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transitions can be used to maintain one component in solution while the other undergoes 

phase transition forming a colloid. Since the phase transition temperature can be 

manipulated by changing the protein concentration, the phase partitioning can be 

reversed. For the combination used in sample C (Figure 6.7C), all the droplets are 

fluorescent while the solution has no fluorescence , indicating that ELP90-GFP forms 

droplets while ELP20 remains in solution. This demonstrates that it is possible to have a 

mixture of two ELP based molecules, selectively choosing one component in the mixture 

to undergo phase transition and result in the formation of a nanocolloid, while the other 

component remains in solution. When the NaCl concentration is increased to 2.0 M, the 

T1 of both ELP90-GFP and ELP20 are below room temperature (combination B and D in 

Table 6.1). The imaging results (Figure 6.7B, 6.7D) show that in addition to the ELP90-

GFP droplets (green), ELP20 droplets (colorless droplets) are also formed, as pointed by 

the arrows in Figure 6.7B and 6.7D. This is direct evidence that two populations of 

droplets co-exist in the emulsion, indicating the formation of a protein-based aqueous 

triphasic system. It is expected that the finding demonstrated herein can be expanded to 

multiple phasic systems by introducing other species of ELP. 

6. 4. 5 Morphology of ELP based anisotropic colloids 

Finally, we tested the possibility of generating anisotropic colloids by shaking 

emulsions composed of both ELP90-GFP and ELP20 droplets . Varied concentrations of 

ELP90-GFP and ELP20 were used to form the emulsions and intensive vortex was 

applied before imaging. The results are shown in Figure 6.8. 
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Figure 6.8 Different morphological shapes are formed after vortexing emulsions 
composed of ELP20 ELP90-GFP droplets. Concentration of ELP20 I ELP90-GFP in 
samples: (A), 0 µM I 10 µM; (B) and (C), 350 µMI 8 µM ; (D), 60 µM I 10 µM; (E), 400 
µM I l .5 µM. For all sample NaCl concentration was 2.0 M. Bar=2 µm . 

In contrast to the miscibility of two ELP90-GFP droplets (Figure 6.8A), it was 

found that ELP90-GFP and ELP20 droplets are immiscible (Figure 6.8B-E). Figure 6.8 

clearly shows the formation of anisotropic colloids composed of protein-based materials. 
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Different morphologies of colloids are generated after vortexing an emulsion consisting 

ofELP90-GFP and ELP20 droplets. These morphologies include droplets touching 

droplets (Figure 6.8B), immiscible compartments partitioning in one fused droplet 

(Figure 6.8C) and droplet-in-droplet (Figure 6.8D and 6.8E). These results demonstrate 

generation of anisotropic colloids with two immiscible phases partitioning in 

compartments. It may be possible to create multi-phasic colloids, by applying several 

different ELP species. 

Comparing samples C, D, E, the only differences among them are the 

concentrations ofELP20 I ELP90-GFP, in the following ratios: (C), 350 µM I 8 µM ; (D), 

60 µM I 10 µM ; (E), 400 µM I l .5 µM. Previous studies have shown that the 

concentration of ELP has an effect on droplet size and size distribution (Kaibara 2000). 

Thus, the results shown in Figure 6.7 imply that the different morphologies can be 

attributed to the different concentrations and proportions of the ELP species. When the 

concentrations of both ELP90-GFP and ELP20 are high (sample C), both ELP90-GFP 

droplets and ELP20 droplets formed have a relatively large size. After energy is 

introduced in the system (shaking) anisotropic nanocolloids with relatively large 

compartments are formed. When the concentration of one ELP molecule is high and the 

concentration of the other ELP molecule is low (sample D, E), droplets with different 

sizes are formed, with large droplets formed by the ELP molecules initially present in 

high concentration, and small droplets being associated with the ELP molecules initially 

present at low concentration. After shaking, the large droplets aggregate and form larger 

droplets, and during this process the small droplets are buried inside of them. Therefore, 
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the morphologies and the relative size of compartment in anisotropic nanocolloids can be 

modulated by concentration/ratio of ELP species. 

Pellet 
[==:J Supernatant 

0 20 40 60 80 
Recovery rate (0/o) 

100 

Figure 6.9 Recovery of 1 µM Trx-ELP20 when present in a solution containing BSA or 
ELP90. Experiments were repeated twice. 

Another experiment was done to confirm the formation of hybrid droplets 

composed of both ELP90 and ELP20. Trx-ELP20 was radiolabeled with 1251, and two 

samples were prepared: one sample consisted of 1 µM radioiodinated Trx-ELP20 with 

addition of 20 µM ELP90 in 2.5 M NaCl, and the second sample contained 1 µM 

radioiodinated Trx-ELP20 with addition of 20 µM bovine serum albumin (BSA) in 2.5 M 

NaCl. These samples were centrifuged at 16,500 g for 5 minutes. The radioactivity of the 

pellet and supernatant were measured and the recovery percentages were calculated based 

on setting the radioactivity levels of the samples before centrifugation as 100%. The 
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results (Figure 6. 9) indicate that the presence of the ELP90 is essential for capturing 1 

µM Trx-ELP20. When 20 µM BSA was used (to act as an inert supplement to also 

minimizes non-specific binding to the surface of the Trx-ELP20 to the walls of the tube 

of the test tube), it was found that 1 µM Trx-ELP20 alone could not be separated using 

centrifugation. These results are consistent with the results shown in Figure 6. 7D 

explaining how co-aggregation takes place between different species of ELP and leading 

the process of co-precipitation. 

Comparing the sample before (Figure 6.7) and after (Figure 6.8) shaking, it 

becomes clear that extra energy is needed to generate anisotropic nanocolloids. Future 

work should focus on how to precisely control the morphology of nanocolloids by using 

methods such as manipulating the amount and the rate at which energy is introduced to 

the system, or manufacturing devices for microfluid jetting or blending. 

Geometric parallel patterns are the only morphologies discovered in synthetic 

polymer based biphasic or triphasic Janus nanoparticles, and this geometric features are a 

result of the fabrication methods used: microfluid jetting of parallel polymer solutions. A 

different morphology is created using the system reported in this paper: a sphere 

symmetrical structure, such as droplet-in-droplet. In addition, the reversible nature of 

ELP phase transition allows these structures to be assembled and disassembled in 

stimulus-responsive manner. 

6.5 Conclusions 

Polypeptide based aqueous multi-phase systems, and both isotropic and 
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anisotropic colloids can be formed in a controlled manner using elastin-like polypeptides 

and their fusion proteins. It was shown that that fusing ELP with partner proteins can: ( 1) 

Modify phase transition temperature, (2) Vary levels of functionalization of isotropic 

hybrid colloids. Changing the length and sequence of ELP can: (3) Form aqueous 

multiple-phase systems, ( 4) Fabricate anisotropic colloids with different morphologies . 
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Chapter 7 

Closure 

7.1 Summary 

The following main conclusions can be drawn from the work reported in this dissertation: 

1. A method for recombinant protein purification was developed that does not 

require the use of chromatography or proteases. ELPs and inteins were used as 

parts of a single system for protein purification and their functions could be 

activated sequentially, in an independent and controlled manner. First the ELP tag 

was used to purify the fusion protein from a complex mixture (such as cell lysate) 

and then the intein was activated to cleave the ELP tag from the target protein. 

The attractive features of this technique are its simplicity and low cost. The 

materials required for purification consisted of a disposable membrane filter, 

common chemicals (such as NaCl, and DTT) and the purification could be 

completed in about 5 minutes. 

2. The scalability of this technique was further demonstrated using a membrane­

based process operated in a continuous manner. The microfiltration/ELP based 

purification method is suitable for production of recombinant proteins at the 
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industrial level. It also has great potential to be used in situations where a large 

number of protein samples need to be purified in parallel. 

3. A highly efficient and specific method for purification of ELP fused recombinant 

proteins was developed, using free ELP as a coacervation additive. For this 

method, we demonstrated: (1) the efficiency of the method by capturing an ELP 

tagged recombinant protein present at different concentrations, ranging from µM 

to as low as pM; (2) the specificity of the method by purifying the ELP tagged 

protein present in cell lysate at a final concentration of 1 nM, which is 

approximately equal to the presence of a single molecule of the recombinant 

protein per single E. coli cell. This research could be particularly useful for high­

throughput proteomic studies, where small amounts of poorly expressed proteins 

could be recovered for analysis. In a more general context, the concept presented 

in this study provides a method that is highly efficient, specific, and fully 

reversible, should have potentially wide ranging applications in many diverse 

areas. 

4. The results reported in Chapter 5 clarify the conceptual blur associated with ELP 

phase transition of ELP. They also provide unequivocal evidence of formation of 

an ELP based aqueous two-phase system, using confocal imaging and FRAP 

experiments. ATPS formation was obtained in vivo , resulting in functional 

microcompartmentalization of a living cell: one area associated with protein 

129 



PhD Thesis - Xin Ge McMaster University- Chemical Engineering 

synthesis and a physically separated area for soluble protein storage. Expression 

of ELP and ELP fused proteins can be a very powerful approach to study 

molecular crowding in vivo, as well as for efforts directed towards the formation 

of synthetic cells. Formation of ATPS in vitro protected a protein from 

proteolysis, an observation that could serve as the basis for high-level production 

of proteolitycally labile recombinant proteins. 

5. It was demonstrated, for the first time, the generation of aqueous multi-phase 

systems exclusively composed of proteins. This demonstration consisted of 

generating isotropic colloids with tunable levels of functionality, and anisotropic 

colloids with pre-defined morphologies. 

7.2 Proposed Work 

7. 2.1 Protein Expression and ELP fusions 

When GFP-ELP was expressed in E. coli, the fusion protein was concentrated at the 

poles of the cell, and no GFP could be seen in the cytoplasm. There was clear physical 

separation between the protein production machinery (ribosome), and the aqueous phase 

where the ELP tagged protein was stored (ELP rich microcompartment) . We hypothesize 

that this could be useful for expressing aggregation prone proteins; as proteins are being 

produced, they can be continuously removed from the cytoplasm into the ELP rich 

compartment, leading to small target protein concentrations in the cytoplasm. This should 

minimize the potential for aggregation. This is totally different from the formation of 
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traditional inclusion bodies (Baneyx, 1999), because in ELP based ATPS systems the 

protein is still soluble. We could test this concept using the enzyme ANT(2"). This 

enzyme covalently modifies aminoglycosides, allowing organisms harboring this gene to 

have resistance against 4,6-disubstituted aminoglycosides containing one hydroxyl group 

in the 2" position, which accounts for antibiotics such as kanamycin and gentamicin. This 

protein was selected because (1) it is clinical relevance; (2) it has not been purified in its 

native form and no crystal structure is available; (3) extensive data on refolding is 

available (Wright and Serpersu, 2004); and (4) it is easy to assay protein activity (Ekman 

et al. , 2001). This protein has only been generated initially as inclusion bodies and then 

refolding. We could attempt to use ELP fusions to express the protein in soluble form, by 

storing it in a second phase in vivo. An additional tool that can be explored is the use of a 

dual expression system, consisting of two plasmids. One encodes for the formation of 

ELP, and another encoding for the production of ELP-ANT(2"). The expression of ELP 

will be turned on at the beginning of cultivation to generate ELP based droplets in the 

cytoplasm. Later in the growth phase, expression of the ELP-ANT(2") will be turned on 

and we anticipate that the fusion protein will accumulate in the previously formed ELP 

droplets. This avoids the need to build up the concentration of ELP-ANT(2") in the 

cytoplasm of the cell, which is necessary for the formation of a second aqueous phase. 

This should further minimize the potential for protein aggregation. 
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7 .2.1.2 ELP droplets and protection against proteases 

Some data indirectly suggests the possibility of protection of ELP fusion proteins 

against the action of proteases: extremely high levels of protein expression that have been 

reported with ELP fusion systems (Chow et al. , 2006; Guda et al., 1995; Patel et al. , 

2007); the product purity obtained with ITC results in highly pure product. ELP based 

purification of the proteins works indicates that proteases are indeed excluded from ELP 

based droplets. Preliminary studies were done in vitro using Trx-ELP, with the thrombin 

cleavage site being used as the proteolysis target. Thrombin was added at a temperature 

below and above the Tt of Trx-ELP. The rates of protein cleavage were measured and 

results suggested the formation of A TPS could protect the fusion protein from protease 

attack. It is hypothesized that this mechanics could work in vivo as well. Therefore, we 

propose to select a proteolytically prone protein, fuse it with ELP and express the fusion 

protein, comparing the productivity I solubility of the protein with and without ELP 

fusion. Some antimicrobial peptides with potential for clinical applications could be of 

interest for this study. Most of peptide antibiotics currently found are small cationic 

peptides with molecular weight <5 kDa (Zasloff, 2002). Like most small peptide, they are 

often prone to proteolysis, thus impeding the development to be commercial products 

(Valore and Ganz, 1997; Haught et al., 1998; Skosyrev et al., 2003; Rao et al. , 2004). If 

successful, this approach could be quite valuable from a production point of view, since it 

minimizes loss of product and the ELP tag could further be used for simple protein 

purification. 
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7 .2.1.3 Multiphasic aggregation of the cytoplasm of living cells 

Using different sequences and different lengths in ELP, it is possible to tune in the 

conditions (temperature, concentration, etc.) at which phase separation takes place. We 

propose to create a library of ELPs, with a variety of lengths and sequence, using 

previously published methods (Meyer and Chilkoti, 2002; 2004), to clone this library in 

two plasmids (with different origins of replication), one of them expressing the library as 

a fusion to GFP and the other plasmid as a fusion to yellow fluorescence protein. 

Fluorescence based microscopy will be used to assess the morphology and number of 

phases that can be obtained in vitro and then extend this work to in vivo experiments. We 

want to see if it is possible to generate different compartments and if these compartments 

can be generated in vivo. 

7. 2. 2 ELP based detection systems 

A variety of methods exist for detecting molecules present at very low levels in 

biological samples. The common theme in these methods is the use of DNA and PCR for 

signal amplification. Immuno-PCR, originally developed by Sano, Smith and Cantor 

(1992) and the DNA based barcodes developed by Mirkin's group (Nam et al. , 2003) are 

two elegant implementations of this approach. We would like to avoid using PCR based 

detection, since it is not available in all cases. We propose to use the fact that ELP 

coacervates as the basis of a highly sensitive method that generates a visual signal in 

response to small concentrations of an analyte of interest. The method is presented in 

Figure 7.1. 
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Figure 7.1 Proposed method for visual detection of molecules at low concentration. (A) 
Building blocks consisting of three thermally responsive polymers (PNIP AAM, ELP 20 
and ELP 90) conjugated to an antibody and to three different fluorophores (red, blue and 
green); (B) capture of a pathogen by an immobilized antibody, coacervation of 
fluroresencently labeled ELP around an antigen/ELP-antibody conjugate for signal 
generation; (C) the method can be multiplexed. 

We will select three thermally responsive polymers, with different Tt: poly-N-

isopropyl-acrylamide (PNIP AAM), ELP20 (consisting of 20 repeats of the pentamer V 5) 

and ELP90 (consisting of 90 repeats of the pentapeptide Val-Pro-Gly-Xaa-Gly, where 

Xaa is Val, Ala, and Gly in the ratio of 5:2:3). The polymers will be conjugated to an 

antibody. PNIP AAM will be conjugated to a red fluorophore, ELP 20 will be expressed 

as a fusion to yellow fluorescent protein (YFP) and ELP 90 will be expressed as a fusion 

to green fluorescent protein (GFP). The procedure is shown in Figure 7.lB. An antibody 

will be immobilized on a surface, very much in the same manner as when doing an 

ELISA and then the sample to be analyzed is loaded. The antigen, if present, will bind to 
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the immobilized antibody. To generate a signal, antibody conjugated to a thermally 

responsive polymer (in Figure 7 .1 B, ELP20 is shown) is added binding the antigen that 

had been captured by the primary antibody. This results in the formation of a "sandwich" 

with a polymer sticking towards the bulk of the solution. This polymer will serve as an 

anchor. Addition of a reporter molecule, in this case ELP20 fused with YFP, and 

changing the temperature to above Tt, will result in coacervation of the ELP-YFP fusion 

around the anchor polymer. We have been able to grow ELP droplets to diameters in the 

order of several millimiters, which can be clearly seen by naked eye. Theoretically, this 

method should allow detection and visual reporting of the presence of a single antigen 

molecule. This method could be easily multiplexed (Figure 7 .1 C). 
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