these compounds at economically feasible levels, 

especially for commodity chemicals and biofuels where margins are much lower compared to 

specialty chemicals or pharmaceuticals. Often, yields and titers can be limited due to metabolic 

imbalances and by the build-up of toxic pathway intermediates, which adversely affect cell 

health and productivity [1, 2]. These limitations can be addressed through the dynamic control of 

metabolic pathways in order to optimize sustainable biomanufacturing in microbes. While this 

has proven to be a promising strategy, there are very few tools available to broadly implement 

this paradigm. The main objective of this research is to expand this toolbox by developing 

tunable sensor-regulator devices that act as feedback controllers for toxic intermediate formation 

and can be universally applied to different pathways for improved cell health and production. 

 

Since the emergence of the field, traditional metabolic engineering strategies have been 

employed to engineer microbial chemical factories (MCFs) for the production of valuable 

products. Early production was limited to what could be found in nature; by mutating microbes 

isolated from various environments, strains could be enhanced for the large scale production of 

amino acids, antibiotics, fatty acids, organic acids, and alcohols [3]. When genetic engineering 

arrived, and with it new tools for manipulating genes and pathways, it became possible to 

express heterologous products—those found in nature, but not naturally produced by the host. 

This opened the door to producing more complex products from MCFs that would otherwise be 

difficult to achieve through chemical synthesis. Some of these products, including the 

antimalarial drug artemisinin [4] and the chemicals 1,4-butanediol [5] and 1,3 propanediol [6], 

are now produced from MCFs at the commercial scale, yet numerous metabolically engineered 

compounds from scientific literature remain only at the g/L or mg/L scale [7, 8]. Poor 

production titers, rates, and yields often prevent the affordable manufacturing of these products 
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from microbial platforms [1, 9, 10]. Even more problematic, is the commercialization of 

compounds for high-volume, low-value markets, like biofuels and commodity chemicals, where 

economic considerations are even more substantial. Despite this obstacle, interest in using MCFs 

to produce commodity chemicals and biofuels continues to grow due to its potential for reducing 

global CO2 emissions, lessening society’s dependence of fossil fuels, and improving energy 

security [7]. As we combat these challenges, we will need new tools and processes to better 

improve the efficiency of MCFs for heterologous pathway expression. 

 

There are several challenges that metabolic engineers face when designing a system for optimal 

production. The expression of heterologous pathways can lead to metabolic imbalances where 

expression can be either too low, resulting in bottlenecks, or too high, placing a metabolic burden 

on the cell that results in an inefficient use of cellular resources. [1, 11, 12]. Overexpression of 

pathways can also lead to the buildup of toxic intermediates, enzymes, or products that inhibit 

growth and reduce productivity [2, 13]. Although conventional metabolic control methods to 

overexpress rate-limiting steps, knock out competing pathways, and drive flux towards product 

have been shown to improve titers and productivity, these methods are limited by their inability 

to modulate pathway flux in response to changing cellular conditions [14]. 

 

The arrival of dynamic control strategies for heterologous pathway expression offers a promising 

path forward as we search for new ways to improve yields and productivity. These strategies 

offer an advantage over conventional metabolic control methods, which generate static outputs 

that do not respond to transient cellular or environmental conditions. Such static forms of gene 

regulation make use of promoter libraries [15-17], mRNA stability [18], and ribosome binding 

sites (RBS) [19] to optimize expression for a particular condition or growth phase. The problem 

remains, however, that growth and bioreactor conditions tend to change, resulting in suboptimal 

product formation. Dynamic control, on the other hand, enables the organism to adapt its 

metabolic flux to perturbations in its environment or growth to sustain optimal production at all 

stages. This is accomplished through the implementation of dynamic sensor-regulator systems 

that can sense fluctuations in growth conditions and metabolite concentrations to regulate 

pathway expression as needed for high productivity [1, 20].   
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There are several cases where dynamic sensor-regulator systems have been implemented to 

regulate flux through a heterologous pathway for enhanced productivity. The earliest 

implementation of this strategy involved a regulatory circuit that used the intracellular metabolite 

acetyl phosphate to indirectly sense excess glucolytic flux in order to regulate lycopene 

biosynthesis. This control loop was able to alleviate the adverse effects of metabolic imbalance 

to significantly improve lycopene production [21]. Other studies have used direct sensors of 

metabolite formation. In one case, a naturally existing transcriptional regulator was rewired to 

dynamically control the supply and consumption of malonyl-CoA to significantly improved fatty 

acid biosynthesis [22]. In another, the production of the biodiesel fatty acid ethyl ester (FAEE) 

was enhanced when a naturally occurring transcription factor was used to regulate the expression 

of downstream pathway genes through sensing the buildup of fatty acids, a key pathway 

intermediate. By requiring a minimum fatty acid concentration to be met before product 

formation could begin, metabolic burden was balanced and a threefold increase in FAEE titer 

was observed [11]. 

 

While examples such as these show the potential of using dynamic control for improved 

production, these strategies are limited by the lack of available known sensors to detect toxic 

metabolites levels. Current approaches primarily rely on large screens to identify native sensors 

that are only specific to individual products. This was the case of Dahl et al. [23], where whole-

genome transcript arrays were used to identify stress-responsive promoters to sense the 

accumulation of toxic intermediates. The use of native regulatory elements for targeted gene 

regulation, however, can also interact with native, nonproduction pathways in unforeseen and 

undesirable ways. Therefore, there is a growing need for dynamic control devices that can (1) be 

readily applied to an arbitrary pathway (universal), (2) not interfere with the native processes of 

the cell (orthogonal), and (3) be easily tuned to sense toxic intermediate formation 

(programmable). These properties encompass the hallmarks of an ideal controller of gene 

expression.  

 

In light of this challenge, I propose novel elastin-like polypeptide (ELP) based transcriptional 

regulator devices that work as dynamic feedback controllers for toxic product accumulation. It 

has been suggested that methods of pathway toxicity are sometimes linked to the acid stress 
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response [23]. Therefore, it is predicted that changes in intracellular pH, caused by toxic product 

build up, will trigger the regulators to turn off product formation until the cell can recover and 

pH returns to normal. ELP will act as the sensing domain of the controller to indirectly sense 

toxic metabolite accumulation through changes in intracellular pH. This aspect makes the 

controllers universal, capable of being applied to any pathway where toxic metabolite formation 

causes a shift in intracellular pH. There is also potential to implement the controller in other 

hosts besides bacteria, such as yeasts, fungi, and plants. The fusion of ELP with orthogonal 

transcription factors will allow for the targeted control of genes for toxic intermediates while 

avoiding the disruption of native cellular processes. This system takes advantage of the 

reversible, inverse phase transition property of ELP, which allows it to aggregate or become 

soluble in response to certain stimuli, such as changes in pH, temperature, or ionic strength. The 

availability of transcription factor to control gene expression will then depend upon the 

aggregated or soluble state of the ELP. In this way, these devices recognize cues of cellular 

health to autoregulate the expression of key genes within a bioproduction pathway to enhance 

yield and productivity. 

 ELP-transcription factor fusions as tunable regulators of gene expression   

Elastin-like polypeptides are artificial polymers that are derived from the hydrophobic domain of 

human tropoelastin, the precursor of elastin [24, 25]. ELPs consist of pentapeptide repeats in the 

form of [VPGXG]n, where X represents a guest residue that can be any amino acid with the 

exception of proline, and n indicates the number of pentamer repeats. ELPs exhibit a reversible, 

inverse phase transition that can be triggered by a number of stimuli, such as changes in 

temperature, pH, or ionic strength [26-28]. Below a critical temperature, known as the transition 

temperature (Tt), ELP is structurally disordered and soluble in aqueous solvents. However, as 

temperature is increased, ELP aggregates to adopt a more ordered, compact globular structure. 

The basis for this mechanism has been attributed to hydrophobic collapse of the protein and the 

expulsion of water molecules from the polymer’s nonpolar side-chains [29, 30]. The phase 

transition occurs over a narrow temperature range (2-3ºC) [26-28], making ELPs suitable as 

environmental sensors, while the ability of ELP to retain its activity upon fusion to other proteins 

[31], indicates the feasibility of ELP-transcription factor controllers. 



18 

 

A defining characteristic of controllers is programmability—the ability to produce a specific 

response to a defined set of conditions. By making changes in either the polymer composition or 

chain length, the phase transition of ELP can be fine-tuned to respond to specific stimuli. This 

property makes ELP ideally suited as a controller as rational design can be applied to produce 

ELPs with predictable transition temperatures [32, 33]. Certain trends have been observed; the Tt 

can be lowered by increasing overall polymer hydrophobicity through insertions of hydrophobic 

amino acids at the guest residue, or by increasing the number of pentamer repeats [34]. The 

phase transition can also be made pH responsive by introducing amino acids at the guest residue 

that are susceptible to ionization [28, 35, 36]. Therefore, it is possible to program pH sensitivity 

into ELPs via sequence design. 

 

To make pH sensitive ELPs, I designed an “acidic” ELPA where X = V/I/E [1:3:1] and a “basic” 

ELPB where X = V/H/G/A [1:2:1:1] [35]. When pH is greater than pKa, the acidic ELP is 

charged, resulting in a higher transition temperature. Decreasing the pH below pKa, however, 

causes protonation of the glutamic acid residues, thereby making the acidic ELP neutral and 

significantly reducing the transition temperature. The basic ELP exhibits an opposing pH-

dependent phase transition behavior where the charged histidine residues are neutralized once pH 

is raised above the pKa. Therefore, a decrease in pH will cause the Tt of the acidic ELP to 

decrease but will increase the Tt of the basic ELP. In addition to the acidic and basic ELPs, I also 

designed a non-pH sensitive “neutral” ELP where X = V. The three ELP types will be fused to 

transcription factors to determine their ability to control gene expression in response to changes 

in pH and temperature. 

1.2.1 ELP-transcription factor controller architectures 

To determine whether fusions of ELP with transcription factors can be used to regulate gene 

expression, three different network architectures were designed. The first two architectures use 

simple activation and repression networks that consists only of two genes—a reporter gene and a 

gene encoding the ELP fusion protein. The third model uses a feed-forward loop (FFL) 

architecture, which has a three-gene pattern, to enhance the dynamic range and ultrasensitivity of 

the controller. 
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1.2.1.1 Simple activation architecture 

The initial controller design features the regulation of a target gene by simple activation using 

orthogonal sigma factor (SF). As promoter recognition subunits of RNA polymerase (RNAP), 

sigma factors play a role in initiating gene transcription by recognizing and binding to the -10 

and -35 regions in their target promoters. Using sigma factors that are orthogonal to the host’s 

native regulation allows for the construction of genetic circuits that do not interfere with these 

processes, thereby avoiding undesirable interactions [37, 38]. By making fusions of ELP with 

sigma factor (ELP-SF), the phase behavior of ELP can be leveraged to control the availability of 

SF for gene activation. It is predicted that when ELP is soluble below its Tt, SF will be free to 

initiate gene expression. Once ELP aggregates in response to stimuli, however, it will prevent SF 

from interacting at the promoter, thereby preventing expression. The soluble and aggregated 

forms of ELP fusions are termed active and inactive respectively. In the simple activation 

architecture, ELP-SF is used to drive the expression of green fluorescent protein (GFP) (Figure 

1). It is hypothesized that a change in stimuli to induce the inactive form of ELP-SF will cause a 

decrease in GFP expression, which can be measured as a decrease in fluorescence.  
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Figure 1. Simple activation architecture of the ELP-SF system. Environmental conditions induce 

the active or inactive state of ELP-SF, which in turn controls GFP expression. 

1.2.1.2 Simple repression architecture 

In addition to the simple activation architecture, a second system was explored in which Tet 

repressor (TetR) protein is used to control the expression of a target gene. This simple repression 

model uses TetR fused with ELP (TetR-ELP) to control the repression of red fluorescent protein 

(RFP), which is cloned under a constitutive Tet repressible promoter (Figure 2). The TetR-ELP 

fusion is constitutively expressed; it is expected that when TetR-ELP is active, below its Tt, TetR 

will be free to repress RFP production. In its inactive form, above its Tt, ELP will aggregate 

together to prevent the interaction of TetR with the promoter, allowing RFP expression to occur. 

It is also anticipated that the addition of anhydrotetracycline (ATc), which inhibits TetR by 

binding to it, will also lead to RFP expression. 
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Figure 2. Simple repression architecture of TetR-ELP fusion. Active TetR-ELP repress RFP 

production (top), while inactive TetR-ELP prevents repression (middle). The addition of ATc to 

active TetR-ELP prevents repression of RFP (bottom). 

1.2.1.3 Feed forward loop architecture 

In an attempt to expand the dynamic range and improve the sensitivity of the ELP-SF controller, 

an alternative network architecture was explored. This alternate model best resembles a type 1 

coherent feed-forward loop (FFL) network motif. A typical FFL has a three-gene pattern where 

two transcription factors, one of which regulates the other, are both required to jointly regulate 

the expression of a target gene. For a type 1 coherent FFL, the regulatory effect is positive, or 

activating, for each interaction, and can be represented as a logical AND gate. In this case, 

regulator X activates regulator Y, and both are needed to activate the expression of gene Z. This 
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type of genetic circuit exhibits sign-sensitive delay, in which a delay is experienced in one 

direction (after stimulation), but not in the other (when stimulation stops). The delay is a result of 

the AND input function for gene Z. First, a stimulus activates X production, which accumulates 

and binds to the Y and Z promoters, thereby activating Y production. Production of Z only 

begins once the concentration of Y surpasses the activation threshold necessary for the Z 

promoter, resulting in a delay following the initial signal. The higher the threshold, the longer the 

delay. No delay is experienced, however, once the stimulus stops, since the loss of either the X 

or Y inputs cause Z production to cease. This sign-sensitive delay behavior allows the FFL to 

protect the target gene from transient ON signals, only permitting persistent stimuli to lead to a 

response [39-41]. 

 

To expand upon the simple activation design, an FFL model was designed in which two inputs, 

active ELP-SF and orthogonal ribosome (o-ribosome), are both required to initiate GFP 

expression. Orthogonal ribosomes recognize altered Shine-Dalgarno (SD) sequences to translate 

genes that are not recognized by the host’s native ribosomes, thereby partially decoupling gene 

translation from the cell’s native translational machinery [42]. Several functional o-ribosome-

mRNA pairs have already been engineered in E. coli [43-45]. In our FFL design, the promoters 

for o-ribosome and GFP are both regulated by the same orthogonal sigma factor, which is fused 

to ELP. Therefore, ELP-SF must be in its soluble, active form to allow the sigma factor to 

initiate expression. The RBS upstream of the GFP gene is an altered SD sequence that will only 

be recognized by its corresponding o-ribosome. Therefore, production of GFP will only begin 

once sufficient levels of o-ribosome have accumulated to carry out translation. Thus, the 

connectivity of the system is similar to a type 1 coherent FFL. Figure 3 (A) depicts the system in 

its simplest form, a logical AND gate, while (B) illustrates the details of the system. 
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Figure 3. Feed forward loop architecture of the ELP-SF system. (A) Logical AND gate 

representation of (B) the full model where GFP expression requires both active ELP-SF and o-

ribosome (O-RIB) as inputs. 

 

A type 1 coherent FFL network motif was chosen as the basis of the FFL model design since it 

exhibits sign-sensitive delay. It is believed that this behavior would be beneficial as it would 

allow the control system to quickly respond to changes in stimuli caused by toxic intermediate 

formation. For example, a change in intracellular pH upon toxic intermediate formation will 

trigger the phase transition of a pH sensitive ELP, causing it to aggregate and quickly turn off 

expression of the target gene, which in this case is the toxic intermediate. This OFF step 

experiences no delay, which is critical since the cell will need to quickly recover from its 

unhealthy state in order to survive. The return to production, however, does experience delay 

since it first requires the obtainment of a minimum threshold for both active ELP-SF and o-

ribosome. The need for persistent stimuli to turn on gene production will ensure that production 

only resumes once the cell has returned to a healthy state. 

 Project objectives 

Three primary objectives for this project are as follows: 

1. Design, build, and characterize a library of ELP constructs that exhibit pH sensitivity and 

phase transition under various conditions. 

2. Determine the feasibility of ELP-transcription factor fusions as dynamic sensor-regulator 

devices for gene expression through model simulations and experimental results. 

3. Explore alternative network architectures for enhanced controller performance and 

dynamic range. 
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A primary goal of this project was to develop various ELPs with different phase transition 

properties so that the feasibility of ELP-transcription factor controllers could be investigated. 

Therefore, the first objective of this research was to design, build, and characterize a library of 

ELP constructs that exhibit pH sensitivity and transition within a physiologically relevant range. 

Three ELP types at three different lengths were successfully cloned, establishing a library of nine 

constructs in total. Out of the nine, four ELPs were successfully purified and the transition 

behavior of three were characterized in vitro. 

 

To determine the feasibility of ELP-transcription factor fusions as dynamic sensor-regulator 

devices for gene expression (objective 2), a simple activation model was first simulated using 

MATLAB, which produced predictions that were in line with preliminary studies. In addition, a 

simple repression model was designed and tested experimentally but failed to show dynamic 

control. Preliminary studies of the simple activation model showed a modest change in gene 

expression (21%) in response to temperature, which is likely too modest to be of use in a real 

production pathway. Therefore, an alternative network architecture was explored to improve the 

dynamic range of the controller (objective 3). To achieve this, a feed-forward loop model was 

designed, which is predicted to improve the response to 35% and increase sensitivity.  

 

The long-term goal of this project is to develop dynamic control of a bioproduction pathway by 

implementing pH-sensitive ELP-transcription factor regulators to control the expression of toxic 

intermediates, enzymes, or products in order to improve cell productivity and yield. It is 

expected that certain toxic products will adversely affect cell health through shifting intracellular 

pH away from its normal operating range of 7.6-7.8. The controller will be able to detect this 

shift and respond by turning off production of the toxic product until pH returns to normal. More 

details for implementing the controllers into a bioproduction pathway can be found in the final 

chapter “Conclusions and Future Directions.” 
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2. METHODS 

 Bacterial strains, general cloning, and culture media 

All plasmid cloning was performed in the E. coli DH5 strain (New England Biolabs), while 

either the E. coli BL21(DE3) expression strain (Coli Genetic Stock Center) or E. coli MG1655 

strain (Coli Genetic Stock Center) were used for protein expression. Standard cloning procedures 

were performed using DNA miniprep, gel purification, and PCR purification kits (Omega Bio-

tek). All restriction enzymes used were FastDigest enzymes (Thermo Scientific) except for 

BseRI (New England Biolabs). All synthesized primers and oligonucleotides (Sigma-Aldrich) 

are listed in Table 4, appendix A. Cultures were grown in Luria-Bertani (LB) broth (Fisher 

BioReagents) for general cloning, while Terrific Broth (TB) (4 mL/L glycerol, 12 g/L tryptone, 

24 g/L yeast extract, 2.31 g/L KH2PO4, and 12.54 g/L K2PO4) was used for ELP expression 

studies.  

 ELP library design and construction 

In order to achieve ELPs capable of transitioning within a physiological relevant range, an ELP 

library was designed by altering the guest residue and number of pentamer repeats. The ELP 

library consists of nine constructs in total and contains three different ELP types at three 

different sizes (Table 1). The three ELP types include the following: a “neutral” ELPN where 

guest reside X = V, an “acidic” ELPA where X = V/I/E [1:3:1], and a “basic” ELPB where X = 

V/H/G/A [1:2:1:1]. The ratios chosen were based on another study by Mackay et al. [35] that 

achieved pH sensitive ELPs that transition within a physiological temperature range. ELPs were 

elongated through successive rounds of recursive directional ligation by plasmid reconstruction 

(PRe-RDL) [46] to achieve lengths of n = 40, 80, and 160. The expected molecular weight of 

each ELP protein was calculated using ExPASy ProtParam (Table 1).  
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Table 1. Characteristics of the designed ELP library including the guest residue ratios, number of 

pentamer repeats, amino acid sequence, and the expected molecular weight of each ELP. 

ELP 

Type 

Guest 

Residue 

(X) 

Pentamer 

Repeats 

(GXGVP) 

Amino Acid Sequence 

Expected 

MW 

(kDa) 

ELPN V 

40 M(GVGVPGVGVPGVGVPGVGVPGVGVP)8GY 16.62 

80 M(GVGVPGVGVPGVGVPGVGVPGVGVP)16GY 32.99 

160 M(GVGVPGVGVPGVGVPGVGVPGVGVP)32GY 65.76 

ELPA 
V/I/E 

[1:3:1] 

40 M(GVGVPGIGVPGIGVPGEGVPGIGVP)8GY 17.19 

80 M(GVGVPGIGVPGIGVPGEGVPGIGVP)16GY 34.15 

160 M(GVGVPGIGVPGIGVPGEGVPGIGVP)32GY 68.06 

ELPB 
V/H/G/A 

[1:2:1:1] 

40 M(GVGVPGHGVPGGGVPGHGVPGAGVP)8GY 16.66 

80 M(GVGVPGHGVPGGGVPGHGVPGAGVP)16GY 33.09 

160 M(GVGVPGHGVPGGGVPGHGVPGAGVP)32GY 65.94 

 

2.2.1 Modification of pET28a-RDG for PRe-RDL  

A pET28a expression vector encoding the gene for protein aECM1 [47] was modified for 

compatibility with the ELP genes and the PRe-RDL method of elongation. The vector, relabeled 

as pET28a-RGD, was donated by Dr. Julie Liu at Purdue University and contains an RGD cell-

binding domain along with an elastin-like domain (X = K/I, n = 60) interspersed with two small 

linker regions. Compatibility was accomplished by excising the aECM1 gene and inserting a 

linker sequence downstream of a T7 promoter that encodes the Shine-Dalgarno ribosomal 

binding site [5-AGGAGG-3] and sites for the type II restriction enzymes BseRI and AcuI. The 

linker sequence, which was also designed to have 3 overhangs complimentary to XbaI and XhoI 

sites, was made by annealing together oligonucleotides 1 and 2 (Table 4, appendix A). 

Oligonucleotides were annealed by first heating 50 L at 5 M concentration of each strand in 

annealing buffer (100mM NaP, 150 mM NaCl, and 1 mM EDTA) at 95°C for 5 min and then 

allowing to cool gradually to room temperature (RT) over an hour. The vector pET28a-RGD was 

then digested with XbaI and XhoI, purified from a gel, and ligated with the annealed linker 

sequence for 15 min at RT using a Rapid DNA Ligation Kit (Thermo Scientific). The ligation 

product was transformed into DH5, allowed to recover for 1 h at 37°C in LB, and then plated 

on LB supplemented with 50 mg/mL of kanamycin. The resulting colonies were screened by 

diagnostic digestion and positive clones were confirmed by DNA sequencing. 
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2.2.2 Insertion of ELP genes into modified pET28a 

Following insertion of the linker sequence, genes encoding each ELP type were inserted into the 

modified pET28a vector. The genes were made by annealing together synthesized ELP oligomer 

pairs. To make the ELPA gene, the oligomers 5 and 6 (Table 4, appendix A) were annealed as 

previously described. This resulted in a double stranded (ds) DNA sequence with 2 bp, 

nonpalindromic, 3 overhangs. Likewise, the ELPN gene was made by annealing oligomers 3 

and 4 (Table 4, appendix A), and the ELPB gene was made by annealing oligomers 7 and 8 

(Table 4, appendix A). The 5 ends of each dsDNA pair were phosphorylated by incubating 20 

L of 20 pmol of dsDNA, 10 U T4 polynucleotide kinase, and 10 mM ATP for 20 min at 37°C 

and then purified. 

 

The modified pET28a vector was digested with BseRI followed by dephosphorylation of the 5 

ends with 1 U of Calf Intestinal Alkaline Phosphatase (CIAP) (Invitrogen) during the last 30 min 

of digestion at 37°C. The linearized vector was then purified from a gel followed by ligation with 

the dsDNA ELP sequences, which resulted in products referred to as pET28-ELP. These 

products were transformed into DH5, allowed to recover for 1 h at 37°C in LB, and then plated 

on LB supplemented with 50 mg/mL of kanamycin. The resulting colonies were screened by 

diagnostic digestion and positive clones were confirmed by DNA sequencing.  

2.2.3 PRe-RDL 

ELPs were elongated through successive rounds of PRe-RDL, which was carried out in the strain 

DH5. A single round of PRe-RDL involves (1) digesting the parent vector with AcuI and BglI 

to isolate the ELP-containing DNA fragment, (2) digesting the parent vector with BseRI and 

BglI to isolate the ELP-containing DNA fragment, and (3) ligating the two purified halves 

together to reconstruct a functional plasmid, dimerizing the ELP sequences and doubling its 

length (Figure 4). Multiple rounds of PRe-RDL were performed to achieve lengths of 40, 80, and 

160 pentamer repeats for each of the three ELP types. For reference, genes are labeled as ELP 

type followed by the number of pentamer repeats. For example, the acidic, neutral, and basic 

ELPs at n = 40 repeats are referred to as ELPA40, ELPN40, and ELPB40 respectively. All 
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constructs were screened by diagnostic digestion, and positive clones were confirmed by DNA 

sequencing.  

 

Figure 4. A single round of the PRe-RDL process. (1) The parent vector is digested with AcuI 

and BglI and the resulting ELP-containing DNA fragment is purified. (2) The parent vector is 

digested with BseRI and BglI and the resulting ELP-containing DNA fragment is purified. (3) 

The two purified halves are ligated together to reconstruct a functional plasmid, dimerizing the 

ELP sequences and doubling its length. 

2.2.4 Transfer of the ELP library to pET32a 

Each ELP gene (sizes n = 40, 80, and 160) in the pET28a vector was transferred to a pET32a 

expression vector gifted by Dr. Xi Ge from the University of California, Riverside. The vector, 

labeled as pET32a-GST-ELP180 consists of a GST tag fused to the C-terminus of an ELP (X = 

V, n = 180) all under a T7 promoter. To remove the ELP library genes, the pET28a-ELP vectors 

were digested with the restriction enzymes XhoI and NdeI followed by the addition of CIAP 
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during the last 30 min of digestion at 37°C and purification. The pET32a vector was digested 

with XhoI and NdeI to excise the GST-ELP180 gene, purified from a gel, and ligated with the 

purified ELP library genes, resulting in products referred to as pET32a-ELP. These products 

were transformed into DH5 and allowed to recover for 1 h at 37°C in LB before plating on LB 

supplemented with 100 mg/mL of ampicillin. The resulting colonies were screened by diagnostic 

digestion and positive clones were confirmed by DNA sequencing. 

2.2.5 Making SF-ELP fusions 

The orthogonal sigma factor (SF) ECF20_992 [37] was previously amplified from pVRa20_992 

(Addgene) and fused to the C-terminus of ELP180 to make pET32a-SF-ELP180. A C-terminal 

fusion was chosen since other studies have shown superior expression of C-terminus fusions to 

ELP compared to N-terminal fusions [48]. Additionally, SF was fused to the C-terminus of 

ELPA40. To make the fusion, pET32-ELPA40 was first linearized with NdeI, followed by the 

addition of CIAP during the last 30 min of digestion at 37°C, and purified from a gel. Orthogonal 

sigma factor was then amplified from pVRa20_992 using primers 9 and 10 (Table 4, appendix 

A), digested with type IIS FauI, purified from a gel, and ligated with purified pET32-ELPA40. 

This resulted in a pET32-SF-ELPA40 vector that was then transformed into DH5 and allowed 

to recover for 1 h at 37°C in LB before plating on LB supplemented with 100 mg/mL of 

ampicillin. The resulting colonies were screened by diagnostic digestion and a positive clone was 

confirmed by DNA sequencing. 

 ELP expression and purification 

2.3.1 Expression 

Plasmid DNA containing the ELP constructs were transformed into BL21 (DE3) and plated on 

selective agar. Single colonies were used to inoculate 5 mL starter cultures of TB supplemented 

with appropriate antibiotic (100 mg/mL ampicillin for pET32a-ELP vectors or 50 mg/mL 

kanamycin for pET28a-ELP vectors). These cultures were then incubated at 37°C overnight at 

250 RPM. The cultures were then resuspended in 1 mL of fresh TB and inoculated into 199 mL 

cultures of TB in a 1 L flask supplemented with antibiotic. Cultures were then grown for 24 
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hours at 250 rpm and pelleted by centrifugation at 8,000 RPM for 5 min. After decanting excess 

media, the cell pellets were flash frozen and stored at -80°C until purification. 

2.3.2 Purification 

To purify the ELP proteins, two types of methods were used: (1) sonication followed by inverse 

transition cycling (ITC) and (2) organic solvent extraction [49] followed by ITC. Additionally, a 

quick protein expression protocol was used to compare the whole cell lysates (WCL) of induced 

and noninduced samples of pET32a-ELP. 

2.3.2.1 Purification by sonication and inverse transition cycling (ITC) 

Initial efforts to purify ELP from both the pET28a and pET32a vectors involved cell lysis by 

sonication followed by several rounds of ITC. A typical round of ITC involves (1) adding small 

quantities of ammonium sulfate to induce the phase transition of ELP, (2) centrifuging at max 

speed at 40°C for 10 min to collect the protein pellet, (3) resuspending the pellet in 200 L PBS, 

and (4) centrifuging at max speed at 4°C for 10 min to collect the ELP containing supernatant 

(Figure 5). Ideally, each round of ITC improves the purity of the sample. 

 

Figure 5. One cycle of inverse transition cycling (ITC).  
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Cultures were first centrifuged for 5 min at 8,000 RPM to collect cell pellets, which were 

resuspended in 3-4 mL of phosphate buffered saline (PBS) (Fisher BioReagents) with added 

Pierce protease inhibitor tablets (Thermo Scientific) and DNase (NEB). Cells were lysed using 

multiple cycles of 15 s of sonication followed by 30 s on ice. Once the cellular debris was 

removed by centrifugation, ITC was performed. Protein concentration was quantified using a 

Pierce BCA Protein Assay Kit (Thermo Scientific). The ELP proteins were visualized using 

SDS-PAGE by diluting 10 g of protein in 16 L of sterile water, 20 L of Novex Tris-Glycine 

SDS Sample Buffer (2X) (Thermo Scientific), and 2 L of 1 M dithiothreitol (DTT) (Fisher 

Bioreagents) and heating for 5 min at 95°C. The samples were ran on a 12% Tris-HCl 

polyacrylamide gel at 120 V and stained overnight using SYPRO Ruby protein gel stain 

(Invitrogen). The gels were visualized using an Azure Biosystems c400 imaging system. 

2.3.2.2 Purification by organic solvent extraction followed by ITC 

In collaboration with Craig Sweet, ELP protein expressed from the pET32a vector was purified 

using an organic solvent extraction method adapted by VerHeul et al. [49] followed by 2-3 

rounds of ITC. Several different organic solvent combinations were used to screen the ELP 

library for optimal purity (data not shown). All organic solvents were mixed in a 1:1 (v/v) ratio. 

From this data, it was concluded that the best combinations to use were butanol + ethanol for 

ELPN40, and isopropyl alcohol + butanol for ELPA constructs. Using this method, the ELPN80, 

ELPN160, and ELPB proteins were unable to be purified. 

 

First, 3 mL of organic solvent mixtures were added per 1 g of cell pellet, vortexed, and 

centrifuged at 8,000 RPM for 5 min to collect the supernatant. A 1:1 (v/v) ratio of d2H2O was 

then added and mixed with the supernatant followed by the addition and mixing of ethyl acetate 

in a 1:1 (v/v) ratio. The solutions were left alone for 10 min or until two layers became visible. 

The lower aqueous phase was then separated from the upper organic phase and allowed to 

evaporate either passively on an orbital shaker at 37°C, or actively under a constant stream of air 

at room temperature. Once evaporated, 200 L of d2H2O was added to resuspend the dried 

protein. To further purify the ELP protein, 2-3 rounds of ITC were performed. Samples were 

then visualized via SDS-PAGE as described previously (Figure 6). Although the SYPRO Ruby 

protein gel stain worked ideally for the ELPA proteins, it proved to be a poor choice for 
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visualizing ELPN40. It was discovered that colloidal Coomassie stain was a better option for 

ELPN40, however, the bands tend to disappear when stained longer than a couple hours.   

2.3.2.3 Quick protein expression protocol  

A quick expression experiment was conducted to compare the whole cell lysates of induced 

versus noninduced samples of the pET32a-ELP library (Figures 18-20, appendix A). Single 

colonies were used to inoculate 5 mL TB cultures supplemented with 100 mg/mL ampicillin and 

grown overnight at 37°C at 250 rpm. 100 L of overnight culture was used to inoculate two fresh 

5 mL TB cultures/sample with antibiotic; one was induced with IPTG to a final concentration of 

10 mM and the other was not. Cultures were grown for ~4 h before 1 mL of cells at OD600 = 0.8 

was collected and centrifuged to remove the supernatant. Pellets were then resuspended in 100 

L of Novex Tris-Glycine SDS Sample Buffer and lysed by heating to 95°C for 10 min. Once 

samples were cooled to RT, they were centrifuged at max speed for 5 min to remove the cellular 

debris. Finally, 10 L of each sample WCL was visualized by SDS-PAGE and stained using 

SYPRO Ruby protein gel stain. 

 Characterizing ELP phase transition 

2.4.1 Characterizing ELP Tt in vitro 

For each purified ELP, the transition temperature was determined in vitro by finding the 

maximal change in absorbance over a range of temperature. First, ELP was purified using 

methods previously described, dialyzed overnight to remove residual salt from ITC, and 

lyophilized. Absorbance readings at 600 nm were then taken over a temperature range at a rate of 

0.5 °C/min using a Thermo Scientific Evolution 260 Bio UV-Vis spectrophotometer equipped 

with a Peltier thermostatting accessory. For ELPN40, lyophilized protein was resuspended in 

d2H2O to final concentrations of 30 M, 45 M, 60 M, and 200 M. Absorbance was plotted 

against temperature to produce the characteristic S-shape curves (Figure 22, appendix A). The 

change in absorbance was then plotted against temperature to determine the Tt values (Figure 23, 

appendix A). Finally, Tt was plotted against concentration and a linear trend was applied (Figure 
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7). This data was used to interpolate values of concentration for physiologically relevant 

transition temperatures (Table 3). 

 

To characterize the pH sensitivity of the acidic ELPs, Tt was observed as function of pH. The 

lyophilized ELPA80 and ELPA160 proteins were resuspended at 100 M in PBS at pH 3, 4.5, 6, 

7.5, and 9 and absorbance readings were taken over a range of temperature. As a control, 

absorbance readings of 100 M of ELPN40 in PBS at pH 3, 4.5, 7.5, and 9 were also taken. The 

change in absorbance was first plotted against temperature in order to determine the Tt for each 

sample (Figures 24-26, appendix A). The calculated Tt was then plotted against pH (Figure 8). 

To find the best fit, nonlinear least squares was performed, and data was fit to the following 

function: 

(1) 𝑇𝑡 =
𝑇𝑡𝑚𝑎𝑥−𝑇𝑡𝑚𝑖𝑛

1+ 𝑒−𝑘(𝑝𝐻−𝑝𝐻𝑡) + 𝑇𝑡𝑚𝑖𝑛 

 

The above function was based on a logistic function that produces a common “S-shape” curve. 

The parameters are as follow: Ttmax represents the maximum observed Tt, Ttmin represents the 

minimal observed Tt, k defines steepness of the curve, pHt represents the pH at the midpoint of 

the curve, and pH indicates the pH value in the range from 2-10. 

2.4.2 Characterizing ELP Tt in vivo 

2.4.2.1 Making GFP-ELP fusion protein 

To establish the phase transition behavior of ELP in vivo, we aimed to make GFP-ELP protein 

fusions so that the transition could be observed under a microscope. A GFP-ELP fusion protein 

was made by fusing mNeonGreen GFP to the C-terminus of ELP180. The mNeonGreen GFP 

gene was first PCR amplified from pNCS-mNeonGreen (Allele Biotech) [50] using primers 16 

and 17 (Table 4, appendix A). The PCR product was then digested with NdeI and KpnI and 

ligated into the corresponding sites on the pET32a-GST-ELP180 vector, removing the GST tag. 

The resulting pET32a-mNeonGreen-ELP180 vector was transformed into DH5 and allowed to 

recover for 1 h at 37°C in LB before plating on LB supplemented with 100 mg/mL of ampicillin. 

The resulting colonies were screened by diagnostic digestion and a positive clone was confirmed 

by DNA sequencing. The confirmed pET32a-mNeonGreen-ELP180 vector was then transformed 
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into the BL21(DE3) expression strain and selected on LB supplemented with 100 mg/mL of 

ampicillin 

2.4.2.2 Sample preparation for imaging 

To express the GFP-ELP fusion protein, 5 mL cultures of TB supplemented with 100 mg/mL 

ampicillin were inoculated from a freezer stock of BL21(DE3) cells carrying the pET32-

mNeonGreen-ELP180 vector and grown overnight at 37°C at 250 rpm. Fresh 5 mL TB cultures 

were inoculated from the starter culture to an OD600 of 0.6 and induced with IPTG to final 

concentrations of 0 mM, 0.01mM, and 0.05 mM. After two hours of growth, cells were fixed to 

microscope slides and imaged within an hour of fixing. 

 

The method for fixing cells to the microscope slides was adapted from Ge et al. [51]. To prevent 

movement, the cells were immobilized using a 10% polyacrylamide gel. The gel was prepared by 

centrifuging 500 L of cell culture and resuspending in 377 L of d2H2O, 119 L of 40% 

acrylamide/bis solution (Bio-Rad), 3 L of 10% ammonium persulfate (Invitrogen), and 0.3 L 

of TEMED (Invitrogen). After mixing, 5 L of solution were transferred onto microscope slides, 

covered with a cover glass, and left to polymerize. To prevent drying, nail polish was used to 

seal the edges of the cover glass. All slides were imaged within 1 h of sampling. Samples were 

imaged on a Nikon A1Rsi confocal microscope using a 20X objective lens. To image the GFP-

ELP fusion protein, the laser source Argon ion (488nm) was used along with a transmitted light 

overlay. A temperature-controlled box was used to adjust the temperature of the slides between 

24-33°C. 

 Characterizing simple activation and simple repression systems 

2.5.1 Simple activation system construction and expression 

The pET32a-SF-ELP180 plasmid was transformed into the E. coli strain MG1655 along with 

pN565 (Addgene) [37], which encodes a gene for T7RNAP, and pVRb20_992 (Addgene) [37], 

which encodes superfolder GFP under the P20_992 promoter that is activated by SF. As a 

control, the vectors pVRa20_992, pN565, and pVRb20_992 were transformed together into 
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MG1655. Single colonies were used to inoculate 4 mL starter cultures of LB supplemented with 

100 mg/mL ampicillin, 50 mg/ml spectinomycin, and 50 mg/mL kanamycin and incubated at 

37°C overnight at 250 RPM. Both cultures were then diluted to 32 mL of LB with antibiotic, 4 

mL of which were transferred to two new tubes/sample. Each sample was induced with IPTG 

and grown at either 30°C or 40°C for 1 h. Samples were collected by centrifuging 1 mL of 

culture/tube and resuspending in 1 mL of PBS. 100 L of this solution was then transferred to a 

96-well plate. A plate reader was then used to collect readings for absorbance at OD600 and 

fluorescence using the parameters ex = 485 nm and em = 528 nm. Fluorescence readings were 

first normalized by OD600, averaged, and then normalized by the average fluorescence of SF-

ELP180 at 40°C. To determine the significance of the change in expression, a two-tailed t-test 

assuming unequal variances using a significance level of 0.05 was used. The percent change in 

gene expression between 30°C and 40°C was calculated using equation 2. 

 

(2) 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =  
𝐺𝐹𝑃 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑎𝑡 40°𝐶− 𝐺𝐹𝑃 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑎𝑡 30°𝐶

𝐺𝐹𝑃 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑎𝑡 30°𝐶
∗ 100% 

 

2.5.2 Simple repression system construction and expression 

2.5.2.1 Cloning of the simple repression system constructs 

To make the simple repression system, three vectors were cloned. The vector pET28a-TetR-

RDG was made by fusing TetR with the aECM1 protein under an E. coli constitutive promoter. 

A control vector, pET28a-TetR, was made by excising aECM1and inserting TetR under the same 

promoter. The vector pVRb-Ptet-mCherry was made by cloning the reporter gene, mCherry RFP, 

under the control of a Tet repressible promoter. 

 

First, the TetR sequence was amplified from pCas9cr4 [52] using primers 11 and 12 (Table 4, 

appendix A), followed by a second round of PCR using primers 12 and 13 (Table 4, appendix A) 

to insert the promoter sequence. To make the control plasmid, the PCR product and the pET28-

RDG vector were both digested with BglII and XhoI, purified from a gel, and ligated together. 

The pET28a-TetR-RDG vector was made in a similar way but was instead digested with BglII 

and NheI. Ligation products were transformed into DH5 and allowed to recover for 1 h at 37°C 
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in LB before plating on LB supplemented with 50 mg/mL of kanamycin. To clone the pVRb-

Ptet-mCherry vector, primers 14 and 15 (Table 4, appendix A) were used to amplify mCherry 

from pRSETb-mCherry [53]. This PCR product and modified pVRb vector were digested with 

BamHI and BglII, purified from a gel, ligated, and transformed into DH5. The transformant 

was allowed to recover for 1 h at 37°C in LB before plating on LB supplemented with 25 mg/mL 

of chloramphenicol. Colonies were screened by diagnostic digestion and positive clones were 

confirmed by DNA sequencing. 

2.5.2.2 Expression of the simple repression system 

The simple repression system constructs were transformed into the strains BL21(DE3) and 

MG1655 and plated on selective agar. Single colonies were used to inoculate 5 mL starter 

cultures of LB supplemented with appropriate antibiotic, which were grown at 37°C at 250 rpm. 

Starter cultures were used to inoculate fresh 5 mL LB cultures at an OD600 of 0.3. For some 

conditions, ATc was added to a final concentration of 0.05 mg/mL. Each sample was grown in 

triplicate at 30°C and 40°C, shaking at 250 rpm, and the OD600 and fluorescence intensity were 

measured after 2 and 3 hours of growth using a Biotek plate reader. For each sample, 

fluorescence intensity was first normalized by OD600 and then averaged. For each time point, 

the averaged samples were normalized by the average fluorescence of TetR + ATc at 40°C to 

produce graphs that showed relative fluorescence.  

 Simple activation and FFL model simulations 

Models for the simple activation and feed-forward loop systems were simulated in MATLAB. 

For both models, equations 3-5 were used to describe the phase transition behavior of the ELP-

SF fusion protein in order to determine the portion that is in the active form. The active form 

(ELPsfA) is defined as the fraction of total ELP-SF fusion protein (ELPsfT) that is soluble and 

capable of gene activation, while the inactive form (ELPsfI) is defined as the aggregated fraction. 

In equation 3, the total ELP-SF protein available at steady state is described by a Hill function 

where gene activation depends upon IPTG concentration. Total ELP-SF also depends upon the 

max transcription rate (1), mRNA degradation rate (kdm), translation rate (K), and dilution of the 

protein due to cell growth (). Due to the stability of ELP, protein degradation was assumed 
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negligible. Equation 4 describes the amount of inactive ELP-SF present using a modified logistic 

equation, which produces an “S-shape” curve that resembles the curve of absorbance versus 

temperature. This equation was fit to transition data collected for ELPN40 in vitro in order to 

estimate the steepness coefficient, k1. It was assumed that ELP-SF is 100% inactive when fully 

aggregated and 100% active when fully soluble. Due to conservation, the active portion can be 

determined by subtracting the inactive portion from the total amount present (equation 5). 

(3) 𝐸𝐿𝑃𝑠𝑓𝑇𝑠𝑠 =  
𝐾

𝜇
∗

𝛽1

𝑘𝑑𝑚
∗

𝐼𝑃𝑇𝐺𝑛1

𝐴𝑛1+𝐼𝑃𝑇𝐺𝑛1
 

(4) 𝐸𝐿𝑃𝑠𝑓𝐼 = 𝐸𝐿𝑃𝑠𝑓𝑇 ∗  
1

1+𝑒−𝑘1(𝑇−𝑇𝑡) 

(5) 𝐸𝐿𝑃𝑠𝑓𝐴 = 𝐸𝐿𝑃𝑠𝑓𝑇 − 𝐸𝐿𝑃𝑠𝑓𝐼 

 

The simple activation architecture was modelled using the following equations assuming steady 

state: 

(6) 𝑚𝑅𝑁𝐴𝑠𝑠 =  
𝛽2

𝑘𝑑𝑚
∗

 𝐸𝐿𝑃𝑠𝑓𝐴𝑛2

𝐾𝑚1
𝑛2  + 𝐸𝐿𝑃𝑠𝑓𝐴𝑛2

  

(7) 𝐺𝐹𝑃𝑠𝑠 =  
𝐾

𝜇
∗ 𝑚𝑅𝑁𝐴 

 

The feed-forward loop architecture was modelled using the following equations assuming steady 

state: 

(8) 𝑂𝑅𝐼𝐵𝑆𝑆 =  
𝛽3

𝑘𝑑𝑚
∗

 𝐸𝐿𝑃𝑠𝑓𝐴𝑛2

𝐾𝑚1
𝑛2  + 𝐸𝐿𝑃𝑠𝑓𝐴𝑛2

 

(9) 𝑚𝑅𝑁𝐴𝑠𝑠 =  
𝛽2

𝑘𝑑𝑚
∗

 𝐸𝐿𝑃𝑠𝑓𝐴𝑛2

𝐾𝑚1
𝑛2  + 𝐸𝐿𝑃𝑠𝑓𝐴𝑛2

 

(10) 𝐺𝐹𝑃𝑠𝑠 =  
𝐾

𝜇
∗

 𝑂𝑅𝐼𝐵𝑛3

𝐾𝑚2
𝑛3  + 𝑂𝑅𝐼𝐵𝑛3

∗ 𝑚𝑅𝑁𝐴 

 

Equations 6 and 7 describe mRNA and GFP production for the simple activation model. The 

production of mRNA (equation 6) is a function of max transcription rate from the P20_992 

promoter, mRNA degradation, and gene activation by the substrate ELPsfA using Hill kinetics. 

The production of GFP (equation 7) is then a function of mRNA concentration, translation rate, 

and dilution due to growth. The degradation of GFP was assumed negligible due to the stability 

of the protein. The equations for the FFL model are similar to those for the simple activation 

model but include the added o-ribosome (ORIB) element. Equation 8 describes ORIB 
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production, which is a function of max transcription rate from the P20_992 promoter, rRNA 

degradation rate, and gene activation by the substrate ELPsfA using Hill kinetics. The production 

of mRNA (Equation 9) is the same as before. The production of GFP (equation 10) is a function 

of mRNA concentration, ORIB concentration and assembly following Hill kinetics, and 

translation rate of mRNA by ORIB.  

 

Equation parameters can be found in Table 2. For all equations describing RNA production, the 

basal transcription rate was assumed to be 0 and therefore omitted from the above steady state 

equations. Typically, E. coli can transcribe a gene at 80 bp/s [54]. Maximal transcription rates 

() for ELP-SF, GFP, and ORIB were calculated according to the length of each gene. The hill 

coefficient (n) governs the steepness of the hill function. A value of n = 1 indicates independent 

substrate binding, while n > 1 indicates positive cooperativity. The exact value of n2 is not 

known, but activation by the ELPsfA substrate was assumed to be slightly cooperative. It was 

assumed that ORIB assembly with mRNA is an independent binding event and n3 is therefore 

equal to 1. The activation coefficient (Km) is defined as the concentration of inducer needed to 

significantly activate expression; its value depends upon the chemical affinity of the inducer for 

the promoter site, in addition to other factors. The Km1 value for activation by ELPsfA is not 

known but was estimated to be within a reasonable range and was adjusted so that the simple 

activation model aligned with observed data at 40°C. Dilution rate due to cell growth was 

estimated assuming a doubling time of 30 mins and was considered negligible for mRNA 

production due to differences in timescales. The percent change for predicted gene expression 

between 30°C and 40°C was calculated using equation 1. The MATLAB code used to model the 

two systems can be found in Appendix B. 

  



39 

 

Table 2. Model parameters. 

Parameter Value Description 

A 1.3 M IPTG activation coefficient [55] 

n1 2 Hill coefficient describing activation by IPTG  [56] 

n2 1.2 Hill coefficient describing activation by ELPsfA 

(estimated) 

n3 1 Hill coefficient describing ORIB assembly with mRNA 

(estimated) 

kdm 0.83 1/h mRNA degradation rate [57] 

K 300 uM protein/uM 

mRNA/h 

Translation rate of mRNA [58] 

 1.39 1/h Growth rate assuming doubling time of 30 min  

Tt 39°C Transition temperature of phase change 

 

Table 2. continued 

k1 2.4 Coefficient for steepness (determined experimentally)  

1 0.15 M/h Max transcription rate of ELPsf from T7 promoter 

(estimated assuming 80 bp/s [54]) 

2 0.68 M/h Max transcription rate of GFP from P20_992 

promoter (estimated assuming 80 bp/s [54]) 

3 0.089 M/h Max transcription rate of ORIB from P20_992 

promoter (estimated assuming 80 bp/s [54]) 

T 30-45°C Temperature range 

Km1 1.1 M  ELPsfA activation coefficient (estimated) 

Km2 1 M ORIB activation coefficient [59] 
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3. RESULTS & DISCUSSION 

 ELP library characterization 

To meet the first objective of this study, an ELP library was successfully designed and cloned 

that exhibits pH sensitivity and transitions under various conditions. PRe-RDL was used to 

achieve lengths of 40, 80, and 160 pentamer repeats for each of the three designed ELP types: a 

“neutral” ELPN where guest reside X = V, an “acidic” ELPA where X = V/I/E [1:3:1], and a 

“basic” ELPB where X = V/H/G/A [1:2:1:1]. ELP expression from an initial pET28a vector 

proved to be poor but improved once the library was transferred to a pET32a vector. I worked in 

collaboration with Dr. Dave Thompson’s lab at Purdue University to achieve high purity yields 

of ELPA40, ELPA80, ELPA160, and ELPN40 using a recently developed organic solvent 

extraction method [49]. These purified ELP products were then used for in vitro phase transition 

characterization studies to determine the effect of concentration and pH on transition 

temperature. Additionally, in vivo studies were conducted to gain a better understanding of ELP 

phase transition behavior within a cellular environment. 

3.1.1 ELP library expression and purification 

3.1.1.1 Troubleshooting ELP expression from the pET28a vector 

The ELP library was originally expressed from a pET28a vector, but expression and purification 

proved to be challenging. It was unclear whether the problem was an issue of protein expression, 

ELP toxicity to the cell, or inclusion body formation. First, plasmid integrity was checked by 

expressing them in MG1655 and BL21(DE3), purifying them, and having them sequenced. 

Results did not show any significant mutations that would have affected expression. Initially, 

purification of ELP was performed only by ITC. Difficulties in achieving adequate purity of ELP 

samples made drawing conclusions based on SDS-PAGE results problematic; often, the results 

were inconclusive. To circumvent this issue, mCherry was cloned in place of ELP in the pET28a 

vector and expression was compared to a similar vector, pETM6 which also expresses mCherry 

from a T7 promoter and has a similar plasmid copy number. These similarities indicate that 

differences in expression are due to construct design. Significantly higher fluorescence was 
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observed from pETM6 (Figure 16, appendix A), suggesting that the issue was not a result of 

protein toxicity or inclusion body formation, but due to poor protein expression.  

 

It was hypothesized that the folding of the mRNA secondary structure was making the RBS 

inaccessible to the ribosome, thus interfering with translation and leading to poor expression. To 

investigate this possibility, the mfold web server [60] was used to predict the mRNA secondary 

structure at the RBS site upstream of the ELPB gene in the pET28a vector and was compared to 

the RBS sites for ELP genes in two other pET vectors that have previously been shown to have 

good expression (Figure 17, appendix A). These predictions show that the entire RBS site 

upstream of ELPB is completely buried within the stem of a hairpin loop, while the first adenine 

in the RBS sites of the other two ELP genes is freer and not hydrogen bonded to another base. It 

was therefore concluded that this difference in conformation is most likely the reason for poor 

expression from the pET28a vector. To improve ELP expression, the ELP library was transferred 

to a pET32a vector that had previously showed good expression of GST-ELP180; the GST-

ELP180 gene was removed and the designed ELP genes were cloned downstream of its T7 

promoter and RBS site. This change in vector improved ELP expression as the phase transition 

during ITC became more prominent. 

3.1.1.2 ELP Purification 

Multiple expression and purification techniques were tested to confirm ELP expression and to 

obtain enough pure isolated protein to be used for in vitro phase transition characterization 

studies. A quick expression method without purification was used to compare induced and 

uninduced sample whole cell lysates, but ELP presence was mostly indiscernible from other 

cellular proteins (Figures 18-20, appendix A). To isolate the ELPs, the ITC method of 

purification was initially used, but faced challenges in obtaining high purity samples. Lingering 

contaminants from ITC often made it difficult to discern which bands were ELP and which were 

non-target protein on SDS-PAGE gels. A second issue when using ITC is that each round 

diminishes the final protein yield.  

 

To improve the efficiency and purity of ELP isolation, a new, alternative ELP purification 

method was adapted from VerHeul et al. [49] that uses organic solvents to simultaneously lyse 
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cells and extract the ELP. This organic solvent extraction method speeds up the recovery time 

and allows for the isolation of higher yields of ELP with greater than 95% purity. I worked in 

collaboration with Dr. Dave Thompson’s lab to screen the ELP library against various organic 

solvents and solvent blends to find the optimal purification conditions. It was discovered that 

purer isolates of ELPN40 and ELPA could be obtained using blends of butanol + ethanol and 

isopropyl alcohol + butanol respectively. This extraction method followed by 2-3 rounds of ITC 

was used to successfully purify four of the nine designed proteins, ELPA40, ELPA80, ELPA160, 

and ELPN40.  

 

The purified ELPAs along with their expected weights can be seen in Figure 6, while ELPN40 

data is not shown. Organic solvent screens of ELPB, ELPN80, and ELPN160, however, did not 

yield purified product. It is hypothesized that the larger, more hydrophobic, ELPN80 and 

ELPN160 had a lower solubility than ELPN40 when resuspended in d2H2O and is the reason 

why purification was unsuccessful. For ELPB, it is unclear whether modifications need to be 

made to the extraction method to purify these proteins or if protein expression is poor. In an 

attempt to show expression, cell disruption by sonication followed by three rounds of ITC was 

used to try to isolate ELPB160 (Figure 21, appendix A), which was chosen since it is expected to 

have the lowest Tt out of the three ELPB sizes. Unfortunately, the results were inconclusive as 

ELPB160 could not be distinguished from non-target protein. It is hypothesized that the Tt of 

ELPB160 may still exceed the 37-40°C max that can be achieved during ITC, and thus may be 

getting lost in the first round. In the future, this experiment will be repeated with a buffer at a 

higher pH to further depress the Tt below this upper limit. 
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Figure 6. SDS-PAGE demonstrating expression and purity of the ELPA protein at n = 40, 80, & 

160. The left lane is a molecular weight (MW) standard labeled in kDa and the expected 

molecular weights of each ELPA protein is listed below their respective lane. 

3.1.2 Characterizing the phase transition of ELP in vitro and in vivo 

3.1.2.1 Characterizing ELP Tt in vitro 

Phase transitions of purified ELP were determined in vitro by tracking the change in absorbance 

over a range of temperature using a spectrophotometer. The observed Tt values for ELPN40 were 

plotted against concentration (Figure 7), the values of which are listed in Table 3. The 

relationship between Tt and concentration appears to follow a linear trend, where Tt decreases as 

concentration increases. This relationship was used to interpolate concentration values for 

physiologically relevant transition temperatures (Table 3). Since larger ELPs have lower 

transition temperatures, it can be assumed that the concentrations of ELPN80 and ELPN160 

necessary to achieve the same Tt will be lower than those predicted for ELPN40.  
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A previous experiment yielded 3.3 mg/400 mL culture of purified ELPN40, which corresponds 

to a cellular concentration of ~496 M. This value is within the same order of magnitude as the 

estimated concentrations (149-188 M) needed for the Tt of ELPN40 to be within a 

physiologically relevant range (39-35°C), suggesting that phase transitions in this range are 

feasible in vivo. In the case that cellular concentration is too high, resulting in transitions below 

this temperature range, shorter ELPs can be made to raise the Tt at the same concentration.  

 

 

Figure 7. The observed phase transition temperatures of ELPN40 at 30 M, 45 M, 60 M, and 

200 M. 
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Table 3. Estimated concentrations for physiologically relevant transition temperatures of 

ELPN40. 

Tt (°C) Estimated 

Concentration (M) 

39 148.84 

37 168.39 

35 187.94 

 

To demonstrate the pH sensitivity of ELPA, observed Tt was plotted against pH (Figure 8). We 

observed a nonlinear trend for Tt with respect to pH that follows a very similar pattern to what 

has previously been observed by Mackay et al. [35]. This trend indicates that lowering the pH of 

the solution depresses the Tt for our acidic ELPs. We also observe that the transition 

temperatures for ELPA160 were overall lower than those of ELPA80 indicating that the larger 

the ELP is, the lower its Tt will be. It can therefore be assumed that ELPA40 will have higher 

transition temperatures than ELPA80. As predicted, the ELPN40 control was not sensitive to 

changes in pH. 

 

Figure 8. The transition temperature (Tt) dependence on pH for ELPA80, ELPA160, and 

ELPN40 at 100 M. 
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According to the observed trend, there appears to be an upper limit for Tt once the pH has 

exceeded 7.5. Above this pH, the changes in Tt are minimal (0.7-2.9°C). The change is more 

dramatic, however, between pH 7.5 and 6 (12.9-15.1°C), which indicates that small drops in pH 

from E. coli’s normal operating range (7.6-7.8) [61] will be able to trigger the phase transition 

response of the controller. It is predicted that toxic intermediate build-up will cause a drop in 

intracellular pH below this range, resulting in ELP aggregation. This response will then turn off 

expression of the toxic intermediate until the pH can return to healthy levels. For ELPA160 at 

100 M, the pH drop from 7.5 to 6 caused the Tt to change from 54.2°C to 41.3°C, which is 

higher than the typical 37°C growth temperature of E. coli. For the controller to operate as 

desired, the Tt would need to be above 37°C at a healthy pH (7.6-7.8) and below 37°C when pH 

drops below 7.6. The cellular concentration of ELP is expected to be ~496 M, which may lower 

the Tt enough to fall within the desired physiological range. However, it is also probable that the 

in vitro phase transition behavior of pure ELP does not directly translate to its behavior within 

the cellular environment. Therefore, in vivo studies need to be performed to better characterize 

the phase transition within the cell. 

 

Future work will involve characterizing the Tt of ELPA40 with respect to pH to see how it 

compares to ELPA80 and ELPA160. The rest of the ELP library will also be characterized once 

the issue of purification has been resolved. Since the fusion of ELP to transcription factor will 

alter the Tt, any ELP fusion proteins made will also need to be characterized in vitro. 

3.1.2.2 Characterizing ELP Tt in vivo 

Although characterizing the Tt in vitro offers a convenient way to establish the transition 

properties of pure ELP, it cannot be assumed to accurately reflect ELP behavior in a cellular 

environment. In vitro data may provide a good starting basis, but further in vivo studies are 

needed to better predict this behavior. To characterize the phase transition of ELP in vivo, the 

transition of a GFP-ELP fusion was monitored using a confocal microscope with a temperature 

control device. It was hypothesized that soluble GFP-ELP fusions will appear uniformly 

distributed throughout the cell, while the aggregation of GFP-ELP will cause the protein to 

polarize to the ends of the cell. The temperature at which this change occurs will be considered 

the transition temperature. This prediction was based on another study that observed this 
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behavior in which ELP induced the formation of an aqueous two-phase system (ATPS) in E. coli 

cells [51]. 

 

Although the temperature control device could easily heat the samples, it was limited in its 

ability to cool the samples below room temp. Thus, a lower limit of 24°C was reached, making it 

impossible to detect a transition below this temperature. The fusion protein GFP-ELP180 was 

expressed in E. coli using an IPTG induction concentration of 0.05 mM and then observed at 

25°C and 33°C with the microscope (A, B from Figure 9). At both temperatures, the polarization 

of GFP-ELP180 to the ends of the cell can be seen, suggesting that the Tt was lower than what 

could be observed. Since the transition temperature is concentration dependent, we tried to raise 

the Tt above room temperature by decreasing the amount of GFP-ELP180 protein produced. 

Using lower induction levels, however, produced such low quantities of protein that it was 

difficult to image the cells, resulting in poor quality images. The sample that was not 

induced with IPTG did not produce enough protein to be detected by the microscope. Although 

the quality of the images for the sample induced at 0.01 mM IPTG is poor, polarization of GFP-

ELP can still be seen at both 24°C and 28°C (C, D from Figure 9).  

 

From this study, it was concluded that the decrease in protein concentration was still not enough 

to raise the Tt above the lower limit of the microscope, making the phase transition of the GFP-

ELP180 fusion unobservable. Expressing the protein at lower concentrations also results in poor 

quality images. Going forward, it will be necessary to find a way to cool the system below 24°C 

in order to observe the Tt of larger ELPs that have low transition temperatures. It may be 

possible, however, to observe the phase transitions of shorter ELPs with higher transition 

temperatures using the current set up. In the future, fusions of GFP with ELPN40, ELPB40, and 

ELPA40, which have the highest transition temperatures of the ELP library, will be made to see 

if their transitions can be detected in vivo.  
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Figure 9. Confocal microscope images of GFP-ELP180 expressed in E. coli. (A, B) samples 

were induced with IPTG to a concentration of 0.05 mM and imaged at (A) 25°C and (B) 33°C. 

(C, D) samples were induced to a concentration of 0.01 mM and imaged at (C) 24°C and (D) 

28°C. 

 Determining the feasibility of ELP-transcription factor controllers  

To meet the second objective of this study—determining the feasibility of ELP-transcription 

factor fusions as dynamic sensor-regulator devices for gene expression—simple activation and 

repression architectures were designed and tested in vivo to control the expression of a 

fluorescent reporter gene. These studies produced conflicting results; the simple activation 

system showed evidence for control of fluorescent gene expression, while the simple repression 

system did not. The simple activation system study produced a significant reduction in gene 
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expression upon ELP aggregation, suggesting that SF-ELP fusions can control expression in a 

stimuli dependent manner. The observed 21% reduction in expression, however, is likely too 

modest to be used in a real production pathway, indicating that alternative network architectures 

need to be explored to improve the dynamic range of the controller. To meet this challenge, a 

feed-forward loop architecture was modelled, which predicted an improved 35% reduction in 

expression and an increased ultrasensitive response. 

3.2.1 Simple activation architecture demonstrates control of gene expression 

In a preliminary study, a SF-ELP180 fusion protein and a SF control were used to drive the 

expression of GFP. E. coli MG1655 cultures harboring GFP and either the SF-ELP180 or control 

plasmids were grown at a low temperature (30°C) and a high temperature (40°C) to induce the 

phase transition of ELP180, which was presumed to occur in this range. It was hypothesized that 

fluorescence would decrease at 40°C as a result of the aggregation of SF-ELP180, while the SF 

control would be unaffected. Our results support this hypothesis, as a 21% reduction in 

fluorescence was observed at the elevated temperature for SF-ELP180 while an 8% increase in 

fluorescence was observed for the control (Figure 10). A two-tailed t-test using a significance 

level of 0.05 revealed that the change in fluorescence between 30°C and 40°C for SF-ELP180 

was significant (p = 0.006), while the difference for the control was not (p = 0.061). While these 

results indicate that SF-ELP fusions can be used to regulate gene expression in a predictable, 

stimuli dependent manner, the dynamic range of the controller is modest at best. To address this 

issue, a feed-forward loop system was designed and is predicted to have a 35% reduction in 

expression, thus improving the dynamic range (Figure 13).   
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Figure 10. Relative GFP fluorescence in response to temperature for SF-ELP180 compared to a 

sigma factor control. The SF-ELP180 (X = V, n = 180) construct was expressed from pET32-SF-

ELP180 and the SF control was expressed from pVRa20_992. 

3.2.2 Simple repression architecture fails to control gene expression 

In addition to the simple activation system, a simple repression system consisting of a TetR-ELP 

fusion and TetR control was tested for its ability to control the expression of a reporter mCherry 

RFP gene, which was cloned under a Tet repressible promoter. E. coli cultures transformed with 

RFP and either the TetR-ELP or TetR control plasmids were grown at a low temperature (30°C) 

and a high temperature (40°C) to induce the phase transition of ELP; the system was expressed 

in both MG1655 and BL21(DE3) strains. At the lower temperature, the constitutively expressed 

TetR-ELP is predicted to be in its soluble, active form, which will repress mCherry fluorescence. 

At the elevated temperature, it was hypothesized that TetR-ELP will aggregate, preventing TetR 

from repressing mCherry production and causing an increase in fluorescence. The control, 

meanwhile, will not be affected by temperature and continue to repress mCherry production. It 

was also anticipated that the addition of ATc, which inhibits TetR by binding to it, would result 

in high mCherry expression for both TetR-ELP and the TetR control. 
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Unfortunately, the expected trends were not observed, indicating that the simple repression 

system does not control gene expression as anticipated. In the BL21(DE3) strain (Figure 11), the 

addition of ATc to TetR causes a drastic increase in fluorescence, which was expected since ATc 

prevents TetR from repressing expression. This dramatic increase is not observed, however, for 

TetR-ELP at 40°C, which also should have increased expression due to ELP aggregation. 

Therefore, the observed expression levels for TetR-ELP were attributed as background/noise. It 

can also be noted that the expression for TetR-ELP was higher at 30°C than 40°C at both time 

points, which is the opposite of what was expected. It was also expected that the addition of ATc 

to TetR-ELP would cause an increase in expression comparable to TetR + ATc. Although an 

increase was observed, it was significantly lower than that of TetR + ATc. 

 

 

Figure 11. Expression of simple repression system in response to temperature in E. coli 

BL21(DE3). The TetR-ELP (X = K/I, n = 60) construct was expressed from the pET28-TetR-

ELP vector. 

 

Similar trends were observed when the system was expressed in MG1655 (Figure 12). Again, 

expression was higher at 30°C compared to 40°C for both TetR and TetR-ELP. Expression also 

dramatically increased once ATc was added, but TetR-ELP at 40°C remained low. A noticeable 
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difference from the BL21(DE3) strain occurred, in which expression of TetR-ELP + ATc at 3 h 

at 40°C drastically increased compared to the other conditions. 

 

 

Figure 12. Expression of simple repression system in response to temperature in E. coli 

MG1655. The TetR-ELP (X = K/I, n = 60) construct was expressed from the pET28-TetR-ELP 

vector. 

 

From the given results, it is unclear what caused the observed trends and why the simple 

repression system did not work as expected. It is hypothesized that failure to control gene 

expression may be due to TetR having a stronger binding affinity for DNA than ELP has for 

aggregation. As a result, ELP aggregation would not prevent TetR from binding to the promoter 

and thus could explain why ELP aggregation does not appear to increase mCherry expression at 

the elevated temperature. A second theory is that the conformational shape of the TetR-ELP 

fusion protein is not ideal to allow the assembly of aggregated ELP nanostructures. 

Alternatively, the problem could simply be that the Tt in vivo was higher than 40°C. 

 Modeling of alternative networks for enhanced controller performance 

To explore alternative networks for improved dynamic range and ultrasensitivity of the ELP-

transcription factor controller, a feed-forward loop architecture was modelled and compared to a 
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model for the simple activation architecture (Figure 13). Additionally, experimental results of the 

simple activation system were compared to the model in order to better predict the behavior of 

the system. The simple activation model response was aligned to show the same 21% reduction 

in GFP expression at 40°C as observed experimental data. The FFL model predicts a 35% 

reduction in expression at the same temperature, thus showing an improved dynamic range 

compared to the simple activation architecture. Additionally, the FFL model predicts an 

improved ultrasensitive response, meaning that the transition from high to low expression occurs 

over a smaller temperature range.  

 

Figure 13. Estimated responses for simple activation and FFL architecture models compared to 

observed simple activation experimental data. 

 

Both models predict that GFP expression will eventually drop to zero given a high enough 

temperature is reached past the Tt. This effect was not observed experimentally likely due to two 

reasons. First, it is possible that the Tt of ELP-SF in vivo may have been close to either 30°C or 

40°C and thus the full reduction in GFP expression was not observed. Second, the model 

assumes an ideal condition where ELP-SF is 100% inactive when fully aggregated. This is likely 

not the case in a real system as some level of ELP-SF interaction with the P20_992 promoter 
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probably still occurs even when aggregated. Although the FFL predicts an improved dynamic 

range compared to the simple activation model, it is uncertain if a 35% reduction will be 

significant enough to allow for dynamic control in a production pathway. It may be necessary to 

explore additional networks options to increase the range even further. In the meantime, the 

physical FFL constructs will be built to determine the actual performance of the system in vivo. 
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4. CONCLUSIONS AND FUTURE DIRECTIONS 

 Summary of current progress and future work 

This research aimed to expand the toolbox of stimuli-responsive control devices of gene 

expression through the development of novel, tunable ELP-based transcriptional regulators. This 

work presents the conceptual foundation for the use of these devices for the dynamic control of 

toxic intermediates within a bioproduction pathway. These devices encompass the hallmarks of 

an ideal controller in the following ways: 1) rational sequence design of ELP allows for behavior 

programmability, 2) the use of orthogonal transcription factor devices avoids unwanted 

interactions with the host’s native processes, 3) the use of pH sensitive ELPs makes the 

controller responsive to changes in intracellular pH, and 4) the detection of a general indicator of 

cell stress allows for wider applicability. The potential of these devices to control gene 

expression in a programable, stimuli-dependent manner was demonstrated through the in vivo 

testing of simple network architectures and model simulations. 

 

The first objective of this study was to design, build, and characterize a library of ELP constructs 

that exhibit pH sensitivity and phase transition under various conditions. To accomplish this, 

three ELP types were designed, ELPA, ELPB, and ELPN, at three different lengths, n = 40, 80, 

and 160, resulting in a total of nine constructs. Of the nine constructs, four were able to be 

successfully purified, including ELPA40, ELPA80, ELPA160, and ELPN40. Purification was 

achieved using a new organic solvent extraction method, which improves ELP yield and purity 

compared to traditional ITC. SDS-PAGE was used to confirm protein size, while phase transition 

behavior was confirmed via spectrophotometry by tracking changes in turbidity in response to 

temperature. For the remaining five constructs, more investigation is needed to determine 

whether the problem is a result of poor expression, protein toxicity, inclusion body formation, or 

inappropriate purification method and staining.  

 

The phase transition behavior of ELP was characterized by in vitro and in vivo studies. For in 

vitro studies, purified ELP was resuspended to known concentrations and the Tt was determined 
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by tracking the change in absorbance over a range of temperature. A linear trend was observed 

for Tt in response to ELP concentration, indicating that Tt decreases as concentration increases. 

Additionally, a nonlinear, sigmoidal trend was observed for Tt in response to pH for the three 

ELPA constructs in which Tt decreases with decreasing pH. This behavior demonstrates that ELP 

functionality is retained after purification by organic solvent extraction. It remains to be seen, 

however, how those transition temperatures differ in vivo as compared to in vitro.  

 

A new method to establish the Tt of ELP in vivo was explored in this study. Based on ELP’s 

ability to form an ATPS upon aggregation in the cell, it was hypothesized that a change in 

temperature could drive ATPS formation. The temperature at which this change occurs could 

then be taken as the transition temperature. To explore this possibility, the behavior of a GFP-

ELP180 fusion was observed under a microscope at a lower limit of 24°C and as high as 33°C. 

The fusion protein appeared to polarize to the ends of the cell at all temperatures, suggesting that 

the Tt was lower than what could be observed. Although ATPS formation was observed, more 

testing is needed to prove this hypothesis. Future work will involve purifying the remaining five 

ELP constructs and characterizing their transitions in vitro. Fusions of GFP to the ELP library 

will also be made for in vivo transition characterization studies, starting with the shorter ELPs 

that are predicted to have the highest transition temperatures. 

 

The second objective of this study was to determine the feasibility of ELP-transcription factor 

fusions as dynamic sensor-regulator devices for gene expression. To do this, simple activation 

and repression architectures were designed that use fusions of ELP with SF or TetR to drive or 

repress the expression of a fluorescent reporter gene. These studies produced conflicting results; 

the simple activation architecture showed evidence for control, while the simple repression 

architecture did not. A preliminary study for the simple activation architecture was performed, 

which showed a significant 21% reduction in GFP expression in response to a temperature 

increase from 30°C to 40°C, indicating that ELP aggregation controls expression as expected. 

The simple repression architecture, on the other hand, did not behave as we anticipated, requiring 

further investigation. It is hypothesized that binding affinity may play a role and Gibbs free 

energy calculations will be used to determine whether the binding of affinity of TetR to DNA is 

more favorable than ELP aggregation. 
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In addition to the preliminary study, the simple activation architecture was modelled in 

MATLAB and was adjusted to reflect the same 21% reduction in expression as the experimental 

data. Since expression was only measured at 30°C and 40°C, the preliminary study will be 

repeated in the range between 30°C-40°C to see the effect temperature has on expression and if it 

is similar to what was predicted by the simple activation model. The simple activation 

architecture has yet to be tested using any of the ELPs from the designed library; therefore, SF 

will be fused to the ELP library and expression will be tested above and below the predicted 

transition temperatures. One fusion, SF-ELPA40, has already been cloned, but has not been 

tested yet. It is noted that the observed 21% reduction in expression is likely too modest to be 

used in a real production pathway and therefore an alternative feed-forward loop design was 

explored for enhanced dynamic range.  

 

The third objective of this study was to explore alternative network architectures for enhanced 

controller performance and dynamic range. This was accomplished by the development of a 

feed-forward loop model, which was predicted to reduce gene expression by 35% at 40°C, thus 

showing an improved dynamic range and ultrasensitive response compared to the simple 

activation model. Future work will include cloning the physical FFL constructs and testing gene 

expression to validate the model. To simplify testing of the genetic circuits, control of gene 

expression will first be characterized in vitro using cell-free protein synthesis. This method of 

characterization will not only be faster and simpler but will also eliminate the possibility of 

protein inclusion body formation or the need to optimize growth conditions. If in vitro control of 

gene expression can first be proven, then in vivo testing can be explored. 

 ELP-transcription factor devices for dynamic pathway control 

The long-term goal of this project is to implement the pH sensitive ELP-transcription factor 

sensor-regulators into a production pathway to show enhanced production via dynamic control of 

toxic intermediates. Eventually, the devices will be introduced into a heterologous mevalonate 

isoprenoid pathway to improve yields of taxadiene, a precursor for Taxol. Taxol, or paclitaxel, is 

a billion-dollar anticancer drug originally isolated from the Pacific yew tree (Taxus brevifolia) 

[62]. Its complex structure and size make chemical synthesis infeasible; less than 30 mg of the 
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compound have been produced by total synthesis [63]. As a result, current Taxol production has 

been dominated by biological methods, however, these methods still face challenges that make 

them difficult to scale. Production from plant cell-cultures has been explored but is hindered by 

low yields and high production costs. The current commercial supply of Taxol relies on semi-

synthetic production from yew tree derived baccatin, making it dependent on the supply of yew 

tree materials. This reliance makes yields unpredictable as production is impacted by climate, 

region, tree age, sex, and other variables [64-66]. Thus, microbial-based production of Taxol 

and/or its precursors may be an attractive alternative to current production platforms as microbial 

cultures offer more predictability and could easily be scaled to meet worldwide demand. So far, 

the commercial scale production of Taxol or its precursors have yet to be achieved microbially 

despite the fact that researchers have been able to optimize expression of a heterologous 

mevalonate pathway in E. coli to make g/L titers of other isoprenoid-derived drugs [67, 68].  

 

 

Figure 14. The proposed schema to taxadiene via the mevalonate isoprenoid pathway. Image 

credit: Dr. Kevin Solomon. 
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The first committed step to Taxol biosynthesis is the cyclization of geranylgeranyl diphosphate 

(GGPP) to taxadiene via a taxadiene synthase [69] (Figure 14); thus, any high yielding Taxol 

process must first produce high yields of the precursor taxadiene. For this reason, we chose 

taxadiene as the final product of our heterologous mevalonate isoprenoid pathway in E. coli, 

which is currently being constructed and optimized by another Solomon Lab member. So far, a 

combinatorial library of the first three genes through mevalonate in the pathway has been 

constructed in E. coli MG1655(DE3) and validated for mevalonate production (data not shown). 

Future work will entail cloning the remaining genes to taxadiene production.  

 

We aim to improve taxadiene production through the dynamic control of farnesyl pyrophosphate 

(FPP), a known toxic pathway intermediate linked to the acid-stress response. Researchers have 

used GadE, an acid inducible transcription factor [70], as a sensor-regulator for FPP 

accumulation to control the expression of the mevalonate operon by a PGadE promoter to improve 

amorphadiene titers twofold over static gene expression. This strain also showed improved cell 

growth and carbon utilization efficiency [67]. We speculate that the mechanism of toxicity for 

FPP is via dysregulation of intracellular pH. Therefore, it is predicted that FPP build-up will 

cause a drift in intracellular pH, which will then trigger the phase transition of the pH sensitive 

ELPs. Expression of FPP will be controlled by an ELP-transcription factor fusion protein, which 

once aggregated, will halt FPP production until pH returns to normal.  

 

To determine how ELP transition behavior correlates with changes in intracellular pH, fusions of 

GFP to the pH sensitive ELPs will be made and expressed in E. coli DZ3, a proton transport 

mutant defective in pH homeostasis whose intracellular pH is correlated with extracellular pH 

[61]. These cells will be exposed to extracellular medium of varying pH, by titration of dilute 

NaOH or HCl, and then observed under a microscope to monitor aggregation. To measure the 

change in intracellular pH, a pHRED fluorescent protein whose excitation and emission spectra 

varies with pH [71], will be integrated into the genome of DZ3 and expressed at low constitutive 

levels. This will allow for the correlation of intracellular pH with ELP aggregation. Additionally, 

pHRED will be integrated into the genome of MG1655(DE3) and expressed along with the 

taxadiene pathway. The library, which produces variable amounts of mevalonate and thus toxic 

FPP, will be assayed for taxadiene production via GC-MS. Production can then be correlated 



60 

 

with intracellular pH as measured via pHRED. From these experiments, the appropriate SF-ELP 

controllers can be chosen for implementation into the taxadiene pathway. Finally, this will allow 

for the main hypothesis to be tested—whether SF-ELP regulatory devices can be used to 

dynamically control production in response to toxic intermediate accumulation for improved 

titers and productivity. A timeline outlining these experiments can be found in Figure 15.  

 

 

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

   1) Finish pathway to taxadiene

   2) Integrate pHRED in MG1655(DE3)

   3) Assay taxadiene production and intracellular pH

   4) Assess SF-ELP ability to control toxicity and improve titer

   4) Characterize fusion proteins in vitro

Characterize ELP library and extend dynamic range

Assess controller ability to respond to intracellular pH

Establish cues for dynamic control in taxadiene pathway

   1) Troubleshoot expression/purification for remaining ELPs

   2) Make SF fusions to ELP library

   3) Clone FFL constructs

   5) Test dynamic range of systems 

   1) Make GFP fusions to pH sensitive ELP library

   2) Integrate pHRED in E. coli  DZ3 mutant

   3) In vivo  characterization of GFP-ELP with pHRED

Estimated Timelne for Project
2018 2019 2020

 

Figure 15. Estimated Timeline for Project.  
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APPENDIX A 

Table 4. List of primers and oligonucleotides used in this study. The forward and reverse strands 

are represented by the beginning letter “f” or “r” respectively. 

Number ID Sequence (5  3) 
1 fREIIS ctagaaataattttaaggaggagtacatatgggctactgataatgatcttcagc 

 

2 rREIIS tcgagctgaagatcattatcagtagcccatatgtactcctccttaaaattattt 

 

3 fELPN  cgtgggtgttccgggcgttggtgtcccaggtgttggcgtaccgggcgttggtgttcctggtgttggcgt

gccggg 

 

4 rELPN  cggcacgccaacaccaggaacaccaacgcccggtacgccaacacctgggactccaacgcccgg

aacacccacgcc 

 

5 fELPA  cgtgggcgttccgggtatcggtgttccgggtatcggtgttccgggtgaaggtgttccgggtatcggtg

tgccggg 

 

6 rELPA  cggcacaccgatacccggaacaccttcacccggaacaccgatacccggaacaccgatacccgga

acgcccacgcc 

 

7 fELPB  cgtgggtgttccgggccacggtgtcccaggtggcggcgtaccgggccacggtgttcctggtgctgg

cgtgccggg 

 

8 rELPB  cggcacgccagcaccaggaacaccgtggcccggtacgccgccacctgggactccgtggcccgg

aacacccacgcc 

 

9 fSF   agatcccgcatcttatgagcggcctggaagttctgtt 

 

10 rSF  atcatatgttgcgggccaccgccacccggtttgcgacgaccgctca 

11 fcp1TetR gatgaatgatataataggaaagtactgttttgtttaactttaagaaggagatatacatatgatgtctagatt

agataaaagtaaagtgat 

 

12 rXNTetR tgatctcgaggctagcaccgccaccagacccactttcacatttaagtt 

 

13 fcp2TetR atcaagatctatcaccgagtttattcttgacacctgatgcgatgaatgatataataggaaagtactgttt 

 

14 fCherry gtcaagatctaaagaggagaaaggatctatggtgagcaagggcga 

 

15 rCherry tgacggatccttacttgtacagctcgtccatgc 
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Table 4. continued 

Number ID Sequence (5  3) 
16 fGFPELP Actgcatatggcagtgagcaagggcgaggaggata 

17 rGFPELP tataggtaccccaccgcccttgtacagctcgtccat 

 

 

 

Figure 16. Expression of mCherry from pET28 was 81% lower compared to pETM6. 

Fluorescence intensity was first normalized by OD600, averaged, and then normalized by 

pETM6 average fluorescence. 
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Figure 17. The mfold predictions of mRNA secondary structure at the RBS site for pET25b-

ELPV24, pET32a-GST-ELP180, and pET32a-ELPB. The RBS sites [5-AGGAGG-3] and [5-

AAGGAG-3] are circled in red. 
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Figure 18. Expression check of induced (I) versus noninduced (N) samples of ELPA40, 

ELPA80, and ELPA160 using SDS-PAGE. 
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Figure 19. Expression check of induced (I) versus noninduced (N) samples of ELPN40, 

ELPN80, and ELPN160 using SDS-PAGE. 
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Figure 20. Expression check of induced (I) versus noninduced (N) samples of ELPB40 and 

ELPB80 using SDS-PAGE. 
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Figure 21. Expression check of ELPB160 using SDS-PAGE after multiple rounds of ITC. Odd 

numbers indicate hot spins, while even numbers indicate cold spins. The “-S” refers to 

supernatant, while “-P” refers to pellet. The * symbol indicates samples that should contain ELP 

protein. The predicted MW of ELPB160 is 65.94 kDa. 
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Figure 22. Absorbance versus temperature for ELPN40 at 30 M, 45 M, 60 M, and 200 M. 

 

 

Figure 23. Change in absorbance versus temperature for ELPN40 at 30 M, 45 M, 60 M, and 

200 M. 
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Figure 24. Change in absorbance versus temperature for 100 M of ELPA80 at pH 3, 4.5, 6, 7.5, 

and 9. 

 

Figure 25. Change in absorbance versus temperature for 100 M of ELPA160 at pH 3, 4.5, 6, 

7.5, and 9.  
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Figure 26. Change in absorbance versus temperature for 100 M of ELPN40 at pH 3, 4.5, 7.5, 

and 9.   
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APPENDIX B 

The following is the MATLAB code for both the simple activation and feed-forward loop 

models: 

% Script file: ELP_SF_Models_LR 
% 
% Purpose: 
%   This program compares different architectures for gene expression 
%   control by elastin-like polypeptide (ELP) fused to sigma factor (SF) in 
%   response to temperature. 
% 
% Record of revisions: 
%   Date      Programmer         Description of change 
%   ====      ==========         =========================== 
% 10/15/18    Logan Readnour     Original code 
% 10/17/18    Logan Readnour     Defined parameters and moved estimation to 
%                                seperate code. 
% 10/18/18    Logan Readnour     Made relative fluorescence graph and added 
%                                experimental data 
% 10/23/18    Logan Readnour     Updated parameters 
% 
% Model Assumptions: 
% - Assumes Quasi steady state. 
% - protein degradation assumed negligible for stable proteins. 
% - dilution due to growth assumed negligible for mRNA production due to 
% differences in timescales. 
% -ELPsf assumed 100% inactive when fully aggregated and 100% active when 
% fully soluble. 
%-------------------------------------------------------------------------- 
%-------------------------------------------------------------------------- 

  
clear all; 

  
%Parameters for system: 

  
T = 30:.2:45; % temperature range in C 
Tt = 39; % Transition temperature of ELPsf 
IPTG = 100; % Concentration of IPTG in uM 
A = 1.3; % IPTG activation coefficient in uM (Setty et al. 2003) 
n1 = 2; % Hill coefficient describing activation by IPTG (iGem website) 
n2 = 1.2; % Hill coefficient describing activation by ELPsfA  
n3 = 1; % Hill coefficient describing ORIB assembly/16S interaction with mRNA 
k1 = 2.4; % Coefficient for steepness (predicted from data fit) 
K = 300; % Translation rate of mRNA in 1/h/mRNA (Pai et al. 2009) 
mu = 1.39; % Dilution due to growth in 1/h (estimated for doubling time of 30 

min) 
kd_m = 0.83; % mRNA degradation rate in 1/h (Kim et al. 2011) 
beta1 = 0.15; % Max transcription rate from T7 promoter in uM/h (estimated  
              % assuming 80 bp/s, see p. 111 notebook 3) 
beta2 = 0.68; % Max transcription rate from P20_992 promoter in uM/h 

(estimated 
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              % assuming 80 bp/s, see p. 111 notebook 3) 
beta3 = 0.089; % Max transcription rate from P20_992 promoter in uM/h 

(estimated 
               % assuming 80 bp/s, see p. 112 notebook 3) 
Km1 = 1.1; % Activation coefficient in uM for ELPsfA 
Km2 = 1; % Activation coefficient for ORIB assembly in uM 

  
%------------------------------------------------------------------------- 

  
% The following equations solve for the fraction of active/soluble ELPsf: 
% Total ELPsf present at steady state 
ELPsfT = (K/mu)*(beta1/kd_m)*(IPTG^n1/(A^n1 + IPTG^n1)); 
% Uses logistic function to describe "S-shape" curve of ELP transition. 
ELPsfI = ELPsfT .* (1./(1 + exp(-k1*(T-Tt))));  
% Active ELPsfA can be found due to conservation 
ELPsfA = ELPsfT - ELPsfI; 

  
%Plots the active ELPsfA fraction 
figure (2) 
plot(T,ELPsfA,'Linewidth',1.5); 
xlabel('Temperature (C)'); 
ylabel('Active/Soluble ELPsf (uM)'); 

  
%-------------------------------------------------------------------------- 
% SIMPLE ACTIVATION EQUATIONS AT SS 

  
% mRNA production at steady state. 
SA_mRNA = (beta2/kd_m) .* (ELPsfA.^n2./(Km1^n2 + ELPsfA.^n2)); 
% GFP production at steady state. 
SA_GFP = (K/mu)* SA_mRNA; 

  
%Simple Activation plot GFP and mRNA versus temperature 
figure(3) 
subplot(1,2,1); 
plot(T,SA_GFP,'Linewidth',1.5); 
title('SA GFP'); 
xlabel('Temperature (C)'); 
ylabel('GFP (uM)'); 

  
subplot(1,2,2); 
plot(T,SA_mRNA,'Linewidth',1.5); 
title('SA mRNA'); 
xlabel('Temperature (C)'); 
ylabel('mRNA (uM)'); 

  
%-------------------------------------------------------------------------- 
% FEED FORWARD LOOP (FFL) EQUATIONS AT SS 

  
% o-ribosome production at steady state. 
FFL_ORIB = (beta3/kd_m) .* (ELPsfA.^n2./(Km1^n2 + ELPsfA.^n2)); 
% mRNA production at steady state. 
FFL_mRNA = (beta2/kd_m) .* (ELPsfA.^n2./(Km1^n2 + ELPsfA.^n2)); 
% GFP production at steady state. 
FFL_GFP = (K/mu) .* ((FFL_ORIB.^n3)./(Km2.^n3 + FFL_ORIB.^n3)).*FFL_mRNA; 
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% FFL Plots of GFP, mRNA, and ORIB versus Temperature 
figure(4) 
subplot(2,2,1); 
plot(T,FFL_GFP,'Linewidth',1.5); 
title('FFL GFP'); 
xlabel('Temperature (C)'); 
ylabel('GFP (uM)'); 

  
subplot(2,2,2); 
plot(T,FFL_mRNA,'Linewidth',1.5); 
title('FFL mRNA'); 
xlabel('Temperature (C)'); 
ylabel('mRNA (uM)'); 

  
subplot(2,2,3); 
plot(T,FFL_ORIB,'Linewidth',1.5); 
title('FFL ORIB'); 
xlabel('Temperature (C)'); 
ylabel('ORIB (uM)'); 

  
%-------------------------------------------------------------------------- 
% The following plots relative GFP and compares the different 
% architectures. 

  
% Normalizes GFP concentration: 
% Simple activation: 
norm_SA_GFP = SA_GFP./SA_GFP(1,1); 
% FFL: 
norm_FFL_GFP = FFL_GFP./FFL_GFP(1,1); 

  
% Experimental data (Relative fluorescence controlled by ELP180sf was 

compared at  
% 30C and 40C):  
T_exp = [30, 40]; 
GFP_exp = [1, 0.79]; 

  
% Plots relative GFP: 
figure(5); 
plot(T,norm_SA_GFP,T,norm_FFL_GFP,'Linewidth',1.5); 
hold on 
%Plots observed data 
plot(T_exp,GFP_exp,'o','markersize',8,'linewidth',1.5); 
legend('Location','southwest'); 
legend('Simple Activation','FFL','Experimental'); 
xlabel('Temperature (C)'); 
ylabel('Relative Fluorescence'); 
set(gca,'fontsize',14); 
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