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Abstract 

Ice-binding proteins (IBPs) serve many purposes for the organisms producing them, enabling 

them to thrive in ice-laden environments. Antifreeze proteins (AFPs), a subset of this group, act as 

biological antifreezes and inhibit ice recrystallization. These ice-binding activities have many applications 

in the field of biotechnology, and to this end AFPs have been engineered in several ways to increase their 

activity. One of these strategies is to connect multiple AFPs together using a scaffold, which has been 

accomplished previously through bioconjugation of AFPs to the reactive termini of branched polymers. 

The inefficiency of such linkage reactions, however, resulted in heterogeneous mixtures of particles with 

incomplete occupancy of the available termini. To address this shortcoming, AFPs were genetically fused 

to the C termini of subunits forming self-assembling protein oligomers, in such a way that the ice-binding 

site of the AFP was optimally exposed for contact with ice. First, two different type of AFPs were 

separately fused to 12 of the 24 subunits of a self-assembling protein cage. The subunits assembled into 

the designed structures, and the AFP multimers showed greatly enhanced freezing point depression and 

ice recrystallization inhibition over the corresponding monomeric AFPs.  

A moderately active fish AFP was also fused to a subunit designed to assemble into two-

dimensional arrays, and the resulting fusion protein showed increased freezing point depression over the 

monomer. However, size-exclusion chromatography of the fusion protein suggested that the subunits 

were not assembled into a two-dimensional array, and additional structural characterization is needed to 

elucidate the oligomerization state of this design. Overall, genetic fusion of AFPs to the termini of self-

assembling oligomers has proven to be a promising method of enhancing their ice-binding activities, and 

could be used to arrange AFPs into novel orientations. We also envision that the RosettaDesign program 

used to design the novel protein assemblies can be applied to AFPs themselves, to generate AFP-to-AFP 

binding sites on their surfaces and arrange them into oligomers not seen in nature. 

 



iii 

 

Co-Authorship 

Chapter 2 was co-authored with Dr. Corey Stevens, Tyler Vance, Dr. Neil King, Dr. David Baker, and 

Dr. Peter Davies, and was published in Biochemistry on November 11th, 2016:  

 

Phippen, S. W. et al. Multivalent Display of Antifreeze Proteins by Fusion to Self- Assembling 

Protein Cages Enhances Ice-Binding Activities. Biochemistry 55, 6811–6820 (2016). 

 

 Sean W. Phippen and Dr. Peter L. Davies planned the experimental methodology of the project. 

Dr. Corey A. Stevens assisted with modeling AFP multimers and with TH measurements. Tyler D.R. 

Vance carried out initial construct design for SfIBP, and analyzed the TH and ice plane affinity of 

monomeric SfIBP. Dr. Neil P. King and Dr. David Baker conceived the original design of T33-21, and 

Dr. Neil P. King carried out the characterization of this construct, and provided advice on the fusion with 

AFPs. Sean W. Phippen wrote the manuscript with guidance from Dr. Neil P. King, Dr. David Baker, and 

Dr. Peter L. Davies. 

 



iv 

 

Acknowledgements 

This work is dedicated first and foremost to my parents, Susan and Dale Phippen, who instilled in 

me at a young age a thirst for knowledge and taught me that I could achieve anything that I set my mind 

to. My brothers, Nick and Noah, are my two oldest friends and have been with me through thick and thin; 

thank you for sticking with me in life’s toughest moments. I would also like to thank my partner, Brigid 

Conroy, who has been a calming presence and stabilizing force during my time in the School of Graduate 

Studies. I am eternally grateful to you all for your love and support. 

None of this would have been possible without the mentoring of several scientists that have made 

me into the biochemist that I am today. Dr. Peter Davies took me on as a young, green biochemistry 

student and, during my time at Queen’s, has acted as an invaluable mentor and instilled in me a love of 

biochemistry that continues to this day. Peter has put in place an environment of innovation, teamwork, 

and perseverance in his laboratory, and I have enjoyed my time here immensely. Dr. Jeffrey Ridal and 

Jennifer Haley from the St. Lawrence Institute of Environmental Sciences gave me my first job in a 

laboratory, and showed me how fun research could be. I would also like to thank Drs. Virginia Walker 

and John Allingham for serving on my Advisory Committee and providing invaluable guidance. I am 

very grateful to Drs. Steven Smith, Graham Côté, and Andrew Craig for acting as members of my 

Examination Committee, and to Diane Sommerfeld for her tireless efforts to help me organize my 

coursework and this thesis. 

I have long known that it takes a village to raise a graduate student, and I am eternally grateful for 

the guidance and encouragement provided by the members of the Davies laboratory. Sherry Gauthier, Dr. 

Robert Campbell, Dr. Laurie Graham, Sandra Jimmo, Robert Eves, Dr. Qilu Ye, Dr. Kristen Low, Dr. 

Koli Basu, Dr. Shaiqui Guo, Dr. Tianjun Sun, Dr. Corey Stevens, Tyler Vance, Christian MacCartney, 

Evan Andrin, Paul Jerónimo, Rebecca Lang, Jigyasa Aurora, Brigid Conroy, Adam Sage, Tova Pinsky, 

Julia Shen, Polly Zhang, James Wells, Sarah Zachariah, and Shayan Assaie, it has been an honour and a 

pleasure working with you. 



v 

 

Table of Contents 

Abstract ......................................................................................................................................................... ii  

Co-Authorship.............................................................................................................................................. iii  

Acknowledgements ...................................................................................................................................... iv  

List of Figures ............................................................................................................................................ viii 

List of Tables ................................................................................................................................................ x  

List of Abbreviations ................................................................................................................................... xi 

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

1.1 General Introduction ........................................................................................................................... 1 

1.2 Functions of ice-binding proteins ....................................................................................................... 2  

1.3 Structural diversity of IBPs ................................................................................................................. 5 

1.4 Mechanism of ice-binding exhibited by IBPs ..................................................................................... 7 

1.5 Ice crystal structure and shaping by IBPs ......................................................................................... 10 

1.6 Applications of IBPs in biotechnology ............................................................................................. 12  

1.7 Measuring AFP activity .................................................................................................................... 13  

1.8 Engineering AFP activity .................................................................................................................. 16 

1.9 AFP multimerization through self-assembly .................................................................................... 22 

1.10 Designing novel protein assemblies ................................................................................................ 24 

1.11 Protein assemblies used as scaffolds for AFP multimerization ...................................................... 27 

Chapter 2 Multivalent display of antifreeze proteins by fusion to self-assembling protein cages enhances 

ice-binding activities ................................................................................................................................... 32 

2.1 Abstract ............................................................................................................................................. 32  

2.2 Introduction ....................................................................................................................................... 33  

2.3 Materials and Methods ...................................................................................................................... 37 

2.3.1 Design of the AFP-containing T33-21 multimers ...................................................................... 37 

2.3.2 Cloning ....................................................................................................................................... 37 

2.3.3 Expression and purification ....................................................................................................... 38  

2.3.4 Ice crystal morphology and thermal hysteresis measurements .................................................. 39 

2.3.5 Ice recrystallization inhibition assays ........................................................................................ 39 

2.3.6 FIPA analysis ............................................................................................................................. 39  

2.4 Results ............................................................................................................................................... 40  

2.4.1 AFP multimers self-assemble .................................................................................................... 40  

2.4.2 AFP multimers have enhanced antifreeze activity ..................................................................... 44 



vi 

 

2.4.3 Multimerization of type III AFP alters ice crystal ‘burst’ pattern.............................................. 46 

2.4.4 Ice-binding pattern of type III AFP is altered by multimerization ............................................. 49 

2.4.5 AFP multimers exhibit enhanced ice-recrystallization inhibition .............................................. 51 

2.5 Discussion ......................................................................................................................................... 53  

2.6 Conclusion ........................................................................................................................................ 56 

2.7 Acknowledgements ........................................................................................................................... 56 

2.8 Supplementary Figures ..................................................................................................................... 57 

Chapter 3 Genetic fusion of antifreeze proteins to form two-dimensional arrays ...................................... 59 

3.1 Abstract ............................................................................................................................................. 60  

3.2 Introduction ....................................................................................................................................... 61  

3.3 Materials and Methods ...................................................................................................................... 65 

3.3.1 Designing AFP arrays ................................................................................................................ 65 

3.3.2 Cloning subunits forming AFP arrays........................................................................................ 65 

3.3.3 Expression and purification of AFP arrays ................................................................................ 65 

3.3.4 Thermal hysteresis measurements.............................................................................................. 66 

3.3.5 Ice nucleation assays .................................................................................................................. 66 

3.3.6 Assessing the oligomerization of p4Z_9 type III AFP ............................................................... 67 

3.4 Results ............................................................................................................................................... 67  

3.4.1 Purification of p4Z_9 type III AFP ............................................................................................ 67 

3.4.2 Fusion of type III AFP to p4Z_9 enhances thermal hysteresis activity ..................................... 70 

3.4.3 p4Z_9 type III AFP does not exhibit ice nucleation activity ..................................................... 72 

3.4.4 Size-exclusion chromatography of p4Z_9 type III .................................................................... 74 

3.5 Discussion ......................................................................................................................................... 76  

3.6 Acknowledgements ........................................................................................................................... 80 

3.7 Supplementary Figures ..................................................................................................................... 81 

Chapter 4 General Discussion ..................................................................................................................... 82 

4.1 Protein assemblies as scaffolds for AFP oligomerization ................................................................. 82 

4.2 Factors contributing to the enhanced activity of AFP multimers ..................................................... 83 

4.3 Increasing the yield of AFP multimers ............................................................................................. 84 

4.4 Increasing the number of AFPs decorating protein cages ................................................................. 85 

4.5 Multimers displaying combinations of AFPs .................................................................................... 85 

4.6 Bifunctional 2-D arrays ..................................................................................................................... 88  

4.7 Controlling the assembly of 2-D arrays with capping structures ...................................................... 91 

4.8 Generating novel binding sites on AFPs – cutting out the middle man ............................................ 93 



vii 

 

References ................................................................................................................................................... 96  

Appendix A Multimerization of the Rhagium mordax AFP using T33-21............................................... 102 

Appendix B Introduction of an E/K-coil System on Protein Cages for AFP Multimerization ................. 109 

Appendix C Design and purification of E-coil type III AFP .................................................................... 118 

Appendix D Amino acid sequences of relevant constructs ....................................................................... 121 

  

  



viii 

 

List of Figures 

Figure 1.1. Functions of ice-binding proteins. .............................................................................................. 3  

Figure 1.2. Diversity of folds exhibited by ice-binding proteins. ................................................................. 6 

Figure 1.3. Mechanism of IBPs binding to ice. ............................................................................................ 9 

Figure 1.4. Ih and its characteristic axes and planes. ................................................................................... 11 

Figure 1.5. Effects of AFPs on ice crystal growth. ..................................................................................... 15 

Figure 1.6. Strategies for increasing AFP activity. ..................................................................................... 20 

Figure 1.7. Self-assembling IBPs and their advantages as ice-binding particles. ....................................... 23 

Figure 1.8. Computational design of novel protein assemblies using Rosetta. ........................................... 26 

Figure 1.9. Design and characterization of the protein cage T33-21. ......................................................... 28 

Figure 1.10. Design and characterization of the one-component, two-dimensional array p4Z_9. ............. 30 

Figure 2.1. Design of self-assembling AFP multimers. .............................................................................. 36 

Figure 2.2. SDS-PAGE and size-exclusion chromatography of AFP multmers. ........................................ 41 

Figure 2.3. Thermal hysteresis activity of AFP multimers and monomeric AFPs. .................................... 45 

Figure 2.4. Ice crystal shaping and burst patterns. ...................................................................................... 48 

Figure 2.5. Ice plane affinity of AFP multimers and monomeric AFPs. .................................................... 50 

Figure 2.6. Effects of AFP multimerization on ice-recrystallization inhibition activity. ............................ 52 

Figure 2.S1. Strategy for the genetic fusion of AFPs to C termini of T33-21B subunits. .......................... 57 

Figure 3.1. Design of a self-assembling AFP array. ................................................................................... 64 

Figure 3.2. Purification of p4Z_9 type III AFP. ......................................................................................... 68 

Figure 3.3. Ice crystal morphology and thermal hysteresis exhibited by type III AFP constructs. ............ 71 

Figure 3.4. Assessing the ice nucleation activity of p4Z_9 type III AFP. .................................................. 73 

Figure 3.5. Size-exclusion chromatography of p4Z_9 type III AFP. .......................................................... 75 

Figure 3.S1. DNA and Protein sequences of p4Z_9 type III AFP. ............................................................. 81 

Figure 4.1. Generating mixed AFP multimers through fusion protein co-expression. ............................... 87 

Figure 4.2. Design and applications of bifunctional protein arrays. ........................................................... 90 

Figure 4.3. Capping the assembly of 2-D arrays to control array dimensions. ........................................... 92 

Figure 4.4. Direct oligomerization of AFPs. ............................................................................................... 95 

Figure A.1. Design and purification of RmAFP T33-21. ......................................................................... 103 

Figure A.2. Comparison of TH activity between the RmAFP multimer and monomer. .......................... 106 

Figure A.3. Design of RmAFP multimer with flexible linker. ................................................................. 107 

Figure A.4. Purification and analysis of RmAFP Flex T33-21 without heat treatment. ........................... 108 



ix 

 

Figure B.1. Sequence and structure of E- and K-coils. ............................................................................. 111 

Figure B.2. Design and purification of K-coil I3-01. ................................................................................ 112 

Figure B.3. Purification of T3-10 and K-coil T3-10. ................................................................................ 114 

Figure B.4. Purification of E-coil T33-21. ................................................................................................ 117 

Figure C.1. Purification of E-coil type III AFP. ....................................................................................... 120 

 



x 

 

List of Tables 

Table 2.1. Observed molecular weight of T33-21 and AFP multimer subunits predicted using SDS-

PAGE. ......................................................................................................................................................... 43  

Table 2.2. Observed molecular weight of assembled AFP multimers predicted using size-exclusion 

chromatography. ......................................................................................................................................... 43 

Table 2.S1. Amino acid sequences of T33-21 and AFP multimer subunits. .............................................. 58 

Table D.1. Amino acid sequences of T33-21, AFP multimers, and E/K-coil-tagged proteins. ................ 121 

 



xi 

 

List of Abbreviations 

AFGP, antifreeze glycoprotein; 

AFP, antifreeze protein; 

DNA, deoxyribonucleic acid; 

FIPA, fluorescence-based ice plane affinity;  

IBS, ice-binding site;  

IBP, ice-binding protein;  

INP: ice-nucleating protein; 

IRI, ice-recrystallization inhibition; 

LpAFP, Lolium perenne AFP; 

MBP, maltose-binding protein; 

MpAFP, Marinomonas primoryensis AFP; 

Ni-NTA, nickel-nitrilotriacetic acid; 

PAMAM, polyamidoamine;  

PDB, Protein Data Bank; 

PDMS, polydimethylsiloxane;  

PMSF, phenylmethanesulfonyl fluoride 

r.m.s.d., root mean square deviation;  

RiAFP, Rhagium inquisitor AFP;  

RmAFP, Rhagium mordax AFP; 

SAP, shrimp alkaline phosphatase; 

SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; 

SfIBP, Shewanella frigidimarina IBP; 

sbwAFP, Spruce budworm AFP; 

TH, thermal hysteresis;  



xii 

 

TmAFP, Tenebrio molitor AFP 

Tris, tris(hydroxymethyl)aminomethane; 

UV, ultraviolet; 



 

1 

 

Chapter 1 

Introduction 

1.1 General Introduction 

 
 
 Planet Earth is a remarkably diverse biosphere. Within the varied ecosystems that cover the 

Earth’s surface, life must contend with temperature extremes that range from − 89 °C, recorded in 

Antarctica, to 58 °C, recorded in California, USA.1 The wide range in temperatures reached on this planet 

means that water, the most abundant substance in living systems, is present in each of its phases – as a 

liquid, as a vapor, and in its solid form, ice. Because of its importance as a medium for the chemical 

reactions necessary for life, the liquid phase of water within an organism is essential for completion of a 

life cycle. Only a subset of the Earth’s organisms can survive at subzero temperatures, where they must 

contend with the freezing of biological fluids to form ice crystals that can cause cell damage or death. 

 Through natural selection of individuals with advantageous traits, organisms can adapt to their 

ever-changing environment and persist into future generations. In the context of temperature, organisms 

in all kingdoms of life have developed several strategies to prevent, or tolerate, the formation of ice 

within their tissues at subzero temperatures. Many organisms have evolved mechanisms of 

thermoregulation, whether through ectothermy or exothermy, to maintain their body temperatures at a 

level in which water is in the liquid phase. Others have evolved strategies of synthesizing compounds in 

their bodies that lower the freezing point through colligative effects.2 Finally, in a remarkable example of 

evolution, a select group of organisms have adapted to subzero temperatures and ice-laden environments 

through the expression of proteins that are able to bind to the surface of ice and control for its growth. 
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1.2 Functions of ice-binding proteins 

 
 
 To adapt to the subzero temperatures experienced in ecosystems around the world, many 

organisms have evolved to express ice-binding proteins (IBPs).3,4,5 This function of ice-binding is 

exploited by organisms in several different ways, the earliest-discovered being the ability to stop ice 

crystal growth in biological fluids and depress the freezing point in a non-colligative manner, providing 

freezing resistance to the organisms expressing them (Fig. 1.1A).3 The first IBPs to be discovered were 

the antifreeze glycoproteins (AFGPs) in the Notothenioid fishes, the serum of which would not freeze in 

ice-laden Antarctic seawater with an average yearly temperature of -1.9 °C.6  Antifreeze proteins (AFPs), 

a subset of IBPs characterized by their ability to impart freezing resistance to organisms, have been 

discovered in numerous species of fish and terrestrial insects.3 

 A companion activity to stopping ice crystal growth is the ability of IBPs to inhibit ice 

recrystallization (Fig. 1.1B).3,5 In the absence of these IBPs, ice crystals will not maintain their size at 

subzero temperatures. Instead, larger ice crystals will grow as the smaller crystals melt, increasing the size 

of the larger crystals.3,4 The growth of such ice crystals can cause significant damage within an organism, 

causing the rupture of cellular membranes and increasing osmotic pressure as additional water molecules 

are incorporated into the ice. The ability to inhibit this “recrystallization” of ice is particularly important 

for plants, and expression of IBPs can provide freeze tolerance in these organisms.7 Even though ice 

forms in these organisms at freezing temperatures, the lack of recrystallization imposed by the IBPs 

reduces the likelihood of tissue and cellular damage. Ice recrystallization inhibition (IRI) can be detected 

at incredibly low concentrations of the IBP, and certain IBPs, such as the LpAFP expressed in Lolium 

perenne, display IRI while showing only modest depression of the freezing point, with levels lower than 

that seen with a typical fish AFP.7  
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Figure 1.1. Functions of ice-binding proteins.  

(A) IBPs can act as a biological antifreeze, binding to and inhibiting the growth of ice crystals within an 

organism. (B) Certain IBPs localized to the channels between ice grains inhibit ice recrystallization. (C) 

Secreted IBPs can structure the ice surrounding an organism. (D) Ice-binding adhesins projecting from an 

organism allow it to bind to the surface of ice, allowing it to persist in that location. Red circles represent 

IBPs, black circles represent Regions I, III, and V of MpIBP, and magenta circles represent Region II of 

MpIBP. Black lines on the surface of the bacterium represent additional membrane-associated 

components of the cell. This figure was modified from Davies.3  
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Interestingly, IBPs can serve the organisms expressing them in ways other than impeding the 

growth or recrystallization of ice. Certain IBPs are secreted by the organism into the surrounding area,3,5,8 

thereby structuring the surrounding ice in a way that benefits the organism. For example, the IBP secreted 

from an algal species of Chlamydomonas structures ice into a morphology containing channels and brine 

pockets, preventing the organism from being completely encased in ice.8 

Recently, a new function for some IBPs has been discovered: they can enable the organisms 

expressing them to bind to the surface of ice.3,5 Study of the Antarctic bacterium Marinomonas 

primoryensis led to the discovery of a large IBP (MpIBP) localized on the outer membrane of the 

organism.9 A C-terminal region of this protein is able to bind to ice, and exhibits high freezing point 

depression.10 However, this ice-binding region only makes up 2% of the total protein, by sequence. The 

rest of MpIBP contains regions that direct secretion to the outer membrane of the cell, anchor the protein 

to the membrane, extend the ice-binding domain away from the cell, and bind to sugars and peptides.11,12 

This multi-functional protein has been redefined as an ice-binding adhesin, which is thought to anchor M. 

primoryensis to the surface of ice and keep these cells in oxygen-rich water that is necessary for their 

survival.9 There is also a growing body of evidence that MpIBP is essential for the generation of biofilms 

at the surface of ice, containing both M. primoryensis and other organisms, such as algae.12 

Ice-nucleating proteins (INPs), which are expressed by several plant pathogens such as 

Pseudomonas syringae and Pseudomonas borealis,13,14 appear to work at odds to IBPs by acting as a 

nucleation point for the crystallization of ice.3 The ability to nucleate ice growth is exploited by these 

pathogens, where the growth of ice damages plant tissues and provides access to nutrients and resources 

therein.14,15 INPs are much larger (>120 kDa) than most IBPs, and are associated with the membrane of 

the organisms expressing them.16 These characteristics have made them difficult to isolate or produce, and 

presently no structure has been solved for an INP. However, modeling of truncated sections of the INPs 

expressed in both P. syringae and P. borealis has shown that their structures may be similar to those of 

several IBPs,16,17 suggesting that there are similarities between the mechanisms of ice binding and ice 
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nucleation.3 As a result of these proposed structural and mechanistic similarities,3,4 INPs have been added 

to the growing family of IBPs as yet another example ways that this group of proteins can manipulate ice. 

1.3 Structural diversity of IBPs 

 
 
 IBPs have a shared function of binding to ice, but their tertiary structures often vary substantially 

(Fig. 2). The structures of these proteins range from a simple alpha-helix to larger, more complex folds 

bearing additional secondary structure elements. For example, many IBPs have a beta-solenoid fold. IBPs 

can be categorized by function into AFPs and other IBPs.5  

There are currently five types of fish AFPs, which include the aforementioned AFGPs as well as 

AFP types I-IV. AFGPs contain 4-50 tripeptide repeats with the sequence (Ala-Ala-Thr)n.18 As the name 

suggests, AFGPs are also glycosylated, bearing the disaccharide galactose-N-acetylgalactosamine 

attached through the threonine side chains. The tertiary structure of AFGPs have not been characterized, 

though Harding et al. suggested that they are disordered and flexible proteins.18 Type I AFPs are 

exclusively alpha-helical, and are typically expressed as a monomer (i) and occasionally as a dimer 

known as Maxi (ii).19 Both the type II (iii) and type III (iv) AFPs are globular proteins,20,21 which contain 

a combination of alpha-helical and beta-strand secondary structure. Finally, the type IV AFP, which does 

not act as an AFP or an IBP,22 is predicted to be a four-helix bundle similar to its apolipoprotein 

homologues,23 although its tertiary structure has not been determined experimentally.  

Many IBPs expressed in microorganisms, plants, and insects exhibit a beta-solenoid fold, in 

which the coils of the protein contain beta-strands that line up to form beta-sheets along the faces of the 

protein. Two notable folds have been observed for microorganism IBPs, each of which is a variation of 

the beta-solenoid fold. First, the DUF3494 domain expressed in many microorganisms, including the 

snow mold fungus Typhula ishikariensis (v), folds into a discontinuous beta-solenoid, braced by an alpha-

helix running parallel along one face of the protein.24 The other fold is that of Regon IV from the 
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aforementioned MpIBP expressed in M. primoryensis (vi), which is a beta-solenoid that coordinates Ca2+ 

ions, one per coil within one side of the protein core.25 

 

 

Figure 1.2. Diversity of folds exhibited by ice-binding proteins.  

Known structures of IBPs associated with the organisms producing them. Fish IBPs include type I AFP 

(i) and Maxi (ii) from the winter flounder, type II AFP (iii) from herring, and type III AFP (iv) from the 

ocean pout. IBPs expressed in micro-organisms include TisAFP (v) from a snow mold fungus and Region 

IV of MpIBP (vi) from M. primoryensis. The only solved structure of a plant AFP is that of the LpAFP 

(vii) from perennial ryegrass. IBPs expressed in arthropods include the sbwAFP (viii) from the spruce 

budworm, RiAFP (x) from the inquisitor beetle, TmAFP (ix) from the common yellow meal-worm beetle, 

and SfAFP (xi) from a snow flea. Secondary structure elements of the protein folds are coloured as 

follows: alpha-helical regions are blue, flexible coils are grey, while beta-strands are represented by 

golden arrows. This figure is adapted from Vrielink et al.5 
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Of the plant IBPs, only the structure of the IBP expressed in ryegrass, Lolium perenne, has been 

solved (vii), which also folds into a beta-solenoid.26 Meanwhile, most insect IBPs have a beta-solenoid 

fold, including sbwAFP from the spruce budworm (viii),27 TmAFP from the meal-worm beetle, Tenebrio 

molitor (ix),28 and RiAFP from the ribbed pine borer beetle, Rhagium inquisitor (x).29 Interestingly, both 

TmAFP and RiAFP also have in common at least one internal disulfide bond, which serve as an additional 

link between the two faces of the AFP. Certain insect IBPs exhibit disparate folds, such as the AFP 

expressed in the snow flea, Hypogastrura harveyi (xi), which consists of a bundle of polyproline type II 

helices rather than a beta-solenoid fold.30,31 Recently, the structure of an AFP expressed in the Lake 

Ontario midge (Chironomidae sp.) has been modeled, which folds into a solenoid (without beta secondary 

structure) that also contains a ladder of eight internal disulfide bonds.32 

The diversity of protein folds exhibited by IBPs suggests that they have arisen through 

convergent evolution to serve a common function, allowing their hosts to thrive in environments laden 

with ice.3 This may be most apparent for the type I AFP, which has evolved independently at least four 

times in fishes.33 However, it is important to note that convergent evolution is not the sole method by 

which organisms acquire IBPs. Another example is that of lateral gene transfer by which, for example, 

DUF3494 IBPs have been spread widely amongst both prokaryotes and eukaryotic microorganisms.34  

 

1.4 Mechanism of ice-binding exhibited by IBPs 

 
 
 Despite the differences in the overall structure of IBPs, most contain a relatively flat, somewhat 

hydrophobic surface, which is involved in ice-binding.3 These ice-binding sites (IBSs) tend to be made up 

of repeating arrangements of key amino-acid residues projecting outward from the protein, such as the 

TxT motif found in several insect IBPs, where X is a residue pointing inwards towards the protein 

core.28,29,35 Extensive research has been carried out to determine how the characteristics of the IBS allow 

IBPs to achieve their common goal of binding to ice. 
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Presently, the widely accepted mechanism of ice-binding is the adsorption:inhibition model, 

proposed by Raymond and DeVries in 1977.36 In this model, IBPs adsorb irreversibly to the surface of 

ice, confining the addition of more water molecules from the solution to the spaces between adsorbed 

IBPs. The addition of more water molecules in these spaces causes a microcurvature of the surface of the 

ice (Fig. 1.3A), which affects the exchange of water molecules between ice and the surrounding medium 

through the Kelvin effect.3,5,37 As the curvature of the ice between adsorbed IBPs increases, it becomes 

thermodynamically less favourable for water molecules to join the ice crystal from the surrounding liquid. 

Recently, molecular dynamics simulations of the interaction between the sbwAFP and ice show this 

induced curvature of the ice surface once IBPs are bound (Fig. 1.3B).38  

 The way in which residues on the surface of the IBS facilitate binding to ice has also been an area 

of extensive research. The initial hypothesis, called the Hydrogen Bonding Hypothesis, was that hydrogen 

bonding between residue side chains and water molecules within the ice was the main component of ice-

binding, given the prevalence of hydroxyl groups found in the residues of both AFGPs and type I AFP.3 

This theory seemed incomplete given the large number of hydrophobic groups found within the IBS of so 

many AFPs. Subsequently, the Hydrophobic Hypothesis was proposed,39 suggesting that water molecules 

in the immediate vicinity of hydrophobic side chains are constrained, and the binding of an IBP to the 

surface releases them into solution, resulting in an increase in entropy that is thermodynamically 

favourable for this binding event. 
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Figure 1.3. Mechanism of IBPs binding to ice.  

(A) In the adsorption:inhibition model of ice-binding, IBPs adsorbed to the surface of ice cause a 

microcurvature of the surface. Red circles represent IBPs. (B) Molecular dynamics simulations of 

sbwAFP (chainbow colouring) in the presence of seed ice crystals (dark blue) also result in curvature of 

the ice surface upon binding of the IBP. Light blue circles represent water molecules incorporated into the 

ice crystal, while the red arrow denotes the a-axis of the ice. (C) IBPs, such as the sbwAFP (teal), 

organize water molecules on the IBS in an orientation mimicking the quasi-liquid water (light blue) on the 

surface of ice (grey). Joining of IBS-bound water to this layer and eventual freezing allows IBPs to adsorb 

to the surface of ice. (D) The crystal structure of Region IV of MpIBP reveals bound water molecules 

(cyan) on the surface of the IBS, closely matching the orientation of water molecules in ice (red). Green 

spheres represent calcium ions. The black arrow represents the c-axis of ice. These figures were adapted, 

in order of appearance, from Vrielink et al.,5 Kuiper et al.,38 Nutt and Smith,40 and Garnham et al.25 
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Modelling of the interaction between IBPs and ice40,41,42 has helped lead to the currently accepted 

mechanism of ice-binding by IBPs, known as the Anchored Clathrate Water Hypothesis. In this 

mechanism, water molecules are ordered by functional groups within the IBS to form a series of ice-like 

waters on its surface, which mirrors the quasi-liquid layer of water on the surface of ice (Fig. 1.3C).3,40 

The IBP adsorbs to the surface of ice when these two layers merge and freeze. This mechanism received 

experimental support when the water molecules on the exposed IBS of both MpIBP25 and Maxi19 were 

determined through X-ray crystallography. When crystallized with Region IV of MpIBP (Fig. 1.3D), 

water molecules formed cages around methyl groups of the IBS, and were also close enough to the 

hydroxyl groups of polar side chains and amide groups of the polypeptide backbone to suggest hydrogen 

bonding “anchoring” was occurring. The orientation of these water molecules (shown in blue) closely 

matched those forming ice (shown in red), thus supporting this mechanism of anchored clathrate water 

molecules mediating adsorption of IBPs to ice. 

1.5 Ice crystal structure and shaping by IBPs 

 
 
 The predominant form of ice present within the range of temperature and pressure experienced on 

Earth is Ih ice.43 The freezing of water molecules into Ih ice gives rise to a crystal lattice of water 

molecules in which each oxygen atom is surrounded by four other oxygens in a tetrahedral coordination.43 

As a result of this arrangement, the oxygen atoms of the crystal lattice display hexagonal symmetry, and 

are grouped around of a series of parallel planes (called basal planes). Ice in the Ih arrangement can be 

characterized by the different axes of the ice crystal lattice, as well as the planes of ice and their 

corresponding Miller-Bravais indices (Fig. 1.4). Four axes define Ih ice, which include the c-axis and 

three axes that run perpendicular to the c-axis, a1, a2, and a3. The basal plane of ice {0 0 0 1}, along which 

water molecules are oriented with hexagonal symmetry, is perpendicular to the c-axis. Meanwhile, the 

primary prism plane {1 0 -1 0} and secondary prism plane {1 1 -2 0} are parallel to the c-axis. The 
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pyramidal planes of Ih ice, which include the {2 0 -2 1} plane, occur at angles that are not parallel nor 

perpendicular to the c-axis. 

 

 

 

Figure 1.4. Ih and its characteristic axes and planes.  

Ice Ih can be defined by four axes: the c-axis, and the a1, a2, and a3 axes, which are all perpendicular to the 

c-axis. The basal plane (pink) is perpendicular to the c-axis of the crystal, while the primary (yellow) and 

secondary (green) prism planes are parallel to this axis. The {2 0 -2 1} pyramidal plane (blue) is at an 

angle to both the c-axis and the a-axes. Miller-Bravais indices are shown for each indicated plane of ice. 

This figure was adapted from Vrielink et al.5 
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Ice crystals bound by IBPs are shaped into specific morphologies, depending on the planes of ice 

to which these IBPs can bind. Some IBPs are not able to bind to the basal plane – for example, type I AFP 

from the winter flounder can only bind to a pyramidal plane,44 while some type III AFPs have a 

compound IBS that imparts the ability to bind to both the primary prism and pyramidal planes.45 These 

IBPs stabilize the non-basal planes as ice continues to grow in the direction of the c-axis below the 

melting point, causing the ice to be shaped into hexagonal bipyramids. Shaping in this way minimizes the 

area of the unbound basal plane that is open to the addition of water molecules.5,46 There are also several 

IBPs that can bind to the basal plane, in addition to other planes of ice.47 Adsorbing to the basal plane 

prevents growth along the c-axis below the melting point, so ice is typically shaped by such IBPs into a 

rounder hexagonal morphology. 

1.6 Applications of IBPs in Biotechnology 

 
 
 Given their ability to depress the freezing point of a solution and inhibit ice recrystallization, IBPs 

solve a variety of problems relating to ice growth at subzero temperatures. Within the food industry, 

frozen foods can experience ice recrystallization, which reduces their quality. This problem has been 

ameliorated in the past by adding IBPs during storage at subzero temperatures. For example, IBPs have 

been used to inhibit ice recrystallization and maintain the aesthetic quality of both ice cream48 and frozen 

meat.49 IBPs have also been claimed to improve the cryopreservation of cells,50 tissues,51 and embryos.52 

It should be noted that fish IBPs may not be suitable for this purpose, due to their shaping of ice crystals 

into relatively sharp hexagonal bipyramids that can damage cells.53 

 IBPs can also be transgenically expressed in organisms that do not naturally express IBPs, to 

confer either freeze tolerance or freeze resistance at subzero temperatures. In an innovative study carried 

out by Fletcher et al.,54 the type I AFP gene from the winter flounder (Pseudopleuronectes americanus) 

was transgenically expressed in the Atlantic Salmon (Salmo salar) in an attempt to improve its ability to 

survive at subzero temperatures and allow for its farming in the Northern Atlantic Ocean. Heisig et al. 
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also reported the expression of the tick (Ixodes scapularis) AFGP in a mouse model, imparting increased 

protection against frostbite.55  

There is also the possibility of transgenically expressing IBPs in certain plants in order to impart 

freeze resistance or freeze tolerance to these organisms, especially in the case of cash crops that pose a 

risk of financial loss to farmers if harvests are damaged by frost.4,56 To this end, the transgenic expression 

of insect IBPs has shown promise: Lin et al. reported the generation of a line of Arabidopsis thaliana 

expressing DAFP-1 and DAFP-4 from the fire-coloured beetle (Dendroides canadensis), which exhibited 

a reduced freezing temperature over the wild-type plant.57 It should also be noted that a prime candidate 

plant for conferring either freeze tolerance or freeze resistance through the transgenic expression of IBPs 

would be one that is already cold tolerant but still susceptible to freezing,4 rather than one that is cold 

sensitive to begin with. 

 Due to the cost associated with synthesizing protein on a large scale, it is pertinent to use IBPs 

that exhibit the greatest amount of activity, so that the use of these proteins is as cost-effective as possible. 

To this end, there have been several successful attempts to increase the activity of IBPs at the same molar 

concentration, generating more attractive constructs to use for these biotechnology applications.  

1.7 Measuring AFP Activity 

 
 

The extent to which IBPs can act as both biological antifreezes and inhibitors of ice 

recrystallization can be quantified using established methods. The former activity is quantified by 

measuring the thermal hysteresis (TH) gap imposed by an AFP in solution, or the difference in 

temperature between the freezing point and the melting point.3 In solutions lacking AFPs, these values are 

equal – ice crystals will grow at temperatures below the melting/freezing point, and shrink at temperatures 

above this point. However, as mentioned above, once AFPs are bound to the ice and induce a 

microcurvature of its surface, the freezing point is reduced through the Kelvin effect.37 It has also been 

found that the binding of AFPs causes a slight increase in the melting temperature as well, further 
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increasing this gap.58 TH can be quantified by visualizing a single ice crystal immersed in an AFP 

solution under a microscope, while situating the solution on a cooling stage that allows the temperature to 

be tightly controlled.59 The solution is brought to the temperature corresponding to the melting point of 

the ice crystal, then gradually lowered until the freezing point is reached. Once the freezing point is 

surpassed, the ice crystal “bursts”, as the AFPs can no longer contain the growth of ice (Fig. 1.5).  

TH exhibited by an AFP is typically concentration dependent, with activity curves resembling a 

rectangular hyperbola in which activity increases sharply at low concentrations, but eventually 

approaches a plateau. Interestingly, TH activity has been found to vary significantly amongst different 

AFPs at the same concentration.4 This distinction was first noticed between fish AFPs and those of 

insects, with the insect AFPs generally showing an increase in activity over fish AFPs of one to two 

orders of magnitude.60 Close inspection of the ice crystal morphology imposed by different AFPs, and the 

burst patterns of ice below the AFP-induced freezing point, led to the distinction between AFPs that are 

‘moderately active’ and those that are ‘hyperactive’.   

The difference between moderately active and hyperactive AFPs appears to be the ability of 

hyperactive AFPs to bind to the basal plane of ice.3,60 Binding to this plane prevents ice growth in the 

direction of the c-axis, providing additional stability to ice crystals at lower temperatures. When the 

freezing point of the solution is surpassed, ice crystals bound by moderately active AFPs will burst 

parallel to the c-axis, as there is exposed basal plane at the apices of crystals shaped into hexagonal 

bipyramids through which ice can grow. However, ice bound by hyperactive AFPs is blocked from 

growing through the basal plane, and bursts normal to the c-axis at much lower temperatures. 
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Figure 1.5. Effects of AFPs on ice crystal growth.  

In solutions lacking AFPs (left), ice crystals (light blue) have a freezing point (FP) that is equal to the 

melting point (MP), and exhibit a disk-like morphology. Their size decreases at temperatures above the 

MP, and increases at temperature below the FP. In the presence of AFPs (right), bound AFPs (red circles) 

cause a decrease in the FP of the solution, as well as a small increase in the MP. Ice crystal size is held by 

the AFPs until the FP is reached, at which point the crystal will burst. A red arrow signifies increasing 

temperatures, while the light blue arrow signifies decreasing temperatures. Black arrows indicate the c-

axis of the ice crystal. This figure is modified from Davies.3 
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Ice recrystallization inhibition is quantified through a technique called the Splat cooling assay, 

which allows the size of individual ice grains to be monitored for recrystallization over time. In the splat 

assay, ice wafers are generated through snap freezing and are incubated at subzero temperatures. During 

incubation, the size of ice grains are visualized under a microscope.61 Activity is quantified by 

determining the dilution of the IBP solution at which ice recrystallization can no longer be inhibited, i.e., 

when ice grains approach the same diameter as those in the absence of IBPs. IRI has also been quantified 

by computationally  measuring the mean grain size.47 However, such measurements have been carried out 

over incubation periods of only 2 hours, which our group finds to be insufficient for the observation of ice 

recrystallization. 

1.8 Engineering AFP Activity 

 
 
 Over the years, several innovative strategies have been used to increase the activity of AFPs.4 

These strategies were developed as a result of extensive research into the mechanism of action by AFP at 

the surface of ice, as well as the characterization of novel AFP isoforms as they were discovered. 

One of the most basic methods of increasing AFP activity, that of increasing the molecular weight 

of the ice-bound construct, was discovered while attempting to elucidate the organization of AFPs bound 

to the ice surface. Wen and Laursen62 had proposed a mechanism in which AFPs interact not just with the 

ice but also with each other to form ‘patches’ of AFPs on the ice surface. To test this theory, type III AFP 

was genetically fused to three different domains: an inactive domain of type III AFP, thioredoxin, and 

maltose-binding protein (MBP). However, the resulting AFP fusion proteins, which would be sterically 

impeded from assembling into such patches on the surface of ice, exhibited greater activity than type III 

AFP at the same molar concentration, not less activity (Fig. 1.6A).4,63 In fact, it was found that AFPs 

fusion proteins of greater molecular weight were more active than those of lesser molecular weight, and it 

was proposed that larger constructs bound to the surface of ice are more difficult for the ice to overgrow 

than smaller constructs.63 
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It was through the study of natural AFP isoforms that another factor contributing to increased 

activity was discovered: that of connecting AFP domains together. The AFP in question was the type III 

AFP from the Antarctic eel pout (Rhigophila dearborni), which is expressed as both a monomer and a 

ditandemer that is twice as active on a molar basis compared to the monomer.64 The type III AFP 

ditandemer, termed RD3, contains two domains of the AFP connected by a 9-residue linker sequence that 

allows both AFP domains to bind to the surface of ice. Nishimiya et al.65 expanded on the design of the 

natural type III ditandemer by genetically fusing combinations of the N terminal and C terminal domain 

together, generating multimers with 2-4 AFP domains. When the activity was compared on a ‘per-

particle’ basis (one multimer to one monomeric AFP) or a ‘per-AFP’ basis (one linked AFP to one 

monomeric AFP), constructs with more AFP domains were more active at the same concentration.  

Although the tandemers of type III AFP showed an increase in activity with additional domains, it 

was not clear to what extent this was due to the increased protein size or the increased number of IBSs. 

To answer this question, TH activity was measured for three constructs and compared against the 

monomeric QAE1 isoform of type III AFP66 (i) and each other (Fig. 1.6B): (ii) two type III AFPs joined 

through a disulfide bond, generating a multimer in which the IBS of each domain was oriented in the 

opposite direction, (iii) the type III AFP genetically fused to an inactive form of the AFP, where the IBS 

had been inactivated by mutation, and (iv) a recombinant QAE1 type III AFP ditandemer, in which the 

IBS of each domain is oriented in the same direction.67 The type III AFP ditandemer showed a 2-fold 

increase in activity over the monomer, while the fusion between an active and inactive AFP showed only 

a 1.2-fold increase in activity, denoting the combined effects of increasing the size of the construct and 

the number of IBSs. The advantage of having multiple IBSs that can engage with the surface of ice 

simultaneously was highlighted by the disulfide-linked dimer, which showed greater activity than the 

monomer but less activity than the ditandemer at the same molar concentration.67  

The characterization of AFP isoforms expressed in other organisms has shed light on another 

strategy to increase the activity of AFPs, this time pertaining to the surface area of the IBS of an AFP. 
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First, the winter flounder produces an isoform of the type I AFP with an IBS that is approximately 33% 

larger than that of the HPLC-6 isoform, and is also approximately twice as active.68,69 In addition, 

sbwAFP is expressed as both small and large isoforms that differ by two coils in their beta-solenoid 

structures. The presence of two additional coils in the large isoform was found to increase the surface area 

of the IBS by approximately 40%,69 and this isoform displayed a 3-fold increase in activity over the small 

subunit.27 Finally, the snow flea expresses both small and large isoforms of its AFP, the larger of which 

displays several-fold greater activity compared to the small isoform.70 The large isoform of this AFP was 

modelled as a type-II helix consisting of 13 helices (the small isoform contains 6) and a putative IBS that 

is roughly twice the size as that of the small isoform.71  

Beta-solenoid AFPs represent an interesting case where the IBS can be extended through the 

addition of coils to the protein. In theory, a larger IBS would increase the number of water molecules that 

could be organized on the surface of the IBP, increasing the likelihood of a successful adsorption of the 

IBP to the surface of ice. This strategy was applied to TmAFP, which consists of repeating units of the 

consensus sequence TCTxSxxCxxAx.69,72 When 1-2 additional coils were added to the AFP (the wild-

type contains 7), there was a substantiated increase in TH activity at the same molar concentration, while 

the subtraction of a coil resulted in a 4-fold loss in activity at all concentrations (Fig. 1.6C). However, this 

trend was not maintained, as the addition of two more coils lowered the TH activity, hinting that the 

addition of too many coils eventually compromises the flatness of the IBS.69  

 The above strategies of increasing AFP activity – increasing total molecular weight, 

increasing the number of IBSs contained within a structure, and increasing the total surface area of the 

IBS – can be combined through the chemical conjugation of AFPs to branched polymers with multiple 

reactive termini. Can and Holland74 conjugated a recombinant form of the type I AFP expressed in the 

winter flounder via its C terminus to polyallylamine chains. The reaction product showed a 2-fold 

increase in TH activity compared to the same concentration of the monomeric AFP. Later, Stevens et al.73 

built on this strategy by conjugating type III AFP to the termini of a second-generation polyamidoamine 
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(PAMAM) dendrimer using a heterobifunctional crosslinker (Fig. 1.6D). Dendrimer-linked AFPs 

exhibited more than a 4-fold increases in TH activity when compared on either a ‘per-particle’ basis or a 

‘per-AFP’ basis, and showed an 18-fold increase in IRI activity as well as greater recovery from heat 

denaturation. 

Despite the success experienced conjugating AFPs to these scaffolds, the efficiency of the linkage 

reactions was not optimal. In the Can and Holland study, the number of recombinant type I AFPs 

connected to polyallylamine could not be quantified through chromatography, NMR, or amino acid 

analysis; so the concentration had to be based on both conjugated and unreacted type I AFP in solution.74 

For dendrimer-linked AFPs, mass spectrometry showed that only 6-11 of the 16 termini possessed by the 

PAMAM dendrimer were occupied by type III AFP, so the average number of 9 linked AFPs had to be 

used in ‘per-AFP’ comparisons of activity.73 
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Figure 1.6. Strategies for increasing AFP activity.  

(A) TH activity was compared over a range of concentrations when the 7-kDa type III AFP (pink) was 

genetically fused to domains with increasing molecular weight, generating constructs of 15 (green), 20 

(orange), and 50 (purple) kDa. (B) Type III AFP (pink) was also connected to a second type III AFP 

oriented in the opposite direction via a disulfide bond (green), fused to an inactive form of the AFP 

(orange), and fused to an active form oriented in the same direction (purple). (C) TH activity was also 

compared for constructs of the beta-solenoid TmAFP consisting of 1 fewer coil than the wild-type (pink), 

the number of coils displayed by the wild-type (green), as well as 1 (orange) or two (purple) extra coils. 

(D) Type III AFP (grey) was conjugated to the reactive termini of a second-generation PAMAM 

dendrimer through reaction with the heterobifunctional cross-linker SM(PEG)2. The compound IBS of 

type III is shown, with the primary prism plane binding site shown in magenta and the site binding to the 

pyramidal plane shown in cyan. The TH activity of the dendrimer-linked AFP (black) was compared on a 

‘per-particle’ basis to the monomeric type III (red) and the MBP-type III fusion protein (blue). Error bars 

indicate one standard deviation from the mean. This figure was modified, in order of appearance, from 

Bar Dolev et al.4 and Stevens et al.73 
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1.9 AFP multimerization through self-assembly 

 
 

Multimerization of AFPs has proven to be a viable option for significantly increasing ice-binding 

activities, as shown by the increased activity measured when AFPs were conjugated to branched organic 

molecules.74,73 However, a new strategy is necessary to fully occupy the available reactive termini so that 

new designs display as many AFPs as possible. If AFPs were to self-assemble into multimers, it would 

eliminate the need for chemical conjugation reactions with non-optimal levels of efficiency. These 

multimers would combine the strategies of having multiple IBSs on the same structure, making it more 

likely for the multimer to have a favourable interaction with the surface of ice (Fig. 1.7A), while also 

forming a larger structure bound to the ice that is more difficult to overgrow (Fig. 1.7B). 

Nature abounds with examples of protein subunits that can self-assemble into higher-order 

structures. The interactions between subunits are typically of non-covalent interactions like hydrogen 

bonds, electrostatic interactions, and van der Waals contacts, and can be incredibly specific for the 

subunit with the complementary binding site.75 Protein oligomers tend to be more resistant to degradation 

than monomeric proteins,76,77 and can maintain stable interactions over long periods of time.75 All of these 

characteristics are attractive for our goal of generating AFP multimers. However, AFPs exist almost 

exclusively as monomers, except for the alpha-helical fish AFP Maxi and type II AFP in smelt, which 

assemble into dimers.19,78 

Fortunately, we can use protein engineering techniques to convert protein oligomers into 

scaffolds for AFP multimerization. Each potential oligomer contains subunits with N and C termini, 

which can act as the available termini for the connection of AFPs through genetic fusion. An advantage of 

this strategy is the mechanism through which the AFPs are connected to the self-assembling subunits. The 

AFP and oligomer domains would be transcribed and translated in tandem, meaning that each oligomer 

subunit would be connected to an AFP during the synthesis of the protein. 
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Figure 1.7. Self-assembling IBPs and their advantages as ice-binding particles.  

(A) Two-dimensional representation of IBPs (grey) near ice (light blue lines), each with a certain number 

of organized water molecules (blue circles) on its IBS. A multimer consisting of self-assembling IBPs 

would have the capacity to organize a greater number of water molecules on its surface. (B) 

Microcurvature of the ice surface by bound IBPs. Due to the greater size of the IBP multimer, the 

construct would be more difficult for the ice to overgrow. This figure was adapted from Phippen et al.79 
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1.10 Designing novel protein assemblies 

 
 

In some cases, existing protein assemblies may not be adequate for the intended application.80 In 

the context of decorating protein domains on their surface, certain oligomers may have occluded N or C 

termini, or they may not have the correct dimensions to act as adequate scaffolds for multimerization. To 

expand the repertoire of existing protein oligomers available for this and other applications, there has 

been substantial research carried out over the past 20 years to engineer novel protein assemblies.  

The first foray into generating these novel assemblies occurred in the late 1990’s, when Padilla et 

al.81 genetically fused the subunits of two different oligomers together, connected to each other by a 9-

residue helical linker. The use of a relatively rigid linker allowed the binding sites of subunits to be 

oriented at a specific angle relative to each other, causing the fusion proteins to assemble into a 12-

subunit enclosed protein cage. Assembly of the cage was confirmed through electron microscopy81 and 

later by X-ray crystallography.82 

With advances in computational tools for protein modelling, it has become possible to accurately 

design binding sites between proteins which would not normally interact.80 One such innovation is the 

Rosetta macromolecular modelling suite.83 Within this program, the known structures of protein 

oligomers from the Protein Data Bank (PDB) are oriented in three-dimensional space along the axes of 

symmetry of a given symmetry group (Fig. 1.8A). Once positioned along these axes, the orientation of the 

structures is altered through two degrees of freedom: rotation around the axis of symmetry and translation 

along the same axis (Fig. 1.8B).84 While altering the orientation of the oligomers, the arrangement is 

scored by the Rosetta program based on how suitable the new interfaces between oligomers are for the 

design of novel binding sites. This best score is given to interfaces situated in well-anchored regions of 

the oligomers,84 in which mutations to residues will not cause great changes in the overall structure of the 

subunits. Once the oligomers are positioned in an optimal orientation (Fig. 1.8C), the RosettaDesign 

function of this program is used to select which residues at the interface between oligomers to mutate as a 

means of generating novel binding sites between the oligomers (Fig. 1.8D). Residues are strategically 
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mutated to generate a binding site consisting of a hydrophobic core flanked on the outside by 

complementary polar contacts (Fig. 1.8E).84 

Computational design of novel interaction interfaces between protein subunits has generated 

several new protein assemblies forming two-dimensional arrays85,86,87 or three-dimensional protein 

cages84,88 and crystals.89 In several cases, additional features have been incorporated into the design of 

these binding sites, such as metal-binding sites,87 providing a greater level of control over assembly into 

higher-order structures. Furthermore, assemblies can be designed containing more than one set of 

oligomers, so that self-assembly will only occur when both subunit types are present.84 

 Several innovative applications have been proposed for assemblies that organize protein subunits 

in such an ordered and repetitive arrangement. Two-dimensional protein arrays could be used to coat 

surfaces, modifying them with specific chemical and physical properties.90 Protein cages have been 

shown to enclose other proteins,91,92 which could be applied to the storage and transport of a variety of 

cargoes. Finally, the multivalent display of any of the above-mentioned assemblies with monomeric 

proteins, such as enzymes, vaccines, or AFPs, could enhance their respective activities. 
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Figure 1.8. Computational design of novel protein assemblies using Rosetta.  

(A) The T33 architecture used to generate protein cage designs in Rosetta, which consists of two 

overlapping tetrahedral point groups to which the two components of the designs are oriented. Each solid 

line represents a C3 axis of symmetry. The colour in the accompanying triangle signifies which trimer 

will be aligned along which axis. (B) Arrangement of two sets of trimers, designated trimer A (blue) and 

trimer B (green) along the C3 axes of the tetrahedral point groups. To achieve the optimum orientation of 

the trimers for generating novel binding sites, translation (r) and rotation (ω) of the trimers along the C3 

axes can be manipulated. (C) The highest-scoring orientation of trimers for the protein cage design prior 

to strategic mutation of subunit residues. (D) Interface between A and B subunits of the protein cage prior 

to mutation of the subunits with RosettaDesign. (E) Interface between A and B subunits after strategically 

mutating residues to generate a novel binding site. For residue side-chains, oxygen atoms are coloured red 

while nitrogen atoms are coloured blue. This figure was adapted from King et al.84 
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1.11 Protein assemblies used as scaffolds for AFP multimerization 

 
 
 In a seminal paper published in 2014, King et al.84 set out to develop protein cages with an 

additional layer of control over self-assembly: by designing cages consisting of two sets of subunits, the 

subunits would only assemble into higher-order structures when both subunits were present in solution. 

Among the novel two-component protein assemblies designed by the King et al. is the design T33-21, a 

24-subunit protein cage (Fig. 1.9A).84 T33-21 contains 12 subunits each of both an A subunit and a B 

subunit. The A subunit was originally derived from PH0671 (PDB ID: 1WY1), a trimeric transferase 

expressed in Pyrococcus horikoshii.93 The B subunit, meanwhile, was derived from a putative 5-

carboxymethyl-2-hydroxymuconate isomerase (PDB ID: 3E6Q) expressed in Pseudomonas aeruginosa 

that forms a natural trimer.94 After orienting the native trimers in three-dimensional space using Rosetta, 

22 mutations were made at the interface between the trimers, generating the subunits of the protein cage. 

Within the assembled cage, A and B subunits are arranged into 4 trimers each, and oriented relative to 

each other with tetrahedral point group symmetry, giving the overall assembly a dual tetrahedral design.84  

 T33-21 was found to assemble both in vivo, when co-expressed in E. coli, and in vitro, when A 

and B subunits were expressed individually in E. coli and then subsequently combined in solution.84 It is 

during in vitro assembly that the additional control over assembly imposed by designing two-component 

protein cages is showcased. When the A and B subunits were analyzed individually through size-

exclusion chromatography (Fig. 1.9B), they each eluted later than the protein cage, indicating that they 

had only assembled into their respective trimers.84 The later elution of the trimers from the column 

revealed that, as intended, the subunits will only assemble into the designed protein cage when they are 

together in solution. 
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Figure 1.9. Design and characterization of the protein cage T33-21.  

(A) Design model of T33-21, consisting of 12 A subunits (green) and 12 B subunits (blue). The black 

scale bar represents a distance of 50 Å. (B) Size-exclusion chromatograms for T33-21 and its individual 

subunits. The dashed line represents elution of A subunit trimers, the dotted line represents elution of B 

subunit trimers, and the solid line represents the elution when A and B subunits are combined in vitro. (C) 

Negative-stain electron micrograph of T33-21 particles. Inset are two different class averages of the 

protein cages, viewed from different angles (left), shown beside the back-projection of the design model 

from the same angle (right). (D) Backbone alignment of the crystal structure of T33-21 against the design 

model. The A subunit is shown in green, the B subunit is shown in blue, and the design model containing 

both subunits is shown in grey. For residue side-chains, oxygen atoms are coloured red, nitrogen atoms 

are coloured blue, and sulfur atoms are coloured yellow. This figure was adapted, in order of appearance, 

from Phippen et al.79 and King et al.84 
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Once purified, the assembly of T33-21 was confirmed through negative-stain electron 

microscopy. Micrographs revealed individual particles with dimensions approximately matching those 

expected for the protein cage (Fig. 1.9C).84 In addition, the structure of T33-21 was solved in two 

different space groups, at resolutions of 2.1 Å (PDB ID: 4NWP) and 2.8 Å (PDB ID: 4NWQ). Not only 

did the crystal structure of T33-21 confirm its assembly, it also revealed that the structure of the protein 

cage matched that of its design model to a high degree (Fig. 1.9D), exhibiting backbone root mean square 

deviation (r.m.s.d.) values of 2.0 and 1.5 Å, respectively.84  

The Rosetta program has also been used to generate protein subunits that self-assemble into two-

dimensional arrays. Of particular interest to this project were those designed by Gonen et al.,85 who used 

a similar strategy of aligning oligomers in the optimal orientation with Rosetta before generating novel 

binding sites between oligomers using RosettaDesign. In this case, the designs were one-component 

assemblies, containing homo-oligomers that were aligned to neighbouring oligomers either in a parallel or 

anti-parallel fashion.85  

The design of particular interest in this project is that of p4Z_9,85 a two-dimensional homo-

oligomer originating from the β2 subunit of prefoldin, a chaperone protein expressed in the archaeon 

Thermococcus strain KS-1.95 An originally tetrameric protein (Fig. 1.10A-B), the prefoldin subunit was 

mutated at 10 different amino acids in order to generate a novel binding site.85 At this site, p4Z_9 subunits 

will interact with each other, causing tetramers to self-assemble in an anti-parallel fashion to generate the 

two-dimensional array (Fig. 1.10C). The assembled p4Z_9 arrays were designed to span approximately 8 

nm in thickness, as a result of the staggered arrangement between adjacent tetramers in the array.85 

Assembled p4Z_9 was characterized using negative stain electron microscopy, which showed arrays 

spanning up to 1 µm in length (Fig. 1.10D). Subunits the p4Z_9 design model could also be easily fit into 

the unstained spaces in the micrograph (Fig. 1.10E), confirming that the array was assembling as 

expected.85  
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Figure 1.10. Design and characterization of the one-component, two-dimensional array p4Z_9.  

(A) Side-view of p4Z_9 tetramer, with individual subunits coloured orange, blue, cyan, and green. (B) 

Top-view of p4Z_9 tetramer, with subunits coloured as previously described. The white scale bar 

represents 20 Å. (C) Model of an assembled two-dimensional array of p4Z_9 tetramers. Alternating 

tetramers are coloured either tan or purple. The black scale bar represents 2 nm. (D) Negative-stain 

electron micrograph of a p4Z_9 array. The white scale bar represents 50 nm. The left inset is the Fourier 

transform calculated for the micrograph. Right inset is the array at a higher magnification. The black scale 

bar represents 5 nm. (E) Overlay of the design model for the p4Z_9 array and the electron micrograph 

under the higher magnification. Alternating tetramers are coloured either tan or purple.  This figure was 

adapted from Gonen et al.85 
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Both of the above-mentioned protein assemblies, T33-21 and p4Z_9, represent attractive 

scaffolds that can be used in the multimerization of AFPs. Each assembly contains C termini that project 

away from the assembly and can act as sites for the genetic fusion of AFPs. In the case of T33-21, the C 

termini of the B subunit project away from the protein cage in all directions. Those of p4Z_9 project 

outward from both sides of the two-dimensional array, due to the antiparallel orientation of p4Z_9 

tetramers relative to each other. As described above, both designs have also been structurally 

characterized and their assembly confirmed through various methods.84,85  

Chapters 2 and 3 of this work describe the genetic fusion of select AFPs to the subunits of these 

assemblies. I predict that this strategy will achieve the goal of producing AFP multimers with complete 

occupancy of the targeted termini. My main hypothesis heading into this project is that the multivalent 

display of AFPs on the surface of these oligomers will increase the ice-binding activities of such AFPs, 

due to the increased size of the structures bound to the surface of the ice crystals, and the organization of 

multiple IBSs onto a single structure that are able to bind to its surface. 
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Chapter 2 

Multivalent display of antifreeze proteins by fusion to self-assembling protein 

cages enhances ice-binding activities 

2.1 Abstract 

 
 

Antifreeze proteins (AFPs) are small monomeric proteins that adsorb to the surface of ice to 

inhibit ice crystal growth and impart freeze resistance to the organisms producing them. Previously, 

monomeric AFPs have been conjugated to the termini of branched polymers to increase their activity 

through the simultaneous binding of more than one AFP to ice. Here, we describe a superior approach to 

increasing AFP activity through oligomerization that eliminates the need for conjugation reactions with 

varying levels of efficiency. A moderately active AFP from a fish and a hyperactive AFP from an 

Antarctic bacterium were genetically fused to the C termini of one component of the 24-subunit protein 

cage T33-21, resulting in protein nanoparticles that multivalently display exactly 12 AFPs. The resulting 

nanoparticles exhibited over 50-fold greater freezing point depression than that seen with the same 

concentration of monomeric AFP and a similar increase in the level of ice-recrystallization inhibition. 

These results support the anchored clathrate mechanism of binding of AFPs to ice. The enhanced freezing 

point depression could be due to the difficulty of overgrowing a larger AFP on the ice surface, and the 

improved ice-recrystallization inhibition to the ability of the nanoparticle to simultaneously bind multiple 

ice grains. Oligomerization of these proteins using self-assembling protein cages will be useful in a 

variety of biotechnology and cryobiology applications. 
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2.2 Introduction 

 
 

Ice-binding proteins (IBPs) are typically small (3-30 kDa) single-domain proteins capable of 

adsorbing to the surface of ice.3,5 IBPs were first found in fishes and arthropods where they are able to 

inhibit ice crystal growth and convey freeze resistance to the organism. These IBPs are commonly known 

as antifreeze proteins (AFPs). Other IBPs convey freeze tolerance to organisms, such as plants, which 

allows them to survive the formation of ice in their tissues by inhibiting ice recrystallization.96 

IBPs exhibit a variety of folds, an observation that has been attributed to their recent independent 

evolution in multiple species.3,5,33 However, despite these differences in overall structure, IBPs have in 

common a flat, relatively hydrophobic face, which acts as the ice-binding site (IBS) of the protein. The 

IBS has been predicted40,97 and shown25 to orient water molecules into an ice-like lattice, which merges 

with the quasi-liquid layer on ice that then freezes the IBP onto its surface. This freezing adsorption of 

IBPs to ice causes a microcurvature of the crystal surface, making it thermodynamically more difficult for 

water molecules to add to the crystal.37,38 This binding and altering of the ice crystal surface results in a 

depression of the freezing point of the ice-containing solution, as well as a slight increase in melting 

point, a phenomenon termed thermal hysteresis (TH).3,5 

IBPs are increasingly being used in biotechnology and cryobiology.48,49,98  For all of these 

applications, increasing the activity of IBPs would be beneficial from a cost perspective. Similar levels of 

TH and ice-recrystallization inhibition could be achieved with lower concentrations of IBP. Also, the 

temperature to which materials might be cooled without freezing could be lowered. 

 Several factors increase IBP activity.4 Both TH and ice-recrystallization inhibition activity 

increase with an increase in IBP concentration, even though IBP adsorption to ice is irreversible.38,36,99 

This occurs in part because ice binding by IBPs is a diffusion-controlled reaction, with the rate-limiting 

step being the IBP coming into contact with the ice and making a productive bonding interaction. For the 

latter to occur, there should be sufficient ice-like waters on the IBS of the IBP to merge with and freeze to 

the quasi-liquid layer around ice. To increase the number of ice-like waters, two strategies have been 
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employed. One is to increase the surface area of the IBS; the other is to link together a number of IBSs 

that can simultaneously bind ice. In nature, the former strategy manifests in natural isoforms that have 

additional sequence repeats that expand the surface area of the IBS.100,101,27,71 This strategy has been 

mimicked for a β-solenoid AFP by increasing the number of helical coils.69 

The second strategy, of having more than one IBS, also occurs in nature with a natural dimer of 

type III AFP from the Antarctic eel pout (Rhigophila dearborni).64 Nishimiya et al. assessed the activity 

of linear multimers of the type III AFP by recombinantly linking monomers and dimers to form a chain 

up to four AFPs long.65 These authors noted that an increase in thermal hysteresis activity was apparent on 

both a molar basis and a per domain basis. To help tease out the contributions of size and number of ice-

binding sites to TH activity, a recombinant type III AFP dimer was synthesized from a duplicated 

monomer.67 The dimer was twice as active as the monomer, whereas genetically fusing the AFP to one 

that is inactive or facing the opposite direction only resulted in a 1.2-fold increase in activity. In another 

example of this strategy, a recombinant form of the single alpha-helix type I AFP was conjugated via its 

C-terminal end to the primary amines of polyallylamine chains.74 The effects of AFP multimeric 

conjugation have also been investigated by conjugating the globular 7-kDa HPLC12 isoform of type III 

AFP from the ocean pout (Macrozoarces americanus) through a C-terminal cysteine residue to a second-

generation polyamidoamine (PAMAM) dendrimer using a heterobifunctional cross-linker.73 AFPs that 

were conjugated to polyallylamine chains and PAMAM dendrimers exhibited 2-fold and >4-fold 

increases in TH activity, respectively, compared to the monomeric AFP. AFPs bound to PAMAM 

dendrimers also exhibited 8-10-fold greater ice-recrystallization inhibition. 

Conjugating AFPs to branched molecules such as polyamidoamine or polyallylamine involved 

chemical reactions with varying degrees of efficiency, which affected the number of AFPs actually 

incorporated into the structures. The number of type I AFPs attached to polyallylamine was not 

quantified,74 while mass spectrometry revealed that 6-11 AFPs out of a maximum of 16 were connected to 

the PAMAM dendrimers.73 To overcome this limitation and present more AFPs together as one unit, we 
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genetically fused them to the termini of self-assembling protein subunits that form oligomers. Using this 

strategy, AFPs are connected to the oligomers in a defined stoichiometry during biosynthesis, ensuring 

maximum occupancy of AFPs on the termini of the self-assembling subunits.  

Protein self-assembly is employed by many proteins in nature for specific structural or functional 

purposes.102,103,104 Existing protein assemblies have been altered in the past by genetically fusing 

additional domains in a manner that decorates their surface, generating multimers out of normally 

monomeric proteins.105 However, it has been reasoned that novel assemblies must be generated to have 

protein multimers that suit the functional needs of specific biotechnology applications.80 

Designing novel protein assemblies has been a long-standing goal in biotechnology.90 In a 

pioneering study 15 years ago, the subunits of two existing oligomers were genetically fused to generate a 

12-subunit protein cage with tetrahedral point group symmetry.81 With increases in computing power and 

the development of new design methods, substantial progress has recently been made in the 

computational design of novel protein assemblies. Using the RosettaDesign software,83 it has been 

possible to design novel interaction interfaces between existing oligomers to generate a variety of protein 

assemblies such as one-component88 and two-component84 nanoparticles and two-dimensional protein 

arrays.85 

Here, we describe the development of a set of fusion proteins that incorporate AFPs onto the 

surface of the designed assembly T33-21, a 24-subunit protein cage with tetrahedral symmetry.84 This 

structure contains two types of subunits, designated T33-21A and T33-21B, each of which form four 

homotrimers within the assembly (Fig. 2.1A). The developed fusion proteins consist of the T33-21B 

subunit connected via a helical linker to one of two AFPs. First, T33-21B was fused to the moderately 

active type III AFP expressed in the ocean pout, Macrozoarces americanus (Fig. 2.1B).21 Separately, it 

was also fused to SfIBP, a hyperactive AFP secreted by the Antarctic bacterium Shewanella frigidimarina 

(Fig. 2.1C). 
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Figure 2.1. Design of self-assembling AFP multimers. 

(A) Surface representation of the design model for the self-assembling protein cage T33-21 consisting of 

four T33-21A trimers (light green) and four T33-21B trimers (violet), with like trimers arranged with 

tetrahedral point group symmetry. (B) Model of the type III AFP multimer, which consists of T33-21 

with type III AFP (grey) decorating the surface. The compound ice-binding site of type III AFP is also 

shown, with the pyramidal plane-binding segment coloured in orange and the primary prism plane 

segment in cyan.  Each AFP is attached to the C-terminus of a T33-21B subunit by a helical linker 

(yellow). (C) Model of the SfIBP multimer, which consists of T33-21 decorated on the surface with 12 

SfIBPs (orange). The putative ice-binding site of the AFP is also shown, coloured in teal. Included below 

each model are diagrams representing the domain architecture of both the A and B subunits of T33-21, as 

well as the AFPs genetically fused to the B subunit. Residue numbers are indicated below the bars. 
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2.3 Materials and Methods 

 

2.3.1 Design of the AFP-containing T33-21 multimers 

The models of four two-component protein cages (T32-28, T33-15, T33-21, and T33-29)84 were 

examined in PyMOL106 to find a design containing outward-facing C termini that could be easily targeted 

for the genetic fusion of an AFP. The protein cage T33-21 was chosen to present the AFPs on its surface, 

as the B subunit of this design has such an outward facing C-terminus and the pET-29b expression vector 

encoding this design contains a single XhoI site immediately downstream of the gene for this subunit.  

Genes encoding the A and B subunits of T33-21 are found on the same pET-29b vector and are flanked 

by upstream NdeI sites, while only the gene encoding the T33-21B subunit is flanked by a downstream 

XhoI site (Fig. 2.S1A). To join AFPs to the C terminus of the T33-21B subunit, synthetic genes coding 

for the AFPs (GeneArt) were flanked on both sides by XhoI sites (Fig. 2.S1B). One gene encoded the 

sequence of the fully active HPLC12 isoform of type III AFP from Macrozoarces americanus (PDB ID: 

1HG7), which has the C-terminal residues YPPA replaced by YAA.66 The other gene contained the 

sequence for SfIBP from Shewanella frigidimarina (Accession: WP_011636492). Each gene also encoded 

an N-terminal helical linker with the sequence AEAAAKEAAAKA, to extend the AFP away from the C 

terminus of the T33-21B subunit and reduce the likelihood of steric interference with self-assembly. A 

model of the type III multimer (Fig. 2.1) was generated in PyMOL106 using the design model for T33-2184 

and the crystal structure of type III AFP.107 A model of the SfIBP multimer was made in a similar fashion, 

using the design model for T33-21 and a model for SfIBP generated using the Phyre2 server.108 

2.3.2 Cloning 

AFP-encoding genes were ligated into the two-component pET-29b expression vector encoding 

the T33-21 subunits. Briefly, 1 µg of the vector was digested with XhoI and then with shrimp alkaline 

phosphatase (SAP). The cut and dephosphorylated vector was combined with the AFP gene insert in a 3:1 

molar ratio and ligated using T4 DNA Ligase. The ligated DNA was transformed into DH5α™ competent 
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cells and plated on agar plates containing kanamycin (100 μg/ml). Purified expression vector from 

positive clones was digested with a restriction endonuclease (AseI for the type III-containing construct, 

ApoI for the SfIBP-containing construct) to check the orientation of the insert, and vectors displaying the 

appropriate banding pattern on an agarose gel were sent for authentication by sequencing.  

2.3.3 Expression and purification 

Both AFP-containing constructs were expressed in Escherichia coli BL21 (DE3) cells as 

described previously.10 Briefly, BL21 cells containing the appropriate expression vector were added to 

Luria–Bertani broth containing kanamycin (100 μg/ml) and incubated at 37 °C until an OD600 of 0.5 was 

reached. The BL21 cells were then incubated at 23 °C until the OD600 increased to 1.0. At this point the 

culture was induced with 1mM isopropyl β-D-1-thiogalactopyranoside and incubated at 23 °C overnight. 

Constructs were also purified as described previously,73 which included the centrifugation of induced 

BL21 cells at 4000 rpm for 30 min using a Beckman Coulter JS 4.2 rotor. Pelleted cells were resuspended 

in a lysis buffer containing 50 mM Tris-HCl (pH 8.0), 250 mM NaCl, 5 mM imidazole, 1mM 

phenylmethanesulfonyl fluoride (PMSF), and 10 mM β-mercaptoethanol, and lysed by sonication using a 

Fisher Scientific Sonic Dismembrator (Model 5000). Bacterial lysates were centrifuged at 16000 rpm for 

30 min using a Beckman Coulter JA 25.5 rotor, and the AFP-decorated cages were recovered from the 

lysate supernatant by Ni2+-nitrilotriacetate chromatography. The eluate totalling approximately 20 mL 

was concentrated using centrifugal filters with a molecular weight cut-off of 10 kDa to a volume of 

approximately 5 mL and the cages were further purified using a HiLoad 16/60 Superdex 200 prep grade 

size-exclusion column (Amersham), which was equilibrated with a running buffer containing 25 mM 

Tris-HCl (pH 8.0), 150 mM NaCl, and 10 mM β-mercaptoethanol. Fractions containing the assembled 

AFP multimers were pooled and concentrated using centrifugal filters. Protein concentrations were 

measured by absorbance at 280 nm using molar extinction coefficients calculated from the protein 

parameters using the ExPASy ProtParam online tool. 
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2.3.4 Ice crystal morphology and thermal hysteresis measurements 

TH of the assembled structures was measured as previously described.59,73 Briefly, samples were 

suspended in oil droplets and cooled on a Clifton nanoliter stage using a 3040 temperature controller 

(Newport). The temperature was decreased below the melting point by 0.01 ºC every 0.4 s for the SfIBP-

containing constructs and by 0.005 ºC every 0.4 s for the type III-containing constructs and the negative 

controls. Protein samples were dissolved in 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 10 mM β-

mercaptoethanol. Ice crystal images and videos were captured using a Panasonic WV-BL200 digital 

camera, with videos recorded at a rate of 30 fps. 

2.3.5 Ice recrystallization inhibition assays 

Ice recrystallization inhibition assays were done on the AFP-containing assemblies and T33-21 

by the ‘splat’ method as previously described.73 Protein samples were dissolved in 25 mM Tris-HCl (pH 

8.0), 150 mM NaCl, 0.01 mg/ml bovine serum albumin, and 10 mM β-mercaptoethanol. Images of 

‘splats’ (ice wafers) were captured using a Nikon D3000 camera after incubating in 2, 2, 4 –

trimethylpentane at -6 ºC for 18 h. 

2.3.6 FIPA analysis 

FIPA (Fluorescence-based Ice Plane Affinity) analysis was carried out as described by Basu et 

al.109 Briefly, 3 mg of protein in Tris-HCl buffer was exchanged into 1 mL of 50mM HEPES (pH 8.5), 

150 mM NaCl, and 10 mM β-mercaptoethanol and labeled with 6-[fluorescein-5(6)-carboxamido] 

hexanoic acid (0.3 mg). The labeled protein was separated from free label using a Sephadex G-25 M 

desalting column. The labeled protein was then added to 25-30 mL of a cooled (4 ºC) buffer containing 

25 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 10 mM β-mercaptoethanol, with an ice hemisphere 

mounted on a cold finger cooled to -5 ºC immersed in the solution. For the 6-[fluorescein-5(6)-

carboxamido] hexanoic acid negative control (Fig. 2.5E), 0.3 mg of the label was added directly to this 

solution. The ice hemisphere was submerged and grown in the buffer for 2-3 h, and then photographed at 
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4 ºC under 470 nm illumination using a Nikon D3000 camera with a 515 nm emission filter. The ice-

binding pattern of AFP multimers was compared to those of their corresponding monomeric AFPs (Table 

S1), the SfIBP monomer and nfeAFP8, a fully active QAE1 isoform of type III AFP expressed in the 

Japanese eelpout Zoarces elongatus.109 

2.4 Results  

 

2.4.1 AFP multimers self-assemble 

 To generate AFP multimers using the subunits of the self-assembling protein cage T33-21 (Fig. 

2.1), synthetic genes encoding both the moderately active type III AFP from Macrozoarces americanus 

and the hyperactive SfIBP from Shewanella frigidimarina were cloned into the expression vector 

encoding T33-21. This strategy connected AFPs via their N termini to the C termini of the protein cage B 

subunits by a 12-residue helical linker to decorate the surface of the assembly with 12 AFPs. Both AFP-

containing designs were successfully expressed in E. coli. After nickel-affinity chromatography, the AFP-

decorated cages were purified to homogeneity by size-exclusion chromatography. The two AFP 

multimers generated elution profiles that were distinct from that of T33-21 alone (Fig. 2.2). T33-21 (391 

kDa) elutes from the Superdex 200 column as one major peak, with an elution volume of 69.3 mL (Fig. 

2.2A). This assembly elutes just after ferritin (elution volume 67.1 mL), a protein standard of slightly 

higher molecular weight (440 kDa). In contrast, three peaks were observed during elution of the type III 

AFP multimer from the size-exclusion column (Fig. 2.2B). The first peak eluted earlier (65.5 mL) than 

T33-21 and the ferritin standard with an apparent molecular weight of 502 kDa. SDS-PAGE revealed that 

this peak contains the same A subunit (19.3 kDa) as the T33-21 control and that the B subunit (14.3 kDa) 

has shifted from an apparent molecular weight of 14.3 kDa to 22.5 kDa, consistent with the addition of an 

8.2 kDa domain (Table 2.1). The staining intensity of the two constituent bands is consistent with a 1:1 

stoichiometry (Fig. 2.2D). These findings led to the conclusion that the largest peak in the figure 2.2B 
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profile contains the assembled type III multimer with calculated molecular weight of 502 kDa compared 

to an apparent molecular weight of 502 kDa (Table 2.2). 

 

Figure 2.2. SDS-PAGE and size-exclusion chromatography of AFP multimers. 

Superdex 200 size-exclusion elution profiles were generated for (A) T33-21, (B) the type III AFP 

multimer, and (C) the SfIBP multimer. Black arrows represent the elution volumes of protein standards (i) 

blue dextran (2000 kDa, 46.3 mL), (ii) ferritin (400 kDa, 67.1 mL), (iii) albumin (67 kDa, 83.3 mL), and 

(iv) ribonuclease (13.7kDa, 101.9 mL). Black bars represent fractions pooled and concentrated for 

additional experiments. (D) SDS-PAGE analysis of 5 µg samples of T33-21 and the AFP multimers. 1, 

molecular weight markers; 2, T33-21; 3, type III AFP multimer; 4, SfIBP multimer. 
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Elution of the SfIBP multimer from the Superdex 200 column also revealed three distinct peaks 

(Fig. 2.2C). As was observed for the type III multimer, only the first peak at 60.4 mL (apparent molecular 

weight of 710 kDa) eluted earlier than that of T33-21 and of the type III AFP-decorated cage. It contained 

both subunits necessary to form the multimer with the A subunit unchanged and the B subunit shifted 

from an apparent molecular weight of 14.3 kDa to 39.9 kDa, consistent with the addition of a 25.6 kDa 

domain. The assembled SfIBP multimer was calculated to have a molecular weight of 841 kDa, compared 

to the apparent molecular weight of 710 kDa. Fractions containing the assembled AFP multimers were 

pooled, as indicated by the bars under the peaks in figure 2.2B & 2.2C, and concentrated for use in 

subsequent experiments. 
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Table 2.1. Observed molecular weight of T33-21 and AFP multimer subunits predicted using SDS-

PAGE. 

 

 

 
Table 2.2. Observed molecular weight of assembled AFP multimers predicted using size-exclusion 

chromatography. 
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2.4.2 AFP multimers have enhanced antifreeze activity 

The activity of AFPs connected by a scaffold can be evaluated in two ways: either based on the 

concentration of the AFP multimer as a unit, or based on the concentration of the AFP domains as if they 

were free in solution.73 The TH activities of the type III AFP and SfIBP multimers were compared to both 

the monomeric AFPs and to T33-21 (Fig. 2.3). T33-21 had no ability to depress the freezing point of the 

solution (x̅ = 0.01 °C, n = 3), with TH values indistinguishable from the S200 running buffer negative 

control (x̅ = 0.01 °C, n = 3). The TH activity for 25 µM monomeric type III AFP (Fig. 2.3A) was 

interpolated from an activity curve for the wild-type form of the protein,63 to give a value of 0.1 °C. A 2.1 

µM solution of the type III AFP multimer is equivalent to 25 µM of the AFP-containing B subunit if the 

multimers were to completely dissociate. Its TH activity (x̅ = 0.33 °C, n = 3) at this 2.1 µM concentration 

was three times larger than the value for 25 µM monomeric type III AFP. TH values for the monomeric 

SfIBP were also previously measured as a function of protein concentration, and the activity at 25 µM 

was interpolated from the existing data to be 1.25 °C. The SfIBP multimer at 2.1 µM is equivalent to 25 

µM of the SfIBP-containing B subunit and exhibited 2.5-fold greater TH activity (x̅ = 3.15 °C, n = 6) 

compared to monomeric SfIBP at the same molar concentration.  

When TH activities were compared based on the 2.1 µM concentration of multimers, the 

monomeric type III AFP at this concentration had a TH value that was barely detectable (x̅ = 0.02 °C, n = 

3).  The TH activity of monomeric SfIBP at a concentration of 2.1 µM (x̅ = 0.12 °C, n = 3) exhibited 26-

fold less activity than the SfIBP multimer (Fig. 2.3B). 
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Figure 2.3. Thermal hysteresis activity of AFP multimers and monomeric AFPs. 

 (A) TH activity was compared on a ‘per-AFP’ basis by measuring the activity for solutions containing 25 

µM of the AFP-containing B subunit of the AFP multimers and T33-21, and the same concentration of 

the monomeric AFPs. (B) TH activity was also compared on a ‘per-particle’ molar basis by calculating 

the concentration of the assembled AFP multimer, which has a 1:12 stoichiometry compared to the B-

subunit. TH measurements of AFP multimers and monomeric AFPs were carried out at a concentration of 

2.1 µM. The TH activities exhibited by the type III multimer (red circles) and monomeric type III AFP 

(blue diamonds) were further compared across a range of concentrations on (C) a ‘per-AFP’ basis and (D) 

a ‘per-particle’ basis. Finally, the TH activities of the SfIBP multimer (green triangles) and monomer 

(orange squares) were compared across a range of concentrations on (E) a ‘per-AFP’ basis and (F) a ‘per-

particle basis’. Error bars indicate the standard deviation of the mean for each TH measurement. 



 

46 

 

To examine the concentration dependence of the enhanced TH activity observed for AFP 

multimers, activity was measured for the type III multimer across a concentration range of 0-150 µM of 

the AFP-containing B subunit (Fig. 2.3C). The activity curve of the type III multimer resembled a 

rectangular hyperbola, approaching a plateau around 0.7 °C at concentrations greater than 100 µM. When 

compared on a ‘per-AFP’ basis, the activity of the type III multimer was at least two-fold greater than that 

of the monomer across all concentrations. When compared on a ‘per-particle’ basis (Fig. 2.3D), the 

difference is much more striking – over the particle concentration range of 0-13 µM, the activity of the 

type III multimer was at least 10-fold greater than that of the monomer, with the greatest increase (25-

fold) occurring at 4 µM. 

The SfIBP multimer exhibited even more potent TH activity. Its curve also resembling a 

rectangular hyperbola approaching a plateau around 3.1 °C at concentrations greater than 25 µM of the B 

subunit. When compared to the monomer on a ‘per-AFP’ basis (Fig. 2.3E), the SfIBP multimer showed at 

least 2-fold greater activity than the monomer across a concentration range of 0-75 µM. When compared 

on a ‘per-particle’ basis (Fig. 2.3F), the multimer exhibited at least a 7-fold increase in TH activity across 

the concentration range of 0-6.25 µM, with the greatest increase (>50-fold) occurring at 5 µM, the lowest 

concentration measured. 

2.4.3 Multimerization of type III AFP alters ice crystal ‘burst’ pattern 

 Single ice crystals formed and observed in solutions containing T33-21 and the AFP multimers 

during TH measurements provide important clues to the activity of the engineered antifreeze constructs, 

as do the ‘burst’ patterns of ice crystals bound by the AFP multimers when the AFP-depressed freezing 

points are surpassed (Fig. 2.4). No faceting was observed on ice crystals immersed in the Superdex 200 

running buffer (Fig. 2.4A) or in the solution containing T33-21 (Fig. 2.4B). Instead, ice crystals exhibited 

the standard disk-like morphology normally observed in solutions lacking AFPs. 

 The type III multimer shaped ice crystals into hexagonal bipyramids, with the c-axis of the ice 

crystal passing through the two apices (Fig. 2.4C). This is the same morphology observed for ice crystals 
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bound by monomeric type III AFP.60,110 The SfIBP multimer shaped ice into crystals with hexagonal 

morphology (Fig. 2.4D) similar to that observed previously for certain hyperactive AFPs.60 

Once the freezing point was surpassed, ice crystals bound by the type III AFP and SfIBP 

multimers ‘burst’ normal to the c-axis of the crystal (Fig. 2.4E and 2.4F, respectively). Ice crystal growth 

perpendicular to the c-axis is characteristic of hyperactive AFPs that bind the basal plane of ice in 

addition to prism and/or pyramidal planes, and the fractal burst pattern is commonly seen with these more 

active AFPs as a result of larger supercooling of the AFP-containing solution. However, ice crystals 

bound by type III AFPs normally burst parallel to the c-axis when the freezing point is reached.60 To 

investigate the basis for this change in behaviour, we set out to determine to which planes of ice the AFP 

multimers bound. 
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Figure 2.4. Ice crystal shaping and burst patterns. 

Ice crystal shaping was observed during TH measurements for (A) Superdex 200 running buffer, (B) 2.1 

µM T33-21, (C) 2.1 µM type III AFP multimer, and (D) 1.6 µM SfIBP multimer. Ice crystal bursts below 

the AFP-depressed freezing point were also observed for crystals bound by (E) the type III AFP multimer 

(2.1 µM) and (F) the SfIBP multimer (1.6 µM). The direction of the c-axis of the ice crystal is indicated 

by the black arrows. The black scale bars represent a distance of 10 µm. 
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2.4.4 Ice-binding pattern of type III AFP is altered by multimerization 

 To see if the oligomerization of type III AFP and SfIBP altered their binding to ice, the AFP 

multimers were fluorescently labeled and studied using FIPA analysis (Fig. 2.5). The type III AFP QAE1 

isoform used for these experiments binds to both the primary prism and a pyramidal plane of ice.45 These 

planes of ice are sited on the perimeter of the ice hemisphere when the c-axis of the ice crystal is 

perpendicular to the plane of the page. The binding of nfeAFP8, also a fully-active QAE1 isoform of type 

III AFP, to these planes after labeling with Pacific Blue results in fluorescence along the perimeter of the 

ice hemisphere and none on the basal plane of the crystal (Fig. 2.5A).109 When the type III multimer was 

labeled and incubated with the crystal hemisphere there was binding to the primary prism planes and not 

to the basal plane, which was expected (Fig. 2.5B). However, the labeled type III multimer did not appear 

to bind well to the pyramidal planes of ice in comparison to the pattern produced by monomeric type III 

AFP (Fig. 2.5A), which is why the fluorescent illumination in Figure 2.5B is confined to the equator of 

the hemisphere. 

 Monomeric SfIBP bound to the entire ice hemisphere during FIPA analysis (Fig. 2.5C), due to the 

ability of this hyperactive AFP to bind to the basal plane of ice as well as prism and pyramidal planes. We 

observed the same promiscuous binding with the SfIBP multimer (Fig. 2.5D), indicating that 

multimerization did not qualitatively change the ability of this AFP to bind these multiple planes of ice.  

 T33-21 was also labeled and subject to FIPA analysis, during which we observed only 

background levels of fluorescence on the ice hemisphere (Fig. 2.5F), similar to the 6-[fluorescein-5(6)-

carboxamido] hexanoic acid negative control (Fig. 2.5E). We conclude that T33-21 is unable to bind to 

ice without the addition AFPs to its surface, which is consistent with the lack of TH activity measured 

with the undecorated cage. 
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Figure 2.5. Ice plane affinity of AFP multimers and monomeric AFPs. 

FIPA results are shown for (A) monomeric type III AFP, (B) the type III multimer, (C) monomeric SfIBP, 

(D) the SfIBP multimer, (E) the 6-[fluorescein-5(6)-carboxamido] hexanoic acid negative control, and (F) 

the T33-21 negative control. All protein samples were labeled with 6-[fluorescein-5(6)-carboxamido] 

hexanoic acid except for monomeric type III AFP, which was labeled with Pacific-blue dye. The white 

scale bars represent a distance of 1 cm. In each result, the c-axis runs perpendicular to the plane of the 

image. 
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2.4.5 AFP multimers exhibit enhanced ice-recrystallization inhibition 

 ‘Splat’ assays were carried out using serial dilutions of both the type III multimer and the SfIBP 

multimer (Fig. 2.6). Images of the ice grains formed during overnight incubation were then compared to 

those generated in the presence of the corresponding monomeric forms of the AFPs. The concentrations 

of AFP multimers was compared on a ‘per particle’ molar basis, which has been used previously for this 

assay.73 The type III multimer and monomeric type III AFP were analyzed at concentrations ranging from 

1.4-1400 nM using 10-fold dilutions (Fig. 2.6A). At the highest AFP monomer concentration tested (1400 

nM), individual ice grains could not be distinguished, while the recrystallization inhibition activity was 

lost at 140 nM and in all subsequent dilutions of the protein. This result was indicated by clearly 

distinguishable ice grains that increased in size with each dilution of the AFP. When the same 

concentrations of the type III multimer were analyzed, individual ice grains were not distinguishable until 

a concentration of 14 nM was reached, indicating that the multimer exhibits at least a 10-fold increase in 

IRI activity. In fact, the crystal grain size at 1.4 nM multimer was closest in size to that in the 140 nM 

monomer sample, suggesting that the IRI activity of the multimer lay between 10- and 100-fold better 

than the monomer.  
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Figure 2.6. Effects of AFP multimerization on ice-recrystallization inhibition activity. 

Splat-cooling assays were used to evaluate the IRI activity of AFP multimers compared to their 

monomeric counterparts at various concentrations. (A) The type III AFP multimer and monomeric type 

III AFP were measured using 1:10 dilutions over a range of 1.4-1400 nM. (B) The SfIBP multimer and 

monomeric SfIBP were measured using 1:2 dilutions over a range of 0.23-3.6 nM. White scale bars 

represent a distance of 1 mm. 
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 The SfIBP multimer and the corresponding monomeric protein were initially analyzed over a 

wide concentration range of 0.01-100 nM, using 10-fold dilutions of the protein (not shown). Once an 

approximate activity end-point was measured, additional splat assays were done in the concentration 

range from 0.23-3.6 nM using two-fold dilutions of the protein (Fig. 2.6B). When SfIBP was analyzed, 

individual ice grains could be distinguished at 1.8 nM, with ice grains increasing in size in all subsequent 

dilutions. Ice grains could only be distinguished for the SfIBP multimer at a concentration of 0.45 nM, 

indicating that the multimer has a 4-fold increase in IRI activity. 

2.5 Discussion  

 
 

Substantial progress has been made in the design of novel protein assemblies in the last 15 

years.80 One recent advance in this area has been the use of the RosettaDesign software to 

computationally design novel interaction interfaces on the surface of existing oligomers to drive their self-

assembly. This was first accomplished for assemblies containing one subunit type,88 and was then 

extended to two-component assemblies with greater control over the assembly of subunits.84 Several 

potential applications of these self-assembling protein cages have been proposed, including drug delivery, 

vaccine design, and custom-designed molecular machines.88,84 Here we present an application of these 

protein cages for use in biotechnology, by exploiting their characteristic self-assembly to generate 

multimeric antifreeze protein nanomaterials.  

The strategy of genetically fusing monomeric proteins to protein cages has frequently been 

employed in the past using natural protein assemblies.105,111 Our work with T33-21 has further 

demonstrated the benefits of fusing monomeric proteins to the surface of protein cages to enhance ligand 

binding, in this case to ice. By genetically fusing AFPs to one component of this assembly we have 

generated a homogeneous set of AFP multimers, each bearing 12 AFPs on its surface, whereas 

bioconjugation of type III AFP to the PAMAM dendrimers resulted in a heterogenous mixture with 

incomplete occupancy of surface attachment points.73 
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We attribute the several-fold increase in TH activity of both AFP cages to the combined effects of 

increasing the size of the ice-binding particle and the number of AFPs that can simultaneously engage 

with the ice surface.4 The latter component of the TH increase could result from improved binding to ice. 

Having additional ice-binding sites available to simultaneously engage ice is a way to increase the 

number of anchored clathrate waters available for this binding mechanism.25 It will be interesting to see to 

what extent TH can be increased by increasing the size of the cage and the surface AFP density. To date, 

a multimerization strategy of assembling more than two AFP subunits together has not been seen in 

nature, although many natural AFPs seem to benefit from having longer isoforms (including chains of 

AFP domains) mixed with shorter ones.4,64,112,113,114,115 It is possible that lower diffusion rates and tissue 

permeability issues work against larger constructs in a natural setting.   

It could be argued that the same properties that enhance TH are at work to increase the IRI 

efficiency. However, we have previously suggested that AFP multimers might have an additional effect 

on multicrystalline ice by spanning the interstitial space to simultaneously bind and stabilize neighbouring 

ice crystals.73 Having AFP moieties pointing in many directions could facilitate these linkages. Also, it 

should be noted that ice recrystallization proceeds because large ice crystals grow at the expense of 

smaller ones. In addition to preventing water from joining a crystal (freezing point depression), AFPs also 

inhibit water from leaving an ice crystal (melting hysteresis).58 Thus, AFP multimers bridging two ice 

crystals might simultaneously prevent the larger one from growing and the smaller one from shrinking. 

Ice crystals in the presence of the type III multimer burst normal to the c-axis of the crystal (Fig. 

2.4E), while those bound by monomeric type III AFP burst parallel to this axis.60 FIPA analysis showed 

that the multimer does not bind to the basal plane. Therefore, this behaviour might reflect screening of the 

crystal tips by the large multimers binding near the apices of the hexagonal ice bipyramids, rather than 

binding to the basal plane at the tips. A similar effect was seen in microfluidic experiments when type III 

AFP-bound ice crystals turned within the chamber so that their tips were in direct contact with the 

polydimethylsiloxane (PDMS) surfaces and were unable to add water to the basal plane. In this situation, 
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the crystal also ‘bursts’ along the a-axes.46 The type III multimer also exhibited a different binding pattern 

on the ice hemisphere during FIPA analysis compared to the monomer. The fluorescently-labeled type III 

multimer was strongly bound to the periphery of the ice hemisphere, but appeared to leave the pyramidal 

planes unbound. When type III AFP was analyzed using FIPA, it bound to both the primary prism and 

pyramidal planes of ice and left only the basal plane (perpendicular to the c-axis) unbound.109  Type III 

AFP has a compound ice-binding site with one part binding to the primary prism plane of ice and the 

adjacent section on a slightly different AFP surface that binds the pyramidal plane. This discrepancy in 

the FIPA patterns might point to a restriction in the planes of ice that type III AFP is able to bind as a 

multimer compared to the monomer. Thus the pyramidal ice-binding surface might be somewhat 

occluded in the multimer.  

It was also interesting to note that, while the oligomerization of type III AFP led to a 10-100-fold 

increase in IRI activity, only a 4-fold increase was observed for that of SfIBP (Fig. 2.6). This discrepancy 

may be due to a sub-optimal orientation of the IBS for SfIBP relative to the protein cage to which it was 

genetically fused. The N terminus of type III AFP is on the opposite side of the protein to its IBS and 

extends normal to the IBS surface.107 Conversely, the Phyre2 model of SfIBP shows that its N terminus 

projects parallel to the IBS, possibly making the IBS orientation on the surface of T33-21 sub-optimal for 

binding ice. Here it might be helpful to have a crystal or SAXS structure for the SfIBP in order to assess 

this situation. A crystal structure has been solved for the T33-21 cage alone.84 In the absence of this 

information, it may be necessary to explore different fusion protein linkers, such as flexible linkers, that 

might allow the IBS to swing outward and more effectively bind to the surface of ice.  

By analyzing the type III and SfIBP multimers using SDS PAGE, we showed that each B subunit 

of the purified AFP multimers was connected to an AFP. Due to the design of T33-21, this means that 12 

of the 24 subunits were bound to an AFP. It might be possible to attach an AFP to each of the A subunits 

too, if steric clashes are not a problem. This would connect 24 AFPs on the surface of this assembly to 

attain even greater levels of TH and IRI activity for the AFP multimers. Having two distinct C-termini 
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would also introduce the possibility of genetically fusing two different AFPs to the subunits of T33-21. 

Combinations of different AFPs, such as those that are moderately active with those that are hyperactive, 

could be incorporated into the same assembly in a defined stoichiometry.  

2.6 Conclusion 

 
 

In summary, computationally designed self-assembling protein cages have proven to be a viable 

scaffold for the oligomerization of monomeric proteins. Using two different AFPs, we showed that 

multimerization using this strategy generated homogenous AFP multimers of two different types. 

Furthermore, we found that oligomerization in this fashion led to an increase in TH and IRI activity 

relative to the same concentration of the corresponding AFP monomers. New protein assemblies are 

continuously being designed, and we plan to explore these as potential scaffolds for IBP oligomerization. 

Furthermore, we envision that additional proteins may also benefit from this technology, in the event that 

binding to their substrate is a diffusion-controlled reaction. The fusion of these proteins to designed 

protein cages could lead to additional applications in biotechnology and nanoscience as well as in other 

fields. 
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2.8 Supplementary Figures 

 
 

 

 

Figure 2.S1. Strategy for the genetic fusion of AFPs to C termini of T33-21B subunits. 

(A) Genes encoding the A and B subunits of T33-21 were previously cloned into the same pET-29b 

vector, and are separated by a short intergenic region. Both genes contain an upstream NdeI site, while 

only the gene encoding T33-21B contains a downstream XhoI site, allowing for a single cut to be made to 

the vector by digesting with XhoI. (B) Synthetic genes (GeneArt) encoding a short helical linker and 

either type III AFP (Macrozoarces americanus) or SfIBP (Shewanella frigidimarina) were flanked by 

both upstream and downstream XhoI sites, enabling the genes to by ligated downstream of the T33-21B 

subunit after digestion of the pET-29b vector with XhoI. 
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Table 2.S1. Amino acid sequences of T33-21 and AFP multimer subunits. 

Name    Sequence 

 

T33-21A 

MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDEEMKGI

LEEIQNDIYKIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLKSFVLPGGTLES

AKLDVCRTIARRALRKVLTVTREFGIGAEAAAYLLALSDLLFLLARVIEIEKNKLK

EVRS 

T33-21B        

MPHLVIEATANLRLETSPGELLEQANKALFASGQFGEADIKSRFVTLEAYRQGTA

AVERAYLHACLSILDGRDIATRTLLGASLCAVLAEAVAGGGEEGVQVSVEVREM

ERLSYAKRVVARQRLEHHHHHH 

Type III T33-21B 

MPHLVIEATANLRLETSPGELLEQANKALFASGQFGEADIKSRFVTLEAYRQGTA

AVERAYLHACLSILDGRDIATRTLLGASLCAVLAEAVAGGGEEGVQVSVEVREM

ERLSYAKRVVARQRLEAEAAAKEAAAKANQASVVANQLIPINTALTLVMMRSE

VVTPVGIPAEDIPRLVSMQVNRAVPLGTTLMPDMVKGYAALEHHHHHH 

SfIBP T33-21B 

MPHLVIEATANLRLETSPGELLEQANKALFASGQFGEADIKSRFVTLEAYRQGTA

AVERAYLHACLSILDGRDIATRTLLGASLCAVLAEAVAGGGEEGVQVSVEVREM

ERLSYAKRVVARQRLEAEAAAKEAAAKANPLAPELGEVARFAMLASQAITTTSG

SAIVDGDLGILDQARSYYAGFTPGVNAGEFDELTNGLSYAGDDSTPPYVVPVPY

ASMVAFINQSRTDLGIAYNFLAADPNPNAATQVCPIELGNLTLTRGVYKTAADV

TLQTGTLTLDGEGDPDSVFIFTIGGNLTSGAPGGDIVLINGAQAKNIYWRTAGKT

VIGTNTNFSGNVFAWSEVNVRTGANVTGRLFAVTDQVTLDANAVTKANLEHHH

HHH 

Monomeric Type III 

MNQASVVANQLIPINTALTLVMMRSEVVTPVGIPAEDIPRLVSMQVNRAVPLGT

TLMPDMVKGYAALEHHHHHH 

Monomeric SfIBP  

MNPLAPELGEVARFAMLASQAITTTSGSAIVDGDLGILDQARSYYAGFTPGVNA

GEFDELTNGLSYAGDDSTPPYVVPVPYASMVAFINQSRTDLGIAYNFLAADPNPN

AATQVCPIELGNLTLTRGVYKTAADVTLQTGTLTLDGEGDPDSVFIFTIGGNLTS

GAPGGDIVLINGAQAKNIYWRTAGKTVIGTNTNFSGNVFAWSEVNVRTGANVT

GRLFAVTDQVTLDANAVTKANLEHHHHHH 
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Chapter 3 

Genetic fusion of antifreeze proteins to form two-dimensional arrays 

Preface: 

 Sean Phippen and Dr. Peter L. Davies planned the research project and experimental 

methodology. Sean Phippen executed the experiments with assistance from Dr. Heather Tomalty in doing 

ice nucleation assays. Dr. David Baker generously provided expression vectors encoding the subunits that 

form the 2-D arrays, which were originally designed and characterized by Shane Gonen, Frank DiMaio, 

Dr. Tamir Gonen, and Dr. David Baker. 
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3.1 Abstract   
 

 

 Ice-binding proteins (IBPs) serve several functions to the organisms producing them. A subset of 

IBPs, known as antifreeze proteins (AFPs), provide freeze resistance by depressing the freezing point of 

the solution. There are a variety of applications for natural antifreezes in biotechnology, and several 

innovations have been made to increase their activity. AFPs have previously been connected through 

chemical conjugation to branched polymers, which greatly increased their activity compared to the 

corresponding monomer. However, maximum occupancy of the reactive termini could not be achieved 

due to the inefficiency of the conjugation reactions used. To overcome this hurdle, AFPs have been 

genetically fused to the termini of subunits forming self-assembling protein cages, thereby achieving 

maximum occupancy and greater levels of activity compared to the monomer. Here, we have fused a 

moderately active fish AFP to the C terminus of a protein subunit, p4Z_9, that assembles into a two-

dimensional array. The fusion protein exhibited up to 5-fold greater freezing point depression than the 

monomeric AFP, without nucleating the growth of ice. AFPs were fused to subunits forming arrays in 

order to generate structures that when adsorbed onto the ice surface would be larger than any AFPs 

characterized previously. This would theoretically require more energy for the ice to overgrow the bound 

protein. Here, connecting multiple AFPs together appeared to block the tips of bipyramidal ice crystals, 

impeding the growth of ice out of the basal plane. The oligomerization state of the fusion protein through 

size-exclusion chromatography suggests assembly into a tetramer. Assembly of AFPs into arrays could 

potentially be used to generate surfaces resistant to the formation of ice, among other applications in 

cryobiology. The lack of ice nucleation activity by assembled AFPs further supports their use as a freeze-

resistant surface. 
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3.2 Introduction  

 
 
 Ice-binding proteins (IBPs) are a group of relatively small and typically monomeric proteins that 

can adsorb onto the surface of ice.3,4,5 They have been identified in organisms from many kingdoms of 

life, including fish, plants, insects, and microorganisms such as bacteria, fungi, and algae.5 A subset of 

IBPs, known as antifreeze proteins (AFPs), can bind to and inhibit the growth of ice crystals, providing 

freeze resistance to the organisms expressing these AFPs. Other IBPs function to inhibit ice 

recrystallization, structure ice around the organism, or allow the adhesion of the organism to the surface 

of ice.3  

Despite these differences in function, and the discovery of a variety of different folds exhibited by 

these proteins,3,5 all IBPs have in common a flat, relatively hydrophobic face that acts as the ice-binding 

site (IBS) of the protein. Along this IBS, IBPs are thought to organize ice-like water molecules that merge 

with the quasi-liquid layer of water surrounding ice, eventually freezing and allowing the IBP to adsorb 

onto the ice.40 Once bound to the ice, IBPs cause a microcurvature to form on the ice surface between the 

adsorbed proteins, making it thermodynamically more difficult for additional water molecules to join the 

crystal.37  

 Because of their ability to depress the solution freezing point and to inhibit ice recrystallization, 

AFPs have several uses in biotechnology.48-52,54 To increase the cost effectiveness of the AFPs for 

commercial production and for use in such applications, attempts have been made to produce higher 

levels of activity at the same molar concentration. Strategies include increasing the size of AFPs through 

genetic fusion to additional domains,63 increasing the number of IBSs within a structure by fusing 

multiple AFPs together 65 or increasing the area of the IBS by increasing the number of coils present in 

beta-solenoid AFPs.69 The latter two strategies have been inspired by examples in nature, where 

organisms express isoforms of the AFP containing fused domains64 or those with an IBS of greater 

surface area.27,71  
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 The strategies of increasing the size of AFP fusions and increasing the number of IBSs present 

within a structure can be combined by connecting multiple AFPs to a scaffold. This has been previously 

achieved through the chemical conjugation of AFPs to the reactive termini of polyallylamine chains74 and 

polyamidoamine (PAMAM) dendrimers.73 Both of these strategies generated AFP multimers with 

significantly increased activity compared to the corresponding monomeric AFP. However, neither 

strategy achieved complete occupancy of the available termini, due to the inefficiency of the reactions 

conjugating AFPs to the two scaffolds. This difficulty has been addressed with the use of self-assembling 

protein oligomers as an alternative scaffold for multimerization.79  

Protein oligomerization is common in nature, but in the last 20 years innovative research has gone 

into developing novel protein assemblies, the characteristics of which are suitable for select 

applications.80 Recently, advances in computer programs used for protein modelling have made it possible 

to design subunits with novel binding sites, allowing these subunits to self-assemble into two-dimensional 

(2-D) arrays85,87 or three-dimensional (3-D) cages84,88,91,92 and crystals.89 The N and C termini of these 

subunits can be treated as attachment sites, to which AFPs are genetically fused and connected to the self-

assembling subunits during the process of transcription and translation of the protein. This strategy has 

been used to decorate AFPs on the surface of a 24-subunit, two-component protein cage (Chapter 2),84 

resulting in complete occupancy of the C termini of one component of the cage and vastly greater 

freezing point depression and ice recrystallization inhibition (IRI) compared to the same concentration of 

the monomeric AFP.79  

 It is possible to explore other options for fusing AFPs to the termini of self-assembling protein 

oligomers with the use of 2-D protein arrays as the scaffold. While the number of subunits of a protein 

cage, and therefore the size of the assembly, is limited by the design of the cage in question, designed 2-D 

arrays are not enclosed structures and can therefore extend for a much greater distance along the plane of 

the array. Indeed, protein arrays have been developed that span up to several micrometers in width.85,87 

Furthermore, AFPs fused to protein cages project from the cage in all directions, which may limit the 
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number of AFPs in solution that can come into contact with a single ice crystal. In the case of protein 

arrays with termini projecting perpendicular to the plane of the array, fused AFPs would each be oriented 

in the same direction, allowing a greater number of AFPs to bind to the surface of ice at once. 

 To exploit these characteristics of two-dimensional protein arrays, the moderately active type III 

AFP from the ocean pout (Macrozoarces americanus) was genetically fused to the C terminus of a 

subunit forming the designed 2-D array p4Z_9 (Fig. 3.1A). This design is a one-component protein array 

that initially forms tetramers, which assemble by binding the adjacent tetramer in an anti-parallel fashion, 

forming assemblies up to 1 μm in width.85 Antiparallel association of the adjacent tetramers results in the 

C termini of p4Z_9 subunits extending perpendicular to the plane of the array in either direction, meaning 

that fusion of the AFP to this subunit would decorate both sides of the array with AFPs (Fig. 3.1B-C). 
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Figure 3.1. Design of a self-assembling AFP array. 

(A) Design model of the p4Z_9 2-D array, consisting of five p4Z_9 tetramers (green) with four of them 

bound to the adjacent tetramer in an anti-parallel orientation. (B) Side view of the model for the p4Z_9 

type III AFP array. Each p4Z_9 subunit is genetically fused through the C terminus to type III AFP 

(grey), with a helical linker (yellow) connecting the two domains. The compound IBS of type III is 

shown, with the IBS binding the primary prism plane shown in orange, and the site binding a pyramidal 

plane of ice shown in cyan. Domain architectures are shown below the two constructs. (C) Top view of 

the model for the p4Z_9 type III AFP array. The black scale bar represents 60 Å.    
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3.3 Materials and Methods    
 

3.3.1 Designing AFP arrays 

 The design models of three 2-dimensional arrays,85 generously provided by the David Baker 

group, were examined to find a design in which the C termini of array subunits project perpendicular to 

the plane of the array. The design p4Z_9 was chosen based on this criterion, and a model was generated 

in PyMOL106 in which AFPs were connected to the termini by a helical linker. The type III AFP 

expressed in the ocean pout (Macrozoarces americanus) was chosen as the first AFP to decorate the 

array, based on its relatively low molecular weight and the fact that the N terminus of this AFP projects 

from the opposite face of the protein as the IBS. This arrangement of the IBS and the N terminus means 

that, upon fusion of the AFP to the p4Z_9 subunits, the IBS would project perpendicular to the plane of 

the array. 

3.3.2 Cloning subunits forming AFP arrays 

 A synthetic gene (GeneArt) encoding the type III AFP, including the N-terminal helical linker 

with the sequence AEAAAKEAAAKA, was subcloned into the pET-29b expression vector encoding the 

p4Z_9 subunit using the same protocol described previously (Fig. 3.S1).79 

3.3.3 Expression and purification of AFP arrays 

BL21 (DE3) cells containing the pET-29b expression vector encoding p4Z_9 type III AFP were 

brought to the appropriate OD600 and induced as previously described.10 The p4Z_9 type III AFP protein 

was also purified as previously described.85,79 Briefly, induced BL21 (DE3) cultures were centrifuged at 

4000 rpm for 30 min using a Beckman Coulter JS 4.2 rotor. Cell pellets were resuspended in a lysis buffer 

consisting of 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM phenylmethanesulfonyl fluoride (PMSF), 

and supplemented with an EDTA-free protease inhibitor tablet (Roche). Resuspended cells were 

sonicated four times for 35 s at 80% amplitude using a Fisher Scientific Sonic Dismembrator (model 

5000) with cooling on ice in between sonication bursts, and lysates were centrifuged at 16000 rpm for 30 
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min using a Beckman Coulter JA 25.5 rotor. Lysate pellets were resuspended in a buffer consisting of 6 

M guanidine HCl, 25 mM Tris-HCl (pH 8.0), and 150 mM NaCl, and incubated at 37 °C with agitation at 

220 rev./min for 1 h. Resuspended lysate pellets were centrifuged at 16000 rpm for 30 min using a 

Beckman Coulter JA 25.5 rotor, and the supernatant was incubated overnight with Ni2+-nitrilotriacetate 

agarose in N buffer consisting of 6 M guanidine HCl, 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 20 

mM imidazole. The protein-loaded Ni-NTA resin was washed with N buffer and eluted with N buffer 

supplemented with 400 mM imidazole. Eluted protein was concentrated to a volume of 1 mL and loaded 

onto an S200 column equilibrated with a buffer consisting of 6 M guanidine HCl, 25 mM Tris-HCl (pH 

8.0), and 150 mM NaCl. Fractions making up the main peak in the chromatogram were pooled and loaded 

into a slide-a-lyzer cassette, and dialyzed at 4 °C in three consecutive 1 L buffers consisting of 25 mM 

Tris-HCl (pH 8.0), and 150 mM NaCl. After dialysis, precipitated protein was separated from soluble 

protein through centrifugation at 4000 rpm and 4 °C for 20 min in a TX-200 swinging bucket rotor. 

Dialysis supernatant was concentrated using centrifugal filters with a molecular weight cut-off of 10 kDa, 

and concentrations were measured through absorbance at 280 nm and the extinction coefficient calculated 

using the ProtParam server (http://web.expasy.org/protparam/).   

3.3.4 Thermal hysteresis measurements 

 The TH activity of p4Z_9 type III AFP was measured as a function of protein concentration as 

described previously.73,79  

3.3.5 Ice nucleation assays 

 p4Z_9 type III AFP was assayed for ice nucleation activity (INA) as described previously,116 with 

some changes. Briefly, 2 μL samples of p4Z_9 type III AFP solution were analyzed in replicates of 10 by 

pipetting them onto the face of a polarized film. Samples were placed in a dry chamber cooled with 50% 

ethylene glycol, and the temperature within the chamber was lowered from 2 °C to -13 °C at a rate of 0.2 

°C/min. Images of the samples on the polarized film were collected every 60 s, allowing a determination 
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of the freezing point of the individual droplets. The number of replicates that froze was converted to the 

logarithm of ice nuclei per mL using the equation derived by Vali.117 Samples were only considered to 

have INA if a biologically relevant  temperature (greater than - 9 °C) was reached at which 90% of the 

replicates froze (T90). Lyophilized cell membrane from Pseudomonas syringae (Ward Scientific) was 

used as a positive control, as well as a 1 mg/mL p4Z_9 type III AFP sample “spiked” with the lyophilized 

membrane. Sample buffer (25 mM Tris-HCl at pH 8.0, 150 mM NaCl) was used as a negative control. 

3.3.6 Assessing the oligomerization of p4Z_9 type III AFP 

 The p4Z_9 type III AFP construct was analyzed using size-exclusion chromatography to 

determine the extent of oligomerization of the subunits. Refolded, dialyzed protein was loaded onto a 

HiPrep 16/60 Sephacryl S-300 HR column equilibrated with buffer consisting of 25 mM Tris-HCl (pH 

8.0) and 150 mM NaCl. The elution volume of p4Z_9 type III AFP was compared to blue dextran (>2000 

kDa), ferritin (400 kDa), and green fluorescent protein (GFP) (26 kDa). 

3.4 Results  

 

3.4.1 Purification of p4Z_9 type III AFP  

In an attempt to assemble type III AFP into 2-D arrays, sequences encoding this protein were 

genetically fused to the C terminus of a subunit forming the p4Z_9 array.85 A synthetic gene encoding 

type III AFP, which also included an N-terminal, 12-residue helical linker with the sequence 

AEAAAKEAAAKA, was successfully cloned into the pET-29b expression vector encoding p4Z_9. 

Induction of E. coli cells with IPTG resulted in a band observed in the post-induction sample by SDS-

PAGE (Figure 3.2, lane 3), migrating between the 20 kDa and 25 kDa molecular weight markers. The 

expected molecular weight of the p4Z_9 type III AFP subunit is 20.8 kDa. 
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Figure 3.2. Purification of p4Z_9 type III AFP. 

Samples collected during the purification of p4Z_9 type III AFP were analyzed using SDS-PAGE. Lane 

1, molecular weight markers; lane 2, pre-induction cell lysate sample; lane 3, post-induction cell lysate 

sample; lane 4, lysate pellet; lane 5, lysate supernatant; lane 6, molecular weight markers; lane 7, dialysis 

pellet; lane 8, dialysis supernatant; lane 9, concentrated dialysis supernatant. 
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Lysis and centrifugation of E. coli cells yielded a lysate pellet that contained most, if not all, of 

the recombinant p4Z_9 type III AFP (Figure 3.2, lane 4). This was also observed during purification of 

p4Z_9,85 so the same protocol of lysate pellet resuspension in 6 M guanidine and subsequent protein 

refolding was attempted for p4Z_9 type III AFP. Once the protein was resuspended, and separated from 

additional pellet material through nickel-affinity and size-exclusion chromatography, dialysis of the 

eluted protein into a buffer consisting of 25 mM Tris-HCl (pH 8.0) and 150 mM NaCl resulted in 

significant precipitation. After separating the precipitated and soluble protein by centrifugation, SDS-

PAGE analysis indicated that the supernatant (Figure 3.2, lane 8) and the pellet (Figure 3.2, lane 7) 

mainly contained the band identified as p4Z_9 type III AFP. After protein further concentration, a faint 

contaminating band was observed migrating between the 25 kDa and 37 kDa molecular weight markers, 

and even fainter bands below 25 kDa (Figure 3.2, lane 9), indicating that there were small amounts of 

contaminants in the purified sample. 
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3.4.2 Fusion of type III AFP to p4Z_9 enhances thermal hysteresis activity 

The TH activity exhibited by the purified p4Z_9 type III AFP was measured to evaluate the 

effects of oligomerization to this subunit. At temperatures below the melting point, p4Z_9 type III AFP 

shaped ice crystals into hexagonal bipyramids (Fig. 3.3A), characteristic of those ice crystals bound by 

both the AFP-decorated protein cage T33-2179 (Fig. 3.3B) and the type III monomer (Fig. 3.3C).60,110 

Upon surpassing the freezing point of the solution, the ice crystals burst normal to the c-axis of the 

crystal. Normally, ice crystals bound by the monomer will burst parallel to this axis, but this 

phenomenom of bursting perpendicular to the c-axis (along the a-axes) has also been observed when ice 

crystals were bound by T33-21 type III.79 Interestingly, when the c-axis of the ice crystal is perpendicular 

to the plane of the page, a fractal burst pattern out of the ice crystal was observed, which is normally 

observed when crystals are bound by hyperactive AFPs that impose a greater supercooling of the solution. 

 TH activity of the p4Z_9 type III AFP was measured over a concentration range of 0-53 μM (Fig. 

3.3C). Across this limited range, the activity appeared to increase linearly with increased concentration, 

with a maximum TH of 1 °C (x̅ = 0.99 °C; n = 3) measured at 53 μM. TH activity curves tend to plateau 

after a certain concentration is reached, however, measurements could not be reliably performed at higher 

concentrations of p4Z_9 type III AFP due to the limited solubility of the protein. The activity of this 

construct was compared on a ‘per-AFP’ basis to both monomeric type III AFP63 and the T33-21 type III 

multimer79 over this concentration range. Within the concentration range measured, the p4Z_9 type III 

AFP construct exhibited as much as a 5-fold increase in TH over monomeric type III AFP, and up to a 2-

fold increase over the T33-21 type III AFP multimer. Remarkably, the activity the type III AFP monomer 

at its highest concentration (0.36 °C at 143 μM) was achieved at an 11-fold lower concentration by p4Z_9 

type III AFP (13 μM), while the activity of T33-21 type III AFP at its highest concentration (0.71 °C at 

151 μM) was exhibited by p4Z_9 type III AFP at a 4-fold lower concentration (36 μM). Because the size 

of the p4Z_9 type III AFP subunit assemblies was not characterized, the activity could not be compared 

on a ‘per-particle’ basis. 
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Figure 3.3. Ice crystal morphology and thermal hysteresis exhibited by type III AFP constructs. 

(A) Ice crystal shaping observed below the melting point (left) and once the freezing point was surpassed 

(middle) in a 53 μM solution of p4Z_9 type III AFP. The burst was also visualized in an alternate 

orientation where the c-axis was perpendicular to the plane of the photograph (right) for an ice crystal in a 

53 μM solution of p4Z_9 type III AFP. (B) Ice crystal shaping (left) and burst (right) in a solution 

containing T33-21 type III AFP.79 (C) Ice crystal shaping (left) and burst (right) in a solution containing 

monomeric type III AFP.60 Black arrows indicate the direction of the c-axis. White bars represent a 

distance of 10 μm. (D) The TH activity of p4Z_9 type III AFP (green circles) was compared on a ‘per-

AFP’ basis to the T33-21 type III multimer (blue squares)79 and monomeric type III AFP (red triangles).63 

All TH measurements were performed in triplicate. Error bars indicate one standard deviation from the 

mean.  

 

 

 



 

72 

 

3.4.3 p4Z_9 type III AFP does not exhibit ice nucleation activity 

Because p4Z_9 type III AFP was designed to arrange AFPs into a planar array, we wondered 

whether such a structure would have so many IBSs oriented in the same direction that it would act as a 

nucleation point for ice growth. To answer this question, we assayed p4Z_9 type III AFP for INA, by 

arranging sample droplets along a polarizing film in replicates of ten (Fig. 3.4A) and gradually decreasing 

the temperature while capturing consecutive images of the samples. Frozen sample droplets could then be 

distinguished from those that were still liquid (Fig. 3.4B). Both positive controls exhibited INA, with 

nucleation points reached for the INP at -2.3 °C and for the p4Z_9 type III AFP sample spiked with INP 

at -2.0 °C. None of the p4Z_9 type III AFP samples analyzed had a measurable T90, and so were not 

found to be active. Indeed, only 20% of the replicates froze over the temperature range analyzed for the 

highest concentration (1 mg/mL) of p4Z_9 type III AFP.   
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Figure 3.4. Assessing the ice nucleation activity of p4Z_9 type III AFP. 

(A) Sample droplets on polarized film at the beginning of the assay (2.0 °C). Lane 1; INP, lane 2; 1 

mg/mL p4Z_9 type III AFP, lane 3; 0.5 mg/mL p4Z_9 type III AFP, lane 4; 0.25 mg/mL p4Z_9 type III 

AFP, lane 5; 1 mg/mL p4Z_9 type III AFP spiked with INP, lane 6; sample buffer. (B) Samples on the 

polarizing film at the end of the assay (-13.0 °C). (C) Plot showing the logarithm of ice nuclei per mL of 

samples as the temperature decreases. A serial dilution of p4Z_9 type III AFP samples was analyzed, 

including concentrations of 1 mg/mL (green squares), 0.5 mg/mL (pink triangles), and 0.25 mg/mL 

(orange hexagons). A preparation of the P. syringae INP (blue circles), as well as a 1 mg/mL sample of 

p4Z_9 type III AFP spiked with the INP (red diamonds), were used as positive controls. Sample buffer 

(black stars) was used as a negative control. The horizontal, dashed line represents the threshold for the 

T90, at which samples are considered to have INA. The vertical, dotted line represents the temperature 

above which nucleation events are considered to be biologically significant. 
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3.4.4 Size-exclusion chromatography of p4Z_9 type III 

To assess the extent of oligomerization of p4Z_9 type III AFP subunits, the purified protein was 

analyzed by size-exclusion chromatography (Fig. 3.5). After dialyzing the protein into the final buffer, 

p4Z_9 type III AFP was loaded onto an S300 column (Fig. 3.5A), the elution of which showed a set of 

three overlapping peaks with elution volumes of 67 mL (Peak A), 74 mL (Peak B), and 84 mL (Peak C). 

SDS-PAGE of these fractions revealed, however, that only Peak A contained the p4Z_9 type III AFP 

subunits (Fig. 3.5B). While it was expected that a planar array of p4Z_9 type III AFP subunits would 

have a small elution volume, possibly approaching the void volume of the column (38.5 mL), the elution 

of p4Z_9 type III AFP at 67 mL suggested that the subunits eluting from the column were not assembled 

into such an array. Instead, p4Z_9 type III AFP eluted just before GFP (26 kDa, 73 mL). 

 Fractions containing p4Z_9 type III AFP were pooled and concentrated using centrifugal filters to 

a concentration of 24 μM, but precipitation of the protein was observed. Precipitate was pelleted and 

removed from the solution, yielding a sample with a concentration of 16 μM that did not have measurable 

TH activity. The solution was further concentrated to 30 μM without any further precipitation observed, 

and was again analyzed for TH. Ice crystals bound by the latter p4Z_9 type III AFP solution (Fig. 3.5C) 

were (i) shaped into hexagonal bipyramids as observed previously, and (ii) burst perpendicular to the c-

axis of the crystal. However, the TH exhibited by this sample (x̅ = 0.12 °C, n = 3) was only 20% of the 

activity expected by interpolation of the original TH activity curve (Fig. 3.3D). The previous activity at 

this concentration was 0.62 °C (Fig. 3.5D). 

 To determine if passing the protein through the S300 column had reduced the activity of p4Z_9 

type III AFP, a sample from the same purification experiment that had not been loaded onto the S300 

column was concentrated to 48 μM for TH measurements. Again, there was some precipitation observed 

in the sample, which was pelleted and removed prior to measuring the TH. At the resulting concentration 

of 22 μM, 0.38 °C of TH was observed, which is comparable to the value predicted by the activity curve 

generated previously (Fig. 3.3D). 
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Figure 3.5. Size-exclusion chromatography of p4Z_9 type III AFP. 

(A) Elution of p4Z_9 type III AFP from the S300 column, with the main peaks labeled in order of elution 

from the column. Black squares indicate the elution volume of molecular weight markers (i) blue dextran 

(>2000 kDa, 38.5 mL), (ii) ferritin (400 kDa, 53 mL), and (iii) green fluorescent protein (26 kDa, 73 mL). 

(B) SDS-PAGE analysis of fractions eluting from the S300 column. Lane 1; molecular weight markers, 

lane 2; p4Z_9 type III AFP prior to loading onto the S300 column, lanes 3-10; fractions 11-18 from the 

S300 column. Black bars indicate the fractions spanning specific peaks of the chromatogram. (C) Ice 

crystal bound by p4Z_9 type III AFP (i) below the melting point and (ii) after the freezing point was 

surpassed. Black arrows denote the orientation of the c-axis of the ice crystals. White bars represent a 

distance of 10 μm. (D) Thermal hysteresis measurements of 30 μM p4Z_9 type III AFP after elution from 

the S300 column. The mean TH value (orange, right) was compared to the same concentration of p4Z_9 

type III AFP interpolated from the existing activity curve (green, left). TH measurements were carried out 

in triplicate. Error bars indicate one standard deviation from the mean. 
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3.5 Discussion  

 
 
 The computational design of novel protein assemblies has generated an assortment of unique 

designs with different subunit types, dimensions, and mechanisms of control over assembly.80 The 

existence of such diverse assemblies provides many opportunities to assemble AFPs, through genetic 

fusion to their respective subunits, into arrangements that were not previously possible. Here, we 

genetically fused the moderately active type III AFP to a subunit, p4Z_9,85 that was designed to assemble 

into 2-D arrays (Fig. 3.1 B-C).  

 The fusion between p4Z_9 and type III AFP showed enhanced TH activity compared to the 

monomer and, more impressively, the same AFP fused to the subunits of the protein cage T33-21. The 

greater activity shown by this design suggests that p4Z_9 type III AFP is assembling into an oligomer of 

some sort. If this is the case, the superior activity is consistent with the anchored clathrate hypothesis of 

ice-binding by AFPs.3,25 A structure with a large number of attached AFPs would have more organized 

water molecules on its surface, and would therefore be more likely to bind to ice, particularly if the AFPs 

are oriented as a flat array rather than a globular cage. An oligomer of p4Z_9 type III AFP subunits would 

also be greater in size than monomeric type III AFP and, depending on the extent of oligomerization, 

would form a larger structure bound to the surface of ice that is more difficult to “overgrow”. 

 The manner in which ice crystals bound by p4Z_9 type III AFP burst at the freezing point can 

shed light on the mechanism behind the greater activity of type III AFP multimers. Fusing type III AFP to 

the subunits of protein cages79 caused the ice crystal to burst normal to the c-axis, which is not observed 

when the monomer binds (Fig. 3.3).60 It has been suggested that when type III AFP multimers come into 

contact with the ice crystal, those binding to planes of ice flanking the very apex of the crystal will 

“screen” the tip, which is a weak point in crystals bound by moderately active AFPs.79 Indeed, ice crystals 

formed into bipyramids by monomeric type III AFP within microfluidic  channels showed a similar burst 

pattern when the apices of the crystal, and therefore the basal planes, were physically blocked by the 
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PDMS walls of the apparatus.46 Blocking of the basal plane at the apex may stabilize the ice crystal at 

greater subzero temperatures than if this plane remained open for the growth of ice. 

A currently unanswered question is whether the p4Z_9 type III AFP subunits are assembling, as 

designed, to form a 2-D array. While the enhanced TH activity exhibited by this construct suggests that 

the subunits are assembled to some extent, elution of p4Z_9 type III AFP during size-exclusion 

chromatography pointed to a relatively low oligomerization state. Indeed, elution of this protein just 

before GFP (26 kDa) suggests that few of the p4Z_9 type III AFP monomers (20.8 kDa) are assembled. 

Based on its elution volume compared to these standards, it may be that these subunits are eluting as 

tetramers, the original oligomerization state of the p4Z_9 subunits prior to the design of the novel binding 

site that allows tetramers to self-assemble into arrays.85 If this is the case, it may be that fusion of type III 

AFP to these subunits is sterically impeding further assembly between tetramers into arrays. However, it 

must be noted that, due to the elongated nature of the p4Z_9 type III AFP fusion protein, it would have a 

greater Stokes radius compared to a globular protein of the same molecular weight. Thus, it is even 

possible that p4Z_9 type III AFP is only eluting from the column as a monomer. 

It is not currently known why p4Z_9 type III AFP exhibited lower TH activity after elution from 

the S300 column compared to the same concentration of the fusion protein interpolated from the existing 

activity curve (Fig. 3.5D). It is possible that subunits were assembled into arrays during the refolding 

process (and initial TH measurements), but were disassembled during size-exclusion chromatography into 

smaller, less active oligomers during dilution or passage through the matrix pores. Indeed, proteins 

flowing through the column are forced through the resin by a pump and may encounter sufficient shear 

forces to disassemble the arrays as they are eluted. This would be even more likely if the non-covalent 

interactions between p4Z_9 tetramers were sterically weakened by the fusion of AFPs to the subunits. 

Interestingly, though the activity of p4Z_9 type III AFP could be measured up to a concentration 

of 53 μM, it could not be reliably measured at concentrations higher than this due to issues with the 

solubility of the protein. Given the sheer size expected for an assembled array of p4Z_9 type III subunits, 



 

78 

 

as well as the need to resuspend and refold both p4Z_9 and the fusion protein during purification from E. 

coli,85 the limited solubility of this protein is not surprising. However, the precipitation of p4Z_9 type III 

AFP in samples collected before and after elution from the S300 column is concerning, given that both 

samples were at concentrations at which the construct was previously soluble and the TH activity could 

be measured (Fig. 3.3D). Of note is the observation that, once precipitated material was pelleted and 

removed from the samples, the pre-S300 sample exhibited TH activity comparable to the same 

concentration interpolated from the activity curve, while the post-S300 sample showed a 5-fold decrease 

in activity. Because the only difference between these samples is the passage of the latter through the 

S300 column, the decrease in activity may indicate that passage through the column is causing the 

disassembly of p4Z_9 type III AFP into smaller oligomers or even monomers. 

To make any conclusions about the oligomerization state of p4Z_9 type III AFP, additional 

analysis of this assembly is needed. First and foremost, the analysis of the construct using size-exclusion 

chromatography should be repeated to see if the observed results, especially the precipitation of the 

protein at relatively low concentrations, are confined to that particular preparation of p4Z_9 type III AFP. 

The reasons for limited solubility of the construct are extensive, and might be ameliorated with something 

as simple as changing the stock solutions used in the preparation of buffers.  Perhaps the most likely 

explanation is that p4Z_9 type III AFP is on the cusp of assembly and that once it goes from the 

monomer/tetramer into a sheet it rapidly reaches sufficient size to fall out of solution.   

Once p4Z_9 type III AFP has been successfully purified, it should also be analyzed using electron 

microscopy (EM), the preferred method used to confirm the assembly of p4Z_9 when it was first 

designed.85 Though not as concrete as EM, multi-angle light scattering (MALS) could also be used to 

confirm the assembly of subunits, as one would expect wide, planar arrays to have a distinct pattern of 

light scattering compared to a monomer or tetramer. MALS is also a superior method for the 

determination of the molecular weight, and therefore oligomerization state, of the construct as it is eluted 
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from the column, which would allow us to determine if the protein eluting from the S300 column is 

assembled into a tetramer or if it elutes as a monomer.  

The p4Z_9 type III AFP construct was designed to assemble into 2-D arrays with extensive AFPs 

– and IBSs – oriented in the same direction. Because it is suspected that INPs nucleate ice growth through 

the organization of extensive ice-like waters on their surface,16 we wondered if an array of AFPs might be 

able to achieve this as well. However, under the experimental conditions used here, p4Z_9 type III AFP 

did not nucleate ice formation. Based on this result, it may be that there is more to ice nucleation activity 

than simply orienting AFPs in one direction. In this design, the ice-binding surface is made up by an array 

of type III AFPs, which have a compound IBS compared to other AFPs,3 especially those with a beta-

solenoid fold. In fact, models generated for bacterial INPs appear to closely resemble the beta-solenoid 

AFPs, and have been predicted to have long, flat IBSs on which to orient enough water molecules to act 

as a nucleation point for ice growth.16 The lack of INA exhibited by p4Z_9 type III AFP, however, is 

encouraging, as such a feature would be unappealing for a design one wishes to coat onto a surface to 

prevent the buildup of ice. 

Now that it has been shown that fusion of AFPs to the P4Z_9 subunits results in such significant 

increases in TH activity, perhaps even greater levels of activity can be achieved through the fusion of 

hyperactive AFPs in the place of type III AFP. It is worth noting, however, that there is little space 

between AFPs in the model for assembled p4Z_9 type III AFP subunits (Fig. 3.1 B-C). The spacing of C 

termini in this design may limit the number of AFPs that can be fused to this particular subunit without 

impeding self-assembly, as many of the more active AFPs are greater in size and diameter than type III 

AFP. Generating arrays of such AFPs may require a different scaffold with termini spaced farther apart. 

Furthermore, it would be ideal if any AFPs fused in this way had N or C termini that project away from 

the protein on the opposite side as the IBS, so that this part of the protein is facing outward from the array 

itself. 



 

80 

 

 The self-assembly of AFPs into planar arrays has exciting possibilities which are not achievable 

by the monomeric of even protein cage-decorated form of the protein. Coating surfaces in an AFP array 

could make the surface resistant to the buildup of ice, a highly sought-after quality for many products. 

Surfaces coated in proteins that bind to and prevent the growth of ice could eliminate the need to apply 

salts or other de-icers that are potentially damaging to machinery, infrastructure, or the environment. 

Furthermore, the enhanced TH activity of p4Z_9 type III AFP over both the monomer and T33-21 type III 

suggests that it could be used in many of the same applications as a more cost-effective option.  
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3.7 Supplementary Figures  

 
 

 
 

Figure 3.S1. DNA and Protein sequences of p4Z_9 type III AFP. 

(A) DNA sequencing results for pET-29b vectors after the synthetic gene encoding type III AFP was 

subcloned immediately downstream of the gene for the p4Z_9 subunit. (B) Amino acid sequence of the 

p4Z_9 type III fusion protein. DNA or amino acid sequences are colour-coded as follows: p4Z_9; green, 

XhoI cut site; magenta, helical linker; yellow, type III AFP; grey, polyhistidine tag; cyan.  
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Chapter 4 

General Discussion 

4.1 Protein assemblies as scaffolds for AFP oligomerization  

 
 
 The work presented in this thesis demonstrates that self-assembling protein oligomers act as 

effective scaffolds for the oligomerization of AFPs into multivalent nanomaterials. The self-assembling 

protein cages were originally selected as a novel scaffold to connect AFPs together to address the 

limitations of chemical conjugation of AFPs to branched polymers such as PAMAM dendrimers. 

Connecting type III AFP to the dendrimer generated a heterogeneous mixture of AFP nanoparticles, in 

which only between 40% and 70% of the reactive termini of the dendrimer were occupied with AFPs.73 

When the same AFP was genetically fused to the protein cage T33-21, it was shown that this method of 

connecting AFPs had achieved 100% occupancy of the available termini.79  

 As was observed for AFPs connected to scaffolds via conjugation reactions, AFP multimers 

generated by the genetic fusion of either type III AFP or SfIBP to the protein cage T33-21 showed an 

increase in ice-binding activities compared to the corresponding monomeric AFPs.79 Additionally, an 

increase in activity was observed when type III AFP was fused to P4Z_9 subunits that was designed to 

assemble into a 2-D protein array. These increases in activity due to genetic fusion to self-assembling 

protein subunits indicate that protein oligomers are valid scaffolds for the oligomerization of AFPs. 

 Self-assembling protein oligomers also represent an exciting opportunity to arrange AFPs and 

their IBSs into specific arrangements that are not possible for monomeric AFPs, and may be limited for 

those conjugated to branched chemical polymers such as PAMAM dendrimers. Theoretically, self-

assembling oligomers could be designed in Rosetta with specific dimensions, and orientations of N and C 

termini, so that genetically fused AFPs are oriented as the investigator sees fit. If so, the fusion of AFPs to 

the subunits of T33-21 and p4Z_9 would only be the beginning of the possible applications of these self-

assembling oligomers.  
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 The genetic fusion of AFPs to these oligomers has also been a valuable proof-of-concept that 

connecting monomeric proteins to a scaffold can increase their activity. Moving forward, it would be 

interesting to see what other proteins can be fused to oligomer subunits to enhance their respective 

activities. Perhaps enzymes involved in metabolic pathways requiring numerous enzyme-catalyzed 

chemical reactions, such as the breakdown of complex carbohydrates, would benefit from being 

connected in close proximity to each other through fusion to protein cages, much as they do in the 

cellulosome.118 

4.2 Factors contributing to the enhanced activity of AFP multimers  

 
 
 An interesting feature of both oligomers, T33-21 and p4Z_9, decorated with type III AFP was the 

manner and direction in which ice crystals bound by these structures burst when the freezing point of the 

solution was exceeded. While crystals bound by the monomeric AFP burst through the apices along the c-

axis of the crystal,60 those bound by both type III AFP multimers burst normal to this axis either at the 

apex79 or through one of the faces of the crystal.  

To elucidate the reason behind this difference, one must consider the reason that this fish AFP 

shapes ice into hexagonal bipyramids. Below the melting point of the solution, ice will continue to grow 

out of the basal plane of the crystal with the moderately-active AFPs continuously binding the primary 

prism and pyramidal planes.110 This results in layers of ice along the c-axis that decrease in diameter until 

the basal plane is minimized at the apex of the crystal, reducing the probability of a nucleation event out 

of this plane.110 Type III AFP multimers, due to their size, may be able to overlap the ice at the apex of 

the crystal and physically block the minimized basal plane, preventing additional water molecules from 

joining the plane. In fact, when ice crystals were trapped in the presence of type III AFP in a PDMS 

microfluidics apparatus such that the crystal apices were physically blocked by the confines of the 

chamber, the ice crystal also burst perpendicular to the c-axis of the crystal.46 So, in addition to an 

increased ‘effective IBS’ and increased size over the corresponding monomer, the enhanced TH activity 



 

84 

 

of the type III multimers may be due to their ability to block the apices of the ice crystals to which they 

are bound.60 

4.3 Increasing the yield of AFP multimers  

 
 
 Multimers of AFPs, whether they are fused to the subunits of protein cages or 2-D arrays, clearly 

have greater ice-binding activity compared to the monomeric AFP. However, to be viable for commercial 

production and use in biotechnology applications, it is necessary to maximize the yield of these constructs 

during the purification process. AFP multimers purified for the work described above were expressed in 

E. coli, yielding only milligrams of protein in 1-4 L of bacterial culture. Perhaps using a different 

expression system to synthesize the AFP multimers would lead to greater yields that would make 

commercial production feasible. Indeed, eukaryotic expression systems such as yeast (Pichia pastoris)119 

or fungi (Trichoderma reesei)120 have been used to express and purify protein on the scale of grams per 

liter. It is worth noting, however, that brand-name companies such as Unilever have been hesitant to use 

proteins that are considered ‘genetically modified’ in their food products. The AFP multimers described 

in this thesis fall into this category. Nevertheless, these AFP multimers may see use as highly active 

constructs for other forms of cryopreservation, such as the preservation of cells or tissues, if they can pass 

FDA-approval. 

One could also consider the AFP multimers themselves, and ways that they could be altered to 

increase the purification yield. Each of the genes encoding the assembly subunits, as well as the synthetic 

genes encoding AFPs, were codon-optimized before they were synthesized; meaning that the DNA 

sequence is already ideal for expression in E. coli. However, the amino acid sequence of the AFP 

multimers could be “tweaked” so that assemblies are more soluble. Recently, Bale et al.121 have generated 

a variant of one of the designed protein cages, T33-31, in which solvent-exposed residues were mutated to 

more polar ones in order to improve its solubility. This cage also contains solvent-exposed N and C 

termini, which could be targeted for the genetic fusion of AFPs. 
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4.4 Increasing the number of AFPs decorating protein cages 

 
 

When work first began on this project, King et al. had recently published work detailing the 

design and characterization of T33-21 and other protein cages.84,88 By choosing T33-21 as the protein 

cage for genetic fusion of AFPs, we were able to assemble 12 AFPs onto the same structure.79 Since these 

initial publications on the design of protein cages, however, the Rosetta program has been used to 

generate several new designs. Among these are a one-component icosahedral cage consisting of 60 

subunits,91 and several two-component icosahedral cages containing 120 subunits.92  

These new designs can be inspected for outward-facing N and C termini, which could be used to 

connect an even greater number of AFPs to the same scaffold. These massive AFP multimers would be 

expected to have ice-binding activities even greater than those exhibited when type III AFP and SfIBP 

were fused to T33-21, as they would have an even greater number of AFPs decorated on the cage surface 

to make a productive interaction with the ice surface, and binding would result in an even larger structure 

on the ice surface that is more difficult to overgrow. 

4.5 Multimers displaying combinations of AFPs  

 
 

The strategy of genetically fusing AFPs to self-assembling protein subunits is limited by the fact 

that, for any gene encoding the subunit of an assembly, only one gene encoding an AFP can be ligated 

immediately downstream. While this strategy is suitable for comparing the activity of oligomerized AFPs 

to the corresponding monomer, it would be informative to mix and match AFPs on the surfaces of such 

oligomers, especially if the AFPs being displayed together have different levels of activity or affinities for 

different planes of ice. These combinations might lead to interesting changes in activity or ice crystal 

morphology exhibited by the fused AFPs. A forerunner of this experiment was made by analyzing the 

activity and ice crystal shaping imposed by combinations of monomeric fish AFPs (types I-III).122 While 

ice crystals were shaped into morphologies reflecting the presence of multiple AFPs, analysis of the 

activity revealed an additive, but not synergistic, effect of mixing these proteins. The logical next step 
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would be to combine both moderately active and hyperactive AFPs in solution, but it would also be 

interesting to see what the effects are of locking these AFPs in close proximity to each other through 

genetic fusion to self-assembling oligomers. 

Genetically-fused AFPs could be displayed together on the surface of such oligomers by co-

expressing the components of two or more AFP multimers within the same expression system. The 

expression vector for T33-21 designed by King et al.84 contains the genes for both the A and B subunits 

of the protein cage, separated by an intergenic region (Fig. 2.S1). Synthetic genes encoding either type III 

AFP or SfIBP were ligated immediately downstream of the B subunit, generating vectors that encode both 

the A subunit and the B subunit fused to either type III or SfIBP.79 While these two vectors were 

transformed separately into the expression system in order to generate the two AFP multimers (Fig. 

4.1A), both vectors could be transformed into the same cell line and expressed simultaneously. Both B 

subunit fusion proteins would be synthesized at the same time, and, together with the A subunits, would 

assemble into protein cages decorated with a mixture of both AFPs (Fig. 4.1B). It is worth noting that two 

different plasmid types would be needed, each with a different origin of replication, such as a pET vector 

encoding one AFP multimer and a pAC vector encoding the other. This strategy has been used previously 

by our group to express the large and small subunits of calpain in the same expression host.123 

Alternatively, because protein cage subunits have previously been shown to self-assemble in vitro,84 the B 

subunit fusion proteins and A subunits could each be expressed and purified separately, then combined in 

vitro to form multimers decorated with both AFPs. 
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Figure 4.1. Generating mixed AFP multimers through fusion protein co-expression. 

(A) The type III AFP multimer is expressed using a single expression vector encoding both the A subunit 

(green) and the B subunit-type III AFP fusion protein (blue/grey). Subunits are expressed and assembled 

in vivo to generate the AFP multimer with a single type of AFP. (B) An alternative expression system 

containing two expression vectors, one encoding the fusion between the B subunit of T33-21 and type III 

AFP, the other in a different plasmid type encoding the fusion between the B subunit and SfIBP (light 

orange). Both vectors are housed in the same expression host, and co-expressed to generate mixed AFP 

multimers with two different types of AFPs decorating the same protein cage. The compound IBS of type 

III AFP is shown, with the site binding the primary prism plane coloured orange and the site binding the 

pyramidal plane coloured cyan. The linker connecting the T33-21 B subunit and type III is coloured 

yellow. The putative IBS of SfIBP is also shown, coloured teal.  
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Up until this point, AFPs have been covalently attached to the subunits of self-assembling protein 

oligomers through genetic fusion of the two domains.79 However, for the purpose of mixing and matching 

AFPs on the surface of these oligomers, it may be more convenient to attach them to the scaffold non-

covalently. This can be achieved by tagging both the protein cage subunits and the AFPs with 

complementary E- and K-coil tags,124 which dimerize to form a coiled-coil motif that can be used to join 

the tagged domains together. However, efforts to generate protein cages with either a fused E- or K-coil 

have not been successful (Appendix B), though type III AFP tagged with a C-terminal E-coil has been 

successfully purified (Appendix C). To bypass the purification steps necessary to generate protein cages 

tagged with a K-coil, this tag could instead be conjugated to the arms of the PAMAM dendrimer in the 

same way that an AFP was conjugated by Stevens et al.73 

4.6 Bifunctional 2-D arrays  

 
 

Using 2-D arrays of protein as a scaffold for protein oligomerization is advantageous, as 

discussed in Chapter 3, because of the sheer number of subunits that can be incorporated into a single 

structure. In addition to the dimensions of the oligomers that can be generated, the fact that 2-D arrays can 

be designed to have two distinct faces provides the opportunity to decorate each face of the array with 

different proteins or peptides, generating bifunctional 2-D arrays.  

The 2-D array design used in Chapter 3, p4Z_9, is a homo-oligomeric array consisting of 

tetramers that assemble with the adjacent tetramer in an anti-parallel orientation.85 Individual p4Z_9 

subunits have N and C termini that project outward from the plane of the array in the same direction (Fig. 

1.10), meaning N and C termini will be present on both sides of the array. This feature of the p4Z_9 

design makes it unsuitable for the generation of bifunctional arrays, as genetic fusion of a protein to either 

terminus will result in its projection from both sides of the array. 

Ideally, a 2-D array engineered to display a different type of protein on each face would have N 

and C termini that project from opposite ends of the subunits, allowing for different domains to be 
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genetically fused to each terminus (Fig. 4.2A). Alternatively, if a two-component array could be designed 

in which the termini from different subunit types project outward from opposite faces, one protein could 

be fused to each subunit, ensuring display of the proteins on opposite faces (Fig 4.2B).  

Bifunctional protein arrays could provide innovative new applications for assemblies of AFPs 

that were not previously possible.  Even an addition as simple as a polyhistidine tag to the opposite side 

of the array as the AFPs would impart affinity to nickel to this structure, allowing it to be coated onto a 

nickel surface (Fig. 4.2C). This type of coated array could make the surface resistant to the buildup of ice, 

due to the large number of AFPs covering the surface. Furthermore, a bacterial hydrophobin that self-

assembles at the oil-water interface has recently been discovered and structurally characterized, revealing 

a face consisting primarily of hydrophobic residues with affinity for hydrophobic surfaces.125 Fusion of 

AFPs to this hydrophobin, the C terminus of which is on the opposite side of the protein as the 

hydrophobic face, may allow arrays of AFP fusion proteins to assemble at the oil-water interface. 

Another, more ambitious application of bifunctional arrays bearing IBPs could be the localization 

of proteins or organisms to the surface of ice that do not have ice-binding capabilities. Opportunities 

abound for potential protein domains that could be attached to the ice surface in this way. For example, 

the domain decorating the opposite face of the array could be the ligand for the adhesin of a 

microorganism (Fig. 4.2D). Localization of the adhesin ligand to the surface of the ice, connected through 

the IBPs on the other side of the scaffold, would allow the bacterium to localize to this surface as well, 

even though it does not have an ice-binding adhesin like the one expressed by Marinomonas 

primoryensis.12 Setting up an ‘adapter’ between the ice surface and the protein or cells of interest could 

allow us to manipulate biofilms at the surface of ice in interesting ways by allowing additional organisms 

to localize to the ice surface. 
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Figure 4.2. Design and applications of bifunctional protein arrays. 

(A) 2-D array subunits (cyan) bearing N and C termini on opposite sides of the plane of the array. (B) 

Subunits forming a two-component 2-D array, in which one subunit (green) is fused through one of its 

termini to an AFP (blue), and the other subunit (violet) is fused to another protein (orange). The IBS of 

the AFP is coloured red, while the helical linker is coloured yellow. (C) Application of a bifunctional 2-D 

array to coat a surface in AFPs. A view from the side (i) shows the separation of the AFP (blue) and 

polyhistidine tags (curved black lines), which would allow the array to adhere to a nickel surface (grey). 

A view from the top (ii) shows the potential for assembling large numbers of AFPs oriented in a single 

direction. (D) Use of a bifunctional array as an adapter between an adhesin-containing microorganism 

(grey) and the surface of ice (cyan). In this case, the protein (orange) fused to the subunit not containing 

the AFP (blue) is the ligand for the ligand-binding domain (purple) of an adhesin. The ligand-binding 

domain is connected to the microorganism by an extender domain (pink), which is anchored to the 

membrane of the organism through a membrane-associated domain (brown). 
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4.7 Controlling the assembly of 2-D arrays with capping structures 

 
 
 When type III AFP was fused to p4Z_9 subunits that are designed to form 2-D arrays, the activity 

of the fusion protein could only be compared to the monomeric and protein cage-bound AFPs on a ‘per-

AFP’ basis (Fig. 3.3D), as the oligomerization state of p4Z_9 type III AFP was not known. Even if 

assembly of this fusion protein into arrays was confirmed by electron microscopy, it is not guaranteed that 

all oligomers in solution would assemble the same number of subunits, due to the open-ended design of 

such 2-D protein arrays.  

 To address this challenge, it would be useful to design ‘capping’ subunits that would limit the 

dimensions of the assembled 2-D arrays to a certain number of subunits. In existing designs, the subunits 

forming 2-D arrays interact with like subunits to form oligomers such as tetramers (Fig. 4.3A). These 

subunits also have a designed binding site, allowing the oligomers to interact with each other and 

assemble into arrays (Fig. 4.3B). Conversely, the capping subunits would be missing the additional 

binding site needed for oligomer self-assembly (Fig. 4.3C), and their binding to the growing array would 

prevent further propagation of the assembly (Fig. 4.3D).  

Capping subunits could be combined with the regular array subunits in particular molar ratios – 

for example, ten regular subunits for every one capping subunit – to tune the dimensions of the resulting 

arrays. Once assembled, arrays of different dimensions could be separated from each other through size-

exclusion chromatography, allowing the oligomerization state of AFP arrays to be quantified and the 

activity to be compared to the monomeric AFP on a ‘per-particle’ basis. 
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Figure 4.3. Capping the assembly of 2-D arrays to control array dimensions. 

(A) A tetramer of subunits (grey) that self-assemble into a 2-D array. AFPs (blue) are genetically fused to 

the subunits, with a linker region (yellow) connecting the fused domains. Novel binding sites designed to 

allow tetramers to further assemble into 2-D arrays are coloured green. The IBSs of the AFPs are 

coloured red. (B) Top view of a 2-D array consisting only of subunits designed to assemble into the array 

and lacking any capping subunits, which would theoretically continue in all directions. (C) A tetramer of 

self-assembling subunits containing both the subunits designed to oligomerize into 2-D arrays (grey), as 

well as ‘capping’ subunits (cyan) that do not contain the necessary binding site to interact with additional 

tetramers. (D) ‘Capped’ 2-D array containing both self-assembling subunits and capping subunits, 

limiting the dimensions of the assembly. 
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4.8 Generating novel binding sites on AFPs – cutting out the middle man  

 
 
 The strategy of connecting AFPs to the self-assembling scaffold has accomplished the goal of 

increasing activity of the connected AFPs compared to the corresponding monomer,79 but there is still 

room for improvement. Mainly, the fusion of AFPs to the subunits of these oligomers restricted the 

possible targets to those, such as type III AFP, which have a terminus projecting outward from the 

opposite face as the IBS, so that the IBS will face outward when decorating the scaffold. Oligomerization 

of the Rhagium mordax AFP (RmAFP), the N terminus of which projects perpendicular to the IBS of the 

protein, has not shown an increase in activity when compared to the monomer on a ‘per AFP’ basis 

(Appendix A). Protein size has also been a concern, and the worry about sterically impeding self-

assembly of oligomer domains has limited our attempts to relatively small AFPs such as type III AFP (7 

kDa) and SfIBP (26 kDa). 

 It may be possible to ‘cut out the middle man’ by using the Rosetta modelling suite to generate 

novel binding sites on the AFPs themselves that cause them to self-assemble into higher-order structures. 

Doing so could generate a wealth of new possibilities for assembling AFPs that were not previously 

plausible due to factors such as the size of the protein or the orientation of termini that would be targeted 

for genetic fusion to the scaffold. Generating binding sites on the AFPs would also eliminate a bottleneck 

in the design process – that of scouring existing protein oligomers for those with the correct dimensions 

and outward-facing termini for genetic fusion to AFPs.  

 When protein structures are oriented relative to each other in 3-D space prior to using 

RosettaDesign to design the new interaction interface between adjacent subunits, the program targets sites 

in the protein containing well-anchored residues,84 such as those within secondary structures of the 

protein. There are many examples of AFPs containing such faces (excluding the IBS), such as the 

sbwAFP that is a triangular beta-solenoid containing two non-IBS faces that consist primarily of beta-

sheets (Fig. 4.3A).27  These faces could be targeted for the generation of novel binding sites, causing this 
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AFP to assemble into a hexamer (Fig. 4.4B) without the need for genetic fusion to separate 

oligomerization domains. 

 Despite the proposed advantages of feeding AFPs directly into Rosetta, there may be certain 

problems with generating the inter-subunit binding sites on AFPs directly. For one, it is known that the 

integrity of the IBS is essential to the activity of AFPs – the IBS is a relatively flat face on the protein, 

and key ice-binding residues must align properly in order to orient enough water molecules necessary to 

adsorb to ice.3,5 Mutating enough residues on other faces of the AFP may distort the IBS, rendering it less 

effective and defeating the purpose of generating AFP multimers. Indeed, distortion of the IBS was the 

reason attributed to diminished returns in activity when more than two additional coils were added to the 

structure of TmAFP.69 It should be noted, however, that the oligomers fed into Rosetta to generate the 

protein cages also had sites on the proteins which would not tolerate significant distortion – those forming 

the original binding sites between oligomer subunits. If such interfaces, necessary for the assembly of the 

protein cages, can withstand the mutations inflicted on the oligomer subunits by RosettaDesign, it is 

possible that the IBS of an AFP can also remain intact. 
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Figure 4.4. Direct oligomerization of AFPs. 

Rather than fusing AFPs to oligomers that self-assemble, novel binding sites could be designed on AFPs 

to drive their self-assembly directly. (A) The crystal structure of (i) sbwAFP (orange),27 a prime candidate 

for manipulation by the Rosetta modeling suite. Black arrows indicate non-IBS faces of the protein that 

could be targeted for the mutation of residues in order to generate novel binding sites. An alternative view 

of the structure (ii) portrays the widespread beta structure of the protein, which would serve as well-

anchored regions on which binding sites could be situated. The IBS of sbwAFP is coloured blue, showing 

the side-chains of ice-binding residues. (B) Model of a sbwAFP multimer (green) generated using 

Rosetta, composed of six subunits that interact through designed interfaces on the non-IBS faces of the 

AFP. The IBS of sbwAFP is shown in blue. 
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Appendix A 

Multimerization of the Rhagium mordax AFP using T33-21 

Because of the success we experienced decorating the protein cage T33-21 with both type III 

AFP (Macrozoarces americanus) and SfIBP (Schewanella frigidimarina),79 we attempted the same 

strategy for the AFP (RmAFP) expressed by the longhorn beetle, Rhagium mordax. This AFP has shown 

even greater levels of TH activity126 than SfIBP, so we thought that oligomerization through fusion to the 

protein cage T33-21 (Fig. A.1A) would yield the highest TH activity observed yet by an AFP multimer. A 

synthetic gene was ordered from GeneArt encoding the sequence for RmAFP attached to an N-terminal 

helical linker with the sequence AEAAAKEAAAKA. The synthetic gene also included XhoI sites 

flanking both the 5´ and 3´ ends of the gene. This synthetic gene was subcloned immediately downstream 

of the T33-21 B subunit DNA as described previously.79  

The RmAFP multimer was over-expressed in BL21 (DE3) cells and purified using a protocol 

adapted from the one outlined by Kristiansen et al.126 Briefly, BL21 cells were resuspended in a lysis 

buffer consisting of 25 mM Tris-HCl (pH 8.0), 50 mM NaCl, 5 mM Imidazole, and 1 mM PMSF, 

supplemented with an EDTA-free protease inhibitor cocktail. Cells were lysed through sonication, and the 

lysate was centrifuged at 16000 rpm for 30 min using a Beckman Coulter JS 4.2 rotor. Lysate supernatant 

was heat treated at 70 °C for 1 h, then centrifuged at 4000 rpm for 10 min using a Beckman Coulter JA 

25.5 rotor. Soluble RmAFP multimer was further purified through nickel-affinity chromatography. SDS-

PAGE of the eluted protein revealed two intense bands, one migrating between the 15 kDa and 20 kDa 

molecular weight markers, and the other migrating along with the 37 kDa marker (Fig. A.1B, lane 7).  
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Figure A.1. Design and purification of RmAFP T33-21. 

(A) Design model of the RmAFP multimer, consisting of 12 T33-21 A subunits (green) and 12 fusions 

between the T33-21 B subunit (purple) and RmAFP (black). The putative IBS of RmAFP is shown in 

cyan. RmAFP is connected to the B subunit by a helical linker (yellow). (B) SDS-PAGE of samples 

acquired during purification of the RmAFP multimer. Lane 1, molecular weight markers; lane 2, post-

induction cell lysate sample; lane 3, pre-induction cell lysate sample; lane 4, lysate pellet; lane 5, lysate 

supernatant; lane 6, Ni-NTA flow-through; lane 7, Ni-NTA elution 1; lane 8, Ni-NTA elution 2. (C) 

Elution of RmAFP multimer from an S200 column, with peaks numbered in order of elution. (D) SDS-

PAGE of fractions eluting from S200 column. Lane 1, molecular weight markers; lane 2, pooled and 

concentrated Ni-NTA elution; lane 3-10, fractions A12-B6. Peaks from S200 chromatogram are 

indicated. 
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Eluted protein was loaded onto the S200 column, generating a chromatogram with a main peak 

eluting at 68 mL followed by two less intense peaks (Fig. A.1C). SDS-PAGE of the S200 fractions 

showed that only the main peak contained both subunits necessary to form the protein cage (Fig. A.1D). It 

should be noted that previous work characterizing the RmAFP monomer has shown that the protein is 

stained poorly by Coomassie blue during SDS-PAGE, which may explain the slight difference in staining 

intensity between the A subunit and B subunit-RmAFP fusion protein. Fractions containing the assembled 

RmAFP multimer were pooled and concentrated using centrifugal filters with a molecular weight cut-off 

of 10 kDa.  

The RmAFP multimer was concentrated to 2.5 μM, and TH exhibited by the multimer was 

measured as described previously (Fig. A.2A).79 As expected, the activity of the multimer was greater 

than that of the monomer at this concentration (interpolated from an existing activity curve).126 However, 

when compared on a ‘per-AFP’ basis to 30 μM of the RmAFP monomer, the monomer exhibited greater 

activity (Fig. A.2B). 

Inspection of the model for RmAFP126 and the crystal structure of RiAFP29 led us to speculate that 

their N termini might project the fused protein with a sub-optimal orientation of the AFP when it is 

decorating the protein cage (Fig. A.3A). To counter this possibility, a new design was generated, called 

RmAFP Flex, where RmAFP was connected to the B subunit of T33-21 by a more flexible linker, 

consisting of the additional amino acid sequence GGGGS (Fig. A.3B). The construct was expressed and 

purified as described above, yielding almost identical SDS-PAGE results and elution profiles. However, 

when TH was measured at the same concentration measured above, there was only a marginal increase in 

activity exhibited by the RmAFP Flex multimer (Fig. A.3C-D). 

Finally, we purified the RmAFP Flex multimer without heat treatment, to ensure that this 

purification step was not unfolding the AFP on the protein cage. SDS-PAGE of samples collected during 

the purification showed that the lack of heat treatment did not affect purification of the RmAFP Flex 

multimer up to this point (Fig. 4A). However, when the Ni-NTA elution fraction was loaded onto the 
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column, a different elution profile was observed (Fig. 4B). The difference was mainly centered around 

peaks 2 and 3 of the chromatogram, which were more intense and overlapped with each other. SDS-

PAGE of fractions making up these peaks revealed that they contained unassembled A subunit and B 

subunit-RmAFP fusion protein. Without the heat treatment, peak 1 contained some molecular weight 

impurities (~75 kDa). Note again that the staining of the 37-kDa band of the multimer is weaker than 

expected for a 1:1 stoichiometry of the A and B subunits and that this reflects the poor staining of the 

AFP moiety. Fraction B12 (from peak 1) was concentrated to 2.5 μM and TH was measured, showing 

even lower levels of TH (x̅ = 1.4 °C; n = 3) than when the heat treatment step was used in the purification 

(x̅ = 2.25 °C; n = 3). It is possible that, with or without heat treatment, there is still not enough flexibility 

in the linker to allow RmAFP to be optimally positioned to bind to ice. It is also possible that heat 

treatment is a necessary step in the purification process to produce the fully active RmAFP. 
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Figure A.2. Comparison of TH activity between the RmAFP multimer and monomer. 

(A) Activity was compared on a ‘per-particle’ basis by measuring the TH of a 2.5 μM sample of the 

RmAFP multimer (blue) and the same concentration of the monomer (red). (B) On a ‘per-AFP’ basis, the 

activity of the 2.5 μM sample of the multimer, which corresponds to 30 μM of the AFP-containing B 

subunit, was compared to a 30 μM sample of the RmAFP monomer. All TH measurements were carried 

out in triplicate, and the values for the RmAFP monomer were interpolated from an existing standard 

curve.126 
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Figure A.3. Design of RmAFP multimer with flexible linker. 

(A) Cartoon representation of RiAFP (black), which has high sequence similarity to, and acted as a 

structure for the modelling of, RmAFP. The IBS of RiAFP is shown in cyan, and the red box indicates the 

N terminus. (B) Linker sequences used to connect RmAFP to the B subunit of T33-21. The original linker 

(above) consists of a sequence was designed to be helical (yellow), while the new linker (below) contains 

a flexible segment (green) in addition to the helical segment. (C) Activity was compared on a ‘per-

particle’ basis by measuring the TH of a 2.5 μM sample of the RmAFP Flex multimer (blue) and the same 

concentration of the monomer (red). (D) On a ‘per-AFP’ basis, the activity of the 2.5 μM sample of the 

RmAFP Flex multimer, which corresponds to 30 μM of the AFP-containing B subunit, was compared to a 

30 μM sample of the RmAFP monomer. All TH measurements were carried out in triplicate, and the 

values for the RmAFP monomer were interpolated from an existing standard curve.126 
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Figure A.4. Purification and analysis of RmAFP Flex T33-21 without heat treatment. 

(A) SDS-PAGE of samples collected during purification of RmAFP Flex T33-21. Lane 1, molecular 

weight markers; lane 2, post-induction sample; lane 3 lysate pellet; lane 4, lysate supernatant; lane 5, Ni-

NTA elution 1; lane 6, Ni-NTA elution 2; lane 7, Ni-NTA elution 3. (B) Elution of RmAFP multimer 

from an S200 column, with peaks numbered in order of elution. (C) SDS-PAGE of fractions eluting from 

S200 column. Lane 1, molecular weight markers; lane 2-10, fractions A12-B5. Peaks from S200 

chromatogram are indicated. (D) (A) Activity was compared on a ‘per-particle’ basis (i) by measuring the 

TH of a 2.5 μM sample of the RmAFP Flex multimer (blue) and the same concentration of the monomer 

(red). On a ‘per-AFP’ basis (ii), the activity of the 2.5 μM sample of the RmAFP Flex multimer, which 

corresponds to 30 μM of the AFP-containing B subunit, was compared to a 30 μM sample of the RmAFP 

monomer. All TH measurements were carried out in duplicate, and the values for the RmAFP monomer 

were interpolated from an existing standard curve. 



 

109 

 

Appendix B 

Introduction of an E/K-coil System on Protein Cages for AFP 

Multimerization 

Having studied the genetic fusion of both type III AFP and SfIBP to the protein cage T33-21, we 

wanted to expand on the usefulness of this multimerization method by introducing a coiled coil tagging 

system onto the cage (Fig. B1). With one coil of the E/K-coil pairing fused to a protein cage subunit and 

the other fused to several different AFPs, it would be possible to ‘mix and match’ AFPs decorating the 

cage to see how this affected activity. Coils designed by Litowski et al124 were chosen for this project, 

with the E-coil consisting of three heptad repeats of the sequence EIAALEK, and the K-coil consisting of 

three repeats of the complementary sequence KIAALKE (Fig. B.1). 

 The first protein cage selected for addition of an oligomerization tag was I3-01 (Fig. B.2A), a 60-

subunit cage designed by the Baker group.91 The I3-01 subunit has an outward-facing N terminus, which I 

targeted for fusion with a K-coil. A flexible linker with the sequence GGGGS was used to distance the K-

coil from the I3-01 subunit. Oligonucleotide sequences were ordered from IDT encoding the sequence for 

the K-coil, as well as the C-terminal flexible linker, with NdeI sites flanking both the 5´ and 3´ ends of the 

gene. The oligonucleotides were subcloned into the pET-29b vector containing the gene for the I3-01 

subunit as described previously.79  

 I3-01 was purified using the protocol suggested by the Baker group, with some modifications. 

Briefly, pelleted cells were resuspended in a buffer consisting of 25 mM Tris-HCl (pH 8.0), 150 mM 

NaCl, 1 mg/mL lysozyme, 1 mg/mL DNase, and 1 mM PMSF, supplemented with an EDTA-free 

protease inhibitor cocktail. Cells were lysed through sonication as described above, and the lysate was 

centrifuged at 16000 rpm for 30 min using a Beckman Coulter JA 25.5 rotor. Ammonium sulfate was 

added to the lysate supernatant to 60% saturation, after which it was incubated at room temperature for 15 

min before being centrifuged at 4000 rpm for 15 min in a TX-200 swinging bucket rotor. The supernatant 

fraction was incubated at 80 °C for 10 min, after which the solution was again centrifuged at 4000 rpm 
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for 15 min in the same rotor. Finally, the heat-treated supernatant was passed through a syringe filter with 

a 0.22 µm pore size. Through SDS-PAGE analysis, it is evident that an intense band running between the 

20 kDa and 27 kDa molecular weight markers is present in both the ammonium sulphate and heat 

treatment supernatants (Fig. B.2B, lanes 5 and 7).  

When the heat-treated supernatant was run on the S300 column (Fig. B.2C), a single peak was 

observed. However, this coincides with the elution of blue dextran (38.5 mL), indicating that the cage 

elutes in the void volume of the column. The 60-subunit I3-01 assembly is predicted to have a molecular 

weight of 1290 kDa, which falls within the separation range of this column (10-1500 kDa), but due to the 

orientation of the subunits (Fig. B.2A) it may have a greater Stokes radius than a typical globular protein 

of the same molecular weight, causing it to elute in the void volume.  

When the same purification protocol was attempted for the K-coil I3-01 construct, there were no 

significant bands observed where we would expect the 25 kDa protein to be on the gel (Fig. B.2D). It is 

possible that this new construct was either not soluble or not assembling into the protein cage after adding 

the K-coil. 
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Figure B.1. Sequence and structure of E- and K-coils. 

(A) Sequence of the E- and K-coils, which both consist of three heptad repeats. The N terminus is denoted 

by an ‘N’, while the C terminus is denoted by a ‘C’. (B) NMR structure of the E- and K-coils interacting 

in solution, looking down the alpha-helices.127 (C) Side view of the E- and K-coils. The N and C termini 

of the peptides are labeled.  
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Figure B.2. Design and purification of K-coil I3-01. 

(A) Structure of I3-01, with the ribbon representation shown in green and the unrefined density shown in 

blue. This image was adapted from Hsia et al.91 (B) SDS-PAGE of samples collected during purification of 

I3-01. Lane 1, molecular weight markers; lane 2, pre-induction sample; lane 3, post-induction sample; lane 

4, lysate pellet; lane 5, lysate supernatant; lane 6, ammonium sulfate supernatant; lane 7, heat supernatant. 

(C) Chromatogram representing the elution of I3-01 from the S300 column. Black squares indicate the 

elution volume of molecular weight markers (i) blue dextran (>2000 kDa, 38.5 mL), (ii) ferritin (400 kDa, 

53 mL), and (iii) green fluorescent protein (26 kDa, 73 mL).  (D) SDS-PAGE of samples collected during 

purification of K-coil-tagged I3-01. Lane 1, molecular weight markers; lane 2, pre-induction sample; lane 

3, post-induction sample; lane 4, lysate pellet; lane 5, lysate supernatant; lane 6, ammonium sulfate pellet; 

lane 7, ammonium sulfate supernatant; lane 8, heat supernatant. 



 

113 

 

 We then opted to work with a smaller cage, the 12-subunit protein multimer T3-10 designed by 

King et al.88 When T3-10 was purified using the previously described protocol,79 SDS-PAGE (Fig. B.3A) 

showed an overexpressed band migrating near the 25 kDa molecular weight marker, which was expected 

given that the molecular weight of the subunit is 23 kDa. This construct was observed in both the lysate 

pellet and supernatant, and the soluble protein was further purified with nickel-affinity chromatography. 

When the Ni-NTA elution was run on an S200 column, one main protein peak eluting at 82 mL was 

observed (Fig. B.3B)  

Oligonucleotides encoding the N-terminal K-coil and linker were ligated into the pET-29b vector 

encoding T3-10 as previously described above for the I3-01 construct. This construct was purified by the 

same protocol used for the original design. I observed a band in the Ni-NTA elution migrating between 

the 25 kDa and 30 kDa molecular weight markers (Fig. B.3C). When the Ni-NTA eluate was loaded onto 

the S200 column, two peaks eluted from the S200 column; one at 77 mL and the other at 94 mL (Fig. 

B.3D). This result was promising, because the first peak eluted earlier than where T3-10 was expected as 

a monomer (Fig. B.3B). However, SDS-PAGE of the S200 fractions showed that the K-coil-tagged T3-10 

subunits were only found in the second, later-eluting peak (Fig. B.3E), indicating that the subunits were 

not assembled into a protein cage. 
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Figure B.3. Purification of T3-10 and K-coil T3-10. 

(A) SDS-PAGE of samples collected during purification of T3-10. Lane 1, molecular weight markers; 

lane 2, post-induction cell lysate sample; lane 3, pre-induction cell lysate sample; lane 4, lysate pellet; 

lane 5, lysate supernatant; lane 6, Ni-NTA flow-through; lane 7, Ni-NTA elution 1; lane 8, Ni-NTA 
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elution 2; lane 9, Ni-NTA elution 3. (B) Chromatogram representing the elution of T3-10 from the S200 

column. (C) SDS-PAGE of samples collected during purification of K-coil T3-10. Lane 1, molecular 

weight markers; lane 2, post-induction cell lysate sample; lane 3, lysate pellet; lane 4, lysate supernatant; 

lane 5, Ni-NTA flow through; lane 6, Ni-NTA elution 1; lane 7, Ni-NTA elution 2; lane 8, Ni-NTA 

elution 3; lane 9, concentrated T3-10. (D) Chromatogram representing the elution of K-coil T3-10 from 

the S200 column. Peaks are numbered in order of elution from the column. (E) SDS-PAGE of samples 

collected during purification of K-coil T3-10. Lane 1, molecular weight markers; lane 2-9, Fractions B11-

B4. The fractions making up peaks in the chromatogram are indicated. 
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Finally, the sequence for an E-coil was genetically fused to T33-21, to see if the K-coil was 

causing either insolubility of the protein cage or impeding its assembly. Oligonucleotides encoding the E-

coil, flanked on both sides by a XhoI site, were ligated immediately downstream of the gene encoding the 

B subunit for T33-21 as previously described for the attachment of AFP genes.79 The purification protocol 

for T33-21 and the AFP multimers, described previously,79 was first used to purify E-coil-tagged T33-21, 

but the protein cage was insoluble and only found in the lysate pellet (not shown). 

To try to overcome the issues with solubility, the protocol was amended by adding 375 mM 

arginine to the lysis buffer to counter the negative charges added to the protein cage by the E-coil. When 

this protocol was used (Fig. B.4A), a prominent band was observed in the post-induction sample 

migrating between the 15 kDa and 20 kDa molecular weight markers (A subunit: 19.3 kDa, E-coil-tagged 

B subunit: 16.8 kDa). There was only one band observed, however, in the lysate supernatant and Ni-NTA 

elutions, indicating that only one of the subunits was soluble in this buffer. The molecular weight of this 

band was predicted from a standard curve of the molecular weight standards to be 19.1 kDa, suggesting 

that it is the A subunit of T33-21. When the Ni-NTA eluate was chromatographed on an S200 column 

(Fig. B.4B), the protein eluted much later than I would have expected for the assembled cage (89 mL). 
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Figure B.4. Purification of E-coil T33-21. 

(A) SDS-PAGE of samples collected during purification of T33-21 E-coil. Lane 1, molecular weight 

markers; lane 2, pre-induction cell lysate sample; lane 3, post-induction cell lysate sample; lane 4, lysate 

pellet; lane 5, lysate supernatant; lane 6, Ni-NTA flow through 1; lane 7, Ni-NTA flow through 2; lane 8, 

Ni-NTA elution 1; lane 9, Ni-NTA elution 2; lane 10, Ni-NTA elution 3. (B) Chromatogram representing 

the elution of E-coil-tagged T33-21 from the S200 column. 

 

 

  



 

118 

 

Appendix C 

Design and purification of E-coil-tagged type III AFP 

While we were not successful decorating the surface of protein cages with either K-coils or E-

coils, we were able to genetically fuse an E-coil to the C terminus of type III AFP and produce the 

modified protein. Oligonucleotide sequences were ordered from IDT encoding the sequence for the E-coil 

(Fig. B.1A), which include XhoI sites flanking both the 5´ and 3´ ends of the DNA as well as a stop codon 

on the 3´ end of the sequence. This stop codon was included to prevent translation of the sequence 

encoding the hexahistidine tag encoded immediately after the XhoI site, as it was not certain whether this 

tag would impede assembly of the E-coil and corresponding K-coil. The oligonucleotides were subcloned 

into the pET-24a vector (M1.1) containing the gene for the type III AFP as described previously.79  

 E-coil-tagged type III AFP was over-expressed in BL21 (DE3) cells as previously described.10 

Cells were pelleted through centrifugation at 4000 rpm for 30 minutes using a Beckman Coulter JS 4.2 

rotor, then resuspended in a lysis buffer consisting of 50 mM Tris-HCl (pH 7.6), 100 mM NaCl, and 1 

mM PMSF, supplemented with an EDTA-free protease inhibitor cocktail. Cells were lysed through 

sonication, and the lysate was centrifuged at 16000 rpm for 30 min using a Beckman Coulter JA 25.5 

rotor. It was determined through SDS-PAGE that there was an intense band in the lysate supernatant 

migrating between the 6.5 kDa and 14 kDa molecular weight markers, which is where we would expect 

the band representing E-coil-tagged type III AFP to migrate (Fig. C.1A). Indeed, the molecular weight of 

this band was predicted from a standard curve of the molecular weight markers to be 9.2 kDa, which is 

close to the predicted molecular weight of 9.4 kDa for this E-coil-tagged construct of type III AFP. 

The AFP was purified from the lysate supernatant using the ice-shell purification method.128 

Briefly, the lysate supernatant was diluted with distilled water up to 100 mL, then added to an ice shell 

formed within a 250-mL round-bottom flask rotating in an ethylene glycol bath cooled to -1.5 °C. The ice 

shell was rotated at this temperature until 50% of the solution was incorporated into the ice, then purity of 

the ice fraction was assessed through SDS-PAGE (Fig. C.1A). I found that a single round of ice shell 
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purification was not sufficient to purify the AFP, so a second round was carried out. After the second 

round, the band corresponding to the E-coil type III AFP was significantly purer than after the first round 

(Fig. C.1B).  

To further purify E-coil type III AFP, 10 mL of the ice fraction (totaling 60 mL) was concentrated 

five-fold and loaded onto an S75 column (10/300) equilibrated with lysis buffer, generating a 

chromatogram with three distinct peaks (Fig. C.1C). SDS-PAGE of fractions making up peaks 2 and 3 

showed that the peak 3 contains E-coil type III (Fig. C.1D), which was significantly purified. The purified 

E-coil type III AFP was concentrated to 1 mg/mL and TH was measured, and this construct showed equal 

activity to the corresponding concentration of type III AFP before addition of the E-coil.  
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Figure C.1. Purification of E-coil type III AFP. 

(A) SDS-PAGE of samples collected during purification of E-coil-tagged type III AFP. Lane 1, pre-

induction sample; lane 2, post-induction sample; lane 3, lysate pellet; lane 4, lysate supernatant; lane 5, 

liquid fraction 1; lane 6, ice fraction 1; lane 7, molecular weight markers. (B) SDS-PAGE of samples 

collected during purification of E-coil-tagged type III AFP. Lane 1, molecular weight markers; lane 4, 

liquid fraction 2; lane 5, ice fraction 2. Lanes 2-3 contain samples unrelated to this purification. (C) 

Chromatogram representing the elution of E-coil-tagged type III AFP from the S75 column. Peaks are 

numbered in order of elution from the column. (D) SDS-PAGE of fractions collected during size-

exclusion chromatography of E-coil-tagged type III AFP. Lane 1, molecular weight markers; lane 2, ice 

fraction 2; lanes 3-10, fractions from the S75 size-exclusion purification of the ice fraction. 

Corresponding peaks from the chromatogram are indicated.  
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Appendix D 

Amino acid sequences of relevant constructs 

 

Table D.1. Amino acid sequences of T33-21, AFP multimers, and E/K-coil-tagged proteins. 

Name   Sequence
 

T33-21A 
MRITTKVGDKGSTRLFGGEEVWKDSPIIEANGTLDELTSFIGEAKHYVDE
EMKGILEEIQNDIYKIMGEIGSKGKIEGISEERIAWLLKLILRYMEMVNLK
SFVLPGGTLESAKLDVCRTIARRALRKVLTVTREFGIGAEAAAYLLALSD
LLFLLARVIEIEKNKLKEVRS 

T33-21B        
MPHLVIEATANLRLETSPGELLEQANKALFASGQFGEADIKSRFVTLEAY
RQGTAAVERAYLHACLSILDGRDIATRTLLGASLCAVLAEAVAGGGEEG
VQVSVEVREMERLSYAKRVVARQRLEHHHHHH 

RmAFP T33-21B 
MPHLVIEATANLRLETSPGELLEQANKALFASGQFGEADIKSRFVTLEAY
RQGTAAVERAYLHACLSILDGRDIATRTLLGASLCAVLAEAVAGGGEEG
VQVSVEVREMERLSYAKRVVARQRLEAEAAAKEAAAKAYSCRAVGVD
ASTVTDVQGTCHAKATGPGAVASGTSVDGSTSTATATGSGATATSTSTG
TGTATTTATSNAAATSNAIGQGTATSTATGTAAARAIGSSTTSASATEPT
QTKTVSGPGAQTATAIAIDTATTTVTALEHHHHHH 

Monomeric RmAFP  

MYSCRAVGVDASTVTDVQGTCHAKATGPGAVASGTSVDGSTSTATATG
SGATATSTSTGTGTATTTATSNAAATSNAIGQGTATSTATGTAAARAIGS
STTSASATEPTQTKTVSGPGAQTATAIAIDTATTTVTASLEHHHHHH 

I3-01 
MKMEELFKKHKIVAVLRANSVEEAKKKALAVFLGGVHLIEITFTVPDAD
TVIKELSFLKEMGAIIGAGTVTSVEQCRKAVESGAEFIVSPHLDEEISQFCK
EKGVFYMPGVMTPTELVKAMKLGHTILKLFPGEVVGPQFVKAMKGPFP
NVKFVPTGGVNLDNVCEWFKAGVLAVGVGSALVKGTPVEVAEKAKAF
VEKIRGCTE 

 
K-coil I3-01 

MKIAALKEKIAALKEKIAALKEHMKMEELFKKHKIVAVLRANSVEEAKK
KALAVFLGGVHLIEITFTVPDADTVIKELSFLKEMGAIIGAGTVTSVEQCR
KAVESGAEFIVSPHLDEEISQFCKEKGVFYMPGVMTPTELVKAMKLGHTI
LKLFPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDNVCEWFKAGVLAV
GVGSALVKGTPVEVAEKAKAFVEKIRGCTE 
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Name   Sequence
 

 
T3-10 

MTEKEKMLAEKWYDANFDQTLINERLRAKVICFALNHTNPVATMMRKV
LIDALFQTTTDNVSISIPFDTDYGWNVKLGKNVYVNTNCYFMDGGQITIG
DNVFIGPNCGFYTATHPLNFHHRNEGFEKAGPIHIGSNTWFGGHVAVLPG
VTIGEGSVIGAGSVVTKDIPPHSLAVGNPCKVVRKIDNDLPSETLNDETIK
LEHHHHHH 

K-coil T3-10 
MKIAALKEKIAALKEKIAALKEGGGGSHMTEKEKMLAEKWYDANFDQT
LINERLRAKVICFALNHTNPVATMMRKVLIDALFQTTTDNVSISIPFDTDY
GWNVKLGKNVYVNTNCYFMDGGQITIGDNVFIGPNCGFYTATHPLNFH
HRNEGFEKAGPIHIGSNTWFGGHVAVLPGVTIGEGSVIGAGSVVTKDIPP
HSLAVGNPCKVVRKIDNDLPSETLNDETIKLEHHHHHH 

E-coil T33-21-B 
MPHLVIEATANLRLETSPGELLEQANKALFASGQFGEADIKSRFVTLEAY
RQGTAAVERAYLHACLSILDGRDIATRTLLGASLCAVLAEAVAGGGEEG
VQVSVEVREMERLSYAKRVVARQRLEEIAALEKEIAALEKEIAALEKLEH
HHHHH  

Monomeric Type III 
MNQASVVANQLIPINTALTLVMMRSEVVTPVGIPAEDIPRLVSMQVNRA
VPLGTTLMPDMVKGYAALEHHHHHH 

E-coil Type III AFP 

MNQASVVANQLIPINTALTLVMMRSEVVTPVGIPAEDIPRLVSMQVNRA
VPLGTTLMPDMVKGYAALEEIAALEKEIAALEKEIAALEK 

 

 

 

 

 

 

 

 


