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Abstract 

 

Membrane Proteins (MPs) are key players in many different biological networks, such as 

signal transduction cascades, cell-cell communication and environment sensing. The 

structural complexity and range of vital biological functions make them not only of 

scientific interest but also important targets for therapeutic intervention. However, they are 

more difficult to work with as compared to soluble proteins, due to their rapid 

disintegration once they are removed from the embedding plasma membrane. Traditional 

methods of producing MPs, which include heterologous overexpression cells, extraction 

from cell membranes, purification, and refolding efforts to preserve native structures are 

labour intensive and the use of detergents during the extraction and purification may cause 

protein denaturation.  

 

Since 1988, when Zozulia SA et al. first demonstrated the in vitro translation of visual 

rhodopsin (an important class of MP), cell free protein synthesis (CFPS) has been an 

evolving tool for MP research. Different from in vivo protein production in host cells, CFPS 

uses cell extract containing translational machinery (e.g. ribosomes, translation factors and 

metabolic enzymes) for protein expression. The absence of cell membrane creates an open 

and versatile environment that can be optimized exclusively towards quality production of 

a single protein product without supporting cell viability and growth. Such characteristics 

allow maximum modification and control of expression/isolation conditions to overcome 

issues in conventional in vivo expression systems (e.g. no expression or cell death due to 

target toxicity, protein denaturation in extraction), making CFPS a valuable alternative tool 

for challenging protein target production, e.g. MPs. Furthermore, it allows modifying the 

components that are amenable for expressing membrane proteins (e.g., additional 

chaperons to assist membrane proteins folding) with flexible strategies as well as high 

throughput screening when necessary.  

 

In the research involving MPs, however, CFPS are facing similar challenges as in 

traditional methods such as the expressed MPs have to be stabilized and maintain structural 
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integrity during expression and processing. MPs are intrinsically unstable and in in vivo 

synthesis, the current approaches depend largely on trial-and-errors (e.g. expression system 

optimization, directed evolution, condition screening). In CFPS, such challenges are 

approached by supplying amphiphilic components, e.g. membrane support like liposomes 

(lipid-based vesicles), to mimic cellular environment and to assist MP folding and 

stabilization. However, a key disadvantage of conventional membrane supports is their 

limited repertoire of physicochemical properties. Consequently, their applications in CFPS 

are restricted to genetically stabilized, well-studied targets (e.g. β2AR, AqpZ, bacteria 

rhodopsin) whereas the majority of challenging MPs (e.g. class B GPCRs) with wild-type 

sequences have not been attempted. In order to overcome these challenges, more flexible 

and robust biomimetic membrane systems are highly desired. In an entirely different field, 

self-assembled block copolymer vesicles (polymersomes) have emerged as suitable 

candidates in addition to lipid membranes. The chemical diversity allows tuning of 

membrane properties (e.g. chain length, hydrophobicity, rigidity) over a wider range than 

traditional membrane supports. They have been explored and show great potential as 

artificial cell membranes. 

 

In this work, we systematically investigated polymersomes as native-like membrane 

support for MP production in CFPS. Following previous proof of concept studies, we have 

selected Class B GPCRs, which are important drug targets in many human diseases, 

including diabetes, osteoporosis and obesity. In comparison to Class A GPCRs, they are 

more inherently unstable and lack high-affinity ligands for stabilization thus the study of 

this class of GPCRs has been considerably delayed. Specifically, a type II diabetes target, 

the Glucagon-like peptide-1 receptor (GLP-1R) was selected because of its role in chronic 

metabolic disorder and the very limited information available on the characterization of 

this protein target. Prevalence of type II diabetes has been increasing steadily globally yet 

no cure is available. As a diabetes target, GLP-1R related treatments offer unique benefits 

that include not only control of blood glucose level but improvement of co-morbid 

conditions.  
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In this thesis, the polymersomes were used as a platform for development of artificial cell 

membranes with GLP-1R as a model protein. We found that the novel purification 

approach using tagged membranes produced correctly orientated, functional GLP-1R 

incorporated in vesicular polymersomes of defined size whereas traditional histidine 

purification produced only protein aggregates. The characterization of polymer-based 

membranes also suggests an association between membrane rigidity and protein 

functionality, thus providing guidelines for different production strategies. In addition to 

GLP-1R, the principle and methodology were applied to a separate class of MP, a 

potassium (K2P) channel TREK-2.  

 

MPs constitute around 60% of approved drug targets and the development of therapeutic 

antibodies has long been hindered by the limited availability of natively folded MP antigen 

like GPCRs. In our work, the novel polymersome-based artificial membranes with stable 

and functional GLP-1R showed great potential as a solution to GPCR antibody generation. 

The methods presented herein are broadly applicable to other complex MPs and may serve 

to reduce bottlenecks such as production and presentation of drug targets for the discovery 

of novel ligands and antibodies to such targets. 

 



   

iv 

 



  Acknowledgements 

 

v 

 

Acknowledgements 

 

I would like to thank my supervisor, Assistant Professor Madhavan Nallani for his 

guidance over my research. I am touched by his positive attitude towards life and work and 

inspired by his insights into material science and technology.  

 

I would like to extend my appreciation to all my group members, Dr. Hans-Peter, Dr. 

Sourabh, Dr. Tom, Dr. James, Esther, Winna, and Ranjani, Hossam, and Abbas for their 

support and encouragement. I thank the friends and colleges at CBSS. 

 

I would also like to thank School of Materials Science and Engineering (MSE) and Center 

for Biomimetic Sensor Science (CBSS). 

 

Lastly but not least, I would like to thank my beloved family and friends. 

 



   

 

vi 

 



  Table of Contents 

 

vii 

 

Table of Contents 

 

Abstract ............................................................................................................................... i 

 

Acknowledgements ........................................................................................................... v 

 

Table of Contents ............................................................................................................ vii 

 

Table Captions ................................................................................................................. xi 

 

Figure Captions .............................................................................................................. xiii 

 

Abbreviations  ................................................................................................................ xxi 

 

Chapter 1      Introduction ............................................................................................... 1 

1.1      Background and Hypothesis .....................................................................................2 

1.2      Objectives and Scope ................................................................................................3 

1.3      Dissertation Overview ..............................................................................................5 

1.4      Findings and Outcomes/Originality ..........................................................................6 

References ............................................................................................................................7 

 

Chapter 2      Literature Review ...................................................................................... 9 

2.1      Membrane Protein Structure and Function .............................................................10 

      2.1.1       G-protein Coupled Receptors ...................................................................... 10 

      2.1.2       Ion Channels ................................................................................................ 13 



  Table of Contents 

 

viii 

 

2.2      Membrane Protein Production and Characterization ..............................................14 

      2.2.1       In Vivo Membrane Protein Expression Systems ......................................... 15 

      2.2.2       Membrane Protein Engineering ................................................................... 16 

      2.2.3       Cell Free Protein Synthesis .......................................................................... 18 

      2.2.4       Biomimetic Membrane Support ................................................................... 21 

      2.2.5       Membrane Supports in Cell Free Protein Synthesis .................................... 26 

References ..........................................................................................................................30 

 

Chapter 3      Experimental Methodology..................................................................... 39 

3.1      Rationale for selection ............................................................................................40 

3.2      Synthesis .................................................................................................................41 

      3.2.1       Materials ...................................................................................................... 41 

      3.2.2       Molecular Cloning - Principles and Analysis .............................................. 42 

      3.2.3       Protein Expression and Purification - Principles and Analysis ................... 43 

      3.2.4       Polymersomes Preparation - Principles and Analysis ................................. 46 

3.3      Characterization ......................................................................................................47 

      3.3.1       Protein Gel Electrophoresis and Western Blot - Principles and Analysis ... 47 

      3.3.2       Bicinchoninic Acid Assay - Principles and Analysis .................................. 48 

      3.3.3       Fluorescence Detection Size-exclusion Chromatography - Principles and 

Analysis  ........................................................................................................ 48 

      3.3.4       Biosensor analysis - Principles and Analysis ............................................... 49 

      3.3.5       Transmission Electron Microscopy - Principles and Analysis .................... 50 

      3.3.6       Radioligand Binding Assay - Principles and Analysis ................................ 50 

3.4      Overview of Methodologies ...................................................................................51 

References ..........................................................................................................................51 

 

Chapter 4      Protein Synthesis and Primary Characsterization ............................... 53 

4.1      Introduction .............................................................................................................54 

4.2      Experimental Methodology ....................................................................................54 

4.3      Principle Outcomes .................................................................................................56 



  Table of Contents 

 

ix 

 

      4.3.1      GLP-1R Is Expressed and Reconstituted in Polymersomes Using High Yield 

Wheat Germ System ...................................................................................... 56 

      4.3.2      Protein Yield Improvement Using Bilayer Reaction .................................... 58 

      4.3.3      GLP-1R Purification and Primary Characterization ..................................... 61 

4.4      Conclusions .............................................................................................................65 

References ..........................................................................................................................66 

 

Chapter 5      Biopysical Characterization of Proteopolymersomes........................... 67 

5.1      Introduction .............................................................................................................68 

5.2      Experimental Methodology ....................................................................................68 

5.3      Principle Outcomes .................................................................................................70 

      5.3.1      Morphological Characterization of Purified Product .................................... 70 

      5.3.2      Molecular cloning and expression of GFP-GLP-1R Proteopolymersomes for 

FSEC Characterization .................................................................................. 72 

      5.3.3      Size-exclusion chromatography Analysis of GLP-1R incorporation into 

polymersomes ................................................................................................ 74 

5.4      Conclusions .............................................................................................................80 

References ..........................................................................................................................81 

 

Chapter 6      Biochemical Characterization of Proteopolymersomes ....................... 83 

6.1      Introduction .............................................................................................................84 

6.2      Experimental Methodology ....................................................................................84 

6.3      Principle Outcomes .................................................................................................86 

      6.3.1      Determination of GLP-1R Orientation in Polymersomes and Ligand Binding 

by Surface Plasmon Resonance (SPR) .......................................................... 86 

      6.3.2      Lack of GLP-1R Functionality Determined Using Radioligand Saturation 

Binding Assay ............................................................................................... 91 

      6.3.3      Assisted Folding of GLP-1R Enhances Functionality .................................. 94 

6.4      Conclusions ...........................................................................................................102 

References ........................................................................................................................102 



  Table of Contents 

 

x 

 

 

Chapter 7      Functional Production of Proteopolymersomes .................................. 105 

7.1      Introduction ...........................................................................................................106 

7.2      Experimental Methodology ..................................................................................106 

7.3      Principle Outcomes ...............................................................................................107 

      7.3.1      Co-translational Incorporation of GLP-1R into Polymersomes ................. 107 

      7.3.2      Reconstitution of Purified GLP-1R into Polymersomes ............................. 111 

7.4      Conclusions ...........................................................................................................116 

References ........................................................................................................................117 

 

Chapter 8      Discussion and Future Work ................................................................ 119 

8.1      Discussion .............................................................................................................120 

8.2      Outlook .................................................................................................................121 

References ........................................................................................................................124 

 

APPENDIX .................................................................................................................... 125 

Appendix I: DNA sequence of pEU-MCS.......................................................................125 

Appendix II: DNA sequence of G1LP-1R-pEU ..............................................................128 

Appendix III: DNA sequence of GFP-GLP-1R ...............................................................132 

Appendix IV: DNA sequence of pCMVTNT-MCS ........................................................134 

Appendix V: DNA sequence of TREK-2 ........................................................................137 

Appendix VI: DNA sequence of truncated TREK-2 .......................................................139 

Appendix VII: Impact of Additional Amphiphiles on Cell-Free Protein Synthesis ........140 

Appendix VIII: Functionality Characterization with Alternative Methods .....................143 

Appendix IX: SPR Sensorgrams of Exendin-4 Binding ..................................................153 

Appendix X: List of Publications ....................................................................................153 

 



  Table Captions 

xi 

 

Table Captions 

 

Table 3.1 Recipe of protein expression screening in different cell free expression 

systems. 
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Figure Captions 

 

Figure 2.1 Schematic representation of the predicted topology of (A) rhodopsin-like family 

GPCR, the human chemokine CXC receptor-4 (CXCR4) and (B) secretin-like family 

GPCR, the rat Glucagon like peptide-1 receptor (GLP-1R). The GLP-1R has long N- (126 

amino acids) and C- (55 amino acids) terminal domain compared to CXCR4 (39 and 44 

amino acids, respectively).  

 

Figure 2.2 Schematic representation of the predicted topology of (A) secretin-like family 

GPCR protein and (B) K+ ion channel Kv7.1. GPCR has structural feature of seven-

transmembrane domains with extracellular N-terminal and intracellular C-terminal 

domains. In comparison, ion channels display six-transmembrane domains with both N- 

and C- terminal domains in the cytosol.  

 

Figure 2.3 (A) A typical workflow for directed evolution of GPCR proteins. DNA library 

constructed from randomized GPCR genes were transformed to expression host (yeast), 

followed by protein display, functional selection by ligand binding assay and finally 

selected members were recovered to embark a second round of screening. (B) Snake plot 

of stabilized, functional human corticotropin-releasing factor receptor 1 (CRF1). Both N- 

(1-103) and C- (373-404) terminus were truncated with T4L inserted at second intracellular 

loop. Insertions and mutations were labelled red and green.  

 

Figure 2.4 Schematic illustration of in vivo expression and in vitro CFPS. In vivo 

expression starts with transformation of cDNA coding protein of interest to host cells, 

followed by cell culture. Likewise, in vitro expression requires addition of cDNA to cell 

lysate, which contains all the essential elements for RNA transcription and protein 

translation. Both in vivo and in vitro expressed proteins require protein purification after 

synthesis.  
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Figure 2.5 Schematic scaling of lipid vesicles and polymersomes membrane thickness with 

increasing copolymer molecular weight. PBD-PEO: poly (butadiene)-poly (ethylene 

oxide). EO: ethylene oxide. BD: polybutadiene.  

 

Figure 4.1 Western blot analysis of GLP-1R expression in regular wheat germ (WG, lane 

1), high yield wheat germ (HYWG, lane 2), S30 E. coli lysate (S30, lane 3), and rabbit 

reticulocyte lysate (RRL, lane 4) cell free expression systems with using mouse anti-C9 

monoclonal (1D4) antibody. Expression was also performed in each system without adding 

cDNA to test the non-specific binding (background) of 1D4 antibody. Arrow indicates 

GLP-1R. M: molecular weight marker. 

 

Figure 4.2 (A) Schematic illustration of size-based filtration used to separate 

polymersomes from free proteins and impurities. (B) Western blot analysis of fractions 

after filtration. Lane 1: soluble fraction of cell free expression; Lane 2: flow-through; Lane 

3: retentate; Lane 4: expression without additional plasmid DNA (negative control). Arrow 

indicates the position of GLP-1R protein. 

 

Figure 4.3 DNA gel electrophoresis of (A) GLP-1R-pCMVTNT digestion and (B) colony 

test digest. (A) Lane 1: digested GLP-1R in pCMVTNT. Lane 2: digested pEU vector. (B) 

Lane 1-7: different colonies picked for test digestion. (A, B) Arrows indicate digested 

vectors and inserted gene. (C) Western blot analysis of cell free expressed GLP-1R using 

bilayer format. Lane 1: soluble fraction of reaction mixture. Lane 2: filtration retentate. 

Arrows indicate GLP-1R. 

 

Figure 4.4 SDS-PAGE and total protein SYPRO staining of cell free expressed GLP-1R 

after size based filtration. Lane; flow-through. Lane 2: filtration retentate. Lane 3: filtration 

retentate of expression reaction without additional mRNA template (background, negative 

control). M: molecular weight marker. Arrow indicates the GLP-1R. 

 

Figure 4.5 Expression of GLP-1R in CFPS and biotin- or histidine-affinity purification. 

Biotin tags were introduced by mixing AB di-block polymer with DSPE-PEG biotin lipids 
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during vesicle formation. Biotinylated AB polymersomes were added to cell free reaction 

mixture followed by two purification routes. 

 

Figure 5.1 Dynamic light scattering of AB polymersomes. Top: intensity-weighted size 

distribution, bottom: correlation coefficient decay. The average size of AB polymersomes 

was determined to be 170 nm with polydispersity index of 0.083. 

 

Figure 5.2 Transmission electron microscopy images of (A) AB polymersomes, (B) GLP-

1R proteopolymersomes before purification and (C) biotin-affinity purified GLP-1R 

proteopolymersomes. Arrows indicate vesicular structures. (D) Dynamic light scattering 

measurements of biotin- and histidine- affinity purified GLP-1R. The measured sizes are 

indicated in the figure with PDI of 0.310 ± 0.097 and 0.825 ± 0.303 for biotin- and 

histidine- affinity purified samples. 

 

Figure 5.3 Molecular cloning of the fusion protein GFP-GLP-1R. DNA gel electrophoresis 

of (A) PCR amplified GFP gene from pGFP vector, (B) digested GFP gene (insert, 0.7 kb) 

and pEU vector containing GLP-1R before ligation, (C) test digest of GFP-GLP-1R-

containing pEU vector. Lane 1-5: colonies picked. (D) Western blot analysis GFP-GLP-

1R expression in HYWG cell free system. Lane 1: GFP-GLP-1R. M: molecular weight 

marker. 

 

Figure 5.4 SDS-PAGE (A) and Western blot (B) analysis of GFP-GLP-1R purification 

using 1: biotin-affinity method and 2: histidine-affinity method. (B) Western blotting with 

a monoclonal antibody against the C9 tag at C-terminal domain of the GFP-GLP-1R. M: 

molecular weight marker. Arrow indicates GFP-GLP-1R. 

 

Figure 5.5 Size-Exclusion Chromatography analysis of GLP-1R proteopolymersomes 

using Sepharose-based column. (A) UV traces of GLP-1R proteopolymersomes 

(unpurified expression mixture). Void volume and exclusion limit indicate column 

resolution. BSA: bovine serum albumin (66 kDa) was injected as reference to distinguish 



  Figure Captions 

xvi 

 

incorporated and unincorporated GLP-1R (53 kDa). Tetrazole fluorescence (B) and 

Western blot (C) analysis of elution fractions from (A). 

 

Figure 5.6 Fluorescence detection size-exclusion chromatography (FSEC) profile of cell 

free expressed GLP-1R proteopolymersomes before purification. Protein elution: column 

resolution for protein separation. Vesicle size indicates the elution volume of liposomes 

with defined sizes. 

 

Figure 5.7 FSEC using calcein encapsulated AB polymersomes. Protein elution: column 

resolution for protein separation. Vesicle size indicates the elution volume of liposomes 

with defined sizes. 

 

Figure 5.8 Fluorescence detection size-exclusion chromatography (FSEC) of GFP-GLP-

1R proteopolymersomes. (A) Biotin- and (B) histidine-affinity purified GFP-GLP-1R 

proteopolymersomes. (C) Cell free protein synthesis of GFP-GLP-1R protein without 

supplied polymersomes. The sample was directly analyzed after synthesis without any 

purification. Protein elution: column resolution for protein separation. Vesicle size 

indicates the elution volume of liposomes with defined sizes. 

 

Figure 6.1 Characterization of antibody conformation sensitivity and sample preparation. 

(A) Western blot analysis of GLP-1R using 1D4 and pAb. Lane 1: GLP-1R expressed using 

cell free protein synthesis (CFPS). Lane 2: CFPS without additional mRNA (negative 

control). (B) SDS-PAGE and Western blot of unpurified and biotin-affinity purified 

chemokine CXC receptor-4 (CXCR4) using anti-C9 antibody. SN: soluble fraction of cell 

free reaction mixture. Pure: biotin-affinity purified CXCR4 proteopolymersomes. M: 

molecular weight marker.  

 

Figure 6.2 SPR sensorgrams of proteopolymersomes immobilization using antibody 

capture method. Immobilization of (A) unpurified and (B) purified proteopolymersomes 

using antibody capture. (A, B) Anti-PEG antibody was first immobilized onto biosensor 

chip using standard amine coupling reaction, followed by flowing proteopolymersomes 
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onto surface to enable antibody capture. The immobilization level was 3000 RU for 

unpurified and 1000 RU for biotin-affinity purified proteopolymersomes with no 

significant difference between GLP-1R and CXCR4. 

 

Figure 6.3 SPR sensorgrams of NTD specific pAb binding to (A) unpurified and (B) 

purified GLP-1R proteopolymersomes. Sensorgram of the binding for (from bottom to top) 

increasing concentrations of pAb antibody. Binding curves were fitted to a 1:1 kinetic 

binding model and an affinity of 18.6 nM was derived from the fitting.  

 

Figure 6.4 SPR sensorgrams of peptide ligand exendin-4 binding to proteopolymersomes. 

Unpurified (A) and (B) biotin-affinity purified GLP-1R and CXCR4 proteopolymersomes 

binding to exendin-4 and 1D4 antibody. Proteopolymersomes were immobilized onto 

biosensor chip using anti-PEG capture. Exendin-4 of from 0.1 to 1,000 nM was flowed 

over immobilized proteopolymersomes with buffer injections in between. 1D4 mAb: 1D4 

monoclonal antibody targets C-terminal tag of GLP-1R and CXCR4.  

 

Figure 6.5 GLP-1R is retained in polymersomes. Specific binding of [I-125] GLP-1 to (A) 

GLP-1R membrane preparation (positive control), GLP-1R AB proteopolymersomes 

purified using (B) filtration, (C) biotin-affinity and (D) histidine-affinity purification. 

Dissociation constant (Kd) of membrane preparation was calculated to be 0.24 nM, with a 

Bmax of binding of 2.2 pmol/mg of protein for membrane preparation (A). Top: specific 

binding, fitted saturation binding curves using 1:1 model. Bottom: raw binding curves. TB: 

total binding. NSB: non-specific binding. 

 

Figure 6.6 Production of GLP-1R in the presence of Fos14. (A) Western blot and (B) SDS-

PAGE analysis of purified proteins. (A, B) Lane 1: biotin-affinity purified GLP-1R 

proteopolymersomes. Lane 2: histidine-affinity GLP-1R in the absence of Fos14 without 

polymersomes. Lane 3: sample in lane 2 after Fos14 removal. Lane 4: non-relevant target 

DRD2 purified as the sample in lane 1. M: molecular weight marker. Sample 1, 3 and 4 

were used for the following radioligand binding assay. (C) Tetrazole fluorescence of 
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fractions from biotin-affinity purification of GLP-1R proteopolymersomes produced using 

CFPS with supplied AB polymersomes and Fos14. 

 

Figure 6.7 Transmission electron microscopy (TEM) images (A, B) of biotin-affinity 

purified GLP-1R proteopolymersomes produced using CFPS with supplied AB 

polymersomes and Fos14. Arrows indicate vesicular structures. 

 

Figure 6.8 Fluorescence detection size-exclusion chromatography (FSEC) of cell free 

expressed GFP-GLP-1R in the presence of Fos14. Cell free reaction mixture. Analysis of 

(A) cell free reaction mixture before purification and (B) biotin-affinity purified 

proteopolymersomes. Top annotations: composition of eluent at each volume. Vesicle size 

indicates the elution volume of liposomes with defined sizes. Cartoons represent the 

composition of each fraction.  

 

Figure 6.9 Functional characterization of GLP-1R proteopolymersomes using radioligand 

binding assay. Specific binding of peptide ligand [I-125] GLP-1 to biotin-affinity purified 

(A) GLP-1R proteopolymersomes and (B) GLP-1R produced in the absence of AB 

polymersomes. Top: specific and fitted binding curves using 1:1 model. Bottom: raw 

binding curves. TB: total binding. NSB: non-specific binding. Dissociation constant (Kd) 

of GLP-1R proteopolymersomes (A) was calculated to be 0.37 nM, with a Bmax of binding 

of 1.5 pmol/mg. In competition binding assay, the half effective concentration (EC50) was 

determined to be 54.3 and 37.8 nM for GLP-1R proteopolymersomes and membrane 

preparation, respectively. 

 

Figure 6.10 Functional characterization of non-relevant target dopamine receptor D2 

(DRD2). Radioligand binding assay of [I-125] GLP-1 binding to biotin-affinity purified 

DRD2 proteopolymersomes produced in the presence of Fos14. Top: specific and fitted 

binding curves using 1:1 model. Bottom: raw binding curves. TB: total binding. NSB: non-

specific binding. No specific binding was detected. 

 

 



  Figure Captions 

xix 

 

Figure 7.1 Cell free protein synthesis of GLP-1R with diblock and triblock copolymers. 

(A) Western blot and SDS-PAGE analysis of GLP-1R expressed in the presence of 

detergent, digitonin (D) and/or Fos14 (F), and copolymers (AB: diblock, ABA: triblock). 

Lane 1: DF-AB. Lane 2: F-AB. Lane 3: F-ABA. (B-D) Saturation binding of unpurified 

GLP-1R proteopolymersomes expressed in different combinations of detergent(s) and 

copolymers (A, lane 1-3), to radioligand [I-125] GLP-1. No specific binding was detected. 

 

Figure 7.2 Biotin-affinity purification and functional characterization of GLP-1R 

proteopolymersomes. (A) Western blot and SDS-PAGE analysis of biotin-affinity purified 

GLP-1R expressed in the presence different detergent/polymer combinations. Lane 1: DF-

AB. Lane 2: F-AB. Lane 3: F-ABA. (B, C) Saturation binding of biotin-affinity purified 

GLP-1R AB (B) and ABA (C) proteopolymersomes (samples in lane 2-3) to [I-125] GLP-

1. Dissociation constant (Kd) of purified GLP-1R proteopolymersomes expressed in the 

presence of F-AB and F-ABA was determined to be 1.7 and 2.1 nM, respectively. No 

specific binding of (D) ABA to GLP-1 and (E) GLP-1 to filter plate was detected. 

 

Figure 7.3 (A) SDS-PAGE of D-CF expressed and histidine-affinity purified GLP-1R 

(lane 1), followed by reconstitution into AB (lane 2) or ABA (lane 3). Purified GLP-1R is 

boxed in red. Radioligand binding assay of (B) histidine-affinity purified GLP-1R 

solubilized in Fos14 before reconstitution, and after reconstitution into (C) AB or (D) ABA. 

(E) Competition binding assays of reconstituted GLP-1R into ABA or GLP-1R derived 

from membrane preparation, with peptide ligand exendin-4. [I-125] GLP-1 (RL) 

concentration was indicated by nM.  

 

Figure 7.4 (A) SDS-PAGE and (B) Western blot of expressed in detergent and histidine-

affinity purified GFP-GLP-1R (lane 1) and DRD2 (lane 2), followed by reconstitution into 

ABA polymersomes. (A, B) Blue box: proteolysis of the fusion protein or alternative 

translation initiation at the methionine. Radioligand binding assay of GFP-GLP-1R before 

(C) and after (D) reconstitution into ABA. (E) Purified DRD2 after reconstitution. [I-125] 

GLP-1 (RL) concentration was in nM. The Kd was determined to be 1.1 nM (C) and 1.7 

nM (D), respectively.  



  Figure Captions 

xx 

 

 

Figure 8.1 Production of ion channel TREK-2 using established protocol with polymer 

membrane support. (A) Western blot analysis of purified TREK-2 using size-based 

filtration method. The retention of TREK-2 indicates its incorporation into AB 

polymersomes. Lane 1: soluble fraction of reaction mixture. Lane 2: filtration retentate. (B) 

Western blot and SDS-PAGE analysis of biotin-affinity purification of TREK-2. SDS-

PAGE gel was stained with Coomassie blue. Western blot with a specific antibody against 

the C9 tag at C-terminal of TREK-2. M: molecular weight marker. Arrows indicate TREK-

2. 
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Abbreviations  

 

AB  Poly(butadiene)22-poly(ethylene glycol)13 

ABA Poly(2-methyloxazoline)20-poly(dimethylsiloxane)54-poly(2-

methyloxazoline)20 

β2AR  β-2 Adrenergic Receptor 

CFPS   Cell Free Protein Synthesis 

DDM  n-Dodecyl β-D-maltoside 

CXCR4 C-X-C Chemokine Receptor-4 

DRD2  Dopamine Receptor-2 

DLS  Dynamic Light Scattering 

ELISA  Enzyme-Linked immunosorbent assay 

FP  Fluorescence Polarization 

FSEC  Fluorescence Detection Size Exclusion Chromatography 

GLP-1R Glucagon like Peptide-1 Receptor 

GPCR  G-protein Coupled Receptor 

GFP  Green Fluorescence Protein 

HYWG High Yield Wheat Germ Extract 

MP  Membrane Protein 

RRL  Rabbit Reticulocyte Lysate 

PEG  Polyethylene glycol  

PBD  Polybutadiene 

pAb  Polyclonal Antibody 

SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

SPR  Surface Plasmon Resonance 

TREK-2 The Two-Pore-Domain K+ Channel 

TEM  Transmission Electron Microscopy 

WG  Wheat Germ Extract 

1D4  Anti-Rhodopsin (C9 tag) Antibody 

7TM  7 Transmembrane Domain
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Chapter 1 Introduction 

 

Introduction 

 

Membrane proteins are important components in cell membranes and play a 

pivotal role in cellular signaling and cell-cell communication. The research 

of membrane proteins comprises of several studies including structure, 

function (i.e., molecular interactions), assembly at the cellular membrane 

interface and downstream signaling cascade. However, the key question is to 

understand the basic structure and function for many unknown Membrane 

Proteins. For this, scientists employ different strategies ranging from cellular 

engineering to protein engineering in biology. In parallel, as an 

interdisciplinary approach, chemistry and its synthetic routes are adapted for 

membrane protein biology. In such an approach, construction of artificial 

cellular membranes for hosting Membrane Proteins has become a powerful 

tool to manipulate them in a controlled laboratory setting. Despite the 

enormous efforts, however, it still remains challenging mainly due to the 

inherent protein instability and structural complexity. In this thesis, I present 

how to achieve a synthetic membrane model system to understand complex 

Membrane Proteins. Furthermore, such amphiphilic self-assembled polymer 

vesicles can be exploited as a platform for understanding complex Membrane 

proteins. In this chapter, a general overview of such proposal and hypothesis, 

with specific objective and scope, are presented along with the selection of 

chemical constituents such as self-assembled block copolymers, for the 

construction of artificial cell membranes.  
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1.1 Background and Hypothesis 

 

The basic structure of a cell membrane is provided and maintained by a fluid lipid bilayer 

assembly and mosaic organization of membrane proteins, first conceptualized by Singer 

and Nicolson [1]. The membrane proteins (MPs) span across the membrane, with their 

transmembrane domain(s) interacting with the hydrophobic region of the lipid bilayer and 

their hydrophilic domains exposed on either side of the membranes [2]. Such structural 

organization connects cytosol to extracellular environment and provide functionality to the 

lipid membrane, such as sensing [3], signaling transduction [4] and ion transport [5]. 

 

The first major bottleneck in membrane protein functional and structural characterization 

is the protein expression and purification [2]. Despite similar sequence based properties to 

soluble proteins, they are characterized by the alternative transmembrane regions that 

consist of almost exclusively hydrophobic amino acids like alanines and glycines. 

Compared to soluble proteins, these helical regions display closer packing (e.g. 10 % less 

packing angles of helix bundles) and more buried interfacial surface (about 25 %) resulting 

from the surrounding lipid environment [6]. In real practice, MPs tend to lose the original 

conformations once isolated from the native environment. Although isolation of 

endogenous MPs is possible in some cases, the general low abundance even after 

overexpression hinders further structural studies. In addition, MPs could also be produced 

using cell-free protein synthesis (CFPS) [7]. Unlike recombinant expression in host cells or 

endogenous overexpression, CFPS is independent of live cells. Instead, cell lysate, a fluid 

of the lysed cells containing translational machinery (e.g. ribosomes, translation factors, 

metabolic enzymes) is used with supplied essential elements for protein synthesis, e.g. 

DNA or RNA template of protein of interest, RNA polymerase cofactors, energy resources, 

etc. Moreover, CFPS is an open reaction system that allows more extensively modified 

reactions to facilitate, for instance, MP expression as compared to traditional heterologous 

expression systems [7-10]. For MP expression using CFPS, the cell lysate can be further 

supplemented with components necessary for stable MP production, in particular 

amphiphiles like detergent, lipid or block copolymer to achieve spontaneous protein 

anchoring (co-translational incorporation) as expression proceeds. The addition of co-
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translational amphiphilic reagents can assist in protein folding and stabilization of the 

hydrophobic regions of the MP. However, the presence of some of these amphiphiles may 

inhibit protein synthesis. Furthermore, detergents and lipids exhibits an inherent 

physicochemical instability as reflected by the critical micelle concentration (CMC) at 

which amphiphiles start to self-assemble into stable vesicular structures. Typically, 

detergents have highest CMCs of about 10-3-10-6 M and least stability compared to lipid 

vesicles which have CMCs of about 10-6-10-9 M. In comparison, the CMC of bilayer 

forming self-assembled block polymers (polymersomes) can be easily tuned to a few orders 

of magnitude smaller by changing chain length or building blocks. In the in-vivo 

environment, polymer carriers display significant longer circulation time (up to over 40 h) 

compared to lipid vesicles (10-15 h) [11-12]. The superior stability and chemical tunability 

of polymersomes make them ideal candidates as supplementary amphiphiles in CFPS [13-

15]. 

 

We herein hypothesize that polymersomes may act as suitable biomimetic membranes that 

can be used to support cell-free expressions of broad classes of MPs in their functional 

state. Building on existing foundation, we propose to develop a comprehensive synthetic 

model membrane that can assist in production of a functional multi-pass MPs with difficult 

class of MP (Class B GPCR-GLP-1R) as a model protein, including functional 

characterization to understand the complexity of these multi-pass MPs in a synthetic 

membrane (i.e., integration and association into polymersome membranes). 

 

1.2 Objectives and Scope 

 

To test our hypothesis and rigorously assess our synthetic model membrane (artificial cell 

membranes) firstly, membrane protein targets of interests have to be selected for analytical 

scale production and characterizations. In this thesis, we aim to challenge MP targets that 

cannot be successfully approached with conventional methods like in-vivo expression, 

detergent isolation. The glucagon like peptide-1 receptor (GLP-1R) and potassium channel 

subfamily K member 10 (TREK-2), representing G-protein coupled receptor (GPCR) 

superfamily and ion channel, respectively, were chosen. The expression of GLP-1R and 
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TREK-2 to date has only reached similar levels in native tissues [16-17]. Besides, no 

functional proteins were ever isolated with current methodologies, which has limited 

further structural and functional characterizations. Thus, the optimal expression and 

purification conditions have to be determined, including expression systems and the block 

copolymers. Lastly, purified MPs have to be shown to be functional in assays customized 

for each MP. 

 

We propose specific objectives as follow: 

 

1. Cell Free Expression of GLP-1R and TREK-2 

The plasmid gene encoding GLP-1R and TREK-2 will be used in three established 

cell free protein synthesis systems, namely wheat germ, E. coli, and rabbit 

reticulocyte lysate-based systems as mammalian and non-mammalian protein 

expression. Diblock copolymers as amphiphilic reagents will be supplied to the 

synthesis. The one with the highest expression level as detected by Western blot will 

be used for further purification and characterization. Following expression, the test 

of incorporation will be using a size-based filtration unit that retains only large 

vesicular polymersomes but not free impurities or unincorporated target proteins. 

 

2. Purification of Cell Free Expressed MPs 

The expressed MPs will be purified using a size-based filtration and two affinity-

purifications methods based on different locations of tagging (either on protein or 

on polymer membrane surface). The methods will be evaluated based on the purity, 

quantity, and association of protein/polymer support of purified MPs. Primary 

characterizations will be performed, including Western blot, SDS-PAGE and 

fluorescence spectroscopy. 

 

3. Structural and Functional Characterization of MPs 

Cell free expressed MPs (both unpurified and purified) will be extensively 

characterized using transmission electron microscopy (TEM), fluorescence 

detection size-exclusion chromatography (FSEC), surface plasmon resonance (SPR) 
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and radioligand binding assay. These characterizations will provide an overview of 

produced MP in terms of structural characteristics, incorporation into polymersomes 

and functionality. 

 

4. Production of Functional MPs with Block Copolymers 

Functional production of MPs with different block copolymers with focus on 

diblock (AB) and triblock (ABA) polymers. Different production strategies, 

including co-translational incorporation and reconstitution will be compared. 

Produced MP in block copolymers (proteopolymersomes) will be tested for 

functionality using radioligand binding assay. 

 

1.3 Dissertation Overview 

 

This thesis addresses the development of a comprehensive synthetic model for MP 

production and polymersomes as stable membrane scaffolds. Fundamental and practical 

issues are presented and discussed. 

 

Chapter 1 provides a background introduction of the thesis, rationales for the research and 

outlines the goals and scope. 

 

Chapter 2 reviews the literature concerning traditional methods used in MP research, recent 

scientific and technical progresses and challenges. Conventional in vivo MP expression 

methods, such as in bacterial, insect and mammalian cells are discussed in comparison to 

the novel cell free expression. This chapter also reviews the currently available artificial 

membrane mimetics, e.g. lipids and polymers. The chapter ends with the discussion of 

block copolymers as potential membrane support. 

 

Chapter 3 discusses the principles underlying the expression/characterization/assay 

techniques employed, the methods of data analysis, including development, and 

interpretation of results and its significance. 
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Chapter 4 presents the results of the expression of GLP-1R in cell free system with focus 

on protein expression level, incorporation into polymersomes (from diblock copolymer, 

AB), protein purification and biophysical characterizations. The expression and 

incorporation of GLP-1R in different cell free systems are evaluated and compared. Further, 

biotin- and histidine-affinity purified GLP-1R was also characterized.  

 

Chapter 5 presents biophysical characterization of purified GLP-1R using different 

methods with focus on polymersome structure and protein/polymersome association state 

using transmission electron microscopy (TEM) and fluorescence detection size-exclusion 

chromatography (FSEC) primarily.  

 

Chapter 6 presents biochemical and functional characterization of purified GLP-1R using 

surface plasmon resonance (SPR) and radioligand binding assay. A modified cell free 

system supplemented with chemical chaperone is further tested and is shown to produce 

functional GLP-1R. 

 

Chapter 7 describes the extension of such strategy for functional production of MPs and 

how this principle can be applied using different block copolymers in CFPS. Primary 

expression and characterization of CFPS expressed MP showed both diblock (AB) and 

triblock (ABA) copolymers are good artificial membrane supports to keep the native 

folding of MP. 

 

Chapter 8 gives a concise summary of the main findings. Critical findings are discussed 

and outlook for future strategies and potential applications was provided.  

 

1.4 Findings and Outcomes/Originality 

 

This thesis led to several novel outcomes. 

 

1. Establishment of an affinity-purification protocol for expression of MPs using cell 

free protein synthesis supplemented with polymersomes.  
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2. Expression of multi-pass MPs (GLP-1R, a GPCR) in their functional state and 

demonstrated production of TREK-2 (an ion channel) with the protocols developed 

during this study. 

3. Establishment of a workflow for characterizing the biochemical and physical 

properties of purified GPCR proteopolymersomes, including expression level, 

association with polymers, orientation, structure and functionality. 

4. Demonstration that MPs produced in artificial cell membranes mimic the 

pharmacokinetics (ability to bind and compete natural ligands) of a naturally 

produced MP. 

5. Setup of an improved cell free protein synthesis platform, including expression, 

purification and characterization work-flows, for future development of functional 

multi-pass MPs using block copolymers as membrane support. 
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Chapter 2 Literature Review 

 

Literature Review 

 

Membrane proteins (MPs) are gatekeepers of cells that play an important role 

in a number of cellular functions. In order to maintain the functioning of cells, 

the MPs are elaborately regulated via intracellular mechanisms, e.g. 

expression, trafficking, folding and modifications, and respond to stimulus 

signal present in the outside environment. Structurally, the multi-pass 

transmembrane proteins consist of alternating hydrophobic transmembrane 

domains that interact with lipid bilayer membranes in cells. However, the 

structural complexity has made MPs extremely difficult to work with mainly 

because MPs present in lipid membranes are of low abundance and unstable 

once extracted. In order to produce large quantity MPs of high quality, 

enormous efforts have been put in optimizing current expression systems and 

developing novel strategies. Notable, cell-free protein synthesis (CFPS) 

emerged as a powerful tool in MP productions. As a source of native-like 

membrane support in CFPS, self-assembled block copolymers have 

demonstrated great potential. They provide several advantages over 

conventional vesicular or amphiphilic structures that are supplied in CFPS. 

In this chapter, background information is first provided about the basic 

cellular biology of membrane proteins, with major focus on GPCRs and ion 

channels. Next, currently methods and challenges in GPCR production are 

also discussed. Finally, polymersomes as potential biomimetic membranes are 

reviewed. 
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2.1 Membrane Protein Structure and Function 

 

Membrane Proteins (MPs) are essential components of biological membranes in nature [1]. 

According to the Human Genome Project, it is estimated that about 20 % of total gene 

count code for MPs [2], indicating their importance for survival. MPs are classified into two 

broad categories, integral and peripheral, based on the nature of the membrane-protein 

interactions [3]. Integral MPs have one or more segments embedded in the phospholipid 

bilayers of cell membranes. Most integral proteins contain hydrophobic domains that 

interact with fatty acyl groups of phospholipid, thus anchoring the protein into the 

membranes. The peripheral proteins interact with integral MPs instead of the hydrophobic 

core of phospholipid. This thesis focuses on integral proteins, which have one or more 

membrane-spanning domains across the phospholipid bilayers. These proteins have 

complex conformations that bridge extracellular environment and intracellular cytosol and 

regulate cellular functions in a dynamic way with interactions to lipid bilayers. As two 

major classes of integral proteins, G-protein coupled receptors (GPCRs) and ion channels 

have become a focus in MP research. 

 

2.1.1 G-protein Coupled Receptors 

 

As the largest family of membrane proteins, GPCRs have about 1000 members in human 

genome [4]. Based on sequence homology, GPCRs are divided into six families, of which 

about 85 % classified as rhodopsin-like family (Class A GPCR). Since the first crystal 

structure of a mammalian GPCR of this family, the bovine rhodopsin, was solved in 2000, 

increasing knowledge has been gained in the structure-function relationship of GPCRs [5, 

6]. To date, 35 structures have been solved and a number of these were in complex with 

respective ligands, e.g. β2-adrenergic receptor (β2AR) and chemokine CXC receptor-4 

(CXCR4) [7]. All GPCRs across different families feature a signature seven transmembrane 

topology, which shares very little genetic sequence identity (< 20 %) [8]. These 

transmembrane domains are formed by α-helical bundles made of almost exclusively 

hydrophobic amino acids like glycines and alanines and span across phospholipid bilayer 

in cell membranes, resulting in closer packing (e.g. 10 % less packing angles of helix 
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bundles) and more buried interfacial surface (about 25 %) as compared to soluble proteins 

[9]. In addition to these features, receptors in the rhodopsin-like family are characterized a 

disulphide bridge that connects the first and second extracellular loops (ECLs) (Figure 

2.1A). The transmembrane domains also contain “tilted” and “kinked” bundles in the 

second, sixth and seventh domains [10]. The rhodopsin-like family contains receptors for 

odorants, small molecules such as and amines and the catecholamines [10].  

 

The secretin-like (Class B) GPCRs constitute the second largest family in the GPCR 

superfamily. In comparison to the rhodopsin-like family, the research of secretin-like 

GPCRs have been considerably delayed [10]. Besides the seven-transmembrane topology 

and the common disulphide bridge that connects the first and second ECLs, very little 

information is known about the structural characteristics, especially the orientation of the 

transmembrane domains. Different from rhodopsin-like family, the secretin-like GPCRs 

feature a long N-terminal extracellular domain that contains several cysteines, which 

presumably form a network of disulphide bridges (Figure 2.1B) [10]. These properties 

distinguish them from rhodopsin-like family and tremendously add up to the overall 

structural complexity and instability [11, 12]. As a result, only limited structures were solved 

to date, namely the human glucagon receptor (GCGR) [13] and human corticotropin-

releasing factor receptor 1 (CRF1) [13, 14]. In both constructs, the N-terminal domain was 

completely removed to stabilize the protein constructs.  

 

The members in secretin-like family are receptors specifically for hormone sensing. The 

Glucagon like peptide-1 receptor (GLP-1R) is the receptor for the glucoregulatory hormone 

in type II diabetes [15]. Besides the characteristics in type I diabetes, the type II is 

characterized by insulin deficiency/resistance, which is commonly believed to be caused a 

combination of genetic and environmental factors [16]. This makes conventional treatment 

like insulin much less efficient as for type I diabetes. Alternatively, targeting receptors with 

non-insulin ligands became a promising approach. Among all the receptors being targeted, 

GLP-1R ligands present a unique benefit that includes not only control of blood glucose 

level but improvement of co-morbid conditions, such as hypertension, hyperlipidemia, and 

obesity [17]. The current treatments of GLP-1R are based on active small molecule drugs, 
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e.g. exendin-4 and GLP-1. Both of these molecules are synthetic versions of peptides found 

in natural tissues but due to its short circulation time (~2.4 h), it has to be medicated twice 

per day via subcutaneous injection [18]. Meanwhile, a long lasting active drug for GLP-1R 

is highly desirable and would assist the diabetes treatment. In comparison, the treatment of 

type I diabetes has been significantly advanced with an antibody-based therapy [19]. The 

immune T-cell suppressing antibody anti-CD3 preserved of insulin production in patients 

with new-onset type 1 diabetes for even beyond 1 year after treatment. The sustained 

insulin production was accompanied by improvement of glucose level and reduced use of 

insulin. It is not surprising therapeutic antibodies display high efficacy given their superior 

specificity towards antigen epitopes compared to small molecules. In type II diabetes 

treatment, however, the development of therapeutic antibodies has long been hindered by 

the limited availability of robust antigens with stable and functional present target receptor 

like GLP-1R. A key challenge is, like the cases with many other membrane protein targets, 

the quality production of target receptors.  

 

 

Figure 2.1 Schematic representation of the predicted topology of (A) rhodopsin-like family GPCR, 

the human chemokine CXC receptor-4 (CXCR4) [20] and (B) secretin-like family GPCR, the rat 

Glucagon like peptide-1 receptor (GLP-1R). The GLP-1R has long N- (126 amino acids) and C- 

(55 amino acids) terminal domain compared to CXCR4 (39 and 44 amino acids, respectively). 

(Reprinted with permission from Ref. [20]) 
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The complexity of GPCRs is better understood in combination with their functions in 

signaling transduction. From a physiological point of view, GPCRs are of scientific interest 

because they are important drug targets (such as GLP-1R), and they play a pivotal role in 

the cellular signaling network which regulates cell growth and proliferation [21]. In such 

processes, GPCRs act as gate-keepers responsible for sensing and responding to a number 

of stimuli within the external environment, including light, hormone, odorant, antigen, 

neurotransmitter or the surface of another cell [22]. These stimuli were mainly transduced 

through G-protein to a variety of downstream signaling pathways. Upon receptor activation, 

signal transduces across 7TM promotes the exchange of GDP/GTP associated with the Gα 

subunit, causing G-protein subunits (α, β, γ) dissociation and activate downstream 

signaling cascades [23]. The intrinsic GTPase activity of Gα converts bound GTP into GDP 

and returns the signaling cascade to initial state in which Gα is bound to Gβγ dimer and 

guanosine diphosphate (GDP). Many of the downstream messengers can be activated via 

the G-protein signalling, including cAMP (Cyclic adenosine monophosphate), Ca2+, etc. 

The selected target GLP-1R in the study is an important therapeutic target of type 2 diabetes. 

 

2.1.2 Ion Channels 

 

Ion channels, as another important family of membrane proteins, are also subject to G-

protein subunit modulation initiated by GPCRs [24]. These pore-forming proteins have at 

least 250 members in human genome [25] and 15 of which code for potassium (K+) channels 

with two pore domains (K2P) [26]. Potassium channels participate in many biological 

functions, from electron potential modulation to ion homeostasis [26]. They are involved in 

a large number of neurological disorder related diseases, such as epilepsy, headache, 

deafness, etc. [27]. These channel proteins constitute dimers of pore-forming subunits 

responsible for producing background conductance. The structural insights of potassium 

channels were first reported by Doyle et al. that they contain a short signature sequence 

called the pore (P) domain [28]. Different from GPCRs, K2P contain six transmembrane 

domains, two of which are the short pore-forming P domains, and intracellular N- and C- 

termini (Figure 2.2). Recently, the crystal structure of the pore-forming domain of K2P 
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channel TREK-2 was resolved by Yin et al. at up to 3.4 angstrom resolution [29]. The results 

demonstrate how the movement of the pore-lining helices is responsible for K2P channel 

regulation and illustrate how antidepressant drug Prozac contributes to conformation 

switching.  

 

 

Figure 2.2 Schematic representation of the predicted topology of (A) secretin-like family GPCR 

protein [10] and (B) K+ ion channel Kv7.1 [30]. GPCR has structural feature of seven-transmembrane 

domains with extracellular N-terminal and intracellular C-terminal domains. In comparison, ion 

channels display six-transmembrane domains with both N- and C- terminal domains in the cytosol. 

(Reprinted with permission from Ref. [10, 30], Copyright: © 2012 Wrobel) 

 

2.2 Membrane Protein Production and Characterization 

 

The key question is to understand the basic structure and function of MPs, in particular for 

those that show clinical importance and whose functions are unknown or difficult to 

characterize. However, MP research is accompanied by challenges at all levels, especially 

protein production. Technically challenging recombinant expression and purification of 

MPs [7, 31], as well as their general low abundance in host cells (for direct extraction) are 

major hurdles for advances in MP research. Thus, production with interdisciplinary 

engineering approaches become important source of membrane protein materials. These 

challenges have been approached from various perspectives, including expression system 

optimization[32], protein engineering[33] and technical advances in protein structure biology 

[34]. A powerful tool that enables manipulation under controlled laboratory settings has also 
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been realized by the construction of artificial cellular membranes that host the expressed 

MPs. 

 

2.2.1 In Vivo Membrane Protein Expression Systems 

 

Recombinant protein expression in E. coli, the most well understood and established 

expression system, proved to be the best for prokaryotic integral membrane protein 

expression [35]. It is attractive because of its easy accessibility, high growth rate, scalability 

and low cost of culture. However, as for all prokaryotic expression systems, they are less 

favored for the lack of essential cellular organelles, e.g. nucleus, endoplasmic reticulum, 

Golgi apparatus, etc. to express active membrane protein with correct post-translational 

modifications [36]. Thus, the use of E. coli system to express eukaryotic protein targets bears 

the risk of low yield production and producing non-functional proteins. Despite these 

limitations, a number of eukaryotic targets were reported to have been successfully 

expressed in E. coli, including human β2-adrenergic receptor (β2AR, a GPCR) [37], 

potassium channel Kir3.1 (an ion channel) [38], and eukaryotic oxidoreductase 

(transmembrane protein) [39]. 

 

In comparison to the prokaryotic systems, eukaryotic expression systems are more 

compatible mainly because MPs, with very few exceptions, require eukaryotic 

environment when expressed in heterologous host [7]. The baculovirus infected insect cell 

system is the dominant heterologous expression system for producing eukaryotic MPs 

because it closely mimics mammalian expression systems [40]. The mammalian and non- 

mammalian protein expression are different due the complex cellular structures and the 

most widely used insect cell line, Sf9 can produce sufficient amount of protein for 

extensive characterization including crystallization. Examples of proteins include CXCR4 

[12], A2A [41] and β2AR [42]. Mammalian expression systems, on the other hand, are popular 

recombinant production systems for its proper post-translational modification (PTM) and 

human protein-like folding mechanisms [43]. Compared to the insect cell system, however, 

the protein yield from the mammalian expression system is typically lower compared to 

other systems. By transfecting the human embryonic kidney cell line (HEK293) [44], for 
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example, protein yield is sufficient only for radioligand binding assays and Western 

blotting analysis (assuming good signal to noise ratio), but not biophysical 

characterizations or pre-crystallization detergent screening. The practical consequence of 

the difference in expression levels between insect and mammalian cells is best reflected by 

the numbers of crystallized membrane proteins produced in each system. As reviewed by 

Yuan He et al., of all the membrane structures resolved till 2014, 35 out of 63 were from 

insect cell system as compared to only 4 from mammalian cell system. D 

 

2.2.2 Membrane Protein Engineering 

 

Compared to the total number of membrane proteins encoded by human genome, the 

current achievement of functional recombinant expression is of limited success. For 

GPCRs, the 35 structures solved represent a very small portion of the almost 1000 targets, 

leaving the majority unexplored to date. The reasons are two folds. First, the existence of 

self-regulatory mechanisms in cell membranes, such as desensitization and internalization 

[45], prevent exogenous membrane proteins from over accumulation by either digesting or 

denaturing them. It is reasonable that under such circumstances, membrane protein 

expression level is kept low or the expressed proteins are non-functional. Second, despite 

efforts in optimizing the external systems, such as host cells, plasmids and culture 

conditions, membrane protein itself is still limited by its intrinsic instability, defined by the 

inherent protein sequence [32]. For GPCRs, for example, the third intracellular domain is 

known to have a flexible conformation and considered a weak point in the 7TM [6]. In such 

case, it is unlikely to produce functional, stabilized proteins simply by optimizing 

expression system or culture condition. Thus, in pursuit of high yield and quality 

production with original membrane protein sequences, efforts have been made to stabilize 

membrane proteins on the genetic level (protein engineering) [46].  

 

A number of engineering solutions have led to significant advances to date [34] which fall 

into two general categories, rational protein design and directed evolution. Application of 

rational protein design is currently limited because of insufficient structural information 

deposited in the Protein Data Bank (PDB) for designing stable mutants. Meanwhile, it 
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makes directed evolution a popular approach where random mutagenesis is applied to 

protein, and mutants are subject to screening for desired qualities, such as stability, high 

expression level and functionality (Figure 2.3 A) [33]. Since it does not require much 

information like rational design to generate mutants, this method is commonly used in 

GPCR protein engineering. Stabilizing mutants can be found using error-prone PCR, DNA 

shuffling and systematic alanine scanning mutagenesis [47]. In a recently reported directed 

evolution screening, three GPCRs, neurotensin receptor 1 (NTR1), NK-1 receptor (NK1R) 

and K-type opioid receptor (KOR1) were evolved [33]. Both NTR1 and NK1R variants were 

generated in yeast with up to 50 folds in expression levels as compared to the wild type. 

KOR1, which has never been evolved before, showed 26-fold increase in functionality in 

both yeast and insect cells. Besides random mutagenesis, fusion partners like T4 lysozyme 

(T4L) has been universally used to stabilize GPCRs by reducing flexibility and facilitate 

their crystallization [48]. Likewise, addition of antibody fragments (e.g., nanobody) is an 

important factor in aiding membrane protein structure studies [23, 42]. The combination of 

protein engineering approaches above has led to several structures solved since bovine 

rhodopsin, including CXCR4 [49], A2A [41], β2AR [42]. 

 

Protein engineering is not without its drawback. Cautions have to be taken when stabilizing 

MPs with this approach as it may unpredictably alter their structural properties. A good 

example is illustrated by two β2AR fusion proteins. Of the two stabilized structures 

resolved, only T4L but not nanobody (Fab) fused β2AR resulted in functional ligand 

binding receptors [50]. As limited information on β2AR is available, it is difficult to evaluate 

the structural and functional effects of protein engineering even though high resolution 

structures were resolved. In another case, to stabilize CRF1, a combination of T4L fusion 

and heavy modifications altered almost half of the full-length protein [51]. The extensive 

mutation has been shown to produce a stable and functional protein but may not reflect the 

native biological functions of CRF1 in vivo. 
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Figure 2.3 (A) A typical workflow for directed evolution of GPCR proteins. DNA library 

constructed from randomized GPCR genes were transformed to expression host (yeast), followed 

by protein display, functional selection by ligand binding assay and finally selected members were 

recovered to embark a second round of screening [33]. (B) Snake plot of stabilized, functional human 

corticotropin-releasing factor receptor 1 (CRF1) [51]. Both N- (1-103) and C- (373-404) terminus 

were truncated with T4L inserted at second intracellular loop. Insertions and mutations were 

labelled red and green. (Reprinted with permission from Ref.[33, 51]) 

 

2.2.3 Cell Free Protein Synthesis 

 

The two complementary approaches (expression system engineering and protein 

engineering) have led to many achievements in the past few years. As described in the 

previous section, however, membrane protein production is still presented with challenges 

in two folds. First, the existence of self-regulatory cellular mechanisms prevents high yield 
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of functional proteins to be expressed. Second, the intrinsic properties of membrane 

proteins make them unstable hence requiring external stabilizing factors, e.g. optimization 

of expression systems [32]. Technical advances to stabilize the membrane proteins involve 

extensive modifications, potentially result in unpredictable functional consequences, [33]. 

Therefore, alternative methodologies are highly desired to study membrane protein targets 

in their native sequence. 

 

To meet the challenges, an alternative production methodology referred to as cell-free 

protein synthesis (CFPS), is used [52]. The most distinguishable difference from 

conventional methods is that, unlike recombinant expression in host cells, CFPS is 

independent of live cells (Figure 2.4). In a typical cell free expression reaction, cell lysate 

is used supplied with essential elements for protein translation, e.g. DNA or RNA template 

of protein of interest, RNA polymerase, ribosome, cofactors, energy resources, etc. The 

reaction is sustainable and terminated only when one or more components in the lysate 

fails, for example the substrates (e.g., ATP, cysteine) is depleted or enzymes inhibited by-

product accumulation (e.g., inorganic phosphate) [52]. 

 

Cell lysate is a major component of any CFPS reaction. Currently, the sources include E. 

coli cell extract (ECE, prokaryotic) [53], rabbit reticulocytes lysate (RRL) [54], wheat germ 

extract (WG) [55], HeLa cell extract (HCL) [56] and insect cells extract (ICE) [57]. Different 

cell free systems retain the characteristics of respective cell type in terms of quality, yield, 

cost etc. ECE is undoubtedly the simplest and most cost-effective cell extract that can be 

prepared in large quantity. The expression system was used for development of novel 

broad-spectrum antibacterials in high-throughput manner to screen inhibitors of 

Streptococcus pneumonia [58]. The combination of cell free translation and luciferase 

reporter system screened 220,000 compounds and resulted approximately 50 hits with one 

of the compounds showed desired profile of broad-spectrum biochemical activity in 

bacteria. Similar strategies have been used to produce bacterial translation inhibitors as 

reported by Böddeker N et al. and Kung PP et al [58, 59]. Later, Yutetsu Kuruma et al. 

developed PURE system based on cell extract of the same E. coli strain S30 [60]. The system 

constitutes purified components with each protein factors affinity tagged and greatly 
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simplify protein purification [61]. The product can be purified within 1 hour using affinity 

chromatography. The one-step “reverse” purification can be achieved with untagged target 

protein and was validated active dihydrofolic acid reductase (DHFR) with a yield on the 

order of sub milligrams in a 1 ml reaction volume. The use of ECE has been reported over 

50 years and the preparation of ECE in house is possible with the well-established protocols 

[53]. 

 

Figure 2.4 Schematic illustration of in vivo expression and in vitro CFPS. In vivo expression starts 

with transformation of cDNA coding protein of interest to host cells, followed by cell culture. 



Literature Review  Chapter 2 

21 

 

Likewise, in vitro expression requires addition of cDNA to cell lysate, which contains all the 

essential elements for RNA transcription and protein translation. Both in vivo and in vitro expressed 

proteins require protein purification after synthesis [52]. (Adopted with permission from Ref.[52]) 

 

WG cell free expression system was developed by Yaeta Endo of Ehime University [62]. 

The current methodology is based on a bilayer diffusion system without using any 

membrane, first devised by Tatsuya Sawasaki et al [55]. Such format enables the continuous 

supply of substrates, together with the continuous removal of small byproducts and display 

more than 10 times higher yield over batch-mode. Other eukaryotic expression systems, 

such as ICE, and HeLa (cancer cell based), are also being developed [63]. They typically 

require more laborious extract preparation procedures and difficult to prepare in house. 

Commercial expression systems based on these cell extracts are currently available but yet 

to be validated [56, 57]. 

 

The nature of CFPS being an open system makes it possible for additional factors, e.g. 

chaperones, detergents, and finely control protein expression with flexible strategies [64, 65]. 

In comparison to in vivo expression systems, however, it is believed that such flexibility 

comes with altered protein production machinery, such as missing compartments (e.g. the 

endoplasmic reticulum, ER) and chaperones, during cell free extract preparation [66]. CFPS 

offers the opportunity to produce membrane proteins.  

 

2.2.4 Biomimetic Membrane Support 

 

A number of amphiphilic molecules have been developed to provide native-like membrane 

support for expressed MPs, which can be generally categorized into two classes, nanodiscs 

and vesicles. Both classes use the same principle that MPs are stabilized in a lipid 

membrane mimetic environment but with different methodologies. For nanodiscs, both 

lipid and polymer versions have been developed and named lipid nanodiscs and amphipols 

(polymeric nanodiscs). The lipid nanodiscs were first developed in Stephen Sligar lab using 

an encircling amphipathic helical protein belt, named membrane scaffold protein (MSP), 

to assemble MP targets that are transiently solubilized with a detergent in the presence of 
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phospholipids and MSP [67]. MSPs are truncated forms of apolipoprotein (apo) which wrap 

around a patch of a lipid bilayer to form a discal particle or nanodisc. They are amphiphilic 

proteins with a hydrophobic surface facing the lipids, and a hydrophilic surface towards 

the aqueous solution. The incorporation of membrane proteins into nanodiscs is normally 

mediated by detergent (normally ionic detergent sodium cholate) and MSPs via 

reconstitution. The resulted disc structure with MP embedded in the center lipid bilayers 

sounded by MSP with the size about 10 nm in diameter in which both N- and C- terminals 

of incorporated proteins are exposed. The nanodisc technology allows maintenance the MP 

soluble in solution in the absence of detergent for structural and functional studies and has 

been applied to a number of MPs, including bacteria rhodopsin, β2AR, aspartate receptor 

TAR as well as enzymes, and conjugation factors, etc.[68]. In CFPS, the application of lipid 

nanodisc has been limited by its relying on detergent solubilization whereas the successful 

co-translational integration of MP has been reported with only bacteriorhodopsin [69]. 

However, little is known about the protein stability incorporated into lipid nanodiscs, 

especially for MPs and the use of additional scaffold protein MSP will limit certain 

structural and functional characterizations that require purified proteins. Likewise, the 

assembly of MPs in amphiphols also depends on detergent solubilization followed by 

transient reconstitution into polymeric discs [70]. The technology was first developed by J. 

L Popot et al. using polyacrylate-based amphipol, A8-35 as a model system. In comparison 

to lipid nanodiscs, the research of amphipols has been focused on assembling 

bacteriorhodopsin and investigation of improved protein stability over detergent 

solubilization and structural characterization of protein/polymer interactions. As expected, 

the amphipols stabilized bacteriorhodopsin displays over three times increased time 

stability. In CFPS, a number amphipols have been tested using bacteriorhodopsin as model 

protein in which the wellstudied polyacrylate-based amphipol, A8-35 inhibited protein 

translation. The nonionic amphipol showed good compatibility, however, no further work 

has been reported for its application to other targets than bacteriorhodopsin. Lipid 

nanodiscs and amphipols are stable membrane supports but both rely exclusively on the 

selection of suitable detergent for protein solubilization, which considerably limited their 

applications. In addition to disc membrane structures made of single component (lipid or 

polymer), a hybrid lipid disc formed by styrene maleic acid (SMA) copolymer has also 
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been reported by Timothy J. Knowles et al. The initial study started with model protein 

bacteriorhodopsin [71]. It was demonstrated that SMA absorbs and destabilizes 

bacteriorhodopsin incorporated in liposomes, forming nanodiscs of 10 nm in diameter 

made of lipids and polymer. It was further demonstrated SMA can solubilize cell 

membranes expressing MP, including β2AR [72] and K+ channel [73] without losing 

functionality. The advantage of SMA over lipid nanodiscs and amphipole is the detergent-

free solubilization during all processes, which makes it a promising technology. The future 

research of SMA shall validate whether this technology with more challenging targets and 

fundamental studies of lipid/polymer/protein interactions. 

 

In addition to nanodiscs, the vesicular membrane structures have also been developed, 

offering more authentic native-like environment for MP incorporation, e.g. 

compartmentalization. The vesicular membrane mimetics have been developed using both 

lipids (liposomes) and polymers (polymersomes). Compared to nanodiscs, the size of these 

vesicular mimetcis can be controlled over a much larger range, from hundreds of 

nanometers (small unilamellar vesicles, SUVs) to micrometer (giant unilamellar vesicles, 

GUVs) vesicles via different preparation method, e.g. extrusion, electroformation [74]. Of 

the vesicular membrane mimetics, the most extensively studied is liposome. These vesicles 

consist of lipids that are natural components of cell membranes and different from synthetic 

materials, e.g. amphipols, they are usually compatible with cell free protein synthesis 

without causing inhibited protein translation. Different from nanodiscs, the incorporation 

of membrane proteins into liposomes does not require supplied MSPs or other protein 

chaperones. The incorporation of MPs into liposomes can be achieved mainly through two 

routes, reconstitution and co-translational integration. The reconstitution method starts 

with detergent solubilized MPs and lipids, and similar to processing of nanodiscs, MPs 

spontaneously assemble with lipids into the vesicular bilayer when detergent is removed, 

forming protein liposomes (proteoliposomes). This method has an advantage over lipid 

nanodisc that no impurity protein is introduced since the membrane scaffold protein 

required for nanodisc formation will not be required. The liposomes reconstitution 

technique is also more widely applied to MP research compared to nanodiscs, including 

GPCRs, ion channels, enzymes and virus proteins [75]. A key drawback of this method is 
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that it depends heavily on choice of detergent and target robustness and the successful 

reconstituted MPs to date are almost exclusively well-studied and stabilized targets, e.g. 

water channel protein Aqpz, bacteriorhodopsin, etc.  

 

In an alternative approach, lipids are also supplied in CFPS in the form of vesicles 

(liposomes) to mimic the native like environment of cell membranes. In this approach, it 

is commonly believed that the proteins expressed were spontaneously assembled into the 

supplied liposomes, named co-translational incorporation. Although the detailed 

mechanism directing protein incorporation is unknown, research has been done in regards 

to the optimization of supplying liposomes, e.g. concentrations, lipid type [75]. The 

proteoliposomes usually have larger density than free proteins/empty liposomes, which 

allows the separation of proteoliposomes from reaction mixture by ultracentrifugation in a 

density gradient. 

 

 

 

Figure 2.5 Schematic scaling of lipid vesicles and polymersomes membrane thickness with 

increasing copolymer molecular weight. PBD-PEO: poly (butadiene)-poly (ethylene oxide). EO: 

ethylene oxide. BD: polybutadiene. (Adopted from Ref. [76] with permission) 
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Polymersomes are self-assembled polymer vesicles composed of block copolymer 

amphiphiles. These synthetic amphiphiles can differ considerably in chemical and physical 

properties from lipids mainly in two aspects. First, the polymeric amphiphiles typically 

have higher molecular weight (MW), which gives the formed vesicles (polymersomes) 

tougher/thicker membranes and lower fluidity/permeability, e.g. due to the stronger 

hydrophobic interaction brought by larger number of repeating units in the hydrophobic 

domain (e.g. -CH2-CH2- in poly(butadiene)-(polyethylene oxide), in diblock copolymer 

PBd22-PEO13 or AB copolymer used in this study), leading to better resistance to external 

strain (areal strain ɑ=0.19±0.02 compared to ɑ ≤0.05 for lipids) [77]. The MW lipid vesicles 

of is usually less than 1,000 and as a result, their membrane thickness is limited to 2-5 nm. 

In comparison, polymersomes can be easily tuned over a wide range of 8~20 nm (Figure 

2.5) [78]. Dynamics simulation proposes a correlation between membrane thickness D, MW 

and a scaling exponent b, leading to 

 

D ∼ MWb (b ∼ = 0.55) [79] 

 

The differences in chemical properties directly affect the biophysical properties of 

polymeric membranes. For polymersomes of the same type (e.g. AB copolymer), the 

tougher/thicker membranes leads to decreased their mobility/fluidity compared to lipids 

membranes, as reflected by the different measured lateral diffusion coefficient D (Dlipids ~4 

μm^2/s, DAB ~0.16 μm^2/s) [80].  

 

Secondly, a wider range of synthetic copolymers that can be used in forming polymersomes 

compared to lipids. Such diversity of copolymers becomes an advantage in tuning polymer 

properties to adapt different MP targets in the context of constructing artificial cell 

membranes. Most lipids share common structural features and hydrophobic tail of lipids is 

mainly made of multiple ethylene units (–CH2–CH2–)n (with n=5 to 18 typically). For 

copolymers, however, the choice of building blocks is almost indefinite considering the 

vast diversity of chemistry in polymer synthesis. Besides the PBd-PEO, the triblock 

copolymer PMOXA-PDMS-PMOXA (poly(2-methyloxazoline-b-dimethylsiloxane-b-2-
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methyloxazoline), ABA copolymer) has been engineered as artificial membranes as 

polymersomes [81]. Different from AB copolymer, the hydrophobic domain of ABA is 

made of PDMS (poly-dimethylsiloxane) that is more flexible than PBd because of longer 

bond length of Si-O bonds compared to the polyethylene backbone. This allows easier 

movement and conformational changes of PDMS chains and at a result, the self-assembled 

ABA polymersomes display higher fluidity (DABA ~1.41 μm^2/s based on the formula of 

ABA used in this study) than AB [82]. The same principle can be applied to decrease 

membrane fluidity by introducing rigid block copolymers, such as polystyrene, in which 

interaction is stronger due to the pi-stacking between aromatic rings [83]. In practical 

applications, polymersomes are currently being engineered to function as robust viral 

capsids that can carry, target and release actives (e.g., drugs and dyes) [84]. Besides the 

biophysical properties discussed above, the increased toughness of polymersomes is also 

reflected by their distinct behaviors in in in vivo studies, e.g. as drug carriers, compared to 

liposomes. Certain chemical groups in polymers are chemically inert, e.g. PEG. When PEG 

is present on the surface of polymersomes (PBD-PEO used in the thesis), it brings “stealth 

effect”, which refers to the minimal immune responses triggered (e.g. PBD-PEO 

polymersomes) [83]. Lee et al. showed that polymersomes formed from (poly(ethylene 

glycol)-b-poly(D,L-lactide) (PEG-PDLLA)) harboring H3-dextran display almost 4 times 

longer half lifetime (from 11 h up to 50 h) and about 60 % higher accumulation in target 

tumors as compared to stealth liposomes with no detectable load leakage during blood 

circulation [85]. Driven by higher in-vivo stability, the possibility of polymersomes as DNA 

and anti-cancer drug carriers have also been investigated [86]. Considering such properties 

of polymersomes, they become a promising class of biomimetic membrane model systems.  

 

2.2.5 Membrane Supports in Cell Free Protein Synthesis 

 

There are three modes in cell free protein synthesis: the precipitate (P-CF) mode, the 

detergent (D-CF) mode or the lipid based (L-CF) mode (Figure 2.6). Amphiphilic 

molecules, like detergents are only able to mimic the hydrophobicity of lipid bilayers, but 

not its shape, lateral pressure or topology. Lipids of defined composition are commonly 

supplied in cell free protein synthesis to mimic native environment of lipid bilayer 
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interaction to acquire functional folding [87]. In L-CF mode, membrane proteins have the 

option to co-translationally insert into the lipid bilayers. In P-CF, however, no 

hydrophobicity or native environment is provided at all. This is not desirable for unstable 

targets like membrane proteins in real practice [88]. Thus, the following discussion will 

focus on D-CF and L-CF. 

 

Detergents are small, amphiphilic molecules consisting of a hydrophilic head and 

hydrophobic tail. In aqueous solutions, they spontaneously form (generally) micelles [89]. 

Detergents properties of detergents are related to the structure and size of the polar head-

group, charges, and length of hydrocarbon chain. Generally, they are classified into 

nonionic (no surface charges), zwitterionic (neutral but with both positive and negative 

charges), anionic, and cationic [35, 89, 90]. It is commonly believed that shorter detergents are 

better in solubilizing membrane proteins but meanwhile possess higher risk of denaturation. 

Nonionic detergents, such as n-Dodecyl β-D-maltoside (DDM) are considered milder than 

ionic detergents, which better solubilize membrane proteins. However, the optimal 

detergent, together with buffer systems, ionic strength, etc. for a new target have to be 

determined experimentally [90].  

 

In D-CF mode, detergents that better solubilize target protein without inhibited translation 

are desired. Christian Klammt et al. expressed GPCR protein rat corticotropin releasing 

factor receptor (CRF) using D-CF using E. coli extract and screened nonionic detergents 

Brij 35, 58 and 78 [91]. Brij78 was found to be highly effective for solubilization and in less 

than 24 h, milligram amounts of soluble protein was generated. Cell-free expressed GPCR 

samples were also characterized by single particle analysis showed homogenous 

distribution of predominantly protein dimers. Liselotte Kaiser et al. also reported D-CF 

mode expression of a human olfactory receptor 17-4 (hOR17-4) using the wheat germ 

extract [92]. Optimal detergent digitonin at 0.4 % was determined to be most effective in 

solubilizing olfactory receptor hOR17-4 based on detergent screening. The production 

yield was reported to be about 1 mg protein per 3 mL of cell free reaction, sufficient for 

secondary structure and odorant binding studies. Purified receptor display signature α-

helical structure and bind to odorant undecanal with affinity of 22 uM. 
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Figure 2.6 Basic expression modes for the CFPS of MPs; the protein is either expressed without 

any hydrophobic agents (P-CF mode) or in the presence of detergents (D-CF mode) or lipids (L-

CF mode). Below: variety of membrane proteins samples resulting from the basic expression modes 

[64]. (Reprinted with permission from Ref. [64]) 

 

In comparison to D-CF mode, lipids are supplied in L-CF. They are essential component 

of cell membranes in nature and commonly used in membrane protein research and CFPS 

[75]. They are amphiphilic molecules like detergents but do not solubilize proteins so 

efficiently due to their longer chain length. They also provide more stable and native 

support by mimicking cellular environment. In L-CF modes, lipids are supplied in the form 

of vesicular, bicelle and disc structures (Figure 2.6). A variety of membrane proteins were 

expressed in L-CF mode, including receptors, channels, transporters, pore-forming 
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proteins, enzymes, etc [64]. Here we focus on application of preformed vesicles (liposomes) 

in CFPS, where membrane proteins are simultaneously expressed and inserted into 

artificial membranes, leading to the formation of proteoliposomes [93]. Nobuaki Takemori 

et al. reported a high-throughput method for the synthesis of 263 full-length transmembrane 

proteins (TMPs) as proteoliposomes [94]. Of all the targets produced, 219 were multipath 

TMPs, including class A and class B GPCRs, transporters, channel proteins, etc. The 

synthesized proteoliposomes were used to mimic the in-vivo environment from which an 

internal standard library was constructed for targeted transmembrane proteomics by using 

mass spectrometry. The applicability of the system is yet to be validated. Similar strategy 

was employed by Hiroyuki Takeda et al. who developed monoclonal antibody (mAb) with 

GPCR proteoliposomes antigens using WG cell free system [95]. It is showed that half out 

of 36 mouse mAbs and 6 rabbit mAbs generated against dopamine receptor D1 (DRD1) 

were conformation-sensitive with two identified to recognize extracellular loop 2 of DRD1. 

Despite successful production of membrane proteins in L-CF, the purification remains a 

challenge. As a common practice, produced proteoliposomes are purified by density-based 

sucrose gradient ultracentrifugation [96]. The distribution of target protein in sucrose 

gradient varies among different targets and has to be experimentally determined. This 

method is most widely used in combination with E. coli CFPS systems for membrane 

protein production and purification, e.g. β2AR (GPCR protein) [94], and gap junction 

channel protein Connexin-43 [95] but does not always yield high purity products. It is 

probably because the density-based purification is unable to fully separate functional 

incorporated protein in liposomes (proteoliposomes) from impurities with similar densities. 

The affinity-based purification of proteoliposomes was attempted by Norman T. Hovijitra 

et al. using E. coli cell free expressed water channel protein Aquaporin Z using biotin-

functionalized synthetic lipid vesicles developed by Boris Peker et al. [97]. The purification 

yielded 507±11 µg/mL of active vesicle-associated AqpZ of 600 µL reaction. The method 

is not yet validated with other targets.  

 

From a biomimetic perspective, polymersomes are similar but more stable membrane 

mimetics like liposomes. Previous work has shown that these self-assembled vesicles were 

compatible with CFPS and able to incorporate functional membrane proteins upon 
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translation in CFPS, e.g. Cldn2 [98], dopamine receptor D2 (DRD2) [99] and CXCR4 [100]. 

However, current studies of polymersomes in CFPS are similar to liposomes, where the 

extent to which most target characterization was very limited [64, 75]. First of all, targets 

were preliminarily characterized, e.g. expression condition/lipid screening, solubility 

studies, and barely showed purity or functionality. Such results may not reflect the actual 

or important properties of the preparations and can potentially lead to ambiguous 

conclusions. Secondly, well-established targets were often selected in CFPS, e.g. β2AR, 

AqpZ, bacteria rhodopsin, and many of which were already well studied. Such targets were 

repeatedly characterized in CFPS with limited changes of synthesis conditions, e.g. 

expression systems, lipid compositions, and provide little insight into these membrane 

proteins. Finally, challenging and novel targets were rarely attempted using CFPS as an 

alternative before ample reports were released with other systems. This is best reflected by 

class B GPCR, GLP-1R of which no full-length nor truncated constructs were ever 

expressed in any cell free system with currently limited knowledge in many aspects. Thus, 

we decided to investigate a difficult class B GPCR target to produce in the cell free 

expression of GLP-1R using polymersomes as native-like membrane support. 
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Chapter 3 Experimental Methodology 

 

Experimental Methodology 

 

In order to produce Membrane Proteins (MPs) of interest in cell free protein 

protein system (CFPS), cell free expressions using different cell extracts and 

expression formats were performed to determine the optimal expression 

conditions. Following the expression, different approaches were used to 

produce high purity MPs, which were then subjected to biochemical 

characterization. In parallel, they were characterized using electron 

microscopy, size-exclusion liquid chromatography, surface plasmon 

resonance (SPR) based binding analysis and radioligand assay, which 

provided important information about protein/polymer association state, 

structure and functionality of different preparations. This chapter describes 

the materials and experimental methods used in the thesis, including the 

characterizations and assays above. Principles underlying the 

production/characterization techniques employed are also presented. 
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3.1 Rationale for selection 

 

The selected methods include molecular cloning, protein expression and purification, 

preparation of polymersomes, and basic protein characterization (Sodium Dodecyl Sulfate 

Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western blot). The molecular 

cloning and protein expression define the start of protein production for any new target, 

which include cloning of target gene into appropriate expression vectors, followed by 

protein translation from the supplied target plasmid gene. Protein purification removes the 

impurities in expression mixture and extracts target protein of interest, thus producing high 

purity production. In protein expression and purification, SDS-PAGE and Western blot are 

used to detect the presence of target protein and to determine the purity of proteins obtained 

with different purification methods.  

 

The film rehydration method is a commonly used technique to prepare vesicles, including 

liposomes and polymersomes. The prepared vesicles are extruded through filters with 

defined size and result in monodisperse size distribution. The characterization methods, 

including fluorescence detection size-exclusion chromatography (FSEC), transmission 

electron microscopy (TEM), surface plasmon resonance (SPR) and radioligand binding 

assay provide an overall analysis regarding protein/polymer association, functionality of 

target proteins and structureal integrity of proteopolymersomes. The FSEC uses traditional 

size exclusion chromatography set-up with fluorescence detection that provides higher 

sensitivity and allows specific detection of fluorescently labelled molecules, e.g. proteins 

and polymers. TEM provides information about the structural details of vesicles. SPR 

detects specific interactions between molecules with high sensitivity. A number of 

molecules can be analyzed using SPR, including antibodies, peptides, small molecules etc. 

The radioligand binding assay has long been considered the “gold standard” assay for 

detection of functional receptors. 
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3.2 Synthesis 

 

3.2.1 Materials 

 

Plasmid pCMVTNT containing gene coding for GLP-1R was constructed by total gene 

synthesis and antibody recognizing peptide, the rhodopsin epitope tag (the C9 tag, N-Thr-

Glu-Thr-Ser-Gln-Val-Ala-Pro-Ala-C), was added to the C-terminal of GLP-1R. Plasmid 

pEU containing gene coding for CXCR4 was designed and constructed by total gene 

synthesis. The same C9 tag was added to CXCR4 as GLP-1R in the gene design. Reagents 

and consumables for surface plasmon resonance measurements, including CM 5 sensor 

chips, 11-mercapto-undecanoic acid, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, N-

hydroxysuccinimide, and ethanolamine were from GE Healthcare (UK). Polybutadiene-

polyethylene oxide (PBD22-PEO13, 1200-b-600), and poly(2-methyloxazoline-b-

dimethylsiloxane-b-2-methyloxazoline (PMOXA20-PDMS54-PMOXA20, 1700-b-4000-

1700) polymer was from Polymer Source Inc. (Canada) DSPE-PEG (2000) biotin was from 

Avanti Polar Lipids, Inc (US). Rat anti-Polyethylene glycol antibody [26A04] was from 

Abcam (Hong Kong, ab94764, 1.4-1.5 mg/mL) and mouse rhodopsin antibody (1D4, sc-

57432, 200 µg/mL) was from Santa Cruz Biotechnology (USA). Rat GPL1R polyclonal 

antibody TA590112was from Origene (USA). SoftlinkTM Avidin Resin was from Promega 

(Singapore). Ni-NTA resin was from Qiagen (Singapore). Wheat germ cell-free expression 

system WEPRO7240 was from CellFree Sciences Co., Ltd. (Japan). N-Dodecyl β-D-

maltoside (DDM) was from Anatrace (US). I-125 labeled GLP-1 (7-36) peptide was 

purchased from Perkin-Elmer (Singapore) and Exendin4 from Karebay Biochem (CA, 

USA). SYPRO Gel Stain and Western Breeze Chemiluminescent Kit, anti-mouse were 

from Life Technologies (Singapore). The BODIPY® FL L-Cystine dye was from 

ThermoFisher Scientific (Singapore). All other reagents were from Sigma Aldrich 

(Singapore).  
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3.2.2  Molecular Cloning - Principles and Analysis 

 

Principles 

Polymer chain reaction (PCR) is a molecular biology technique to amplify from a single 

or small number of DNA across over several magnitude and generate sufficient DNA for 

downstream experiments, such as digestion and ligation [1]. The PCR contains template 

DNA used for amplification, primers that are short single chain nucleotide partially or fully 

overlap with template DNA, polymerase, nucleoside triphosphates, and buffer. The 

identification of PCR is usually performed with agarose gel electrophoresis and a DNA 

molecular weight marker with standard DNA of different molecular weights. 

 

Analysis 

The human glucagon-like peptide 1 receptor GLP-1R gene (GenBank: Homo sapiens 

glucagon-like peptide 1 receptor, mRNA; NCBI Reference Sequence: NM_002062.3) with 

C-terminus C9 tag was sub cloned from pCMVTNT vector into the pEU vector. The 

pCMVTNT vector was designed for expression of cloned genes using both in vivo and in 

vitro expression systems with both SP6 and T7 polymerase promoters encoded in the vector. 

The pEU vector was specifically developed for the wheat germ cell-free protein synthesis 

system with only SP6 promoter. The gene coding GLP-1R was digested with XhoI and 

NotI followed by a ligation reaction. Engineered green fluorescence protein (eGFP) gene 

sequence was PCR-amplified using primers 5’-GCAGC GATAT CATGC ATCAT 

CATCA TCATC ATCAT CATCA TCATA TGGTG AGCAA GGGCG AGGAG C-3’ 

and 5’-GCTGC CTCGA GCTTG TACAG CTCGT CCATG CCG-3’. The resulting PCR 

product was cloned to pEU vector with GLP-1R using EcoRV and XhoI restriction enzyme 

sites. All constructs, including GLP-1R and eGFP-GLP-1R, were verified by sequencing 

before expression. 

 

Plasmid pCMVTNT with T7 promoter was used for initial cell free expression screening 

among E. coli, insect, and wheat germ-based reaction systems. GLP-1R gene was sub-

cloned to pEU vector by XhoI and NotI double digestion and ligation using T4 ligase. All 

cloning steps were confirmed by DNA gel electrophoresis and gene sequencing. 
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Subsequently, all vectors were transformed to BL21 E. coli for propagation and plasmid 

was prepped at midi scale. 

 

3.2.3  Protein Expression and Purification - Principles and Analysis 

 

Principles 

The cell free expression refers to the method of protein synthesis independent of live cells 

[2]. In cells, proteins are synthesized and regulated upon the functional needs. In cell free 

protein expression, protein synthesis machinery was incorporated together with essential 

energy source, amino acids, and buffer to mimic protein translation and modification 

processes in cells. For coupled systems (transcription and translation in one single reaction), 

regular wheat germ (WG), high yield wheat germ (HYWG), E. coli S30 (S30) and rabbit 

reticulate lysate (RRL) were used. The two coupled systems, regular wheat germ (WG) 

uses T7 promoter and high yield wheat germ (HYWG) uses SP6 promoter. It is generally 

believed that with different 5' transcript site sequence, SP6 promoter has higher 

transcription efficiency and thus potentially increases yield in protein synthesis. For 

uncoupled system (cell extraction/mRNA template mixture separated from energy source 

and amino acids in different layers), a wheat germ system was used. Such format allows 

the continuous supply of substrates, together with the continuous removal of small 

byproducts. It was shown that the wheat germ bilayer reaction display higher yield over 

batch-mode [3]. The coupled and bilayer reaction systems are also different in the vector 

used for expression where coupled reaction uses pCVMTNT and in bilayer reactions, pEU 

vector was used. 

 

Affinity purification is a method of separating biomolecules based on highly specific 

interactions [4]. In protein molecules, the common used strategies include poly-histidine-

tag/Ni-NTA (His-tag/Ni-NTA) and biotin/avidin interactions. His-tag is a linear peptide 

epitope (usually 6 or 10 histidines) fused with protein target of interest and binds 

specifically to Nickel (Ni+) ions. The Ni+ ions are further chelated to nitrilotriacetic acid 

(NTA), which is linked to solid matrix (usually agarose or polymer micron-sized beads). 

The target protein bound solid matrix is then physically separated with 
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centrifugation/column from initial mixture (cell lysate). The bound protein of interest can 

be eluted with competitive molecules such as imidazole from matrix. Biotin-affinity 

purification is of similar principles but takes advantage of specific biotin/avidin interaction. 

The elution uses excess free biotin instead of imidazole. 

 

Analysis 

For regular wheat germ extract (WG), high yield wheat germ (HYWG), E. coli S30 (S30) 

and rabbit reticulum lysate (RRL) -based coupled cell free reactions, the following reagents 

were mixed: 

 

Table 3.1 Recipe of protein expression screening in different cell free expression systems 

Component WG* HYWG* RRL* S30* 

TnT Buffer (µL) 2 - 2 - 

RNase inh (µL) 1 - 1 - 

Lysate (µL) 25 - 25 18 

A.acid –Met (µL) 0.5 - 0.5 - 

A.acid – Leu (µL) 0.5 - 0.5 - 

DNA template 1ug 4ug 1ug 1ug 

Polymersomes (5mg/mL) (µL) 15 15 15 15 

RNA polymerase (added last) (µL) 1 - 1 - 

HYWG Master Mix (µL)  30   

S30 Premix (µL)    20 

Nucl-free H2O (µL)     

TOTAL VOL 50 50 50 50 

Temp (deg C) 30, shake 25,shake 30, shake 37, shake 

Time (hrs) 1.5 2 1.5 1 

*WG: wheat germ extract; HYWG: high yield wheat germ, RRL: rabbit reticulum lysate; S30: E. 

coli cell extract 

 

After mixing all the components, the reaction mixtures were incubated at respective 

temperature from 25 to 37 °C for 1 to 2 h, followed by harvesting the reaction for further 

characterization. 

 

For expression of GLP-1R with uncoupled reaction, a pEU SP6 in wheat germ extract 

system in a two-step manner, i.e., RNA transcription was performed and then proceeded to 

protein translation. For RNA transcription, 6.5 µL of Transcription buffer, NTP mix, SP6 
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polymerase and RNase inhibitor with 2 ug of plasmid DNA were mixed to a final volume 

of 20 µL and incubated at 37 °C for 6 h. As a next step, translation was performed by 

mixing 10 µL of transcripted mRNA mixture with 10 µL of 10 mg/mL AB polymersomes 

with 10 µL wheat germ extract and carefully adding to the bottom of 220 µL amino 

acid/energy mix in a 96 well plate to form bilayer (Figure 3.1). The plate was incubated at 

15 °C for 20 h on a thermomixer. Translation reaction was stopped after 20 h by mixing 

the contents of the well with a pipette. 

 

 

Figure 3.1 Formation of uncoupled wheat germ reaction system. Bilayer is formed by first pipetting 

amino acids and energy source mix into 96 well-plate followed by slow addition of wheat germ 

extract mixed with mRNA of interest and additives without disturbing as-formed bilayer [5]. 

(Copyright: Cell Free Sciences Co.,Ltd.) 

 

Upon harvest of reaction, the reaction mixture was first centrifuged at 10,000 rpm for 1 h, 

4 °C to spin down insoluble components and large aggregates. Soluble fraction from 

supernatant was collected for further purification. For size-based filtration, 200 µL 

supernatant was loaded to one Durapore PVDF 1000 k MWCO centrifugal filter followed 

by spinning at 6,000 rpm for 30 min at 4 °C, and washed 3 times with 400 µL 1x PBS once 



Experimental Methodology  Chapter 3 

46 

 

the volume decreases to less than 50 µL. After the final wash, the retentate was resuspended 

to 200 µL. 

 

Affinity purification of GLP-1R was performed using Ni-NTA beads. The supernatant after 

the centrifugation step was incubated with Ni-NTA agarose beads (100 µL slurry per 200 

µL reaction mixture supernatant), followed by washing with 30 bed volumes of buffer 

containing 50 mM Tris-HCl (pH 6.6), 300 mM NaCl, 0.05 % DDM, and 60 mM imidazole. 

Elution was performed with buffer containing 300 mM imidazole. Eluted proteins were 

collected, and the imidazole removed by dialysis against 1x PBS in a 10 kDa Xpress Micro 

Dialyzer (scienova, Germany) overnight. Biotin-affinity purification was performed using 

SoftLink Avidin beads. The supernatant after centrifugation (and dialysis, in case of 

Foscholine-produced protein) was incubated with pre-equilibrated beads (100 µL slurry 

per 400 µL reaction mixture supernatant) overnight, followed by washing with 30 bed 

volumes of 1x PBS. Elution was performed using 10 mM biotin in 1x PBS. All affinity-

purification steps were performed at 4 °C. 

 

3.2.4  Polymersomes Preparation - Principles and Analysis 

 

Principles 

Film rehydration is a method of producing nano- to micron- scale vesicular structures, e.g. 

polymersomes and liposomes. The dried, thin lipid/polymer films form hydrated sheets 

during agitation and self-close up to form large vesicles through self-assembly [6]. The size 

of formed vesicles can be measured with dynamic light scattering (DLS). DLS measures 

the size distribution of small particles in solution. When light hits particles, the scattered 

light goes to all directions with intensity fluctuation. Such fluctuation can be auto-

correlated and thus deduce the average size of measured particles and distribution [7]. 

 

Analysis 

Formation of polymersomes was performed using film rehydration method. Diblock 

copolymer polybutadiene (PBD)-polyethylene oxide (PEO) (AB, 10 mg) or triblock 

copolymer poly(2-methyloxazoline)–poly(dimethylsiloxane)–poly(2-methyloxazoline) 
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(PMOXA–PDMS–PMOXA) (ABA, 10 mg) was dissolved in chloroform, vacuum dried 

under nitrogen flow, rehydrated in 1 mL of 1x PBS (phosphate buffered saline, 10 mM 

phosphate, 137 mM NaCl, and 2.7 mM KCl) and extruded through 0.22 µm syringe filters 

and dialyzed (MWCO 50 kDa, Spectra/Por® 7, Spectrum Laboratories) against 1x PBS for 

at least 24 h. For biotin grafted AB polymersomes 1 wt% of DSPE-PEG (2000) biotin was 

added during rehydration. For fluorescent AB, 1 mol% tetrazole was added followed by 

UV (254 nm) cross-linking for 10 to 15 minutes after vesicle formation. Fluorescence 

measurement was performed using Tecan infinite 200 Pro plate reader with settings as 

follow: excitation/emission, 370 nm/470 nm (tetrazole), 450 nm/510 nm (eGFP).  

 

3.3 Characterization 

 

3.3.1  Protein Gel Electrophoresis and Western Blot - Principles and Analysis 

 

Principles 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a method used 

in protein separation and purity analysis [8]. The polyacrylamide gel is used as a support 

medium and SDS denatures and negatively charge proteins. Under the electric field, 

proteins migrate towards the positive electrode (the anode) with different rate depending 

on the size/molecular weight of proteins. Proteins are visualized and imaged after staining, 

either colorimetric (coomassie blue) or fluorescent (SYPRO) dyes. 

 

Analysis 

To detect GLP-1R expression, 5 µL of cell free reaction mixture was used for gel 

electrophoresis (NuPAGE 12% Bis-Tris Gel, MES running buffer, Invitrogen, 200V, 30 

min) and Western Blot (iBlot2 system with PVDF membrane and Western Breeze® 

Chemiluminescence Kit, anti-mouse or anti-rabbit, Invitrogen) according to the supplier’s 

manual. The blot was incubated overnight in a 1:2000 diluted mouse anti-1D4 antibody. 

For SDS-PAGE gel staining, SYPRO Gel Stain was used. After gel electrophoresis, the gel 

was fixed with fixing solution (40 % methanol, 7 % acetic acid) for 30 min followed by 
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overnight staining. Images were taken using ImageQuant LAS 500 (GE, Singapore) with 

either chemiluminescenct (Western blot) or fluorescence (SYPRO) detection mode. 

 

3.3.2  Bicinchoninic Acid Assay - Principles and Analysis 

 

Principles 

Bicinchoninic Acid (BCA) Protein Assay is based on the colorimetric detection and 

quantitation of total proteins using BCA [9]. This method measures the reduction of Cu+2 to 

Cu+1 by protein by detecting the purple-colored reaction product from Cu+1 and BCA. The 

water-soluble complex has a strong absorbance at 562 nm that is nearly linear with 

increasing protein concentrations at 20-2000 μg/mL. The number of peptide bonds and the 

presence of four particular amino acids (cystine, cysteine, tryptophan and tyrosine) are 

responsible for color formation with BCA. 

 

Analysis 

Protein concentrations are determined with reference to standards of bovine serum albumin 

(BSA). The 5 µL samples were mixed with 70 µL working solution containing BCA and 

incubated for 30 min at 37 °C in a thermomixer and subsequently transferred to a 96-well 

plate for the absorbance reading at 562 nm with a TECAN plate reader (TECAN i-Control 

infinite 200). 

 

3.3.3  Fluorescence Detection Size-exclusion Chromatography - Principles and 

Analysis 

 

Principles 

Size exclusion chromatography (SEC) is a method to separate molecules by their different 

sizes, which is usually correlated to molecular weight [10]. Typically, a solution mobile 

phase is used to carry analytes through solid matrix in the column. The solid matrix is made 

of uniform, porous micro-size particles that separate analytes where large particles are first 

excluded first followed by small ones. The fluorescence detection size-exclusion 
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chromatography is modified from SEC by adding fluorescence detection upon separation 

[11]. 

 

Analysis 

Fluorescence-detection size-exclusion chromatography characterization (FSEC) was 

performed using Agilent 1260 Infinity Quaternary Liquid Chromatography System using 

eGFP-GLP-1R construct. The soluble fraction from reaction mixture and purified receptors 

were loaded onto TSKgel G6000PW column (Tosoh, Japan) using 1x PBS as mobile phase 

at flow rate of 0.4 mL min-1 at room temperature. Other than UV measurement, the eluent 

was analyzed with fluorescence detector set as follows: excitation/emission, 370 nm/ 470 

nm (tetrazole), 450 nm/ 510 nm (eGFP), 480nm/ 520 nm (calcein). 

 

3.3.4  Biosensor analysis - Principles and Analysis 

 

Principles 

Surface plasmon resonance (SPR) is the conduction electrons resonant oscillation at the 

interface. The interface is usually between a negative and positive permittivity material 

that can be stimulated by incident light [12]. The biosensor analysis based on SPR allows 

measurement of molecular interaction at high sensitivity based on mass transport on the 

surface of a biosensor chip. 

 

Analysis 

Surface plasmon resonance measurements (SPR) were perfomed on a Biacore 3000-

System (GE healthcare). Rat anti-PEG antibody was immobilized on Carboxymethylated 

dextran (CM 5) chip with using standard amine-coupling chemistry as described before [13]. 

The soluble fraction was collected from centrifugation and captured by flowing at 2 μL 

min-1 for 30 min. Binding experiments were performed in HEPES-buffered saline (10 mM 

HEPES, 150 mM NaCl, pH 6.4). GLP-1R in biotinylated vesicles was measured in the 

same way. GLP-1R N-terminal antibody TA590112 was diluted with running buffer and 

injected for 1 min with flow rate of 30 μL/min. Binding curves were fitted to a 1:1 model 

using T200 BIAevaluation (Biacore AB, Uppsala, Sweden). 
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3.3.5 Transmission Electron Microscopy - Principles and Analysis 

 

Principles 

The transmission electron microscopy (TEM) operates on the same basics as light 

microscopy only that electrons were used instead of light [14]. When an electron beam 

transmits through an ultra-thin specimen, e.g. on a copper grid, the contrast between 

transmitted and blocked beams show the size and morphology of the specimen. The use of 

electrons provides significantly higher resolution compared to light microscopy. 

 

Analysis 

All electron microscopy experiments were performed at the Facility for Analysis, 

Characterization, Testing and Simulation (FACTS) in Nanyang Technological University, 

Singapore. Transmission electron microscopy (TEM) was performed using Carl Zeiss 

Libra 120 Plus operated at 120 kV. Samples were prepared using plasma-treated copper 

grids followed by negative staining with 4 % osmium tetroxide and were dried in air. 

 

3.3.6 Radioligand Binding Assay - Principles and Analysis 

 

Principles 

Radioligand binding assay uses radioisotope labeled ligand to measure binding of ligand 

to specific molecules, e.g. receptors [15-16]. Usually, radioligand binding assay is performed 

in form of saturation binding, where increasing amount of radioligand is mixed with 

receptors, followed by separation of unbound ligand. The radioactivity of bound ligand is 

then measured and converted to ligand concentration. At certain concentration, the bound 

ligand saturates all the active receptors, known as maximum binding capacity (Bmax). 

Addition of excess radioligand only increases non-specific binding and specific binding 

remains constant. The use of radioisotopes provides highest sensitivity over any other 

ligand binding assays and is regarded as the gold standard in receptor functional assay.  
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Analysis 

Saturation binding experiments were performed by incubating 20µL of GLP-1R 

proteopolymersomes after elution from the affinity beads with 5 pM-4 nM of [I-125] GLP-

1 (7-36) peptide in binding buffer (50 mM HEPES pH 6.4, 100 mM NaCl, 10 mM KCl, 1 

mM EDTA, 5 mM MgCl2, 0.1% (w/v) BSA) for 1 h at room temperature with gentle 

shaking. Non-specific binding (NSB) counts were determined by adding excess of non-

labeled Exendin-4 (2 uM) to the corresponding wells. The reaction was terminated by 

separating bound from unbound ligand by applying the mixture to an Illustra Microspin 

G50 column and centrifuged to collect the flow through. The flow through was transferred 

to the wells of a Wallac Isoplate 96-well sample plate. MicroScint20 liquid scintillation 

cocktail was added to the wells and the plate was read using a MicroBeta Trilux Liquid 

Scintillation Counter (Perkin-Elmer). Specific binding was calculated by subtracting NSB 

counts from total binding (TB) and fitting the resultant data points with a one site-specific 

binding formula using GraphPad Prism. 

 

3.4 Overview of Methodologies 

 

The methods used in expression and purification were standard or modified from standard 

molecular biology and polymer methodologies. The methods were used to produce GLP-

1R and TREK-2 membrane materials. Biochemical characterization of expressed and 

purified proteins provides information about protein expression level, molecular weight 

and purity. The combination of FSEC, TEM and SPR provides structural characterization 

of produced materials, including protein/polymer association, structure of polymersomes 

and topology of membrane proteins incorporated. The radioligand binding assay provides 

critical information regarding functionality of different preparations using cell free system 

and amount of functional proteins.  
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Chapter 4 Protein Synthesis and Primary Characsterization 

 

Protein Synthesis and Primary Characterizations 

 

This chapter summarizes the first results of this thesis, including molecular 

cloning, test expression of target protein, purification and primary 

characterizations. To start with, the plasmid DNA encoding membrane 

protein (MP) of interest, glucagon like peptide-1 receptor (GLP-1R) was test 

expressed in different cell free systems, using wheat germ, rabbit reticulate 

and E. coli extract. From both mammalian and non-mammalian expression 

systems, only wheat germ cell lysates produced protein whereas the other 

system did not show any expression. Thus, this system was selected for further 

production and characterization. To ensure that the proteins are incorporated 

into polymersome based artificial cell membranes, a filtration-based 

purification method was used and that showed almost all expressed proteins 

were incorporated. Further analyzing these samples by protein gel 

electrophoresis and Western blot, it showed that simple filtration did not 

purify the protein incorporated polymersomes from the cell-free reaction 

mixture. Hence, different affinity-purification methods were further developed 

and resulted in high purity GLP-1R. The selected purification methods were 

also evaluated in terms of co-purification of supplied AB polymersomes. 

Primary characterization showed only one of the methods can retain both 

protein and polymer. 
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4.1 Introduction 

 

This chapter presents the results of expression of GLP-1R in cell free system with focus on 

protein expression level, incorporation into polymersomes, purification and primary 

characterization. To start with, the plasmid DNA with gene coding target protein GLP-1R 

was cloned with a widely used antibody recognizing epitope (C9 tag) made of 9 amino 

acids at the C-terminus of bovine rhodopsin. After cloning, the plasmid DNA was purified 

for cell-free reaction for protein translation. To detect the expression of GLP1R, Western 

blot was performed using anti-C9 antibody and that confirmed the successful expression 

of GLP-1R and SDS-PAGE determined the purity of the expressed proteins. These two 

methods also provide a qualitative estimate of expression level of GLP-1R.  

 

Furthermore, to assess the incorporation of GLP-1R into polymersome membrane, a size-

based filtration assay was used to remove the unincorporated proteins and cell-free reaction 

mixtures by their difference of size. To obtain a purified GLP-1R incorporated 

polymersomes, three methods, including filtration, biotin- and histidine-affinity 

purification methods were used and evaluated through SDS-PAGE and Western blot. In 

parallel, different formats of cell free reaction were used, including coupled reaction format 

and bilayer two-step uncoupled reaction for increasing the yields of receptor produced. The 

later was reported to have increased yield although the two formats are using the same 

wheat germ based extract. To evaluate whether the purification process disassemble GLP-

1R integration into polymersomes, fluorescently labeled vesicles were used to determine 

the protein association into polymersomes. 

 

4.2 Experimental Methodology 

 

4.2.1 Molecular Cloning 

 

Molecular cloning was performed to generate target DNA in the expression pEU vector for 

bilayer cell free reaction. All cloning steps were monitored by DNA gel electrophoresis. 

For details, refer to chapter 3. 
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4.2.2 Protein Expression and Purification 

 

Protein expression was performed using both coupled (transcription and translation in one 

single reaction) and bilayer reaction (separated extraction/mRNA template mixture and 

energy source and amino acids) formats. Purification was performed using filtration, 

biotin- and histidine- affinity methods. For details, refer to chapter 3. 

 

4.2.3 Polymersomes Preparation 

 

Diblock copolymer polybutadiene-polyethylene oxide (AB) was used for polymersomes 

preparation using film rehydration method. For fluorescence and biotin-tagged vesicles, 

tetrazole or DSPE-PEG-biotin was added during film formation. Tetrazole fluorescence 

was measured using Tecan 200 plate reader. For details, refer to chapter 3. 

 

4.2.4 Protein Gel Electrophoresis and Western Blot 

 

Protein gel electrophoresis and Western blot were performed for detection of GLP-1R 

protein and purity examination. For details, refer to chapter 3. 

 

4.2.5 Bicinchoninic Acid Assay (BCA) 

 

BCA was performed to measure protein concentration of purified proteins. For details, 

refer to chapter 3. 
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4.3 Principle Outcomes 

 

4.3.1 GLP-1R Is Expressed and Reconstituted in Polymersomes Using High Yield 

Wheat Germ System 

 

Diblock and triblock copolymers, as synthetic materials, are popular biomimetic 

membranes have been extensively used in in vitro reconstitution of membrane proteins for 

structural/function studies (as introduced in chapter 1). The vesicular structures of block 

copolymer biomimetic systems, which are made from copolymer self-assembly, display 

cell-like morphology and membrane bilayers. In the beginning of this study, the AB 

polymersomes were was chosen in the first place because it is the most systematically 

studied polymer regarding vesicle formation and related properties (e.g. MW/membrane 

thickness correlation, self-assembled morphologies, etc.). The triblock copolymers will be 

investigated in later chapter (section 7.3). AB polymersomes were prepared using film 

rehydration method and added to cell free protein synthesis systems to test the expression 

of GLP-1R. GLP-1R gene sequence was designed, synthesized, and cloned into 

pCMVTNT vector, propagated and used in test expression in different cell free protein 

synthesis. Four systems, including regular wheat germ (WG), high yield wheat germ 

(HYWG), S30 E. coli lysate (S30), and rabbit reticulocyte lysate (RRL) systems were used 

for test expression of GLP-1R. The E. coli, WG, and HYWG represent non-mammalian 

and the RRL represents mammalian cell free protein synthesis system. In WG system, the 

T7 promoter was used and in HYWG system, the stronger SP6 promoter was used that 

could potentially lead to higher yield. Both T7 and SP6 promoters were encoded in the 

pCMVTNT vector that was being used at test expression stage. Of all the systems tested, 

GLP-1R was expressed only in HYWG system as detected by Western blot (Figure 4.1). 

Non-specific binding of mouse anti-C9 monoclonal antibody to proteins in the cell lysate 

was also observed in WG, S30, and RRL but only of background level. For HYWG system, 

expressed GLP-1R was detectable as a major band about 40 kDa. The apparent molecular 

weight (MW) 40 kDa was lower than the theoretical 53 kDa based on amino acid sequence. 

This reflects the anomalous SDS-PAGE migration of helical membrane proteins upon 

detergent binding, e.g. SDS, as reported previously [1]. A minor band was also detected, 
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indicating while the majority of GLP-1R was successfully reconstituted, a small fraction 

of it was not and formed dimerize/aggregate considering the 80 kDa band was not removed 

even treated with SDS before gel electrophoresis. Since the C9 tag was fused to the C-

terminus of GLP-1R, the positive Western blot result indicates the complete translation of 

full length GLP-1R protein.  

 

In summary, HYWG system has been identified as the optimal cell free system for 

expressing GLP-1R. Importantly, this is the first time a full-length GLP-1R is expressed in 

the presence of polymersomes using cell free protein synthesis.  

 

 

Figure 4.1 Western blot analysis of GLP-1R expression in regular wheat germ (WG, lane 1), high 

yield wheat germ (HYWG, lane 2), S30 E. coli lysate (S30, lane 3), and rabbit reticulocyte lysate 

(RRL, lane 4) cell free expression systems with using mouse anti-C9 monoclonal (1D4) antibody. 

Expression was also performed in each system without adding cDNA to test the non-specific 

binding (background) of 1D4 antibody. Arrow indicates GLP-1R. M: molecular weight marker. 

 

MPs are folded correctly only when the transmembrane domains are embedded in a 

hydrophobic environment. To determine if the translated GLP-1R is incorporated into the 

polymersomes, polymersomes were first separated from the free proteins. Polymersomes 

have higher MW (estimated to be a few 1,000 kDa) as compared to free proteins (less than 

200 kDa) and according to previous reports, size-based filtration method managed to retain 
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AB polymersomes of the same size and structure without compromising structural integrity 

despite the shear forces of centrifugation, separating them from smaller sized molecules [2-

4]. With such considerations, a 1,000 kDa molecular weight cutoff (MWCO) filter unit was 

used. The large MWCO allows the removal of unincorporated GLP-1R together with small 

molecule impurities (e.g. nucleotides, enzymes, amino acids, cofactors) from reaction 

mixture while retaining the polymersomes (Figure 4.2 A). By using western blot, the 

expressed GLP-1R protein was identified in the retentate, but not in the flow through 

(Figure 4.2 B). In the control experiments, where cell free protein synthesis was not 

supplied with AB, all proteins resulted in the flow-through (Appendix VII). This indicates 

that the GLP-1R was incorporated into AB polymersomes with high efficiency, with 

negligible amount of free GLP-1R.  

 

 

Figure 4.2 (A) Schematic illustration of size-based filtration used to separate polymersomes from 

free proteins and impurities. (B) Western blot analysis of fractions after filtration. Lane 1: soluble 

fraction of cell free expression; Lane 2: flow-through; Lane 3: retentate; Lane 4: expression without 

additional plasmid DNA (negative control). Arrow indicates the position of GLP-1R protein. 

 

4.3.2 Protein Yield Improvement Using Bilayer Reaction 

 

For protein expression, higher yield is always desired. This is also a concern for GLP-1R 

expression using wheat germ extract mostly because of the limited reaction scale (about 

50-200 µL per reaction), large scale production protocol is yet to be developed. Thus, we 
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decided to approach with bilayer reaction format to potentially increase yield. Instead of 

mixing all the components in one reaction and shaking, the format is based on a bilayer 

diffusion system that separates cell extraction/mRNA template mixture from energy source 

and amino acids in different layers. The bilayer reaction was kept unshaken to maintain the 

layer separation while synthesizing proteins. It has been reported increased yield of protein 

expression can be achieved using this format [5]. The detailed reaction setup was described 

in Chapter 3. 

 

In contrast to the batch method, the bilayer wheat germ is an uncoupled reaction that 

requires separate preparation of mRNA using pEU vector as described in Chapter 3. GLP-

1R was subcloned from the existing pCMVTNT vector to the pEU vector (Figure 4.3). The 

successful digestion and ligation were confirmed by DNA gel electrophoresis. Sequence 

of ligated plasmid was confirmed by DNA sequencing. 

 

 

Figure 4.3 DNA gel electrophoresis of (A) GLP-1R-pCMVTNT digestion and (B) colony test 

digest. (A) Lane 1: digested GLP-1R in pCMVTNT. Lane 2: digested pEU vector. (B) Lane 1-7: 

different colonies picked for test digestion. (A, B) Arrows indicate digested vectors and inserted 

gene. (C) Western blot analysis of cell free expressed GLP-1R using bilayer format. Lane 1: soluble 

fraction of reaction mixture. Lane 2: filtration retentate. Arrows indicate GLP-1R. 

 

GLP-1R-pEU plasmid was tested for bilayer wheat germ cell free expression and Western 

blot confirmed expression (Figure 4.3 C). The GLP-1R expressed in bilayer reaction 

showed bands at similar positions (about 40 and 80 kDa) compared to HYWG systems. 
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Size-based filtration showed retention of bilayer expressed GLP-1R and confirmed its 

incorporation into polymersomes. At this stage, it was uncertain if bilayer reaction 

increased yield of GLP-1R because Western blot detection here is only qualitative due to 

potential saturated exposure. It can be concluded that bilayer reaction expresses at least 

equal amount, if not more, as HYWG system.  

 

In addition, the efficiency of the size-based filtration was confirmed by using SYPRO 

staining of the SDS-PAGE gel (Figure 4.4), which showed a substantial amount of proteins 

was removed. In the filtration retentate, however, no dominant band can be identified as 

compared to the negative control without mRNA template. This indicates that the yield of 

GLP-1R was limited to Western blot detection level (about 0.1 ng) and not detectable by 

SYPRO staining (about 100 ng). In order to enrich expressed GLP-1R, further and 

alternative purifications were explored. 

 

 

Figure 4.4 SDS-PAGE and total protein SYPRO staining of cell free expressed GLP-1R after size 

based filtration. Lane; flow-through. Lane 2: filtration retentate. Lane 3: filtration retentate of 

expression reaction without additional mRNA template (background, negative control). M: 

molecular weight marker. Arrow indicates the GLP-1R. 
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4.3.3 GLP-1R Purification and Primary Characterization 

 

To purify GLP-1R, two affinity purification methods were investigated as detailed in 

Figure 4.5. A conventional approach using immobilized-metal affinity chromatography 

(IMAC) [6] was employed using poly-histidine-tagged GLP-1R (protein specific 

purification). This method has been widely used in free protein purification but according 

to our knowledge, never applied to protein/vesicle complex purification in systems like 

lipid mode of cell free protein synthesis. It is probably because, different from purifying 

soluble proteins, the misorientation of expressed proteins will limit his-tag accessibility to 

solid matrix, thus limiting the efficacy of histidine-affinity purification. However this 

requires further investigation. In parallel, we adopted a novel strategy using biotinylated 

polymersome membranes to take advantage of the specific high-affinity biotin/avidin 

interaction [7] (biotin-affinity purification, membrane specific). The biotinylation is more 

controllable and flexible as the number of biotin-tags can be tuned during vesicle formation. 

Specifically, biotin tags were introduced by mixing AB di-block copolymer with DSPE-

PEG biotin lipids during vesicle formation. Biotinylated AB polymersomes were then 

added to the cell free reaction mixture. In biotin-affinity purification, the target molecule 

of interest has to be biotin labelled which can be difficult or undesired for protein tagging. 

In comparison, adding histidine tag can be readily achieved by molecular cloning and will 

be translated upon expression. Thus, biotin tags were introduced to membrane surface 

whereas histidine tags were introduced to GLP-1R protein, respectively. The elution for 

both methods are convenient. Biotin or imidazole solution can be used for each method. 

We compared the two methods in terms of purification efficiency, protein purity, and 

preservation (support matrix to GLP-1R). 
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Figure 4.5 Expression of GLP-1R in CFPS and biotin- or histidine-affinity purification. Biotin tags 

were introduced by mixing AB di-block polymer with DSPE-PEG biotin lipids during vesicle 

formation. Biotinylated AB polymersomes were added to cell free reaction mixture followed by 

two purification routes. (Partially adopted from: Overview of protein purification, Qiagen and 

Thermoal Fisher) 

 

After cell free protein synthesis of GLP-1R, the precipitated protein/polymer were removed 

by centrifugation at 10,000 rpm. The soluble fraction (supernatant after centrifugation) of 

the cell free expression system was subjected to either the biotin- or histidine- affinity 

purifications and analyzed using SDS-PAGE. The result showed that with both methods, 

yielded higher amount of GLP-1R of higher purity (Figure 4.6), as compared to the 

filtration retentate (Figure 4.4). Purified receptor with both methods display a prominent 

band detectable on SYPRO stained gel. Histidine-affinity purified GLP-1R of slightly 

higher purity (90 % upon visual inspection) and less contamination of other non-specific 

proteins, as compared to that of biotin-affinity purified. Western blot using anti-C9 

monoclonal antibody yielded a single band around 40 kDa confirmed the successful 

purification of GLP-1R in both methods (Figure 4.6 B). For each reaction, the yield was 

estimated to be 12-14 μg. 
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Figure 4.6 SDS-PAGE SYPRO stained (A) and Western blot (B) analysis of GLP-1R purification 

using 1: biotin-affinity method and 2: histidine-affinity method. (B) Western blot with an anti-C9 

monoclonal antibody against the C9 tag at C-terminal of GLP-1R. M: molecular weight marker. 

Arrows indicates GLP-1R. 

 

However, these results did not address the question if polymersomes supplied were co-

purified or removed. The presence of polymersomes (or polymers) is important because 

they are supposed to provide support and stabilize GLP-1R. It is very likely that, without 

co-purifying polymersomes, GLP-1R will be misfolded or aggregated. Previously, Boris 

Peker et al. reported quantification of liposomes recovery using tritium labelled lipids [8]. 

It provided high sensitivity and quantitative analysis but the use of radioisotope is not 

desired. Instead, we labelled AB polymersomes with fluorescent dye tetrazole using light 

induced cycloaddition chemistry as described by Winna Siti et al. [9-10]. The method allows 

easy (UV light) and fast (10-15 min) conjugation of tetrazole to double bond of poly 

(butadiene) in polymers in a one-step reaction. Another advantage is that only the formed 
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pyrazoline between tetrazole and butadiene is fluorescent but not free tetrazole. This 

simplifies the functionalization, allows tracing the progress of conjugation and does not 

require removal of free tetrazole. 

 

 

Figure 4.7 Tetrazole fluorescence of fractions during biotin- and histidine-affinity purification. 

Tetrazol fluorescence of CFPS reaction mixture soluble fraction (SUPERNT), unbound 

polymersomes/receptors (UNBD) during binding with solid matrix, polymersomes/receptors came 

off from beads during wash process (WASH) and elution (ELUTE). Percentage of fluorescence 

was normalized to SUPERNT. 

 

Using this strategy, we tracked the presence of polymersomes in the unpurified cell free 

expression soluble fraction and estimated the amount of polymersomes in the two purified 

fractions (Biotin- and Histidine-based) by monitoring the tetrazole fluorescence of during 

each purification step (Figure 4.7). 

 

Using this strategy, we tracked the presence of polymersomes in the unpurified cell free 

expression soluble fraction and estimated the amount of polymersomes in the two purified 

fractions (Biotin- and Histidine-based) by monitoring the tetrazole fluorescence of during 

each purification step (Figure 4.7). During purification, the cell free reaction mixture was 
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first mixed with solid matrix (either with avidin or Ni-NTA matrix) to allow binding, 

followed by removal of unbound fraction by centrifugation (UNBD). The matrix was 

further washed with appropriate buffer to remove loosely bound or attached 

proteins/polymers (WASH), and finally elution (ELUTE). Each of these fractions were 

collected and subject to tetrazole fluorescence analysis. The fluorescence of soluble 

fraction (centrifugation supernatant, SUPERNT) was normalized to 100 %. About 40 % of 

polymers in biotin-affinity purification did not bind after incubation and for histidine-

affinity purification, the unbound fraction showed up to about 60 % of total fluorescence. 

This indicates the binding conditions in both protocols were not optimized for maximum 

polymer recovery. Note that intensive washing (30 column volumes) was performed after 

binding to remove proteins/polymers. The last fraction of washing was collected for 

fluorescence analysis, which showed minimal tetrazole fluorescence and confirmed the 

sufficient washing. Elution of biotin-affinity purification accounts about 30 % of total 

intensity of reaction mixture whereas that of histidine-affinity purification is minimal (less 

than 3%). The fluorescence intensity/polymer amount were not strictly correlated to the 

GLP-1R amount in SDS-PAGE but an over 10 times difference was evidence for the 

presence of AB polymers only in biotin-affinity purified GLP-1R. The results suggest that 

histidine-affinity purification dissociated proteins from vesicles, which can be the real 

limiting factor of this method. It is also showed that in histidine-affinity purified GLP-1R 

formed aggregates (at about 150 kDa), which cannot be fully dissociated even after treated 

by SDS before gel electrophoresis (Figure 4.6B). There was no precipitate observed during 

the purification, indicating the GLP-1R only formed small aggregates/oligomers but not 

precipitation. 

 

4.4 Conclusions 

 

First, GLP-1R was successfully expressed and spontaneously incorporated into AB 

polymersomes using wheat germ based cell free expression system. Both coupled and 

bilayer reaction produced equal quality protein in terms of expression level and 

incorporation. 
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Besides, both biotin and histidine-affinity purification yielded high purity GLP-1R protein 

at analytical scale. Histidine-affinity purification, as a conventional approach, dissociated 

protein from polymersomes. We tentatively concluded such dissociation limited its 

application in purifying protein/vesicle complex, e.g. proteoliposomes. In comparison, 

biotin-affinity purification has yielded protein/polymer complex and is a more promising 

method to produce GLP-1R without losing its native like membrane support 

(polymersomes). The results also drove us to further investigate the polymersome structure 

and functionality of purified product. 
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Chapter 5 Biopysical Characterization of Proteopolymersomes 

 

Biophysical Characterization of Proteopolymersomes 

 

In the previous chapter, the GLP-1R was produced using wheat-germ cell free 

system and purified using three different methods, including size-based 

filtration, histidine- and biotin- affinity purification. Both affinity-purification 

methods yielded high purity protein but only biotin-affinity purified GLP-1R 

showed both protein and polymer recovery. Next, it is important to determine 

the structural and functional characteristics of GLP-1R produced using this 

method. This chapter focuses on biophysical characterization of the produced 

GLP-1R proteopolymersomes by TEM followed by FSEC, which allows 

probing the dispersity of GLP-1R proteopolymersomes, particularly the 

association of proteins in polymersomes. 
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5.1 Introduction 

 

In the previous chapter, an optimized expression of GLP-1R based on the wheat germ cell 

free system with a decoupled bilayer reaction was obtained. Following that, the expressed 

GLP-1R was purified to >90% purity using a novel purification strategy using biotinylated 

polymersomes. This method was shown to be superior to conventional gel-filtration and 

histidine-tagged protein purification. Furthermore, based on SDS-PAGE, immunoblotting, 

and fluorescence spectroscopy, the biotin-affinity purification was shown to co-purify the 

polymersomes, an important finding not achieved by using histidine-affinity purification. 

Importantly, a crucial methodology involving the labeling of polymer with tetrazole, which 

only fluoresce when conjugated to the butadiene moiety of the polymer, makes parallel 

monitoring of the polymersomes and the protein possible.  

 

In this chapter, biophysical characterizations of GLP-1R proteopolymersomes are 

described. Transmission electron microscopy (TEM) and dynamic light scattering (DLS) 

confirmed the presence of vesicular structures, indicating intact polymersomes. Further 

characterization with UV detection- (SEC) and fluorescence detection- size-exclusion 

chromatography (FSEC) confirmed GLP-1R incorporation into polymersomes. The use of 

FSEC further resolved two populations of polymersomes with different sizes that exist in 

the expression mixture and purified products, of which the second population (smaller 

vesicles) were identified to have the incorporated protein.  

 

5.2 Experimental Methodology 

 

5.2.1 Molecular Cloning 

 

Molecular cloning was performed to generate GFP-GLP-1R in the expression pEU vector 

for bilayer cell free reaction. All cloning steps were monitored by DNA gel electrophoresis. 

For details, refer to chapter 3. 
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5.2.2 Protein Expression and Purification 

 

Protein expression was performed using both coupled and bilayer reactions. Purification 

was performed using filtration, biotin- and histidine- affinity methods. For details, refer to 

chapter 3. 

 

5.2.3 Polymersome Preparation 

 

AB polymersomes was prepared using film rehydration. For fluorescence and biotin-

tagged vesicles, tetrazole or DSPE-PEG-biotin was added during film formation. Tetrazole 

fluorescence was measured using Tecan 200 plate reader. For details, refer to chapter 3. 

 

5.2.4 Protein Gel Electrophoresis and Western Blot 

 

Protein gel electrophoresis and Western blot were performed for detection of GLP-1R 

protein and purity examination. For details, refer to chapter 3. 

 

5.2.5 Bicinchoninic Acid Assay (BCA) 

 

BCA was performed to measure protein concentration of purified proteins. For details, 

refer to chapter 3. 

 

5.2.6 Transmission Electron Microscopy (TEM) 

 

TEM was performed to identify structural characteristics of different preparations. For 

details, refer to chapter 3. 

 

5.2.7 Fluorescence Detection Size-Exclusion Chromatography (FSEC) 

 

FSEC was performed to analyze protein/polymer association before and after purification. 

For details, refer to chapter 3. 
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5.2.8 Dynamic Light Scattering (DLS) 

 

DLS was performed to measure the size of AB polymersomes. 

 

5.3 Principle Outcomes 

 

5.3.1 Morphological Characterization of Purified Product 

 

In the previous chapter, biotin-affinity purification has been shown to preserve high content 

of protein/polymer association. However, the characterization methods did not provide any 

structural information about the purified product. To exhibit optimal functional properties, 

GLP-1R should be maintained in a lamellar phase structure. The AB polymersomes used 

in cell free protein synthesis were first characterized using dynamic light scattering (Figure 

5.1). The preformed vesicles showed average size of 170 nm in diameter with 

polydispersity of 0.083, indicating a monodisperse population of AB polymersomes.  

 

 

Figure 5.1 Dynamic light scattering of AB polymersomes. Top: intensity-weighted size 

distribution, bottom: correlation coefficient decay. The average size of AB polymersomes was 

determined to be 170 nm with polydispersity index of 0.083. 
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Figure 5.2 Transmission electron microscopy images of (A) AB polymersomes, (B) GLP-1R 

proteopolymersomes before purification and (C) biotin-affinity purified GLP-1R 

proteopolymersomes. Arrows indicate vesicular structures. (D) Dynamic light scattering 
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measurements of biotin- and histidine- affinity purified GLP-1R. The measured sizes are 

indicated in the figure with PDI of 0.310 ± 0.097 and 0.825 ± 0.303 for biotin- and histidine- affinity 

purified samples. 

 

We further characterized biotin-affinity purified AB proteopolymersomes using TEM and 

compared the structure to AB polymersomes before and after cell free reaction of GLP-1R 

(Figure 5.2 A-D). TEM images and DLS measurements showed that the vesicular 

structures remained unchanged after the reaction and biotin-affinity purification. Since all 

TEM was performed under dry condition, it did not reflect the actual size of vesicles in 

solution. For histidine-affinity purification, the DLS showed multiple populations with 

abnormal size distribution and the high PDI (moderate PDI=0.1~0.4) indicates the presence 

of aggregates (Figure 5.2 D). Thus, TEM characterization was not performed for this 

sample. To get more information on vesicle size distribution and to elucidate the 

association state(s) of protein/polymersome complex, we proceeded to FSEC. For 

characterization of GLP-1R with FSEC, GFP has to be cloned as a fluorescent tag. 

 

5.3.2 Molecular cloning and expression of GFP-GLP-1R Proteopolymersomes for 

FSEC Characterization 

 

Size-exclusion chromatography (SEC) has long been used for protein analysis and 

purification [1]. In normal SEC, UV detection is used to monitor protein elution and 

separation. A disadvantage is that it requires relatively high amount and concentration of 

protein to be analyzed (roughly 0.5-1 mg/mL). Besides, it is difficult to analyze unpurified 

protein with UV detection, e.g. in cell free reaction mixture. In our case, a chromatography 

method that enables the tracking of the protein as well as the polymersomes was required. 

We adopted the method reported by Sylviane Lesieur et al. in which SEC is coupled to 

fluorescence detection (FSEC) [2]. By expressing green fluorescence protein (GFP) fused 

GLP-1R (GFP-GLP-1R), it allowed us to track both the target protein and tetrazole labeled 

polymersomes based on fluorescence profiles during SEC elution. The tretrazole (370/470 

nm) and GFP (450/520 nm) fluorescence do not interfere with each other, thus both 

fluorescence profiles will be analyzable. 
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For producing green fluorescence protein tagged GLP-1R, GFP gene from pGFP vector 

was amplified by PCR and inserted into the pEU vector containing GLP-1R (Figure 5.3 A-

C). Correct digestion and ligation were confirmed by DNA gel electrophoresis and 

sequencing to make sure no mutation was generated. Expression of the new GFP-GLP-1R 

protein was further confirmed using HYWG bilayer cell free reaction (Figure 5.3 D). 

Similar to GLP-1R, the apparent molecular weight (MW) is about 70 kDa and is lower than 

the theoretical MW of 82.6 kDa with a minor oligomer band at about 120 kDa. 

 

 

Figure 5.3 Molecular cloning of the fusion protein GFP-GLP-1R. DNA gel electrophoresis of (A) 

PCR amplified GFP gene from pGFP vector, (B) digested GFP gene (insert, 0.7 kb) and pEU vector 

containing GLP-1R before ligation, (C) test digest of GFP-GLP-1R-containing pEU vector. Lane 

1-5: colonies picked. (D) Western blot analysis GFP-GLP-1R expression in HYWG cell free 

system. Lane 1: GFP-GLP-1R. M: molecular weight marker. 
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The expressed GFP-GLP-1R was further purified using the biotin- or histidine- affinity 

purification. Purified GFP-GLP-1R showed similar purity with both purification methods 

(Figure 5.4). 

 

 

Figure 5.4 SDS-PAGE (A) and Western blot (B) analysis of GFP-GLP-1R purification using 1: 

biotin-affinity method and 2: histidine-affinity method. (B) Western blotting with a monoclonal 

antibody against the C9 tag at C-terminal domain of the GFP-GLP-1R. M: molecular weight marker. 

Arrow indicates GFP-GLP-1R. 

 

5.3.3 Size-exclusion chromatography Analysis of GLP-1R incorporation into 

polymersomes  

 

To investigate if GLP-1R was incorporated into polymersomes or membrane dissociated 

as free proteins, normal size-exclusion chromatography (SEC) was performed using a 

Sepharose-based column with resolution of 10 to 600 kDa (globular proteins). The 
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Sepharose gels are commonly used in the removal of small solutes non-entrapped in 

liposomes [3]. The SEC was accompanied by UV detection and to identify the presence of 

GLP-1R in elution, fractions were collected and examined by Western blot (Figure 5.5). 

The analysis of UV profile showed two major populations at 1.0-1.5 and 2.5-3.5 mL, 

respectively. However, since the GLP-1R proteopolymersomes were unpurified from 

CFPS, the UV trace represented the elution of total protein instead of GLP-1R alone 

(Figure 5.5 A). The bovine serum albumin (BSA, 66 kDa) was injected and the peak 

position of the volume fraction at which it was eluted served as a reference position for 

free GLP-1R (53 kDa). The tetrazole fluorescence showed that all AB polymersomes were 

first eluted after void volume of 1 mL (Figure 5.5 B). Western blot showed that almost all 

GLP-1R were eluted at the start of void volume (1 mL), indicating the majority of 

expressed GLP-1R were incorporated (Figure 5.5 C). This was further confirmed by that 

minimal GLP-1R eluted after BSA (2 mL). However, this analysis did not provide detailed 

information about the AB polymersomes, e.g. size distribution, and GLP-1R 

protein/polymer association state(s).  

 

To further characterize the produced GLP-1R proteopolymersomes, we proceeded with 

fluorescence detection size-exclusion chromatography (FSEC) with a polymethacrylate-

based column. It has been validated to be able to resolve lipid vesicles over a wider range 

(25-300 nm) [4] and been used in further FSEC analysis with GFP-GLP-1R and tetrazole 

labelled AB polymersomes as tracers. The tetrazole fluorescence profile of GFP-GLP-1R 

expressed in the presence of AB polymersomes (unpurified) showed two population at 

about 6.5 and 9.2 mL (Figure 5.6). We compared it to the elution profiles of liposomes of 

different sizes (300, 145, 80 and 25 nm) and the two populations corresponded 300 nm (6.5 

mL) and 145 nm (9.2 mL), respectively. The particle size of 145 nm was consistent with 

dynamic light scattering (DLS) results which showed prepared vesicles had an average size 

of 170 nm, considering the measured hydrodynamic diameter can be larger in DLS (Figure 

5.1). The 300 nm vesicles displayed a sharp and symmetric peak in FSEC (Figure 5.6), 

which excluded the possibility of forming random polymer aggregation. As AB 

polymersomes were extruded through a 0.22 um filter, it is not surprising that larger 

structures were also formed. Besides, the cross-linking of tetrazole via photo induction may 
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cause membrane fluctuation, which would also change the properties of vesicles [5]. The 

GFP profile suggested that GFP-GLP-1R incorporated favorably into vesicles of 145 nm 

in size and were co-eluted between 8.5-10.5 mL. Besides the incorporated protein at 9-9.5 

mL, the elution of target protein further extended to 10.5 mL. The column used is known 

to display high resolution in separating large MW vesicular structures between 25 and 300 

nm but limited protein separation power (660-12 kDa from 9.5 to 10.5 mL). Thus, it is 

difficult to identify the elution of different GFP-GLP-1R species other than the 

incorporated population because both aggregated and free GFP-GLP-1R were eluted 

within 1 mL and the elution profile was overlapping with the small vesicles. 

 

 

Figure 5.5 Size-Exclusion Chromatography analysis of GLP-1R proteopolymersomes using 

Sepharose-based column. (A) UV traces of GLP-1R proteopolymersomes (unpurified expression 
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mixture). Void volume and exclusion limit indicate column resolution. BSA: bovine serum albumin 

(66 kDa) was injected as reference to distinguish incorporated and unincorporated GLP-1R (53 

kDa). Tetrazole fluorescence (B) and Western blot (C) analysis of elution fractions from (A). 

 

 

 

Figure 5.6 Fluorescence detection size-exclusion chromatography (FSEC) profile of cell free 

expressed GLP-1R proteopolymersomes before purification. Protein elution: column resolution for 

protein separation. Vesicle size indicates the elution volume of liposomes with defined sizes, by 

Per Lundahl et al. [4]. 

 

To further characterize whether the AB polymersomes form two distinct population or is 

it due to the tetrazole, we analyzed the polymersomes by encapsulating calcein without any 

tetrazole labeling in FSEC. Calcein as a fluorescent dye is self-quenching when 

encapsulated at high concentration (above 30 mM) and was used in monitoring vesicle 

fusion and lysis. When leakage occurs by detergent lysis, released calcein leads to 

fluorescence increase [6]. We adopted this method and analyzed eluted fractions in FSEC. 
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Different volume fractions throughout the elution were collected and subjected to the 

calcein leakage test. The result showed significant increase in calcein fluorescence (2 fold 

increase after lysis) only in fractions corresponding to the second population (9.2 mL, the 

vesicle size of 145 nm) as shown in Figure 5.7. This indicates that in the prepared 

polymersomes, small lamellar vesicles of defined size (145 nm) were formed as shown by 

the calcein leakage profile. The larger structures were also formed possibly because of 

photo-induced cross-linking. In comparison to the smaller vesicles, they might not form 

lamellar phase structures as suggested by the lack of calcein encapsulation. 

 

 

Figure 5.7 FSEC using calcein encapsulated AB polymersomes. Protein elution: column resolution 

for protein separation. Vesicle size indicates the elution volume of liposomes with defined sizes, 

by Per Lundahl et al. [4]. 

 

As shown in Chapter 4 and previous sections, both purification methods (biotin- and 

histidine- affinity based) yielded high purity GLP-1R. However, only biotin-affinity 

purification produced proteins associated with polymersome (proteopolymersomes) and 
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histidine-affinity purification very likely produced protein aggregates. We further 

characterized the purified products with these two methods using FSEC to gain information 

about protein/polymer association. As shown in Figure 5.8, biotin-affinity purified GFP-

GLP-1R displayed a similar profile as unpurified sample in Figure 5.6, where two 

populations of vesicles of different sizes existed and target protein was incorporated into 

small vesicles. This was consistent with previous hypothesis that the absence of bilayer 

membrane architectures resulted in large structures, which did not facilitate protein 

incorporation. In comparison, small vesicles with lamellar structures were more stable and 

favorably assembled GFP-GLP-1R. Moreover, the small vesicles were enriched after 

biotin-affinity purification, indicating the defined bilayer membrane architectures 

facilitated protein incorporation.  

 

The FSEC profiles of histidine-affinity purified sample showed only GFP elution without 

any tetrazole fluorescence (Figure 5.8 B). The elution volume in FSEC extended from 7 to 

10 mL and the shape of GFP peak was identical to that of unpurified protein expressed in 

the absence of AB polymersomes (Figure 5.8 C). Despite the limited protein separation, 

this elution was beyond the upper limit of 660 kDa, indicating large protein aggregates 

formed without membrane support.  
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Figure 5.8 Fluorescence detection size-exclusion chromatography (FSEC) of GFP-GLP-1R 

proteopolymersomes. (A) Biotin- and (B) histidine-affinity purified GFP-GLP-1R 

proteopolymersomes. (C) Cell free protein synthesis of GFP-GLP-1R protein without supplied 

polymersomes. The sample was directly analyzed after synthesis without any purification. Protein 

elution: column resolution for protein separation. Vesicle size indicates the elution volume of 

liposomes with defined sizes, by Per Lundahl et al. [4]. 

 

5.4 Conclusions 

 

Extensive characterizations were performed after GLP-1R produced using WG CFPS and 

purified. The structural characterization using TEM confirmed the vesicular structures in 

biotin-affinity purified GLP-1R. Further characterizations using SEC and FSEC indicate 

that the proteins were incorporated into AB polymersomes of smaller size (145 nm). 
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Meanwhile, large structures were formed but probably did not have bilayer membrane 

architectures or did not facilitate protein assembly. The histidine-affinity purified GFP-

GLP-1R was confirmed to be deprived of polymers, thus formed large aggregates. Based 

on the characterization results using GFP-GLP-1R and GLP-1R (from previous chapter). 

Only biotin-affinity purification produced proteopolymersomes because the method is 

membrane specific. In biotin-affinity purification, 5% of biotin tags are introduced to 

polymersomes and the formation of vesicles and integration efficacy of tags is controllable 

and reliable. During the purification, the avidin functionalized solid matrix is allowed to 

bind to polymersomes, keep the vesicular structure intact. However, the number of 

accessible histidine tags is unknown and according to the purification results, it is probably 

less than the number of biotin tags, thus not sufficient to for purifying GLP-1R protein with 

intact polymersomes. In this case, the histidine tagged proteins are dissociated from the 

polymer membranes, thus formed aggregates in cases of GLP-1R. 
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Chapter 6 Biochemical Characterization of 

Proteopolymersomes 

Biochemical Characterization of Proteopolymersomes 

 

This chapter focuses on biochemical characterization of glucagon like 

peptide-1 receptor (GLP-1R) in polymersomes, following the evidence that 

the expressed GLP-1R is associated with the polymersomes, as shown by size 

exclusion chromatograph (SEC and FSEC). To probe the receptor orientation, 

Surface Plasmon Resonance was used. By immobilizing the GLP-1R 

proteopolymersomes on the sensor surface, the receptor orientation was 

examined using antibodies specific to the extracellular or intracellular 

domains of GLP-1R. The functionality of the extracellular N-terminal domain 

of GLP-1R was further investigated using a radioligand saturation binding 

assay, a gold standard for functional protein evaluation. The result showed 

that the GLP-1R purified by the biotin-affinity method was not functional. To 

address this, a chemical chaperone was included in the cell free mixture. 

Biophysical and biochemical characterizations were then performed to 

investigate whether the additional chaperoning effect had any consequences 

on the insertion of GLP-1R into polymersomes and the results demonstrated 

that the purified GLP-1R polymersomes were structurally similar (without 

additional chaperones) and was also functional, as demonstrated by the 

ligand binding assay. 

 

  



Biochemical Characterization of Proteopolymersomes   Chapter 6 

84 

 

6.1 Introduction 

 

In the previous chapter, the protein/polymer complex were co-purified by the biotin-

affinity method, without compromising the vesicular structure of AB polymersomes, the 

membrane support of GLP-1R. This has been shown by the presence of vesicular structure 

by TEM, calcein encapsulation, SEC and FSEC. In this chapter, the functionality of GLP-

1R was examined, in terms of the orientation of GLP-1R in the polymersomes, its ability 

to bind to antibody raised against it as well as its natural peptide ligand. The function was 

then confirmed by a radioligand saturation binding assay. To probe the receptor orientation, 

Surface Plasmon Resonance (SPR) was used. The GLP-1R proteopolymersomes were 

immobilized on the anti-PEG modified sensor surface and the receptor orientation was 

probed using antibodies specific to the extracellular or intracellular domains of GLP-1R. 

About half of the polymersomes contain correctly oriented GLP-1R. The functionality of 

the extracellular N-terminal domain (NTD) of GLP-1R was further investigated using the 

radioligand saturation binding assay. Unfortunately, the GLP-1R didn’t show any 

functional binding. To address this, addition of chaperones into the cell free mixture were 

investigated. After which, the GLP-1R insertion into polymersomes were probed for 

integration and functionality by the ligand binding assay. 

 

6.2 Experimental Methodology 

 

6.2.1 Molecular Cloning 

 

Molecular cloning was performed to generate target DNA in the expression pEU vector for 

bilayer cell free reaction. All cloning steps were monitored by DNA gel electrophoresis. 

For details, refer to chapter 3. 
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6.2.2 Protein Expression and Purification 

 

Protein expression was performed using cell free protein synthesis. Purification was 

performed using filtration, biotin- and histidine- affinity methods. For details, refer to 

chapter 3. 

 

6.2.3 Polymersome Preparation 

 

AB polymersomes was prepared using film rehydration. For fluorescence and biotin-

tagged vesicles, tetrazole or DSPE-PEG-biotin was added during film formation. Tetrazole 

fluorescence was measured using Tecan 200 plate reader. For details, refer to chapter 3. 

 

6.2.4 Protein Gel Electrophoresis and Western Blot 

 

Protein gel electrophoresis and Western blot were performed for detection of GLP-1R 

protein and purity examination. For details, refer to chapter 3. 

 

6.2.5 Bicinchoninic Acid Assay (BCA) 

 

BCA was performed to measure protein concentration of purified proteins. For details, 

refer to chapter 3. 

 

6.2.6 Transmission Electron Microscopy (TEM) 

 

TEM was performed to identify structural characteristics of different preparations. For 

details, refer to chapter 3. 

 

6.2.7 Fluorescence Detection Size-Exclusion Chromatography (FSEC) 

 

FSEC was performed to analyze protein/polymer association before and after purification. 

For details, refer to chapter 3. 
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6.2.8 Surface Plasmon Resonance (SPR) 

 

SPR was performed to detect specific binding of GLP-1R NTD to specific antibody. For 

details, refer to chapter 3. 

 

6.2.9 Radioligand Binding Assay 

 

Radioligand binding assay was performed to detect specific binding between GLP-1R and 

its ligand. For details, refer to chapter 3. 

 

6.3 Principle Outcomes 

 

6.3.1 Determination of GLP-1R Orientation in Polymersomes and Ligand Binding by 

Surface Plasmon Resonance (SPR) 

 

The accessibility of the outward facing NTD of GLP-1R is crucial for peptide ligand 

binding. To determine the orientation of the GLP-1R in proteopolymersomes, we first 

probed NTD of GLP-1R, which is solvent exposed at the exterior of the polymersomses [1]. 

We used a Surface Plasmon Resonance (SPR) based Biacore system, which allows 

immobilization of biomolecules on a sensor surface, e.g. antibodies [2], and monitoring 

binding of ligands, e.g. peptide [3], small molecules [4].  

 

We first tested the conformational sensitivity of selected NTD specific polyclonal antibody 

(pAB) by comparing it to a monoclonal antibody (1D4), which targets the linear epitope 

C9-tag at the C-terminal of GLP-1R. Recognitions of GLP-1R by both antibodies were 

comparable, as shown by the Western blot result (Figure 6.1 A). This suggests that pAb 

may also recognize a contiguous sequence of GLP-1R since all proteins were denatured 

during gel electrophoresis and blotting. 
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Figure 6.1 Characterization of antibody conformation sensitivity and sample preparation. (A) 

Western blot analysis of GLP-1R using 1D4 and pAb. Lane 1: GLP-1R expressed using cell free 

protein synthesis (CFPS). Lane 2: CFPS without additional mRNA (negative control). (B) SDS-

PAGE and Western blot of unpurified and biotin-affinity purified chemokine CXC receptor-4 

(CXCR4) using anti-C9 antibody. SN: soluble fraction of cell free reaction mixture. Pure: biotin-

affinity purified CXCR4 proteopolymersomes. M: molecular weight marker.  

 

There are very few reports about immobilization and analysis of proteopolymersomes in 

Biacore system [5-7]. Two different preparations of GLP-1R were tested, including the 

unpurified GLP-1R proteopolymersomes from CFPS reaction mixture and the biotin-

purified product. Both samples were captured on an anti-PEG antibody immobilized 

surface to minimize the GLP-1R denaturation, if any. To confirm if the capturing of 

proteopolymersomes on the surface was specific to the polymer moiety and independent 

of the expressed protein, polymersomes expressed with a non-relevant target chemokine 

CXC receptor-4 (CXCR4) were used. The SPR sensorgrams showed both GLP1-R and 

CXCR4 proteopolymersomes were immobilized using this method as shown in Figure 6.2 

and the unpurified samples were immobilized to a higher level (3000 RU) than biotin-

affinity purified samples (1000 RU). Besides, no significant difference of immobilization 

level was observed between GLP-1R and CXCR4. 
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Figure 6.2 SPR sensorgrams of proteopolymersomes immobilization using antibody capture 

method. Immobilization of (A) unpurified and (B) purified proteopolymersomes using antibody 

capture. (A, B) Anti-PEG antibody was first immobilized onto biosensor chip using standard amine 
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coupling reaction, followed by flowing proteopolymersomes onto surface to enable antibody 

capture. The immobilization level was 3000 RU for unpurified and 1000 RU for biotin-affinity 

purified proteopolymersomes with no significant difference between GLP-1R and CXCR4. 

 

Specific binding to N-terminal extracellular domain specific antibody pAB was detected 

in a dose response manner from 2 to 33 ug/ml for both unpurified GLP-1R 

proteopolymersomes from CFPS reaction mixture and the biotin-purified product (Figure 

6.3). The unpurified sample showed up to 80 RU response at the highest antibody 

concentration of 33 ug/mL, which was almost 8 times higher than the purified GLP-1R 

proteopolymersomes (10 RU). One of the difference between the two samples was the 

higher immobilization level of unpurified sample (3000 RU) compared to purified (1000 

RU) sample that led to lower density of accessible GLP-1R on the biosensor chip surface 

for pAB binding. However, the 8 times difference in response indicates other factors 

influencing the binding. Since the measurement conditions (e.g. flow rate, antibody 

concentrations, and association/dissociation time) were identical for both samples, the 

different response is probably due to the changes of protein/polymer interaction that led to 

less accessible NTD of GLP-1R caused by biotin-affinity purification. The dose response 

binding profile allows the determination of association rate Kon to be 3.334 M-1/s, 

dissociation rate Koff to be 6.6-4 s-1 (the rate of N-terminal recognizing antibody binding 

to/dissociating from GLP-1R protein), which further led to the dissociation constant Kd to 

be 18.6 nM according to 1:1 binding kinetic model. Thus, accessible NTD of GLP-1R was 

presented on AB polymersome surface, indicating that GLP-1R assumed a correct 

orientation.  

 

Furthermore, the binding of exendin-4, a natural peptide ligand of GLP-1R and 1D4 to 

GLP-1R were examined. The response in Biacore system is directly related to the change 

in mass concentration on the surface, so that the absolute response are proportional to the 

size of molecules flowed over the surface [8]. In real practice, however, such correlation 

will make analyzing GLP-1R’s peptide ligand binding difficult because of the low MW of 

these peptides (3 kDa) compared to the antibodies (150-180 kDa). Based on antibody 

binding results, the response expected for peptide binding was about 1 RU (background 
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level) [9]. Besides, the low density of receptors on membrane surface will also lower signal. 

Indeed, the exendin-4 binding to GLP-1R proteopolymersomes showed minimal response 

and no dose dependency at concentrations from 0.1 to 1,000 nM (Figure 6.4 A, B). On the 

other hand, the 1D4 antibody binding to C-terminal C9 tag was also tested and showed up 

to 140 RU response for both GLP-1R and CXCR4 (Figure 6.4 A, B), indicating the 

presence of reversely incorporated proteins in AB polymersomes. To further probe the 

functionality with higher sensitivity, we performed radioligand binding assay. 

 

 

Figure 6.3 SPR sensorgrams of NTD specific pAb binding to (A) unpurified and (B) purified GLP-

1R proteopolymersomes. Sensorgram of the binding for (from bottom to top) increasing 
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concentrations of pAb antibody. Binding curves were fitted to a 1:1 kinetic binding model and an 

affinity of 18.6 nM was derived from the fitting.  

 

 

 

Figure 6.4 SPR sensorgrams of peptide ligand exendin-4 binding to proteopolymersomes. 

Unpurified (A) and (B) biotin-affinity purified GLP-1R and CXCR4 proteopolymersomes binding 

to exendin-4 and 1D4 antibody. Proteopolymersomes were immobilized onto biosensor chip using 

anti-PEG capture. Exendin-4 of from 0.1 to 1,000 nM was flowed over immobilized 

proteopolymersomes with buffer injections in between. 1D4 mAb: 1D4 monoclonal antibody 

targets C-terminal tag of GLP-1R and CXCR4.  

 

6.3.2 Lack of GLP-1R Functionality Determined Using Radioligand Saturation 

Binding Assay 

 

High affinity peptide binding is a hallmark of most class B GPCRs, including GLP-1R [10]. 

The functionality is an important factor of GPCRs because it indicates if the protein is 
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folded correctly. In applications such as therapeutic antibody generation, the functional 

GLP-1R proteins could generate conformational sensitive antibodies, which are more 

valuable than non-conformational sensitive antibodies. The functionality of different GLP-

1R preparations was tested using saturation binding assay to determine the binding affinity 

of its cognate ligand GLP-1. Different GLP-1R preparations were tested, including 

membrane preparation (positive control, from transfected mammalian cells with GLP-1R), 

vivaspin filtration retentate, biotin-affinity and histidine-affinity purified products (Figure 

6.5).  

 

Biotin-affinity purified GLP-1R was the most promising preparation shown to be 

functional as compared to the other two. First, both GLP-1R protein and AB polymersomes 

were co-purified in this preparation and the proteopolymersome remain structurally integer 

after purification (TEM). Secondly, SPR showed its NTD on the membrane surface was 

accessible for specific antibody binding. In contrast, the histidine-affinity purified GLP-1R 

was the least competent preparation because of protein aggregation after dissociated from 

support membranes. In comparison, the vivaspin filtration preserved the majority of 

expressed GLP-1R proteins but showed poor purity and low concentration compared to 

background. 

 

The dissociation constant (Kd) and maximum binding capacity (Bmax) of the GLP-1R 

control membrane preparations where were determined experimentally to be 0.24 nM and 

2.2 pmol/mg respectively (Figure 6.5 A). For the rest, however, no binding was detected. 

 

In parallel to functional characterization of GLP-1R proteopolymersomes using 

radioligand binding assay, a number of non-radioisotope-based methods were used, 

including fluorescence-based (fluorescence polarization), immunodetection-based 

(enzyme-linked immunosorbent assay) and Surface Plasmon Resonance-based (alternative 

attempts not included in main chapters) assays. However, due to the low sensitivity of these 

methods and insufficient amount of functional receptors, these attempts were not 

successful in identifying GLP-1R functionality. The detailed results are included in 

Appendix VIII and IX. In the next chapters, radioligand binding assay will be used in 
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functional characterization of GLP-1R proteopolymersomes. To ensure the specificity of 

binding in this assay, negative controls (e.g. non-relevant target) and different assay format 

(i.e. competition binding) will be used. 

 

Figure 6.5 GLP-1R is retained in polymersomes. Specific binding of [I-125] GLP-1 to (A) GLP-

1R membrane preparation (positive control), GLP-1R AB proteopolymersomes purified using (B) 
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filtration, (C) biotin-affinity and (D) histidine-affinity purification. Dissociation constant (Kd) of 

membrane preparation was calculated to be 0.24 nM, with a Bmax of binding of 2.2 pmol/mg of 

protein for membrane preparation (A). Top: specific binding, fitted saturation binding curves using 

1:1 model. Bottom: raw binding curves. TB: total binding. NSB: non-specific binding. 

 

6.3.3 Assisted Folding of GLP-1R Enhances Functionality 

 

The lack of functionality can also be explained from a cellular biology perspective. 

Different from soluble protein, MP biosynthesis involves a series of elaborately regulated 

processes from the endoplasmic reticulum (ER) through the Golgi to the plasma membrane 

[11]. During these processes, a number of molecular chaperones were involved in MP 

folding such as ER residents, heat shock proteins (HSPs) [12] targeting cell membranes, 

ribosome guiding protein, the signal recognition particle (SRP) [13]. However, such 

regulation system is absent in CFPS because of the missing compartments like ER during 

extract preparation in WG CFPS [14]. Although its impact on protein synthesis is yet clear, 

for MPs, the missing chaperoning factors potentially lead to misfolding. Nonetheless, the 

nature of cell free reaction being an open system allows extensive adjustment and fine 

control of reaction conditions to mimic cellular environment and produce quality receptors. 

In CFPS, chemical chaperones, e.g. detergents and lipids, have been applied to assist in 

vitro refolding [15]. Compared to protein chaperones, a diverse group of chemical molecules 

are available and can be readily supplied to cell free reaction without adjusting production 

strategy for the additional molecules [16].  

 

In the case of GLP-1R expression, we introduced chemical chaperones to mimic the 

function of molecular chaperones [15]. For MP like GLP-1R, the chemical chaperone 

required will be able to assist folding and direct folded proteins into AB polymersomes 

without losing functionality. With such considerations, the zwitterionic detergents, the Fos-

choline (Fos) series were selected. The zwitterionic nature of Fos series is more effective 

in solubilizing MPs than the nonionic detergents, which are commonly used in protein 

structure studies [17-18] and structurally, they resemble phospholipids’ native-like 

environment. These properties made the Fos-choline series ideal candidates. 
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Using the Fos-choline 14 (Fos14) detergent as chemical chaperone to assist the folding of 

GLP-1R, the CFPS reaction was modified by supplying it with both AB polymersomes and 

Fos14. We examined if the addition of Fos14 would mediate a more stable incorporation 

into the polymersomes. First, CFPS was supplied with both polymersomes and Fos14 to 

test the expression followed by removal of Fos14 via dialysis and biotin-affinity 

purification, thus to ensure it does not interfere with the downstream purification or 

characterizations. The purified sample was further analyzed using SDS-PAGE and 

immunoblotting. The purified GLP-1R as a major monomer band about 40 kDa with a 

dimer band at about 70 kD, confirming the successful biotin elution (referred as GLP-1R 

F-AB, Figure 6.6 A, B, lane 1). Compared to previous results where Fos14 was not supplied 

in CFPS (Figure 4.6), the elution of GLP-1R F-AB was of lower purity (estimated to be 

about 50% via visual inspection), possibly due to the effect of Fos14. . Compared to the 

histidine-purified GLP-1R expressed only in the presence of Fos14 (details are present in 

the next paragraph), the biotin eluted GLP-1R F-BD showed a slight shift up to higher MW 

(Figure 6.6 A, B, lane 1-3). The shift in the migration is likely due to the presence of 

polymer [19] and interference by Fos14 [20]. Furthermore, the similar profile of tetrazole 

fluorescence in the fractions from biotin-affinity purification of GLP-1R 

proteopolymersomes produced in the presence of Fos14 (Figure 6.6 C) compared to 

previous purification without addition of Fos14 in CFPS (Figure 4.7), indicating that the 

co-elution of AB polymers was not affected by Fos14 in the CFPS.  
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Figure 6.6 Production of GLP-1R in the presence of Fos14. (A) Western blot and (B) SDS-PAGE 

analysis of purified proteins. (A, B) Lane 1: biotin-affinity purified GLP-1R proteopolymersomes. 

Lane 2: histidine-affinity GLP-1R from CFPS with supplied Fos14 but not polymersomes. Lane 3: 

sample in lane 2 after Fos14 removal. Lane 4: non-relevant target DRD2 purified as the sample in 

lane 1. M: molecular weight marker. Sample 1, 3 and 4 were used for the following radioligand 
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binding assay. (C) Tetrazole fluorescence of fractions from biotin-affinity purification of GLP-1R 

proteopolymersomes produced using CFPS with supplied AB polymersomes and Fos14.  

 

In CFPS supplied with both AB polymersomes and Fos14, the biotin-affinity purified GLP-

1R proteopolymersomes was further characterized using transmission electron microscopy 

(TEM), which confirmed the presence of vesicular structures in the purified product 

(Figure 6.7). 

 

 

Figure 6.7 Transmission electron microscopy (TEM) images (A, B) of biotin-affinity purified 

GLP-1R proteopolymersomes produced using CFPS with supplied AB polymersomes and Fos14. 

Arrows indicate vesicular structures. 

 

To test the effects of Fos14 and AB polymersomes, two controls were setup. The first 

control was a non-relevant GPCR target dopamine receptor D2 (DRD2) that was expressed 

and biotin-affinity purified (DRD2 proteopolymersomes) in the same way as GLP-1R. This 

was a positive control showing successful expression in the presence of Fos14 and will be 

used as a negative control for the radioligand binding assay in the following 

characterization. The second control was GLP-1R expressed supplied with Fos14 but not 

AB polymersomes, followed by histidine-affinity purification and removal of Fos14. This 

was a control to testify the Fos14 mediated GLP-1R folding without polymersomes in 

radioligand binding assay. Both controls were examined by SDS-PAGE and 
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immunoblotting. Similar to GLP-1R, the biotin-affinity purified DRD2 

proteopolymersomes were difficult to be identified on SDS-PAGE but the Western blot 

confirmed the successful biotin elution (Figure 6.6 A, B lane 4). The histidine-affinity 

purified GLP-1R migrated normally and displayed two major bands on both SDS-PAGE 

and Western blot (Figure 6.6 A, B lane 2, 3). 

 

To further characterize if GFP-GLP-1R was stably inserted in the polymersomes, the 

existence of co-elution of polymersomes and the fluorescence detection size-exclusion 

chromatography (FSEC) profile of GFP-GLP-1R expressed in the presence of Fos14 was 

monitored.  

 

The FSEC elution profiles of new preparations were changed. In the presence of Fos14, 

the larger structures at 6.5 mL no longer existed. Previously, we attributed its formation of 

such structure due to non-lamellar phase which didnt facilitate GLP-1R incorporation. The 

disappearance of large structures indicates that the additional chemical chaperone Fos14 

not only assisted GLP-1R folding but also helped in self-assembly of AB vesicles into more 

monodisperse vesicles that favorably integrated target protein.  

 

The FSEC of unpurified GFP-GLP-1R also showed the small vesicles were eluted from 

8.0 to 9.5 mL and displayed three peaks at 8.0, 8.5, 9.5 mL, respectively. The second 

population (8.5 mL) was overlapping GFP profile and contained vesicles estimated to be 

slightly larger than 145 nm (Figure 6.9). The other two peaks possibly represented 

polymersomes of different sizes around 145 nm. The presence of GFP fluorescence in the 

FSEC after biotin-affinity purification indicates both AB polymersomes and target protein 

were co-purified (Figure 6.8 B). After purification, however, only the second (8.5 mL) and 

third (9.5 mL) populations were eluted and the protein association with second population 

was not altered. 
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Figure 6.8 Fluorescence detection size-exclusion chromatography (FSEC) of cell free expressed 

GFP-GLP-1R in the presence of Fos14. Cell free reaction mixture. Analysis of (A) cell free reaction 

mixture before purification and (B) biotin-affinity purified proteopolymersomes. Top annotations: 

composition of eluent at each volume. Vesicle size indicates the elution volume of liposomes with 

defined sizes, by Per Lundahl et al. [13]. Cartoons represent the composition of each fraction.  

 

For functionality test, the radioligand saturation binding assay was performed. Binding was 

detected under conditions where the CFPS was supplemented with Fos14 and after biotin-

affinity purification. This result indicates that the complex folding of GLP-1R was assisted 

by the lipid-like detergent and upon the removal of Fos14, such folding was preserved after 

co-translationally inserted into polymersomes. As positive control, the crude GLP-1R 

extracted from native tissues was used in radioligand binding assay as present in previous 

paragraph (Figure 6.5 A). As shown in Figure 6.10 A, binding of [I-125] GLP-1 to cell-

free expressed with Fos14 and biotin eluted GLP-1R AB proteopolymersomes is both dose-

dependent and saturable, with a detected binding affinity of 0.37 nM and the maximal 

binding (Bmax) of 1.5 pmol/mg. This result compares very favorably with GLP-1R 

membrane preparations where the Kd and Bmax were determined experimentally to be 0.24 

nM and 2.2 pmol/mg previously (Figure 6.9 A). The specific binding was further validated 

by performing a competition binding assay in which [I-125] GLP-1 was used as tracer and 
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competed by peptide ligand exendin-4 (Figure 6.9 C). The half effective concentration 

(EC50) of GLP-1R AB proteopolymersomes was determined to be 54.3 nM, which is 

comparable to that of GLP-1R membrane preparation (37.8 nM). 

 

 

Figure 6.9 Functional characterization of GLP-1R proteopolymersomes using radioligand binding 

assay. Specific binding of peptide ligand [I-125] GLP-1 to biotin-affinity purified (A) GLP-1R 

proteopolymersomes and (B) GLP-1R produced in the absence of AB polymersomes. Top: specific 

and fitted binding curves using 1:1 model. Bottom: raw binding curves. TB: total binding. NSB: 

non-specific binding. Dissociation constant (Kd) of GLP-1R proteopolymersomes (A) was 

calculated to be 0.37 nM, with a Bmax of binding of 1.5 pmol/mg. In competition binding assay, 

the half effective concentration (EC50) was determined to be 54.3 and 37.8 nM for GLP-1R 

proteopolymersomes and membrane preparation, respectively. 
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We used two negative controls to ensure that this binding is specific to GLP-1R 

proteopolymersomes. In control experiment in which polymersomes were not provided to 

the Fos14-containing cell free system, dose-dependent binding was not observed, strongly 

indicating that stably insertion of functional GLP-1R into polymersomes was realized by 

the addition of Fos14 into the cell free system (Figure 6.9 B). Moreover, when a non-

relevant GPCR target, DRD2 proteopolymersomes were purified in a similar manner and 

no binding was observed (Figure 6.10).  

 

 

Figure 6.10 Functional characterization of non-relevant target dopamine receptor D2 (DRD2). 

Radioligand binding assay of [I-125] GLP-1 binding to biotin-affinity purified DRD2 

proteopolymersomes produced in the presence of Fos14. Top: specific and fitted binding curves 

using 1:1 model. Bottom: raw binding curves. TB: total binding. NSB: non-specific binding. No 

specific binding was detected. 
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6.4 Conclusions 

 

The produced GLP-1R was characterized with focus on orientation and functionality. The 

SPR analysis showed the presence of correctly orientated GLP-1R in the AB 

polymersomes by probing the N-terminal extracellular domain of GLP-1R. For future 

studies of AB polymer/GLP-1R association behavior, TEM can be used to characterize the 

orientation of protein inserted when combined with immunostaining with gold nanoparticle 

conjugated antibodies. The TEM analysis can provide information about both structural 

information of polymersomes and its association with GLP-1R proteins associated with 

membranes. The choice of antibody can be GLP-1R N-terminal specific antibody (used in 

SPR experiments) and 1D4 antibody (used in Western blot in previous chapters).  

 

Production of functional GLP-1R proteopolymersomes required both native-like 

membrane support (AB polymersomes) and additional folding mechanisms, in this case, 

zwitterionic detergent Fos14 was added. The biotin-affinity purified GLP-1R 

proteopolymersomes produced in the presence of Fos14 displayed ligand binding 

capability comparable to native protein expressed in cells. Further characterizations using 

TEM and FSEC confirmed the vesicular structure of the product and protein/polymer 

association. 
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Chapter 7 Functional Production of Proteopolymersomes 

 

Functional Production of Proteopolymersomes 

 

In the previous chapter, the protocol of functional production of GLP-1R 

proteopolymersomes was developed using AB polymersomes as membrane 

support and Fos14 as folding mechanism. The product display ligand binding 

capability, which compared favorably to native protein expressed in cells. 

Further characterizations confirmed the association state was not affected by 

the introduction of Fos14. These results suggest that polymersomes as 

membrane supports provide native-like environment for maintaining the 

correct folding of membrane protein GLP-1R. We foresee that this principle 

can be applied other classes of block copolymers.  

 

This chapter demonstrated the versatility of the cell free expression system 

with polymersomes. A few important modifications were examined and 

compared, including the use of triblock copolymer, detergent, and 

reconstitution strategy for GLP-1R membrane insertion. Biotin- and 

histidine- affinity purifications were also compared in these experimental 

variants. Polymer-dependent functional production of GLP-1R was achieved 

with both biotin-affinity purification of co-translational incorporation and 

reconstitution of purified GLP-1R. 
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7.1 Introduction 

 

As compared to conventional liposomes, the polymersomes are more stable and can be 

flexibly tuned by changing polymer chemistry. As reviewed recently by Joachim Habel et 

al. [1], a number of MPs have been studies, e.g. OmpF, Aqpz, in a variety of copolymers 

with difference building blocks. Both AB and ABA of a number of formulas were tested 

for the incorporation of MPs. The previous results of GLP-1R expression, purification and 

functional characterization led us to take advantage of the diversity of block copolymers. 

In this chapter, we demonstrated that both diblock and triblock copolymers can be used as 

membrane support in the production of functional GLP-1R. Besides, different 

reconstitution method was also attempted as an alternative approach to incorporate MPs 

into polymersomes. The produced proteopolymersomes with different polymers were 

characterized using radioligand binding assay. The results also indicated that the molecular 

differences between different classes of block copolymers are important in functional 

incorporation of GLP-1R. 

 

7.2 Experimental Methodology 

 

7.2.1 Protein Expression and Purification 

 

Protein expression was performed using both coupled (transcription and translation in one 

single reaction) and bilayer reaction (separated extraction/mRNA template mixture and 

energy source and amino acids) formats. Purification was performed using filtration, 

biotin- and histidine- affinity methods. For details, refer to chapter 3. 

 

7.2.2 Polymersomes Preparation 

 

Diblock copolymer polybutadiene-polyethylene oxide (AB) and triblock copolymer 

Polymethyloxazoline-Polydimethylsiloxane-Polymethyloxazoline (ABA) was used for 

polymersomes preparation using film rehydration method. For fluorescence and biotin-
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tagged vesicles, tetrazole or DSPE-PEG-biotin was added during film formation. Tetrazole 

fluorescence was measured using Tecan 200 plate reader. For details, refer to chapter 3. 

 

7.2.3 Protein Gel Electrophoresis and Western Blot 

 

Protein gel electrophoresis and Western blot were performed for detection of GLP-1R 

protein and purity examination. For details, refer to chapter 3. 

 

7.2.4 Bicinchoninic Acid Assay (BCA) 

 

BCA was performed to measure protein concentration of purified proteins. For details, 

refer to chapter 3. 

 

7.2.5 Radioligand Binding Assay 

 

Radioligand binding assay was performed to detect specific binding between GLP-1R and 

its ligand. For details, refer to chapter 3. 

 

7.3 Principle Outcomes 

 

7.3.1 Co-translational Incorporation of GLP-1R into Polymersomes 

 

In the functionality assay, the production protocol was developed using wheat germ cell 

free system supplied AB polymersomes and zwitterionic detergent, Fos14. Produced GLP-

1R displayed binding capability to peptide ligand GLP-1 comparably to native protein 

expressed in cells. In order to expand our toolbox, alternative production strategies by 

varying block copolymers and using detergent combinations were investigated. We 

introduced a triblock copolymer that has been extensively used as MP support [1], 

PMOXA20-PDMS54-PMOXA20 (ABA) and another commonly used non-ionic detergent in 

MP research, digitonin in cell free expression. A few polymersome/detergent combinations 

were tested in GLP-1R expression, including digitonin+Fos14+AB (DF-AB), Fos14+AB 
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(F-AB) and Fos14+ABA (F-ABA) (Figure 7.1 A). All three combinations showed no 

obvious inhibition of protein translation as detected by Western blot. SDS-PAGE showed 

multiple bands with no distinguished band of target protein GLP-1R. In GLP-1R saturation 

binding assay, no binding was detected, probably because of the large amount of impurities 

in the samples. 

 

 

Figure 7.1 Cell free protein synthesis of GLP-1R with diblock and triblock copolymers. (A) 

Western blot and SDS-PAGE analysis of GLP-1R expressed in the presence of detergent, digitonin 

(D) and/or Fos14 (F), and copolymers (AB: diblock, ABA: triblock). Lane 1: DF-AB. Lane 2: F-
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AB. Lane 3: F-ABA. (B-D) Saturation binding of unpurified GLP-1R proteopolymersomes 

expressed in different combinations of detergent(s) and copolymers (A, lane 1-3), to radioligand 

[I-125] GLP-1. No specific binding was detected. 

 

It has been determined in Chapter 4 and 5 that of all the three purification methods, i.e. 

vivaspin filtration, histidine- and biotin-affinity purification, only the biotin-affinity 

purified GLP-1R showed positive functionality without dissociating from polymer 

membrane support. Thus, the new preparations were purified using the same method. The 

SDS-PAGE showed all of the elutions under these conditions showed multiple bands 

without any distinct band of GLP-1R (Figure 7.2 A). This could probably because of Fos-

14 interfering the biotin streptavidin purification.. However, in Western blot, both F-AB 

and F-ABA showed protein bands corresponding to GLP-1R, indicating the successful 

elution but addition of digitonin (DF-AB) has interfered with purification, possibly due to 

the suboptimal detergent removal in dialysis.  

 

In the radioligand binding assay, purified GLP-1R proteopolymersomes expressed in the 

presence of F-AB and F-ABA showed positive binding with the dissociation constant (Kd) 

determined to be 1.7 and 2.1 nM, respectively (Figure 6.2 B, C). In terms of polymer 

building blocks, the choice of diblock or triblock copolymers did not affect the 

functionality of GLP-1R. Meanwhile, no non-specific binding of ABA polymer to GLP-1 

or GLP-1 to filter plate used in the assay was detected, indicating the binding of GLP-1 to 

GLP-1R proteopolymersomes was specific (Figure 7.2 D, E). 
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Figure 7.2 Biotin-affinity purification and functional characterization of GLP-1R 

proteopolymersomes. (A) Western blot and SDS-PAGE analysis of biotin-affinity purified GLP-

1R expressed in the presence different detergent/polymer combinations. Lane 1: DF-AB. Lane 2: 

F-AB. Lane 3: F-ABA. (B, C) Saturation binding of biotin-affinity purified GLP-1R AB (B) and 

ABA (C) proteopolymersomes (samples in lane 2-3) to [I-125] GLP-1. Dissociation constant (Kd) 

of purified GLP-1R proteopolymersomes expressed in the presence of F-AB and F-ABA was 

determined to be 1.7 and 2.1 nM, respectively. No specific binding of (D) ABA to GLP-1 and (E) 

GLP-1 to filter plate was detected. 
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7.3.2 Reconstitution of Purified GLP-1R into Polymersomes 

 

As an alternative to co-translational incorporation, reconstitution of purified protein to 

vesicles, e.g. liposomes, nanodiscs, is widely used for constructing biomimetic membrane 

systems with MPs [2]. In the case of GLP-1R, we also attempted using CFPS with Fos14. 

Using this approach, polymersomes were not added to the cell free expression system. 

Consequently, the GLP-1R was histidine-affinity purified and reconstituted into 

polymersomes in the presence of Fos14. Meanwhile, the biotin-affinity purification was 

not possible as polymersomes were not present. SDS-PAGE and Western blot confirmed 

the successful purification of GLP-1R, which showed high purity comparable to previous 

histidine-affinity purifications (Figure 7.3 A, lane 1). In the radioligand binding assay, the 

dissociation constant (Kd) of purified GLP-1R in Fos14 was determined to be 0.8 nM, 

indicating the correct protein folding (Figure 7.3 B).  

 

To incorporate the purified GLP-1R into polymersomes, they were mixed with either 

diblock copolymer AB or triblock copolymer ABA, followed by removal of Fos14 by 

dialysis for reconstitution. Different from solubilized proteins, the migration of 

incorporated GLP-1R in SDS-PAGE was changed. For reconstitution into diblock AB 

polymersomes, the SDS-PAGE showed smearing from 37 to about 100 kDa and only small 

amount of GLP-1R was detected in Western blot at about 98 kDa, indicating the 

reconstituted protein was not successfully transferred during blotting (Figure 7.3 A, lane 

2). The reconstituted GLP-1R into triblock ABA polymersomes showed similar migration 

profile, where only a small amount of protein entered the gel during gel electrophoresis 

(Figure 7.3 A, lane 3). The GLP-1R reconstituted in ABA can only be detected in Western 

blot but not SDS-PAGE. Although the SDS-PAGE analysis showed different migration 

profile than previously, it was a good indication of protein incorporation and Western blot 

confirmed the presence of GLP-1R in reconstituted samples. 

 

In radioligand binding assay, both reconstituted GLP-1R samples were tested. Different 

from co-translational incorporation into AB, the reconstitution of GLP-1R into AB lost the 

binding capability (Figure 7.3 C). In comparison, reconstituted GLP-1R in ABA showed 
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specific binding with Kd determined to be 0.67 nM and compared favorably to the binding 

affinity before reconstitution (0.8 nM) and native GLP-1R expressed in cells (0.24 nM), 

indicating the reconstitution did not compromise the functionality (Figure 6.3 D). The 

specificity of binding was further validated using competition binding mode with exendin-

4, which also showed similar half effective concentration (EC50) of 93.2 nM compared to 

native GLP-1R (37.8 nM) as shown in Figure 6.3 E.  

 

 

Figure 7.3 (A) SDS-PAGE of D-CF expressed and histidine-affinity purified GLP-1R (lane 1), 

followed by reconstitution into AB (lane 2) or ABA (lane 3). Purified GLP-1R is boxed in red. 

Radioligand binding assay of (B) histidine-affinity purified GLP-1R solubilized in Fos14 before 
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reconstitution, and after reconstitution into (C) AB or (D) ABA. (E) Competition binding assays of 

reconstituted GLP-1R into ABA or GLP-1R derived from membrane preparation, with peptide 

ligand exendin-4. [I-125] GLP-1 (RL) concentration was indicated by nM.  

 

To further validate the reconstitution approach and its applicability, the fluorescent GLP-

1R construct, GFP-GLP-1R was tested (Figure 7.4). The GFP-GLP-1R together with a 

negative control, DRD2 were histidine-affinity purified and reconstituted into triblock 

copolymer ABA in the same way as GLP-1R. Both GFP-GLP-1R and DRD2 were detected 

as a monomer band with smearing in Western blot and SDS-PAGE (Figure 7.4 A, lane 1 

and 2). The purified GFP-GLP-1R also showed a minor band at 30 kDa which may arise 

either from proteolysis of the fusion protein or from translation initiation at the methionine 

residue at the beginning of the GFP coding sequence [3]. Moreover, a substantial amount 

of incorporated proteins were stuck in the wells and did not enter the gel during gel 

electrophoresis, affecting protein detection and subsequent transfer in Western blot. After 

reconstitution, more proteins were lost during migration, indicating the successful 

incorporation of GFP-GLP-1R and DRD2 into ABA (Figure 7.4 A, lane 3 and 4). In 

Western blot, a very low amount of target proteins were detected as smearing. Binding was 

detected in Fos14 solubilized and ABA reconstituted GFP-GLP-1R, with Kd of 1.1 and 1.7 

nM, respectively. The similar affinities indicate no functionality was lost during 

reconstitution. The Kd of GFP-GLP-1R determined was slightly lower than the GLP-1R 

construct (0.37 nM) produced in the same way, which possibly reflected the effect of fusion 

partner GFP on the GLP-1R ligand binding capability. 

 

In co-translational incorporation of GLP-1R, the use of both diblock AB and triblock ABA 

copolymers managed to yield functional receptors whereas in the second route of 

reconstitution, only ABA resulted in functional GLP-1R. This suggested the different 

building blocks of copolymer membranes can affect MP incorporation and functionality. 
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Figure 7.4 (A) SDS-PAGE and (B) Western blot of D-CF expressed and histidine-affinity purified 

GFP-GLP-1R (lane 1) and DRD2 (lane 2), followed by reconstitution into ABA polymersomes. (A, 

B) Blue box: proteolysis of the fusion protein or alternative translation initiation at the methionine. 

Radioligand binding assay of GFP-GLP-1R before (C) and after (D) reconstitution into ABA. (E) 

Purified DRD2 after reconstitution. [I-125] GLP-1 (RL) concentration was in nM. The Kd was 

determined to be 1.1 nM (C) and 1.7 nM (D), respectively.  

 

We proposed a theory that such difference was resulted from the superior flexibility of 

ABA polymer in compared to AB. For membrane protein incorporation, the functionality 

of proteins in the membranes is related to the physical environment. The membrane rigidity 
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is an important property and commonly used to describe the nature of the environment 

membranes provide to incorporated proteins because it controls how much flexibility is 

allowed for membrane proteins to move around. The rigidity has to be within a certain 

range so that membrane proteins can anchor stably in the bilayer via hydrophobic 

interaction and meanwhile, their folding is not altered by the interaction with the membrane. 

The hydrophobic domain of AB, poly-butadiene (PBD) is more rigid than ABA, which 

contains polydimethylsiloxane (PDMS). The flexibility is also reflected the low glass 

transition temperature of PDMS (-120 °C) compared to PBD (about -21 °C). In MP 

reconstitution, the more flexible PDMS better accommodated GLP-1R and maintained its 

correct folding when Fos14 was removed. For PBD, the high rigidity did not favorably 

interact with the transmembrane domains of GLP-1R and caused mis-folding or orientation 

during reconstitution. In other words, the functional incorporation of Fos14 solubilized 

GLP-1R depends on the fluidity of polymer membranes, which is correlated to the stiffness 

of hydrophobic layer formed. This was supported by the diffusion studies of polymeric 

vesicles made from diblock and triblock copolymers. In the fluid mosaic model proposed 

by Singer and Nicholson [4], the membrane constituents can diffuse freely in a two 

dimensional membrane surface. The diffusion coefficient D (um2/s) is used to describe 

membrane fluidity or integral membrane protein mobility, and can be measured using 

techniques based on the light microscope [5] such as fluorescence correlation spectroscopy 

[6]. The measured diffusion coefficient D of ABA with similar formula (A12B63A12) was 

reported to be 1.41±0.04 um2/s [7] whereas the D of AB was estimated to be 0.16 um2/s [8]. 

The difference is significant considering the diffusion coefficient of liposomes is 12.5±0.5 

um2/s measured using the same method. Although the polymer reconstitution, protein 

folding and their interactions are very likely to be much more complicated, the polymer 

membrane rigidity is likely to be a factor influencing functional incorporation of GLP-1R.  

 

In the co-translational incorporation method, both AB and ABA showed successful 

incorporation of functional GLP-1R. Such results were different from reconstitution of 

purified GLP-1R where only ABA adopted correctly folded proteins but not AB. These 

indicate there were other factors influencing GLP-1R functionality besides the effect of 

polymer chain flexibility. This is most likely due to the folding mechanism in WG extract 
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that was used in the CFPS. Although it is known that the ER, which is known to play a 

critical role in MP folding, trafficking after translation, was removed during WG extract 

preparation, we anticipate the remaining folding machines were able to assist the 

modification in CFPS.  

 

7.4 Conclusions 

 

In the previous chapter, it was demonstrated that both diblock AB and triblock ABA 

copolymers could be used as native-like membrane support in functional production of 

GPCR protein GLP-1R in CFPS. In this chapter, the applicability of this principle was 

validated using different production strategies, co-translational incorporation and 

reconstitution.  

 

In the pursuit of functional production of GLP-1R proteopolymersomes, the successful 

cases are using AB copolymer with co-translational incorporation, and ABA copolymer 

with reconstitution method. The other attempts with AB/reconstitution and ABA/co-

translational insertion proved to be unsuccessful. These results show that the functional 

incorporation of GLP-1R depends on two crucial factors, namely the type of copolymers 

and method of incorporation. We correlate the results with the incorporation mechanisms 

and concluded with the following model: a) in co-translational insertion of GLP-1R, the 

concentration of free FC14 (detergent that mediated protein folding) is low due to the high 

concentration of proteins in the extract. In case AB copolymer was used, the thin membrane 

(est. 5.4 nm) is a dominant factor rather than fluidity and allows GLP-1R insertion with the 

aid of translational machinery of wheat germ extract (e.g. ribosome) instead of detergent 

which is the driving force. In case of ABA copolymer with reconstitution, the system 

contains purified GLP-1R protein, polymers and detergent, thus the concentration of free 

FC14 is high and it does not contain any translational machinery. The high concentration 

detergent led to the destabilization of ABA membranes and formed mixture of 

polymer/protein/detergent and the GLP-1R incorporation was further triggered by removal 

of detergent and formed proteopolymersomes. In this case, the ABA membrane is fluid 

enough for detergent destabilization. For the unsuccessful cases where AB copolymer was 
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combined with reconstitution method, the low fluidity resisted detergent penetration and 

becomes a limiting factor. When ABA copolymer was used with co-translational 

incorporation, the thick membrane excluded the insertion from the machinery of wheat 

germ extract. We also proposed that the thickness of copolymer membranes play a role in 

the incorporation and further investigations are required to elucidate its effects on 

functional incorporation, especially when copolymers with different molecular 

configurations are taken into consideration.  

 

According to the results so far, ABA is a better candidate compared to AB because the 

incorporated GLP-1R is of higher purity using reconstitution method compared to GLP-

1R in AB using co-translational insertion method. It requires further study of their in vivo 

performance such as capability to generate therapeutic antibodies. 

 

Polymer membranes are important tools that provide native-like environment for 

membrane proteins, especially considering the diversity of unexplored polymer building 

blocks. It is anticipated that the same principle can be applied to essentially all types of 

amphiphilic polymers and in return, acts as an enabling methodology in MP research. 

 

References 

 

[1] M. Perry, S. Madsen, T. Jørgensen, S. Braekevelt, K. Lauritzen, C. Hélix-Nielsen, 

Membranes 2015, 5, 685. 

[2] J.-L. Rigaud, D. Lévy, in Methods in Enzymology, Vol. Volume 372, Academic 

Press, 2003, pp. 65-86. 

[3] T. Kawate, E. Gouaux, Structure 2006, 14, 673-681. 

[4] S. J. Singer, G. L. Nicolson, Science 1972, 175, 720-731. 

[5] Y. Chen, B. C. Lagerholm, B. Yang, K. Jacobson, Methods 2006, 39, 147-153. 

[6] S. Ramadurai, A. Holt, V. Krasnikov, G. van den Bogaart, J. A. Killian, B. Poolman, 

Journal of the American Chemical Society 2009, 131, 12650-12656. 

[7] F. Itel, M. Chami, A. Najer, S. Lörcher, D. Wu, I. A. Dinu, W. Meier, 

Macromolecules 2014, 47, 7588-7596. 



Functional Production of Proteopolymersomes Chapter 7 

118 

 

[8] J. C. M. Lee, M. Santore, F. S. Bates, D. E. Discher, Macromolecules 2002, 35, 

323-326. 

 

 



Discussion and Future Work   Chapter 8 

119 

 

Chapter 8 Discussion and Future Work 

 

Discussion and Future Work 

  

In the previous chapters, the principle of polymer-based membrane system 

was presented with validation by establishing step-by-step workflow to 

produce and characterize the proteopolymersomes. This chapter includes the 

final conclusions and future outlook of this thesis. It starts with a brief 

summary of this thesis, including the major outcomes and their impact in 

polymer biomimetic systems and membrane protein research. Finally, the 

future directions of these research projects were proposed. 
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8.1 Discussion 

 

As described earlier, membrane proteins (MPs) are essential components of biological 

membranes that plays crucial role for cellular transport [1]. The development of membrane 

mimetic materials can help realize applications in relation to drug discovery and therapies. 

We approached a major challenge in MP research by taking advantage of block copolymers 

self-assembling property to stabilize MPs in a native-like membrane environment. 

Specifically, we developed a polymersome-based artificial cell membrane system and 

demonstrated its broad application to a Classes B G-protein coupled receptor (GPCR), the 

glucagon like peptide-1 receptor (GLP-1R). Biophysical and biochemical characterizations 

regarding the structure and function of protein/polymer complex (proteopolymersomes) 

were carried out. In the construction of the polymersome-based membrane system, we 

established a basic production protocol (chapter 4), biophysical and biochemical 

characterization workflow (chapter 5 and 6), and setup an improved protein synthesis 

platform (chapter 6 and 7).  

 

Chapter 4 described efforts to express and purify GLP-1R expressed in cell free protein 

synthesis system (CFPS) supplemented with diblock copolymer (AB). A novel purification 

method using affinity tags on the polymer membrane surface was used and the purified 

material contained GLP-1R as well as polymer membrane. Chapter 5 and 6 describe a series 

of biophysical characterization on the purified material. Electron microscopy and size-

exclusion chromatography (SEC) confirmed the presence of nano-scaled vesicular polymer 

membrane structure (polymersomes), which shown to also encapsulate small molecule dye, 

in support of a fully functional membrane support. In parallel, incorporation of GLP-1R 

was evident from two different types of SEC performed. The characterizations in chapter 

4 and 5 constitute the first part of the workflow of membrane systems with focus on 

membrane biophysics. Subsequently, biochemical characterizations, including different 

binding assays to probe functional GLP-1R epitopes, were described, an important aspect 

to assess established expression and purification protocol. GLP-1R epitopes was 

successfully probed by an antibody specific to the extracellular NTD, but not the widely 

recognized radioligand binding, which prompted further optimization of the protocol. An 
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addition of a chemical chaperone, Fos14, which assist in the correct folding of GLP-1R, in 

the protocol was shown to produce fully functional epitopes, as assessed by the radioligand 

assay. A methodology for producing and characterizing functional GLP-1R 

proteopolymersomes has been now established. Using the established system, in chapter 7, 

we further tested its versatility by comparing the effects of polymer vesicles’ molecular 

diversity, detergent types and MP insertion methods, using GLP-1R as a model. GLP-1R 

proteopolymersomes were produced with two different types of polymer building blocks 

and both supported functional protein expression, thus demonstrating the robustness of 

polymer membrane systems.  

 

Taken together, the research presented in this thesis have (1) advanced the application of 

polymer membrane systems in amphiphile assisted membrane protein production in cell 

free protein synthesis, (2) standardized the workflow of protein/polymer membrane 

complex production and characterization, broadly applicable to other complex membrane 

proteins and may serve to reduce bottlenecks for the discovery of novel ligands and 

antibodies to such targets. (3) bridged the gap between membrane biology and polymer 

chemistry. In a broader sense, the work presented here has improved the understanding of 

polymer membrane systems in the context complex membrane protein synthesis and 

assembly.  

 

8.2 Outlook 

 

The great potential of polymersomes-based artificial system led us to further studies in two 

major areas. First, the established production protocol was extensively applied to another 

family of MPs, an ion channel TREK-2. The retention of TREK-2 after size-based filtration 

indicates successful incorporation and the biotin-affinity purified product showed high 

purity comparable to that of GLP-1R (Figure 8.1). 
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Figure 8.1 Production of ion channel TREK-2 using established protocol with polymer membrane 

support. (A) Western blot analysis of purified TREK-2 using size-based filtration method. The 

retention of TREK-2 indicates its incorporation into AB polymersomes. Lane 1: soluble fraction of 

reaction mixture. Lane 2: filtration retentate. (B) Western blot and SDS-PAGE analysis of biotin-

affinity purification of TREK-2. SDS-PAGE gel was stained with Coomassie blue. Western blot 

with a specific antibody against the C9 tag at C-terminal of TREK-2. M: molecular weight marker. 

Arrows indicate TREK-2. 

 

A key advantage of the polymer vesicles is they are generally more stable as compared to 

conventional vesicular nanocarriers, e.g. liposomes. Therefore, they were selected as 

native-like support membrane in this thesis. As functional GLP-1R was produced in 

polymersomes, it is still an open question as to the stability of the proteopolymersomes. 

The question can be addressed from different perspectives, e.g. short term/long term 

stability under in vitro/in vivo conditions. The in vivo stability is especially relevant in this 

case because in drug development, current methods of therapeutic antibody generation is 

limited by the availability of natively folded MP antigen like GPCRs. In type I diabetes, 

for example, the treatment with T-cell suppressing antibody anti-CD3 has shown 

encouraging outcome in phase II trials [2]. However, for type II diabetes the process has 
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been considerably delayed. Thus, the functional GLP-1R proteopolymersomes, a type II 

diabetes target, are highly valuable in antibody discovery and therapeutics.  

 

In the meantime, we expect the stability measurement to be technically challenging. Unlike 

established targets like rhodopsin, for which the stability can be easily measured by 

changes in absorption spectrum [3], reliable GPCR protein stability could only be monitored 

using radioligand binding assay. Alternative assays are highly desirable to avoid the use of 

radioisotopes such as fluorescence-based assays like Förster resonance energy transfer 

(FRET). In the future, we aim to optimize current production protocol by increasing yield 

for non-radioisotope-based assays. 

 

As part of the current characterization workflow, the fluorescence-detection size-exclusion 

chromatography (FSEC) also needs further investigation. An interesting observation in the 

FSEC was the presence of large non-lamellar structures. These large structures were 

believed to be consisted of non-lamellar structures, which are undesirable for protein 

incorporation. In the future, we propose to systematically investigate the formation of these 

large structures using various labeling methods, including fluorescence and radioisotopes, 

in combination with biophysical techniques, such as DLS and TEM. Small lamellar 

vesicles with incorporated protein may be compared to elucidate the effect of different 

molecular interactions between polymer vesicle and protein on protein assembly and 

functionality.  

 

From the radioligand binding experiments, it clearly shows that the polymersomes are 

indeed stabilizing the receptors. However, further extensive characterization would reveal 

the extent of stability provided by polymersomes for receptors. For studying this property, 

thermal shift assay has to be established, in which, one could compare the thermal stability 

of MPs between polymersomes with other membrane supports, e.g., liposomes and 

nanodiscs. Based on that, polymers can be tuned to increase the stability without perturbing 

the biological function of MPs. 
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APPENDIX 

 

Appendix I: DNA sequence of pEU-MCS 

 

The pEU vector with multiple cloning sites (pEU-MCS) was used for wheat germ cell free 

expression of GLP-1R, GFP-GLP-1R, and TREK-2 with bilayer format. The vector is 3747 

bp containing an SP6 promoter, a multiple cloning sites and an anti-ampicillin sequence. 

 

ATTTAGGTGACACTATAGAACTCACCTATCTCCCCAACACCTAATAACATTCA

ATCACTCTTTCCACTAACCACCTATCTACATCACCAAGATATCACTAGTTCTC

GAGCTCGGTACCTGTCCGCGGTCGCGACGTACGCGGGCGGCCGCCATAAATT

GGATCCATATATAGGGCCCGGGTTATAATTACCTCAGGTCGACGTCCCATGGT

TTTGTATAGAATTTACGGCTAGCGCCGGATGCGACGCCGGTCGCGTCTTATCC

GGCCTTCCTATATCAGGCGGTGTTTAAGACGCCGCCGCTTCGCCCAAATCCTT

ATGCCGGTTCGACGACTGGACAAAATACTGTTTATCTTCCCAGCGCAGGCAG

GTTAATGTACCACCCCAGCAGCAGCCGGTATCCAGCGCGTATATACCTTCCG

GCGTACCTTTGCCCTCCAGCGATGCCCAGTGACCAAAGGCGATGCTGTATTCT

TCAGCGACAGGGCCAGGAATCGCAAACCACGGTTTCAGTGGGGCAGGGGCC

TCTTCCGGCGATTCTTACTAGCTAGTATGCATAGGTGCTGAAATATAAAGTTT

GTGTTTCTAAAACACACGTGGTACGTACGATAACGTACAGTGTTTTTCCCTCC

ACTTAAATCGAAGGGTAGTGTCTTGGAGCGCGCGGAGTAAACATATATGGTT

CATATATGTCCGTAGGCACGTAAAAAAAGCGAGGGATTCGAATTCCCCCGGA

ACCCCCGGTTGGGGCCCACGCCTCGATCGAGCAAAAAAAAAAAAAAAGAAA

AAAAAAAAAAAAAAAAGCTTTCCCGCGGCCAGCTTGGCGTAATCATGGTCAT

AGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGA

GCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCA

CATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGC

CAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTG

GGCGCTCTTCCGCTTCCTCACTCACTGACTCGCTGCGCTCGGTCGCTCGGCTG

CGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAAT
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CAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCA

GGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCT

GACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACA

GGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCC

TGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAA

GCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTC

GTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCT

GCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTA

TCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAG

GCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAG

AACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGA

GTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTT

TGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCT

TTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGG

GATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATT

AAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGA

CAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTC

GTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAG

GGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCAC

CGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCA

GAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGG

GAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCAT

TGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCT

CCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAA

AGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAG

TGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCA

TCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGA

ATAGCGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAAT

ACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTT

CGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTA

ACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTT
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CTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGG

CGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGC

ATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAA

AAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGAC

GTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCA

CGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACAC

ATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCA

GACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGCTGGCT

TAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTC

TCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCG

TTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAAC

AGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCA

TGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATA

GGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCG

GCGTAGAGGATCTGGCTAGCGATGACCCTGCTGATTGGTTCGCTGACCATTTC

CGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCG

ACTCTGGCGGCAGTTTACGAGAGAGATGATAGGGTCTGCTTCAGTAAGCCAG

ATGCTACACAATTAGGCTTGTACATACTGTCGTTAGAACGCGGCTACAATTAA

TACATAACCTTATGTATCATACACATACG 
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Appendix II: DNA sequence of G1LP-1R-pEU 

 

The construct was used for wheat germ cell free expression of GLP-1R with bilayer format. 

The plasmid contains pEU vector and GLP-1R gene, with 6x Histidine tag and C9 (1D4) 

tag. The full length GLP-1R is 1389 bp encoding for 463 amino acids. 

 

ATTTAGGTGACACTATAGAACTCACCTATCTCCCCAACACCTAATAACATTCA

ATCACTCTTTCCACTAACCACCTATCTACATCACCAAGATATCACTAGTTCTC

GAGATGGCCGGCGCCCCCGGCCCGCTGCGCCTTGCGCTGCTGCTGCTCGGGA

TGGTGGGCAGGGCCGGCCCCCGCCCCCAGGGTGCCACTGTGTCCCTCTGGGA

GACGGTGCAGAAATGGCGAGAATACCGACGCCAGTGCCAGCGCTCCCTGACT

GAGGATCCACCTCCTGCCACAGACTTGTTCTGCAACCGGACCTTCGATGAAT

ACGCCTGCTGGCCAGATGGGGAGCCAGGCTCGTTCGTGAATGTCAGCTGCCC

CTGGTACCTGCCCTGGGCCAGCAGTGTGCCGCAGGGCCACGTGTACCGGTTC

TGCACAGCTGAAGGCCTCTGGCTGCAGAAGGACAACTCCAGCCTGCCCTGGA

GGGACTTGTCGGAGTGCGAGGAGTCCAAGCGAGGGGAGAGAAGCTCCCCGG

AGGAGCAGCTCCTGTTCCTCTACATCATCTACACGGTGGGCTACGCACTCTCC

TTCTCTGCTCTGGTTATCGCCTCTGCGATCCTCCTCGGCTTCAGACACCTGCAC

TGCACCAGGAACTACATCCACCTGAACCTGTTTGCATCCTTCATCCTGCGAGC

ATTGTCCGTCTTCATCAAGGACGCAGCCCTGAAGTGGATGTATAGCACAGCC

GCCCAGCAGCACCAGTGGGATGGGCTCCTCTCCTACCAGGACTCTCTGAGCT

GCCGCCTGGTGTTTCTGCTCATGCAGTACTGTGTGGCGGCCAATTACTACTGG

CTCTTGGTGGAGGGCGTGTACCTGTACACACTGCTGGCCTTCTCGGTCTTCTC

TGAGCAATGGATCTTCAGGCTCTACGTGAGCATAGGCTGGGGTGTTCCCCTGC

TGTTTGTTGTCCCCTGGGGCATTGTCAAGTACCTCTATGAGGACGAGGGCTGC

TGGACCAGGAACTCCAACATGAACTACTGGCTCATTATCCGGCTGCCCATTCT

CTTTGGCATTGGGGTGAACTTCCTCATCTTTGTTCGGGTCATCTGCATCGTGGT

ATCCAAACTGAAGGCCAATCTCATGTGCAAGACAGACATCAAATGCAGACTT

GCCAAGTCCACGCTGACACTCATCCCCCTGCTGGGGACTCATGAGGTCATCTT

TGCCTTTGTGATGGACGAGCACGCCCGGGGGACCCTGCGCTTCATCAAGCTG

TTTACAGAGCTCTCCTTCACCTCCTTCCAGGGGCTGATGGTGGCCATATTATA
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CTGCTTTGTCAACAATGAGGTCCAGCTGGAATTTCGGAAGAGCTGGGAGCGC

TGGCGGCTTGAGCACTTGCACATCCAGAGGGACAGCAGCATGAAGCCCCTCA

AGTGTCCCACCAGCAGCCTGAGCAGTGGAGCCACGGCGGGCAGCAGCATGT

ACACAGCCACTTGCCAGGCCTCCTGCAGCACAGAGACCAGCCAAGTGGCGCC

TGCCTGAGCGGCCGCCATAAATTGGATCCATATATAGGGCCCGGGTTATAAT

TACCTCAGGTCGACGTCCCATGGTTTTGTATAGAATTTACGGCTAGCGCCGGA

TGCGACGCCGGTCGCGTCTTATCCGGCCTTCCTATATCAGGCGGTGTTTAAGA

CGCCGCCGCTTCGCCCAAATCCTTATGCCGGTTCGACGACTGGACAAAATAC

TGTTTATCTTCCCAGCGCAGGCAGGTTAATGTACCACCCCAGCAGCAGCCGG

TATCCAGCGCGTATATACCTTCCGGCGTACCTTTGCCCTCCAGCGATGCCCAG

TGACCAAAGGCGATGCTGTATTCTTCAGCGACAGGGCCAGGAATCGCAAACC

ACGGTTTCAGTGGGGCAGGGGCCTCTTCCGGCGATTCTTACTAGCTAGTATGC

ATAGGTGCTGAAATATAAAGTTTGTGTTTCTAAAACACACGTGGTACGTACG

ATAACGTACAGTGTTTTTCCCTCCACTTAAATCGAAGGGTAGTGTCTTGGAGC

GCGCGGAGTAAACATATATGGTTCATATATGTCCGTAGGCACGTAAAAAAAG

CGAGGGATTCGAATTCCCCCGGAACCCCCGGTTGGGGCCCACGCCTCGATCG

AGCAAAAAAAAAAAAAAAGAAAAAAAAAAAAAAAAAAAGCTTTCCCGCGG

CCAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCG

CTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGG

GTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCT

TTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCG

CGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCACTCACTGAC

TCGCTGCGCTCGGTCGCTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGG

CGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGT

GAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGG

CGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCA

AGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCC

CTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATAC

CTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTG

TAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACG

AACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAG
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TCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACA

GGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTG

GCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGA

AGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAAC

CACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAA

AAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAG

TGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGA

TCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGT

ATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCAC

CTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCG

TGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAAT

GATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAG

CCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCA

TCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAAT

AGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTC

GTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACAT

GATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTT

GTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGC

ATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAG

TACTCAACCAAGTCATTCTGAGAATAGCGTATGCGGCGACCGAGTTGCTCTTG

CCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTG

CTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCT

GTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCAT

CTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGC

CGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTC

CTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATA

CATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTT

CCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAA

CCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGAT

GACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTGTC

TGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTG



   Appendix 

131 

 

TTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACT

GAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCA

GCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCA

TGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATAC

CCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCC

ATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTG

ATGCCGGCCACGATGCGTCCGGCGTAGAGGATCTGGCTAGCGATGACCCTGC

TGATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCA

GAAGGTTCGTCCAACCAAACCGACTCTGGCGGCAGTTTACGAGAGAGATGAT

AGGGTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATACTGTC

GTTAGAACGCGGCTACAATTAATACATAACCTTATGTATCATACACATACG 
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Appendix III: DNA sequence of GFP-GLP-1R 

 

The construct was used for wheat germ cell free expression of GFP-GLP-1R with bilayer 

format. The plasmid contains pEU vector and GFP-GLP-1R gene, with 6x Histidine tag 

and C9 (1D4) tag. 

 

GATATCATGCATCATCATCATCATCATCATCATCATCATATGGTGAGCAAGGG

CGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGAC

GTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCT

ACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCC

CTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCT

ACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGG

CTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACC

CGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGA

AGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGT

ACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACG

GCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCA

GCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG

CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCA

ACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGAT

CACTCTCGGCATGGACGAGCTGTACAAGCTCGAGATGGCCGGCGCCCCCGGC

CCGCTGCGCCTTGCGCTGCTGCTGCTCGGGATGGTGGGCAGGGCCGGCCCCC

GCCCCCAGGGTGCCACTGTGTCCCTCTGGGAGACGGTGCAGAAATGGCGAGA

ATACCGACGCCAGTGCCAGCGCTCCCTGACTGAGGATCCACCTCCTGCCACA

GACTTGTTCTGCAACCGGACCTTCGATGAATACGCCTGCTGGCCAGATGGGG

AGCCAGGCTCGTTCGTGAATGTCAGCTGCCCCTGGTACCTGCCCTGGGCCAG

CAGTGTGCCGCAGGGCCACGTGTACCGGTTCTGCACAGCTGAAGGCCTCTGG

CTGCAGAAGGACAACTCCAGCCTGCCCTGGAGGGACTTGTCGGAGTGCGAGG

AGTCCAAGCGAGGGGAGAGAAGCTCCCCGGAGGAGCAGCTCCTGTTCCTCTA

CATCATCTACACGGTGGGCTACGCACTCTCCTTCTCTGCTCTGGTTATCGCCT

CTGCGATCCTCCTCGGCTTCAGACACCTGCACTGCACCAGGAACTACATCCAC
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CTGAACCTGTTTGCATCCTTCATCCTGCGAGCATTGTCCGTCTTCATCAAGGA

CGCAGCCCTGAAGTGGATGTATAGCACAGCCGCCCAGCAGCACCAGTGGGAT

GGGCTCCTCTCCTACCAGGACTCTCTGAGCTGCCGCCTGGTGTTTCTGCTCAT

GCAGTACTGTGTGGCGGCCAATTACTACTGGCTCTTGGTGGAGGGCGTGTAC

CTGTACACACTGCTGGCCTTCTCGGTCTTCTCTGAGCAATGGATCTTCAGGCT

CTACGTGAGCATAGGCTGGGGTGTTCCCCTGCTGTTTGTTGTCCCCTGGGGCA

TTGTCAAGTACCTCTATGAGGACGAGGGCTGCTGGACCAGGAACTCCAACAT

GAACTACTGGCTCATTATCCGGCTGCCCATTCTCTTTGGCATTGGGGTGAACT

TCCTCATCTTTGTTCGGGTCATCTGCATCGTGGTATCCAAACTGAAGGCCAAT

CTCATGTGCAAGACAGACATCAAATGCAGACTTGCCAAGTCCACGCTGACAC

TCATCCCCCTGCTGGGGACTCATGAGGTCATCTTTGCCTTTGTGATGGACGAG

CACGCCCGGGGGACCCTGCGCTTCATCAAGCTGTTTACAGAGCTCTCCTTCAC

CTCCTTCCAGGGGCTGATGGTGGCCATATTATACTGCTTTGTCAACAATGAGG

TCCAGCTGGAATTTCGGAAGAGCTGGGAGCGCTGGCGGCTTGAGCACTTGCA

CATCCAGAGGGACAGCAGCATGAAGCCCCTCAAGTGTCCCACCAGCAGCCTG

AGCAGTGGAGCCACGGCGGGCAGCAGCATGTACACAGCCACTTGCCAGGCCT

CCTGCAGCACAGAGACCAGCCAAGTGGCGCCTGCCTGAGCGGCCGC 

  



   Appendix 

134 

 

Appendix IV: DNA sequence of pCMVTNT-MCS 

 

The pCMVTNT vector with multiple cloning sites (pCMVTNT-MCS) was used for cell 

free expression of GLP-1R with coupled reaction format as expression screening. The 

vector is 4050 bp containing both SP6 and T7 promoters, a multiple cloning sites and an 

anti-ampicillin sequence. 

 

TCAATATTGGCCATTAGCCATATTATTCATTGGTTATATAGCATAAATCAATA

TTGGCTATTGGCCATTGCATACGTTGTATCTATATCATAATATGTACATTTATA

TTGGCTCATGTCCAATATGACCGCCATGTTGGCATTGATTATTGACTAGTTAT

TAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCG

CGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCC

CGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGA

CTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCA

GTACATCAAGTGTATCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGG

TAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTACGGGACTTTCCTA

CTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTT

TGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAA

GTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGG

GACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAAATGGGCGGTA

GGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCA

GATCACTAGAAGCTTTATTGCGGTAGTTTATCACAGTTAAATTGCTAACGCAG

TCAGTGCTTCTGACACAACAGTCTCGAACTTAAGCTGCAGAAGTTGGTCGTG

AGGCACTGGGCAGGTAAGTATCAAGGTTACAAGACAGGTTTAAGGAGACCA

ATAGAAACTGGGCTTGTCGAGACAGAGAAGACTCTTGCGTTTCTGATAGGCA

CCTATTGGTCTTACTGACATCCACTTTGCCTTTCTCTCCACAGGTGTCCACTCC

CAGTTCAATTACAGCTCTTAAGGCTAGAGTACTTAATACGACTCACTATAGGC

TAGCATTTAGGTGACACTATAGAATACAAGCTACTTGTTCTTTTTGCACTCGA

GAATTCACGCGTGGTACCTCTAGAGTCGACCCGGGCGGCCGCTTCGAGCAGA

CATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGA

AAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATT
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ATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCA

GGTTCAGGGGGAGATGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAA

TGTGGTAAAATCGATAAGGATCCGGGCTGGCGTAATAGCGAAGAGGCCCGCA

CCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGACGCGCCC

TGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCG

CTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTC

TCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTA

GGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGG

TGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGA

CGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACA

CTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCG

GCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTA

ACAAAATATTAACGCTTACAATTTCCTGATGCGGTATTTTCTCCTTACGCATC

TGTGCGGTATTTCACACCGCATATGGTGCACTCTCAGTACAATCTGCTCTGAT

GCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCT

GACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCC

GGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGAC

GAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATG

GTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTAT

TTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAAC

CCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACA

TTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCT

CACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCAC

GAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTT

TCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTG

GCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCAT

ACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCAT

CTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGA

GTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGA

GCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTT

GGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGA
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TGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACT

TACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTT

GCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAA

ATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCA

GATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAA

CTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAA

GCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAA

AACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTC

ATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGT

AGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCT

GCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCA

AGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATA

CCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTC

TGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTG

CCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACC

GGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAG

CTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGA

GAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGC

GGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCC

TGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTT

TTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGG

CCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGGCTCGACAGA

TCT 
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Appendix V: DNA sequence of TREK-2 

 

The ion channel TREK-2 full length DNA sequence is 1614 bp. The TREK-2 gene in pEU 

vector was used for expression using wheat germ cell free system with bilayer format. Both 

10x histidine-tag and 1D4 tag were added for purification and detection. 

 

CGAATTCCTCGAGATGGAGGATGGATTTAAGGGGGACAGGACTGAAGGCTGT

CGCAGTGATTCAGTGGCCGTTCCCGCAGCAGCACCGGTGTGCCAGCCCAAGA

GCGCCACTAACGGGCAACCCCCGGCTCCGGCTCCGACTCCAACTCCGCGCCT

GTCCATTTCCTCCCGAGCCACAGTGGTAGCCAGGATGGAAGGCACCTCCCAA

GGGGGCTTGCAGACCGTCATGAAGTGGAAGACGGTGGTTGCCATCTTTGTGG

TTGTGGTGGTCTACCTTGTCACTGGCGGTCTTGTCTTCCGGGCATTGGAGCAG

CCCTTTGAGAGCAGCCAGAAGAATACCATCGCCTTGGAGAAGGCGGAATTCC

TGCGGGATCATGTCTGTGTGAGCCCCCAGGAGCTGGAGACGTTGATCCAGCA

TGCTCTTGATGCTGACAATGCGGGAGTCAGTCCAATAGGAAACTCTTCCAAC

AACAGCAGCCACTGGGACCTCGGCAGTGCCTTTTTCTTTGCTGGAACTGTCAT

TACGACCATAGGGTATGGGAATATTGCTCCGAGCACTGAAGGAGGCAAAATC

TTTTGTATTTTATATGCCATCTTTGGAATTCCACTCTTTGGTTTCTTATTGGCTG

GAATTGGAGACCAACTTGGAACCATCTTTGGGAAAAGCATTGCAAGAGTGGA

GAAGGTCTTTCGAAAAAAGCAAGTGAGTCAGACCAAGATCCGGGTCATCTCA

ACCATCCTGTTCATCTTGGCCGGCTGCATTGTGTTTGTGACGATCCCTGCTGTC

ATCTTTAAGTACATCGAGGGCTGGACGGCCTTGGAGTCCATTTACTTTGTGGT

GGTCACTCTGACCACGGTGGGCTTTGGTGATTTTGTGGCAGGGGGAAACGCT

GGCATCAATTATCGGGAGTGGTATAAGCCCCTAGTGTGGTTTTGGATCCTTGT

TGGCCTTGCCTACTTTGCAGCTGTCCTCAGTATGATCGGAGATTGGCTACGGG

TTCTGTCCAAAAAGACAAAAGAAGAGGTGGGTGAAATCAAGGCCCATGCGG

CAGAGTGGAAGGCCAATGTCACGGCTGAGTTCCGGGAGACACGGCGAAGGC

TCAGCGTGGAGATCCACGATAAGCTGCAGCGGGCGGCCACCATCCGCAGCAT

GGAGCGCCGGCGGCTGGGCCTGGACCAGCGGGCCCACTCACTGGACATGCTG

TCCCCCGAGAAGCGCTCTGTCTTTGCTGCCCTGGACACCGGCCGCTTCAAGGC

CTCATCCCAGGAGAGCATCAACAACCGGCCCAACAACCTGCGCCTGAAGGGG
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CCGGAGCAGCTGAACAAGCATGGGCAGGGTGCGTCCGAGGACAACATCATC

AACAAGTTCGGGTCCACCTCCAGACTCACCAAGAGGAAAAACAAGGACCTC

AAAAAGACCTTGCCCGAGGACGTTCAGAAAATCTACAAGACCTTCCGGAATT

ACTCCCTGGACGAGGAGAAGAAAGAGGAGGAGACGGAAAAGATGTGTAACT

CAGACAACTCCAGCACAGCCATGCTGACGGACTGTATCCAGCAGCACGCTGA

GTTGGAGAACGGAATGATACCCACGGACACCAAAGACCGGGAGCCGGAGAA

CAACTCATTACTTGAAGACAGAAACGCAGAGAACCTCTACTTCCAATCGCAC

CATCATCACCATCACCATCACCACCATACAGAGACCAGCCAAGTGGCGCCTG

CCTGAGCGGCCGCGG 
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Appendix VI: DNA sequence of truncated TREK-2 

 

The truncated TREK-2 contains the pore formation domain of ion channel, from glycine67 

to glutamate340, with a tobacco etch virus (TEV) protease cleavage site, a 10x His 

purification sequence. The construct was in pEU and expressed in D-CF mode for 

development of MP stability assay. 

 

TTAAGAAGGAGATATACTATGGGCTTGCAGACCGTCATGAAGTGGAAGACGG

TGGTTGCCATCTTTGTGGTTGTGGTGGTCTACCTTGTCACTGGCGGTCTTGTCT

TCCGGGCATTGGAGCAGCCCTTTGAGAGCAGCCAGAAGAATACCATCGCCTT

GGAGAAGGCGGAATTCCTGCGGGATCATGTCTGTGTGAGCCCCCAGGAGCTG

GAGACGTTGATCCAGCATGCTCTTGATGCTGACAATGCGGGAGTCAGTCCAA

TAGGAAACTCTTCCAACAACAGCAGCCACTGGGACCTCGGCAGTGCCTTTTT

CTTTGCTGGAACTGTCATTACGACCATAGGGTATGGGAATATTGCTCCGAGCA

CTGAAGGAGGCAAAATCTTTTGTATTTTATATGCCATCTTTGGAATTCCACTC

TTTGGTTTCTTATTGGCTGGAATTGGAGACCAACTTGGAACCATCTTTGGGAA

AAGCATTGCAAGAGTGGAGAAGGTCTTTCGAAAAAAGCAAGTGAGTCAGAC

CAAGATCCGGGTCATCTCAACCATCCTGTTCATCTTGGCCGGCTGCATTGTGT

TTGTGACGATCCCTGCTGTCATCTTTAAGTACATCGAGGGCTGGACGGCCTTG

GAGTCCATTTACTTTGTGGTGGTCACTCTGACCACGGTGGGCTTTGGTGATTT

TGTGGCAGGGGGAAACGCTGGCATCAATTATCGGGAGTGGTATAAGCCCCTA

GTGTGGTTTTGGATCCTTGTTGGCCTTGCCTACTTTGCAGCTGTCCTCAGTATG

ATCGGAGATTGGCTACGGGTTCTGTCCAAAAAGACAAAAGAAGAGGTGGGT

GAAGCAGAGAACCTCTACTTCCAATCGCACCATCATCACCATCACCATCACC

ACCATGATTACAAGGATGACGACGATAAGTGAGGATCC 
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Appendix VII: Impact of Additional Amphiphiles on Cell-Free Protein 

Synthesis 

 

In CFPS, the additional molecules risk altering protein production and one of the most 

concerns is inhibited translation. We investigated such effects using an established GPCR 

protein, C-X-C Chemokine Receptor-4 (CXCR4). The expression was performed using 

pEU vector and bilayer wheat germ cell free reaction as described for GLP-1R. Diblock 

copolymer AB (Polymer A) and triblock copolymer ABA (Polymer B), lipids, and two 

common maltoside/zwitterionic detergents used in membrane proteins purification were 

tested for translational inhibition. Polymersomes, despite the type used, and maltoside 

detergent are compatible with cell free expression and cause no inhibition like lipids 

(Figure S1). In the presence of zwitterionic detergent, however, translation was completely 

inhibited. It is not surprising that inhibition happens only to zwitterionic detergents, as 

nonionic detergents are considered mild whereas charged zwitterionic detergents are 

denaturing. The filtration with 1,000 MWCO filter unit showed that self-assembled diblock 

copolymersomes AB were better in retaining incorporated CXCR4 whereas liposomes 

(lipid vesicles) and ABA polymersomes showed less retention. This is probably because of 

the size differences between AB, liposomes and ABA polymersomes. Besides, maltoside 

detergent showed little but detectable amount in Western blot probably due to the formation 

of micelles with CXCR4. This study is a good indication of polymersomes’ general 

compatibility in term of the minimal effects on translation in CFPS. 
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Figure S1 Western blot analysis of cell free expressed CXCR4 in the presence of various 

amphiphilic molecules. (A) Cell free reaction mixture. (B) Filtration retentate using 1,000 kDa 

MWCO filter unit. Di-block (lane 1) and tri-block (lane 2) copolymers, lipid (lane 3), and maltoside 
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(lane 4) and zwitterionic detergent (lane 5) were tested for translation inhibition. Lane 6: expression 

without any additional molecules. Lane 7-9 are cell free reaction without target cDNA template 

(negative controls).  

  



   Appendix 

143 

 

Appendix VIII: Functionality Characterization with Alternative Methods 

 

In Chapter 5, GLP-1R orientation of GLP-1R proteopolymersomes was probed using SPR 

based Biacore system. Anti-PEG antibody capture mode was used for immobilization of 

prepared proteopolymersomes. Both 1D4 (recognizes C-terminal C9 epitope) and N-

terminal domain specific pAb showed positive binding to incorporated GLP-1R. 

Qualitative analysis of binding response in SPR showed the presence of both correctly and 

reversely incorporated proteins and it was likely the mis-orientated proteins were dominant. 

This is further supported by the observations in peptide ligand exendin-4 binding 

experiments whish showed minimal response (background level). The overall low signal 

probably reflected the low receptor density on membrane surface and the number of 

accessible NTD of GLP-1R. Besides the anti-PEG capture immobilization, direct 

EDC/NHS immobilization of proteopolymersomes were also attempted for binding 

analysis, although unsuccessful as below. 

 

In the antibody capture mode, anti-PEG antibody was first immobilized onto biosensor 

chip using standard EDC/NHS amine coupling method followed by antibody binding 

capture of proteopolymersomes with PEG chain on membrane surface. The method proved 

to be successful in capture AB polymersomes with immobilization level up to 3000 RU. In 

direct capture mode, the size-based filtration purified protepolymersomes were coupled 

onto biosensor chip using EDC/NHS method and NH2 functionalized AB polymers. As 

shown in Figure S1, the vivaspin purified samples were successfully immobilized onto 

CM5 biosensor chip with similar immobilization level (1500 RU) for both GLP-1R and 

CXCR4. 
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Figure S2 SPR sensorgrams of EDC/NHS coupling of GLP-1R (orange) and CXCR4 (grey) 

proteopolymersomes onto Biacore sensor chip. Typical immobilization level was about 1500 RU. 

 

The peptide exendin-4 was flowed over biosensor chip and no obvious specific binding 

was detected with exendin-4 concentrations ranging from 1 to 100 nM in two continuous 

rounds of injections (appendix IX). The sensorgrams showed background level response 

which was mostly like to be because either the absence of functional GLP-1R incorporated 

into AB polymersomes or the density of functional receptors accessible to exendin-4 was 

too low to be detected with Biacore 3000. With an alternative approach, we attempted to 

analyze GLP-1R functionality with specific epitope recognizing antibodies. Since most 

antibodies have much larger MW (typically 150 to 180 kDa) compared to peptide (MW of 

exendin-4 is 4 kDa), we expected to obtain higher response with antibody binding in SPR. 

First of all, the four commercially available GLP-1R antibodies, including mAB 2814 

(antigen: full-length GLP-1R, R&D system), 1H4 Ab166987 mAB (antigen: DNA vaccine, 

Abcam), and anti-C9 tag 1D4 mAB were tested in Western blot. Although SPR is a 
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powerful tool in analyzing specific molecular interactions, however, with the currently 

available GLP-1R ligands/antibodies, very little information can be acquired. It is known 

that the 1D4 mAB targets a specific linear epitope (C9 tag) fused at the C-terminal of GLP-

1R which is not conformational sensitive. For pAb TA590112 (Origene), it is known that 

the antibody targets epitope(s) at the N-terminal of GLP-1R but the specific sequence is 

unknown. The mAB 2814 was has been validated with flow cytometry (RnD SYSTEMS, 

Catalog # MAB2814), which possibly indicates the mAB recognizing certain epitopes in 

the extracellular domain of GLP-1R. The 1H4 antibody was generated by DNA vaccine 

and has been validated by immunostaining of GLP-1R expressing pancreas tissue (Abcam, 

Catalog #ab166987). Although the specific DNA sequence is unknown, the validation 

indicates that like mAB 2814, the 1H4 also targets extracellular epitopes. In Western blot, 

1H4 and mAB 2814 were positive whereas TA590112 was negative. Although, such 

analysis did not confirm the conformational sensitivity, it did indicate certain 

conformations of extracellular epitopes in GLP-R are important for antibody binding which 

can be destroyed by protein denaturation. Thus, we tested the binding of these antibodies 

to produced GLP-1R purified with size-based filtration method immobilized on biosensor 

chip with EDC/NHS method (Figure S2). The SPR sensorgrams of all three antibodies 

showed positive specific binding despite the different responses (Figure S3). Given that the 

immobilized GLP-1R AB proteopolymersomes were of the same level, the responses of 

each antibody in SPR will be comparable. All the three antibodies mAB 2814, pAB 

TA590112 and 1H4 AB166987 bind to GLP-1R with responses within 40 RUs. The binding 

profile of mAB 2814 was similar to 1H4 AB166987 in which the response dropped from 

35 to about 20 RU quickly after injection at about 100 s, indicating a fast dissociation and 

relatively low binding affinity (Figure S3, B, and D). In comparison, the pAB TA590112 

showed slow dissociation and the response stayed almost unchanged after injection. The 

SPR binding profile was similar to 1D4 where slow dissociation was observed. Although 

the 1D4 mAB binding to C9 epitope was not thoroughly characterized, its high binding 

affinity was reflected by its various applications in purification and characterization 

membrane/soluble proteins, e.g. immunoprecipitation. In the second injections, mAB 2814 

and 1H4 AB166987 showed similar level of responses whereas the response of pAB 
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TA590112 increased from 10 to 20 RU, indicating the slow dissociation has caused pAB 

accumulation on the sensor chip surface from the first injection. 

 

 

Figure S3 SPR binding analysis of GLP-1R AB proteopolymersomes binding to epitope specific 

antibodies. (A) Western blot analysis and (B, C) SPR sesorgrams of GLP-1R AB 
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proteopolymersomes binding to epitope specific antibodies TA590112 NTD specific pAB, mAB 

2814 (antigen: full-length GLP-1R, R&D system), 1H4 Ab166987 mAB (antigen: DNA vaccine, 

Abcam), and anti-C9 tag 1D4 mAB. (A) G1: GLP-1R. NC: cell free reaction without adding mRNA 

template (negative control). All antibodies were diluted to 0.5 ug/mL in blotting. (B) All 

sensorgrams were subtracted by the binding of non-relevant target CXCR4 purified and 

immobilized in the same way. In binding analysis, antibodies of 2 ug/mL were injected in two 

rounds separately. (C) Anti-C9 1D4 mAB is a known linear epitope recognizing antibody that does 

not sense any specific protein conformation. 

 

Functional characterization of GLP-1R was also attempted using fluorescence-based and 

immunodetection-based methods, namely fluorescence polarization (FP) and enzyme-

linked immunosorbent assay (ELISA). In FP, association of a fluorescent ligand (FAM-

labelled exendin-4) to a large molecule (GLP-1R proteopolymersome) was measured with 

plane-polarized excitation light. The free fluorescent ligands’ rapid tumbling depolarizes 

emission light and in immobile state, where ligand and large molecule are associated, the 

emission light becomes polarized. The correlation between ligand concentration and 

percentage of polarized emission light provides the foundation of measuring molecular 

interactions with FP (Figure S4). The proteopolymersomes were purified with filtration 

method and cell free reaction without supplied mRNA was used as negative control (NC). 

In the direct binding, both GLP-1R and NC showed decreased polarization level of about 

150 mP because of light scattering from AB polymers (Figure S4). Competition with cold 

non-labelled ligand was performed to valid the binding between GLP-1R and exendin-4 

(Figure S4). However, no significant competition was observed. Such observations were 

consistent with radioligand binding assay results, where in vivaspin filtration purified 

samples, no functional receptors were present. Despite the non-functional proteins 

produced, the sensitivity of FP is much lower than radioisotope labelling and very unlikely 

to be able to detect active binding at current level. Furthermore, polymer scattering seem 

to be an issue for fluorescence-based assays like FP .  
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Figure S4 Fluorescence polarization analysis of GLP-1R proteopolymersomes binding to peptide 

ligand exendin-4. (A) Expression and purification of GLP-1R using size-based filtration method. 

Lane 1: cell free expression of GLP-1R. Lane 2: cell free expression without supplied mRNA. (B) 

Binding of proteopolymersomes to FAM-labelled exendin-4 (10 nM). (C) Competition binding 

using non-labelled exendin-4 at concentrations from 0.1 to 1,000 nM. NS: no sample added. NC: 

cell free expression without supplied mRNA. 

 

Immunodetection-based ELISA was also attempted to probe the ligand/antibody binding 

capability of GLP-1R preparations. Two different preparations, including histidine-affinity 

and vivaspin filtration (1,000 MWCO) purified GLP-1R in AB polymersomes were tested 
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together with non-relevant target CXCR4 as negative controls. For ELISA, GLP-1R and 

CXCR4 preparations were immobilized onto Maxisorb 96 well pre-coated with rat/rabbit 

anti-PEG antibody, followed by washing, antibody binding and colorimetric detection. 

Primary antibodies including TA590112 NTD specific pAB, mAB 2814 (antigen: full-

length GLP-1R, R&D system), 1H4 Ab166987 mAB (antigen: DNA vaccine, Abcam), and 

12G5 ab45001 mAB (CXCR4 extracellular conformation antibody) were tested. Anti-C9 

tag 1D4 mAB was also tested in order to roughly determine the level of protein capture for 

different preparations. In no primary antibody control, secondary antibody was added 

directly after capture followed by colorimetric detection to determine background signal. 
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Figure S5 ELISA analysis of GLP-1R preparations antibody binding using rat anti-PEG antibody 

capture. (A-E) 1H4 Ab166987 mAB (antigen: DNA vaccine, Abcam), mAB 2814 (antigen: full-

length GLP-1R, R&D system), 12G5 ab45001 mAB (CXCR4 extracellular conformation antibody), 

TA590112 NTD specific pAB and 1D4 mAB binding to histidine-affinity and vivaspin filtration 

purified GLP-1R and CXCR 4. (F) No primary antibody used (negative control). 

 

It is known that from Chapter 4, the histidine-affinity purified proteins contained minimal 

tetrazole fluorescence (3 % of total fluorescence), indicating the absence of AB polymers 

in comparison to biotin-affinity purified proteins (30 %). However, the ELISA results with 
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1D4 as primary antibody showed both vivaspin filtration (VR) and histidine-affinity (H) 

purified receptors contain accessible PEG chain that can be captured by anti-PEG antibody 

(Figure S5, E). The histidine-affinity purified GLP-1R and CXCR4 even showed higher 

signal than the VR samples at all antibody concentrations from 0.1 to 10 ug/mL. Such 

results were not very consistent with tetrazole fluorescence of elution fraction in histidine-

affinity purification. It was possible that small amount of non-fluorescent AB polymers 

were associated with purified receptors, leading to certain level of anti- capture in ELISA 

with PEG antibody. In the no primary antibody negative control, background level signal 

(about 0.25 OD) was observed across all the samples tested (-H and –VR), indicating 

neither the immobilized anti-PEG nor the captured GLP-1R/CXCR4 were causing 

increased colorimetric signal. Thus, it is probably because of the non-specific binding of 

1D4 antibody to the well plate surface that was causing higher signal of GLP-1R/CXCR4-

H than VR samples. This can be best validated by setting up immobilized rabbit anti-PEG 

with no sample capture controls using 1D4 antibody in ELISA. This may also explain the 

little difference observed for TA590112 pAB, mAB 2814, 1H4 mAB and 12G5 mAB 

between GLP-1R and CXCR4 (-H or -VR) in respective controls. The only positive result 

was showed in GLP-1R NTD specific antibody TA590112 pAB binding, where the 

histidine-affinity purified GLP-1R displayed higher signal in compared to CXCR4 at 

various concentrations from 0.1 to 10 ug/mL (Figure S5 D). Considering that the 1D4 

binding showed CXCR4 had higher immobilization level, it probably reflected the specific 

TA590112 pAB binding to the N-terminal epitope of GLP-1R rather than CXCR4. 

However, for GLP-1R/CXCR4-VR, there was no such difference despite the 1D4 signals 

were similar (Figure S5, D, E). In comparison to the positive and specific TA590112 pAB 

binding to GLP-1R in SPR analysis, it was probably because of the processing 

(blocking/washing) in ELISA that has caused protein denaturation or dissociation from 

well-plate, given that both methods are of similar sensitivity.  

 

In a parallel experiment, capture antibody rabbit anti-PEG was tested for the detection of 

12G5 antibody binding to CXCR4-VR and -H (Figure S6). The no sample capture control 

showed minimal signal, indicating that the rabbit antibody did not interfere with 

colorimetric detection. The 1D4 binding showed despite the target or method of 
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purification, the overall protein immobilization level was lower than rat anti-PEG capture. 

Besides, the GLP-1R-H and -VR showed lower level of immobilization than CXCR4-H 

and -VR. Despite such difference, the 12G5 binding was almost equal to GLP-1R and 

CXCR4, -H and -VR, indicating no specific binding detected (Figure S6). 

 

 

Figure S6 ELISA analysis of GLP-1R preparations antibody binding using rabbit anti-PEG 

antibody capture. (A, B) 12G5 ab45001 mAB (CXCR4 extracellular conformation antibody) and 

1D4 mAB binding to histidine-affinity and vivaspin filtration purified GLP-1R and CXCR 4. (C) 

No primary antibody used (negative control). 
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Appendix IX: SPR Sensorgrams of Exendin-4 Binding  

 

 

Figure S7 SPR sensorgrams of GLP-1R and CXCR4 binding to exendin-4. (A-D) GLP-

1R and CXCR4 protepolymersomes binding to peptide ligand exendin-4 from 1 to 100 nM. 

Both GLP-1R and CXCR4 were expressed using CFPS, purified using size-based filtration 

method and immobilized onto biosensor chip but displayed no detectable binding.  
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