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Abstract 

This thesis examined aspects of the polyhydroxyalkanoate (PHA) biobead system for 

immobilisation of proteins. Three separate studies have expanded the scope of this 

platform technology into different applications. New flexible regions along the length of 

the PhaC protein were discovered and functionalised with IgG binding domains. The 

bioremediation and fine-chemical synthesis aspects of the PHA biobeads were developed 

with active enzymes of interest immobilised to the bead surface. Additionally, functional 

dual fusion of enzymes to both the N- and C-terminus of PhaC was demonstrated for the 

first time. The enhanced scope of the PHA biobeads will lead to further applications in 

fields such as protein purification, vaccines, and diagnostics. 

 

The first study assessed the ability of the PHA synthase (PhaC) based immobilisation 

system to tolerate dual enzyme fusions allowing the recapitulation of a biosynthetic 

pathway. N-acetyl neuraminic acid aldolase and N-acetyl glucosamine 2-epimerase allow 

for the synthesis of the medically relevant fine-chemical N-acetyl neuraminic acid 

(Neu5Ac). Ultimately, biobeads establishing the entire Neu5Ac synthesis pathway were 

able to convert up to 22% of the initial N-acetyl glucosamine into Neu5Ac which compares 

favourably with the theoretical maximum from chemi-enzymatic synthesis of 33%. 

 

Despite intense research interest, the structure of PhaC has not yet been solved. 

Structural information of the exposed regions of granule-associated PhaC was gathered by 

the application of biotinylation labels. Six amino acid sites were found to be surface 
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exposed and four were able to tolerate FLAG-tag insertion. Three of these sites were 

chosen to functionalise with the IgG binding domain. These beads were able to mediate 

the binding and elution of IgG, with a maximum capacity of 16 mg IgG/g wet PHA beads.  

 

 The enhanced carbonic anhydrase from Desulfovibrio vulgaris str. "Miyazaki F" (DvCA) 

was fused the N-terminus of PhaC and immobilised on the surface of PHA beads. The 

DvCA beads had a specific activity of 114 U/mg enzyme. PHA-immobilised DvCA retained 

54% of its initial activity after incubation at 90 °C for 1 h and 77% of its initial activity after 

incubation at pH 12 for 30 min. This stability indicates its usefulness in the challenging 

industrial environments where it may be deployed.  

  



vii 
 

Table of Contents 
Acknowledgements ..................................................................................................................... i 

Preface ....................................................................................................................................... ii 

Abstract ..................................................................................................................................... v 

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

List of Figures ............................................................................................................... .............. x 

List of Tables ............................................................................................................................ xiii 

1. Introduction ............................................................................................................................... 1 

Thesis Scope .................................................................................................................................. 5 

Problem statement .................................................................................................................... 5 

Aim ............................................................................................................................................ 5 

Objectives .................................................................................................................................. 5 

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

2. Polyhydroxyalkanoate inclusions: Polymer synthesis, self-assembly and display technology ..... 12 

Abstract ................................................................................................................................... 12 

1) Introduction ......................................................................................................................... 13 

2) Polyester diversity ................................................................................................................ 17 

3) Polyester synthases: genetics ............................................................................................... 20 

4) Polyester synthases: structure & function ............................................................................ 23 

5) In vivo substrate provision for polyester synthases ............................................................... 33 

6) The fatty acid β-oxidation pathway provides precursors from fatty acids.............................. 35 

7) Polyester inclusions: self-assembly & structure .................................................................... 43 

8) Production of tailor-made functionalized biopolyester nanoparticles ................................... 48 

9) Conclusion ........................................................................................................................... 58 

10) Acknowledgements ............................................................................................................ 59 

11) References ......................................................................................................................... 60 

3. Polyhydroxyalkanoate Synthase Fusions as a Strategy for Oriented Enzyme Immobilisation ..... 77 

Abstract: .................................................................................................................................. 78 

1. Oriented Enzyme Immobilisation .......................................................................................... 79 

2. Polyhydroxyalkanoate Biobeads ........................................................................................... 80 

3. In Vivo Immobilisation and Surface Display ........................................................................... 82 

4. In Vitro Immobilisation and Surface Display .......................................................................... 84 



viii 
 

5. Orientation of Biobead Immobilised Enzymes ....................................................................... 85 

6. Quaternary Structures of Immobilised Enzymes.................................................................... 87 

7. The Initial Proof of Concept of PHA Synthase Mediated Enzyme Immobilisation ................... 88 

8. Current Applications ............................................................................................................. 89 

9. Performance of PHA Bead Immobilized Enzymes .................................................................. 90 

10. Potential Applications ......................................................................................................... 92 

11. Discussion .......................................................................................................................... 94 

12. Outlook .............................................................................................................................. 97 

Acknowledgments .................................................................................................................... 98 

Author Contributions ............................................................................................................... 98 

Conflicts of Interest .................................................................................................................. 98 

References ............................................................................................................................... 99 

4. Bioengineering of bacterial polymer inclusions catalyzing the synthesis of N-acetyl neuraminic 
acid ............................................................................................................................................ 105 

Abstract ................................................................................................................................. 106 

Introduction ........................................................................................................................... 107 

Materials and methods .......................................................................................................... 108 

Results ................................................................................................................................... 113 

Discussion .............................................................................................................................. 122 

Conclusion ............................................................................................................................. 124 

Acknowledgements ................................................................................................................ 125 

References ............................................................................................................................. 126 

Supplementary material for: Bioengineering of bacterial polymer inclusions catalyzing the 
synthesis of N-acetyl neuraminic acid. .................................................................................... 130 

5. Insights into the surface topology of polyhydroxyalkanoate synthase: self-assembly of 
functionalized inclusions ............................................................................................................ 142 

Abstract ................................................................................................................................. 143 

Keywords ............................................................................................................................... 144 

Introduction ........................................................................................................................... 144 

Materials and Methods .......................................................................................................... 146 

Results ................................................................................................................................... 151 

Discussion .............................................................................................................................. 164 



ix 
 

Acknowledgments .................................................................................................................. 167 

Conflict of Interest ................................................................................................................. 167 

References ............................................................................................................................. 168 

Supplementary material for: Insights into the surface topology of polyhydroxyalkanoate 
synthase: self-assembly of functionalized inclusions ............................................................... 171 

6. Surface display of highly-stable Desulfovibrio vulgaris carbonic anhydrase on polyester beads for 
carbon dioxide capture .............................................................................................................. 175 

Abstract ................................................................................................................................. 176 

Keywords ............................................................................................................................... 176 

Introduction ........................................................................................................................... 176 

Materials and Methods .......................................................................................................... 178 

Results ................................................................................................................................... 181 

Discussion .............................................................................................................................. 185 

Acknowledgments .................................................................................................................. 187 

References ............................................................................................................................. 188 

Supplementary material for: Surface display of highly-stable Desulfovibrio vulgaris carbonic 
anhydrase on polyester beads for carbon dioxide capture ...................................................... 190 

7. Discussion .............................................................................................................................. 197 

Key Findings ........................................................................................................................... 197 

Outlook .................................................................................................................................. 204 

References ............................................................................................................................. 208 

  



x 
 

List of Figures 
 

Figure 1.1 The biosynthetic pathway of PHB production from acetyl-CoA.  2 
 
Figure 2.1.1 The PHA production reaction catalyzed by PHA synthases.  14 
 
Figure 2.1.2 Electron microscopy image of Pseudomonas aeruginosa containing  
PHA granules.          15 
 
Figure 2.1.3 Schematic representation of a PHA granule and its associated  
proteins.          16 
 
Figure 2.2 Chemical structure and material properties of the two major classes  
of bacterial polyesters, compared to polypropylene.    18 
 
Figure 2.3 The four classes of polyester synthases.     20 
  
Figure 2.4.1 Primary structure of the R. eutropha PHA synthase.    23 
 
Figure 2.4.2 Model of the polyester synthase catalytic mechanism.   26 
 
Figure 2.5 Metabolic pathways of PHA production.     34 
 
Figure 2.6 Models for polyester bead self-assembly.     44 
 
Figure 2.8.1 Formation of functionalized biopolyester granules from  
recombinant fusion proteins.        51 
 
Figure 2.8.2 Experimentally demonstrated applications of functionalized  
biobeads.          52 
 
Figure 3.1. Potential sites of enzyme attachment utilising gene fusions to PHA  
synthase.           86 
 
Figure 3.2. Potential applications of the PHA bead display system.   93 
 
Figure 4.1: Protein profile of PHA beads as demonstrated by SDS-PAGE.   115 
 
Figure 4.2: Recycling of PhaC-l-Slr1975 displaying PHA beads.   119 
 
Figure 4.3: Recycling of NanA-PhaC displaying PHA beads.     120 
 
 



xi 
 

Figure 4.4: A: Production of Neu5Ac from 250 mM GlcNAc and 100 mM  
pyruvate over 44 h at 50°C using 10 mg (wet weight) of NanA and Slr1975  
displaying beads.         121 
 
Figure S4.1: Construction of plasmids pET14b:PhaC-l-Slr1975 and  
pET14b:NanA-PhaC-l-Slr1975.       132 
 
Figure S4.2: Construction of plasmid pET14b:NanA-PhaC.     133 
 
Figure S4.3: Fluorescence microscopy analysis of intact cells after staining with  
the lipophillic Nile Red dye.        134 
 
Figure S4.4: Effect of wet bead weight on the production of Neu5Ac.   137 
 
Figure S4.5: Effect of temperature on the production of Neu5Ac.    137 
 
Figure S4.6: SDS-PAGE performed to assess the fusion protein content of PHA  
beads by densitometry.         138 
  
TOC Figure: Surface exposed regions of granule-associated  
polyhydroxyalkanoate (PHA) synthase were probed with specific biotinylation  
reagents.          144 
 
Figure 5.1: Isolated PHA beads were reacted with biotin-containing reagents  
to label bead-surface proteins including PhaC.       152 
 
Figure 5.2: Model of PhaC highlighting (yellow) the location of labelled residues. 153 
 
Figure 5.3: Schematics of the PhaC insertions created in this study.  155 
 
Figure 5.4: PHB production mediated by PhaC variants with FLAG insertion. 156 
 
Figure 5.5: Gel electrophoresis and immunoblot analysis of whole cell lysates  
from PhaC FLAG variants.        157 
 
Figure 5.6: ELISA using anti-FLAG-HRP antibodies to determine the exposure of  
the FLAG insertion for potential functional display.     159 
 
Figure 5.7: PHB production mediated by PhaC variants with ZZ domain insertion. 161 
 
Figure 5.8: Human IgG binding capacity of PHA beads formed by PhaC with ZZ  
insertion.          162 
 



xii 
 

Figure 5.9: SDS-PAGE of human serum proteins bound in vitro to either 
PhaCK90ΩZZK139ΩZZ beads and released after low pH elution showing the  
purification ability of ZZ-inserted PHA beads.     164 
 
Figure 6.1: Granule-associated proteins profiled by SDS-PAGE.   182 
 
Figure 6.2: Carbonic anhydrase activity assay showing the decrease in reaction  
time taken for the pH to drop from 8.3 to 6.3 upon addition of the  
DvCA-displaying beads.        183 
 
Figure 6.3: Temperature stability of the DvCA-displaying beads.   184 
 
Figure 6.4: pH stability of the DvCA-displaying beads.    185 
 
Figure S6.1: PHB content of E. coli BL21 blue cells as measured by GC/MS.  192 
 
Figure S6.2: Carbonic anhydrase activity assay showing the decrease in reaction  
time taken for the pH to drop from 8.3 to 6.3 upon addition of the Desulfovibrio  
vulgaris carbonic anhydrase (DvCA) displaying beads.    193 
 
Figure 7.1: The three studies described in this thesis for the enhancement of  
the PHA bead protein display platform.      198 
 
 

 

 

 

 

 
  



xiii 
 

List of Tables 
 

Table 4.1: Specific epimerase activity of PHA beads with immobilized Slr1975. 117 
 
Table 4.2: Specific aldolase activity of PHA beads with immobilized NanA.  117 
 
Table 4.3: Production of N-acetyl mannosamine and N-acetyl neuraminic acid  
using single bead systems.        118 
 
Table S4.1: Bacterial strains and plasmids used in this study.   131 
 
Table S4.2: PHB content of E. coli XL1 blue cells as measured by GC/MS.   135 
 
Table S4.3: Tryptic peptides of PhaC fusion proteins as identified by  
MALDI-TOF/TOF MS.          136 
 
Table S5.1: Primers used in this study.      172 
 
Table S6.1: Point mutations in the enhanced Desulfovibrio vulgaris str.  
"Miyazaki F" carbonic anhydrase.       191 
 
Table S6.2: Tryptic peptides of PhaC fusion proteins as identified by  
MALDI-TOF/TOF MS.         194 
 
 




