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Abstract 

This thesis describes: 1) the use of protein engineering to increase ice-binding protein 

(IBP) activity and thermal stability, and 2) the binding interaction and microcolony formation 

between an Antarctic bacterium and diatom. IBPs, including the antifreeze proteins (AFPs) that 

prevent the freezing of organisms, are found in nearly all biological kingdoms. IBPs have 

potential applications in a variety of domains including the food industry, cryo-medicine, and 

biotechnology. Despite the variety of IBPs, most are difficult to produce in amounts needed for 

industrial applications. Consequently, there is a need to find or engineer IBPs with enhanced 

activity and stability. Previously, AFP activity was increased by fusing an AFP to another 

protein, or by increasing the size of the IBP’s ice-binding face. Here, I used a highly-branched 

polymer, known as a dendrimer, to fuse a range (6 to 12) of moderately-active type III AFPs 

from Macrozoarces americanus together. These AFP multimers had improved antifreeze and 

ice-recrystallization inhibition activity. Unexpectedly, AFPs multimers had enhanced recovery 

from heat treatment. I also achieved enhanced thermal stability in type III AFP through an 

alternative strategy. Using split-intein mediated end-terminal ligation, I fused the N- and C- 

termini of the type III AFP together. Peptide backbone circularization had no effect on antifreeze 

activity but significantly increased thermal stability compared to the non-cyclized form.  

The IBP found on the cell surface of a Gram-negative Antarctic bacterium, Marinomonas 

primoryensis, is one region of an exceptionally large multi-domain 1.5 MDa protein, MpIBP. 

Using temperature-controlled microfluidics, I have shown that M. primoryensis forms bacterial 

clusters on ice. Binding is aided by the motility of the bacterium and is dependent on the 

functionality of its ice-binding domain. The strictly aerobic M. primoryensis is drawn and binds 

to, the Antarctic diatom Chaetoceros neogracile to form mixed cell clusters and adheres them to 
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ice. We hypothesize that the ice-binding function of MpIBP keeps its host immediately under the 

surface ice in the phototrophic zone of the water column where oxygen and carbon compounds 

are more abundant. By recruiting diatoms to the ice, M. primoryensis helps these 

photosynthesizers form a symbiotic community where light is most abundant. 
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Chapter 1 

Introduction 

1.1 General introduction 

 

Life finds a way.  

Earth’s largest biosphere, based on area and volume, is the ocean. This is a relatively cold 

ecosystem, where 90% of the water has a temperature below 5 oC and some regions are ice 

covered 1. Psychrophiles, as cold-adapted organisms, not only survive here but thrive in these 

cold environments and have developed a rich variety of strategies for successful colonization. 

Adaptation is the integrative result of the process of beneficial genetic mutations (changes) 

accumulated over countless generations in response to an organism’s specific environmental 

niche. Psychrophilic organisms and microorganisms have evolved major biochemical adaptions 

to function at low temperatures like increasing membrane fluidity, optimizing enzyme activity to 

catalyse reactions at close to the freezing point of water, or coping with ice 2–5. The unique 

properties of ice that include expansion during formation, and exclusion of solutes, make 

freezing a particularly challenging environmental barrier. It is absolutely remarkable the number 

of ways organisms have adapted to survive in ice-laden environments. This thesis deals with 

artificially engineering ice-binding proteins to have increased activity and thermal stability, 

while also examining the ‘natural protein engineering’ of Marinomonas primoryensis to adapt to 

its environment by evolving a multi-domain adhesion protein able to bind various substrates 

including ice. 
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1.2 Introduction to ice-binding proteins 

 

Ice is potentially lethal to organisms. Ice can physically rupture tissues by physically 

expanding, or by changing the osmotic balance via the uptake of  water and exclusions of solutes 

6–8. Organisms inhabiting some cold environments are regularly exposed to sub-freezing 

temperatures and have developed strategies to combat the damage of freezing 9. Some 

endothermic organisms maintain their ideal body temperature by seeking shelter and using 

insulation such as fur or blubber, while others will hibernate, lowering their normal body 

temperature and metabolism. Organisms that are unable to control their body temperature have 

evolved intricate biochemical adaptations to prevent freezing. Some freeze-intolerant organisms 

like insects  and a few fish produce high levels of glycerol or other polyols  to colligatively lower  

their freezing point 10,11. Other freeze-avoiding species of fish and insects express ice-binding 

proteins (IBPs) to avoid freezing 4,12. Additionally, some freeze-tolerant organisms, including 

various species of plants, also produce ice-binding proteins to prevent the formation of large ice 

crystals 13,14. To date, IBPs have been shown to serve one or more of four known functions: 

biological antifreeze, ice recrystallization inhibition, ice structuring, and adhesion to ice (Figure 

1.1) 15. 
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Figure 1.1: Current known functions of ice-binding proteins.  

A) Antifreeze proteins (red circles) in the lumen of a capillary binding to a seed ice crystal to prevent 

growth by causing convex surface curvature between bound AFPs. B) Ice-recrystallization inhibition 

proteins (red circles) between ice grains blocking the movement of water to prevent changes in ice grain 

size. C) Secreted ice-binding proteins (red dots) from an algal cell structuring surrounding ice to maintain 

a liquid environment. D) Bacterial ice adhesion, with the ice-binding domain (red oval, domain IV) 

extending out of the bacterial outer membrane to bind ice. The extender region (purple dots, domain II) is 

rigidified by calcium ions. This figure was adapted from Davies, et al.15. 
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1.3 Functions of ice-binding proteins 

1.3.1 Biological antifreeze 

 

 Antifreeze proteins (AFPs) are a class of ice-binding proteins that enhance survival of 

freeze-intolerant organisms in sub-zero environments by decreasing the freezing temperature of 

body fluids. In these organisms, AFPs are expressed in, or transported to, tissues that may 

contact ice, such as: plasma, gut, skin, gills, and hemolymph 16,17. AFPs are thought to bind to 

seed ice crystals and cause surface microcurvature between the adsorbed AFPs, making the 

further addition of water molecules energetically unfavourable according to the Gibbs-Thompson 

effect (Figure 1.1 A) 18. AFPs function by depressing the freezing point of their solution below 

the melting point, a phenomenon termed thermal hysteresis (TH) - the characteristic measure of 

AFP activity (Figure 1.2) 19,20. In a non-colligative manner, AFPs depress the freezing point of a 

solution and slightly raise the melting point. They do this in the presence of ice. Conversely, 

colligative antifreezes, like glycerol, trehalose, and other polyols, and all dissolved solutes, lower 

both the freezing and melting point equally 10. Colligative freezing point depression is 

concentration dependent, whereas the ability of an AFP to depress freezing is not linearly related 

to concentration.  
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Figure 1.2: Thermal hysteresis activity. 

In the absence of AFPs (left) the solution’s freezing point is equal to the melting point. In this situation 

ice melts and grows in a disc shape above and below this temperature point, respectively. In the presence 

of AFPs (right, red circles), the freezing point of a solution is depressed below the melting point. The 

binding of AFPs to ice gives it a faceted shape within the thermal hysteresis gap. When the solution is 

lowered below the freezing point, the ice grows rapidly, or ‘bursts’ parallel or perpendicular to the c-axis 

for moderately active or hyperactive AFPs, respectively. The surface adsorption of AFPs causes a slight 

elevation of the melting point. Figure is adapted from Davies, et al.15. 

 

 

 

 

 

 



6 

 

1.3.2 Ice recrystallization inhibition 

 

Ice recrystallization is the growth of ice crystals over time in the frozen state, where big 

ice crystals grow at the expense of smaller crystals, similar to Ostwald ripening. While small ice 

crystals are often not harmful to freeze-tolerant organisms, if they recrystallize into larger ones 

they can rupture cells, either physically or through dehydration 21. Thus, freeze-tolerant 

organisms produce IBPs, not to prevent the formation of ice, but to minimize the damage once 

ice is present. Their IBPs, like the one from the perennial ryegrass Lolium perenne, inhibit the 

recrystallization of ice (ice recrystallization inhibition or IRI) keeping individual ice crystals 

small, thereby enhancing survival (Figure 1.1 B) 13. 

1.3.3 Ice structuring and adhesion 

 

Recently, microorganisms found in marine ice-laden environments have been shown to 

exhibit two additional IBP functions. Some photosynthetic microorganisms, such as algae and 

diatoms, are known to secrete IBPs into their extracellular environment (Figure 1.1 C). It is 

thought that microorganisms in danger of being overgrown and entombed by ice can secrete 

extracellular IBPs to structure ice into channels and maintain fluid around the cell thereby 

allowing essential functions like nutrient uptake, secretion and respiration to continue 22,23.  

 The fourth function of IBPs was recently discovered in another marine microorganism, 

an Antarctic Gram-negative bacterium, M. primoryensis 24. This bacterium produces a giant 

multi-domain 1.5-MDa IBP for use as an ice adhesin (Figure 1.1 D). The bacterium uses the ice 

adhesin to bind to surface ice and position itself at the top of the water column where nutrients 

and oxygen are more plentiful.  
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1.4 Structural diversity of IBPs 

 

IBPs form a diverse group of proteins that share the ability to bind ice but are otherwise 

dissimilar in their sequence and structure (Figure 1.3) 15. Five different types of fish AFPs are 

known. These include the short alpha-helical type I, the non-homologous globular type II and 

type III, the putative four- helix bundle type IV AFP, and the carbohydrate-rich antifreeze 

glycoproteins (Figure 1.3 A-D) 25–27. Insect, bacterial and plant AFPs are also remarkably 

diverse, although many of them are single discrete beta-solenoids that have evolved 

independently (Figure 1.3 E-I, K) 28–30.   Most, beta-solenoid proteins have quaternary structure 

where the solenoids are twisted around each other 31. The IBP solenoids are unusual in being 

solitary and untwisted. They tend to have a relatively flat surface on which outward pointing 

residues organize surface water to match with the ice lattice allowing binding.  In a variety of 

microorganisms, there is a widely dispersed DUF3494 fold that has been shown to have AFP 

activity and has been spread by horizontal gene transfer (Figure 1.3 J) 32. The DUF3494 fold has 

a bi-partite beta-helix braced by an alpha-helix. When considering AFP structures in general, 

they tend to be small, ranging from 3 to 35 kDa in size, and have a relatively flat and 

hydrophobic ice-binding face. Though there is extreme variation in the sequences and structures 

of AFPs, these proteins can bind ice to aid in host survival, and represent a remarkable example 

of convergent evolution.  
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Figure 1.3:X-ray crystal structures of ice-binding proteins.  

Secondary structures are coloured with α-helices in red, β-strands in green, flexible loops in grey, poly-

proline type II helices in blue. Calcium ions are shown as gold spheres. Fish IBPs (red background) are 

(A) Maxi 33, (B) type I AFP 25, (C) type II AFP 27 and (D) type III AFP 26. Plant AFPs (green background) 

(E) Lolium perenne AFP 29. Insect AFPs (beige background) are (F) spruce budworm AFP 34, (G) 

Tenebrio molitor AFP 35, (H) Rhagium inquisitor AFP 36, and (I) snow flea AFP 28. Microorganism AFPs 

(light blue background) are (J) Typhula ishikariensis DUF3494 32, and (K) Marinomonas primoryensis 

ice-binding domain 30.  
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1.5 Mechanism of AFP binding to ice 

 

It is generally accepted AFPs function to stop ice growth via the adsorption:inhibition 

mechanism originally proposed by Raymond and DeVries 19. By this mechanism, ice is forced to 

grow with energetically unfavourable curved fronts between adsorbed AFP molecules, similar to 

step pinning (Figure 1.4 A) 37. Above a surface coverage threshold, the growing ice front 

reaches a critical radius of curvature preventing the incorporation of additional water molecules, 

leading to a depression of the freezing point via the Gibbs-Thomson effect or Kelvin effect 18. 

This model makes the inherent assumption that AFP binding is irreversible. Fluorescently 

labeled IBPs have been employed to directly visualize ice adsorption and binding location. Drori 

et al. investigated whether AFP binding to ice was irreversible using fluorescent Tenebrio 

molitor AFP (TmAFP) in a temperature-controlled microfluidic chip 38,39. To this end, buffer 

exchange was used to remove unbound TmAFP. No change in fluorescent intensity or ice crystal 

growth was observed in the AFP-depleted solution upon holding for 20 min, suggesting the ice-

adsorbed TmAFP were not exchanging with the bulk solution. Furthermore, only a small 

reduction in TH was observed in the AFP-free solution bathing the crystal. These studies, among 

others, show IBP binding to ice is irreversible 18. The adsorption-inhibition theory is applicable 

to all AFPs and describes freezing point depression. However, it does not provide an explanation 

for how AFPs bind ice. 
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Figure 1.4: Mechanisms of IBPs binding to ice.  

A) adsorption-inhibition mechanism of AFP action. AFPs (red spheres) bind to ice causing energetically 

unfavourable curved fronts arresting ice growth until the temperature is lowered sufficiently to overgrow 

the bound AFPs. B) Schematic representation of the Nutt and Smith model for how AFPs bind ice. i) The 

IBS of the AFP arranges waters into an ice-like pattern, while the solvation waters around the non-IBS are 

disordered. ii) The ice-like waters on the IBS match the ordered waters of the quasi-liquid layer on the ice 

surface. iii) Binding of the AFP to ice. C) Anchored clathrate waters on the IBS of MpIBP. Waters are 

shown as blue spheres, hydrogen bonds as black dashed lines, calcium ions as green spheres, hydroxyls as 

red sticks, amides as blue sticks, and carbon as grey sticks. Figure modified from 18,40–42. 
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The mechanism by which IBPs adsorb to ice has been difficult to fully explain as it is not 

something that is easily observable. Initially, based on structures of AFGP and type I AFP, it was 

thought hydrogen bonding to ice was the main factor for binding. This mechanism of AFP-to-ice 

binding, known as the hydrogen bonding hypothesis, also suggested that hydroxyl groups on 

AFPs might freeze into the ice surface making additional hydrogen bonds 43. However, this 

mechanism was questioned after it was observed that the ice-binding site of newly discovered 

AFPs were enriched in hydrophobic residues 44,45. IBPs were then hypothesized to bind to ice 

through the hydrophobic effect, where water molecules constrained on the IBS would be released 

into the bulk solution upon the IBS docking to ice, making the adsorption thermodynamically 

favourable.  

Subsequently, based on molecular dynamics simulations, it was suggested that the IBS 

could restrain water molecules into an ice-like lattice, resembling the quasi-liquid layer of water 

molecules at the ice-water interface. This prearranged solvation shell of water could easily merge 

and freeze to ice at sub-zero temperatures, resulting in AFP adsorption to ice. This theory is 

summarized by the Nutt and Smith model (Figure 1.4 B) 41. Experimental evidence for this 

model has been difficult to obtain because the IBSs of AFPs, being flat, hydrophobic surfaces, 

tend to form protein-protein interactions during crystallization 35,46. The crystallization of MpIBP 

revealed the first extensive array of ice-like water molecules on an IBS that supported the Nutt 

and Smith model (Figure 1.4 C) 47. These highly ordered water molecules formed clathrates 

(cages) around the methyl groups of Thr side chains present on the IBS, and the clathrate waters 

were ‘anchored’ to the IBS by hydrogen bonds to side chain hydroxyls and peptide backbone 

amides48. Subsequently, in the crystal structure of Maxi, a similar anchored clathrate pattern of 
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waters was seen to stabilize the interior of the protein, while projecting through the four-helix 

bundle structure to the surface 33.   

 

1.6 Biotechnological applications of IBPs 

 

The potential biotechnological applications of IBPs are numerous. They include: organ 

storage and cell cryo-preservation; generating freeze-tolerant transgenic crops; inhibiting the 

growth of gas hydrates; and improving the texture and storage of frozen food 49–53. Ice-cream 

producers, like Unilever, include IBPs in their commercially available low-fat ice creams 54. 

IBPs function in these foods as ice recrystallization inhibitors and keep the texture of the frozen 

dessert smooth over long storage times. Similar applications of IBPs are in the initial 

experimental phases with other frozen foods, such as meat and dough, to reduce freezer burn and 

increase storage life 55. Additionally, IBPs are currently being explored as a biological gas 

hydrate inhibitor 52,53. Gas hydrates are water cages surrounding trapped gas molecules like 

methane. They have similar structures to ice, and can form at temperatures above 0 oC. Gas 

hydrates can form inside pipelines and well-heads causing blockages with potentially disastrous 

consequences. In silico modelling and some initial experimental evidence indicates Maxi can 

bind to gas hydrates and potentially disrupt their formation 53. However, Maxi is thermolabile 

and difficult to produce in high quantities, highlighting one potential hurdle for IBP use in 

industrial applications. Many IBPs are seasonally produced in organisms during cold periods of 

the year, and tend to unfold or aggregate at warmer temperatures 28,56,57. Industrial-scale 

production of proteins is typically done by recombinant methods using bacteria or yeast 

fermentation 58,59. Several steps of these protocols are conducted at room temperature or higher, 
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which would cause thermolabile IBPs, such as Maxi, to unfold and become inactive. 

Additionally, some IBPs, like Tenebrio molitor AFP, contain many disulfide bonds. Though 

disulfide bonds can stabilize proteins, disulfide-bonded recombinant proteins are notoriously 

challenging to produce 60. For these reasons, research is ongoing to engineer IBPs with increased 

activity and stability to make them more suitable for industrial-scale production and application.  

 

1.7 Ice-binding protein engineering 

 

 Some IBPs have several natural isoforms with varying sizes 25,34,61. A general observation 

is that TH activity increases with the size of the isoform or, perhaps more accurately, a larger 

IBS increases TH activity. For instance, a liver-derived variant of the α-helical type I AFP with 

four 11-residue repeats has nearly double the TH activity of the more abundant type I AFP 

isoforms with only three 11-residue repeats 25. An equally surprising enhancement in activity 

follows with the large (15.7 kDa) and small (6.5 kDa) isoforms of the snow flea AFP. The larger 

snow flea isoform has nearly double the size of IBS but a several-fold increase in TH activity 61. 

The idea of enhancing TH activity by expanding the IBS was tested experimentally by adding 

12-residue coils to the β-helical TmAFP (Figure 1.5 A) 62. The most abundant naturally 

occurring isoform of TmAFP has seven coils. Using protein engineering to remove one coil 

drastically reduced TH activity. Adding two coils, on the other hand, doubled the activity. 

Adding three coils led to more activity than the wild type but less activity than two additional 

coils. The reduction in activity by the addition of three or more coils, as compared to two extra 

coils, is thought to be due to a loss of protein regularity. Maintaining a long, flat, untwisted 

surface on a single, unsupported beta-solenoid might require some adjustment to coil size and 
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composition. With reference to the anchored clathrate water hypothesis, expanding the IBS 

would lead to a larger number of ice-like water present on the IBS. This increase in ice-like 

waters could improve the likelihood of a merger with the quasi-liquid layer at the ice-water 

interface leading to more efficient IBP binding and activity enhancement.  

Natural AFP multimers, such as the type III AFP isoform (RD3) variant in which two 

AFP molecules occur in tandem in one polypeptide chain, provide another way nature has 

engineered increased activity 63. The nuclear magnetic resonance (NMR) structure of the RD3 

tandemer indicated the linker is flexible and could foster simultaneous binding of both AFP 

domains to ice. The TH activity of RD3 was double that of the monomer (Figure 1.5 C i & iv). 

To investigate the relative contributions of increased protein size and IBS area, a tandemer with 

one inactive domain was made by mutating residues on the IBS to knock-out ice-binding activity 

64. This tandemer molecule with only one functional IBS had much less activity; only slightly 

more than the monomer (Figure 1.5 C iii). To verify the improved activity is a result of 

concurrent ice binding of both AFPs in the RD3 tandemer, another construct was made by 

connecting two type III AFPs together via a C-terminal disulfide bond, such that only one IBS 

could contact ice at any given time. This construct had activity comparable to the tandemer 

molecule with one inactive IBS (Figure 1.5 C ii), further demonstrating dual AFP binding 

enhances activity. Holland et al. extended this principle and engineered an RD3 trimer, which 

had significantly greater activity than the monomer and tandemer 65. Interestingly, both the 

tandemer with one inactive domain and two AFPs attached by an inflexible linker had higher 

activity as compared to the monomer. Fitting with this pattern, it had been previously seen that 

generating a larger AFP molecule by attaching a fusion protein domain, like maltose-binding 

protein, led to increased activity proportional to the overall size of the fusion (Figure 1.5 B) 66.  
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Figure 1.5: Using protein engineering to enhance TH activity. 

A) TH as a function of IBS size. The rectangular cells represent individual coils of TmAFP, where n is 

equal to seven and the blue edge indicates the IBS. The plot on the right shows the level of TH activity 

versus concentration for each engineered isoform. B) TH as a function of overall IBP size. The lower 

rectangle represents type III AFP with the IBS designated by the blue edge. Fused to the IBP are 

rectangles representing protein tags of increasing size. Molecular weights of the fusion protein are shown 

below the schematic. The graph on the right shows a plot of TH versus fusion protein concentration. Line 

colours correspond to particle sizes. C) TH as a function of number and orientation of IBS. The rectangles 

specify type III AFP and the blue edges signify the IBS. i) monomeric type III AFP, ii) type III AFP 

dimer linked directly through their C termini, iii) type III AFP linked in series to an inactive copy, and iv) 

type III AFP linked in series to an active copy. The plot on the right shows a graph of TH versus 

concentration, with line colour and labels indicating the fusion protein tested. Figure modified from 67. 
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1.8 Can protein engineering help answer some long-standing questions? 

 

 We are only beginning to understand how AFPs bind to ice. Being able to engineer a 

non-AFP into an AFP would be the ultimate proof we understand how AFPs bind ice. I 

attempted to engineer a flat quadrilateral beta-helical protein of unknown function from Nostoc 

punctiform into an AFP by mutating it to resemble TmAFP. However, the engineered protein did 

not have any ice-binding activity indicating the complexity of this task. Furthermore, there are 

still many unanswered questions about the adsorption-inhibition mechanism for the inhibition of 

ice growth by AFPs. For instance, what is the distance between ice-bound AFPs? The spacing 

between adsorbed AFPs has only been indirectly measured 68. Additionally, how tightly are 

AFPs bound to ice? What force would be needed to pull an AFP off ice? If AFPs bind 

irreversibly to ice, why is TH activity concentration dependent? It may be possible to answer 

these questions by protein engineering. 

 

1.9 Discovery of Marinomonas primoryensis AFP and hypotheses about its function 

 

 M. primoryensis was first isolated from coastal sea-ice in the Sea of Japan 69. M. 

primoryensis is a psychrophilic, halophilic, strictly aerobic, rod-shaped Gram-negative bacterium 

1.6-1.8 µm in length. By means of a single polar flagellum, the bacterium is highly motile (20 

µm s-1) at sub-zero temperatures 70. The strain of M. primoryensis dealt with in this thesis was 

isolated from Ace Lake in Antarctica 71.  
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 Gilbert et al.71, in a survey to find bacteria that produce AFPs, sampled surface ice and 

shallow waters from 38 lakes in the Vestfold Hills area of Eastern Antarctica (68o S, 78o E). 

From a total of 866 bacterial cultures, 11 distinct bacterial strains, including M. primoryensis, 

showed notable antifreeze activity. M. primoryensis was isolated from the underside of ice in 

Ace Lake. The IBP produced by this bacterium, termed MpIBP, was detected by thermal 

hysteresis in the cell lysate. MpIBP required millimolar Ca2+ to be active, suggesting that typical 

bacterial cytosol concentrations of Ca2+ (less than 0.5 µM) would be insufficient to fold the 

protein 30,71. Therefore, MpIBP was initially thought to localize to the periplasmic space where it 

would arrest the growth of seed ice crystals before they could burst the cell. Later it was realized 

MpIBP was one domain of a giant 1.5-MDa protein with five distinct regions (RI-RV) 30,42. 

 The relatively small 34-kDa antifreeze protein domain (RIV) lies near MpIBP’s C 

terminus and comprises approximately 2% of the overall mass. In contrast, approximately 90% 

of MpIBP’s mass is due to a non-ice-binding central region (RII), which is comprised of ~120 

tandem repeats of a 104-aa domain. Surprisingly, these repeats are identical, even at the DNA 

level. The exceptional size and domain architecture of MpIBP is atypical of antifreeze proteins, 

which are usually relatively small 3-30 kDa single domain proteins. The structural features of 

MpIBP suggest it may have an alternative function to its previously assumed role as an AFP. 

Bioinformatic analyses indicated that the domain architecture of MpIBP is more typical of large 

biofilm-associated adhesion proteins found on the outer membrane of many Gram-negative 

bacteria 24. Adhesion proteins (adhesins) are known to help bind and anchor their host bacteria to 

favorable areas. The presence of an ice-binding domain at the C-terminal end of an adhesin-like 

protein raises the question: is MpIBP used to bind M. primoryensis to ice? Using a temperature-

controlled microfluidic device, M. primoryensis was indeed observed to bind ice 70. Additionally, 
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when an antibody raised to RIV (anti-RIV antibody) was incubated with the bacteria it blocked 

all ice binding, demonstrating M. primoryensis uses MpIBP to bind ice. Furthermore, this study 

shows MpIBP does not function as a typical AFP but rather as an ice adhesion protein. Since, M. 

primoryensis uses MpIBP to bind ice, the question then became, what would be the advantage of 

this cell-surface interaction? 

Ace Lake is brackish, with roughly half the salinity of seawater and its temperature 

ranges from -1 to +1 oC across the water column. The lake surface is covered with approximately 

1-2 m ice for about 11 months of the year 72,73. The addition of snow accumulation on the surface 

ice attenuates light reaching the water below. Phytoplankton and other photosynthetic 

microorganisms occupy a position near the top of the water column to perform photosynthesis 

where the light is most abundant. Additionally, surface ice prevents wind-driven mixing of the 

lake water leading to a nutrient stratification. The oxygen content of Ace Lake is highest in the 

upper reaches (0-12 m depth), known as the phototropic zone, while the lower portions are 

anoxic (12-25 m depth). It is thought that the strictly-aerobic M. primoryensis uses MpIBP to 

bind to the underside of lake ice and stay within the phototropic zone, where it would have better 

access to oxygen and other nutrients supplied by microorganisms (Figure 1.6 A). M. 

primoryensis has been shown to clump on ice 70. We hypothesize, M. primoryensis can use 

MpIBP not only to adhere to ice but to bind other bacteria or potentially other microorganisms 

and form a biofilm on the underside of ice (Figure 1.6 B). 
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Figure 1.6: Schematic model of M. primoryensis binding ice.  

A) Ice that covers the surface of Ace Lake to an average depth of 1-2 m is represented by a grey rectangle 

with internal brine channels containing photosynthetic microorganisms, like algae (green ovals). Lake 

water is coloured with a light to dark gradient of blue from top to bottom to signify the increased 

availability of light and oxygen near the top of the water column as indicated by the grey arrow. Bacteria 

underneath the ice are drawn as small white ovals. The phototrophic zone and anoxic zone are shown to 

the right. B) Expanded view of (A) showing two linked bacterial cells bound to ice. Cell-surface proteins 

and carbohydrates are drawn as black lines and the polar flagella are drawn as black squiggles. MpIBP 

extends from the cell surface. RII, RIII_1-4, RIII_5, RIV and RV are shown as; cyan rods, blue ovals, 

green hexagons, orange rectangles, and magenta triangles, respectively.  
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1.10 What is a biofilm? 

 Bacteria typically exist in either a planktonic state (free-floating) or as sessile cells 

anchored to a surface to form a community known as a biofilm. Biofilms can consist of a single 

or multiple microbial species and can form on a range of biotic or abiotic surfaces 74(p). In 

general, bacteria form biofilms under four conditions: 1) protection from harsh environmental 

conditions; 2) exploitation of nutrient-rich niches; 3) cooperative benefits provided by high local 

cell density; 4) default mode of growth in preference to planktonic growth 75. Biofilms represent 

a protective mode for bacterial growth that, based on fossil records, can be traced back ~3.5 

billion years. It is likely, bacteria evolved this lifestyle to combat severe pH, temperatures, and 

high ultraviolet irradiation 74. As such, bacteria within biofilms are extremely difficult to 

eradicate, indeed, many biofilms are resistant to antibiotics or other bactericidal treatments. As a 

result, roughly 80% of chronic bacterial infections are biofilm related and yet few treatments are 

effective 76.   

 Multiple mechanisms have been proposed to explain the persistence of bacteria in 

biofilms. Bacteria within biofilms secrete and become encased in a slimy matrix of extracellular 

polymeric substance (EPS), which provides a physical barrier against threats like antimicrobial 

agents and dehydration 74. The highly-structured EPS matrix forms solvent channels, allowing 

for the diffusion of nutrients to bacteria in the interior. In another strategy, some bacteria within 

the biofilm can revert to a quiescent stationary phase to withstand the assault of antibiotics. 

Typically, antibiotics require some level of cellular activity to be effective. Thus, dormancy can 

protect bacteria if the EPS fails to prevent the entry of antibiotics or other toxic agents. In 

addition, bacterial communities can maintain a high local cell density. This close-proximity can 
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promote genetic diversity and lead to more efficient exchange of DNA through horizontal gene 

transfer. Therefore, beneficial genes, such as those that confer antibiotic resistance, can be more 

easily acquired within a biofilm. 

 During the early stages of biofilm formation, bacteria adhere to a surface by producing 

long, arm-like proteins, such as adhesins and pili, to bind to surface-associated substrates 74. 

After the initial anchoring of bacteria to a surface, they can divide and remain attached to each 

other forming small cell clusters known as microcolonies (a process termed cohesion). 

Additional planktonic bacteria can be incorporated into the microcolony through contact with 

surface-affixed cells. Microcolony development also involves other adhesins, which facilitate 

cell-to-cell interaction. Subsequently, individual microcolonies aggregate together into three-

dimensional structures encased in EPS matrix, representing a mature biofilm.  

 In response to various environmental cues, bacteria within biofilms may revert to a 

planktonic lifestyle 77. Biofilm dispersal can be due to external processes like high shear-flow in 

aqueous environments or to an internal process as in response to deprivation of nutrients 78. 

Active dissociation of bacteria from biofilms involves degradation of the EPS matrix and 

adhesion proteolysis. These strategies allow bacteria to abandon nutrient-depleted or otherwise 

unbeneficial locations and revert to planktonic cells capable of colonizing new environments. 

 Currently, antibiotics are the most commonly used method to treat persistent bacterial 

infections. Due to the challenges of disrupting a mature biofilm, it may be more effective to 

block biofilm development during its formation, before bacteria are encased by the EPS matrix. 

Adhesins are key factors for surface attachment and microcolony formation. Blocking the actions 

of adhesins might help prevent biofilm formation and thereby reduce the chance of persistent 
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infections. M. primoryensis provides a good model system with which to study biofilm 

development and disruption, as there is a large amount of structural data available for its largest 

adhesin: MpIBP and, with the advent of microfluidics on a cold stage we have the means to 

precisely control ice, MpIBP’s substrate. 

 

1.11 Microfluidics to study ice binding 

 

 Microfluidics is the precise control and manipulation of fluids (typically nanoliter 

volumes) that are physically constrained within a small device, known commonly as a ‘chip’ 79. 

Depending on the design of the microfluidic chip, fluids can be moved, mixed, separated or 

otherwise processed. Microfluidic chips can be made from a variety of materials including glass 

or the silicon-based polymer polydimethylsiloxane (PDMS) 79. PDMS is the most widely used 

material for fabricating chips because it is optically clear, inert, non-toxic, non-flammable, 

hydrophobic, and air permeable. The group of Dr. Ido Braslavsky has pioneered the use of 

microfluidics to study AFPs binding to ice 38,39,68. By pairing microfluidics with a custom-built 

cooling stage and a sensitive temperature controller it became possible to form and control ice 

within a microfluidic chip. As previously noted, this approach has allowed Dr. Braslavsky’s 

group to visualize the accumulation of fluorescently-tagged AFPs on ice and show binding is 

irreversible. Furthermore, this technique was used to observe M. primoryensis bind ice and to 

block this interaction with antibodies to the ice-binding domain of MpIBP 70. I was fortunate 

enough to work for a short period of time in Dr. Braslavsky’s lab and learn cold-temperature 

microfluidics. Afterwards, with the help of Drs. Braslavsky and Yashunsky, I built a cooling 
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stage to continue investigating M. primoryensis using microfluidics. In collaboration with Dr. 

Carlos Escobedo we designed microfluidic chips to visualize M. primoryensis binding and 

forming biofilms on ice, with the ability to flow in agents to potentially disrupt these interactions 

(Figure 1.7). Our device design has one center chamber that is fluidically connected by 

parallelogram posts, spaced 100 µm apart, to two adjacent chambers. The post prevents water 

filling the center chamber from overflowing into the neighboring chamber. This allows us to 

form ice only within the center chamber by cooling the entire chip. Next, we raise the 

temperature of the device to near the melting point and flow in our M. primoryensis solution, or 

any sample of interest, into an adjacent chamber. Then, we can observe how the bacteria interact 

with ice and form a microcolony (Figure 1.7 expanded view). Using this setup, I discovered M. 

primoryensis can bind to an Antarctic diatom, move it through solution and bind it to ice.  
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Figure 1.7: Diagram of microfluidic chip design.  

Three chamber microfluidic device. All chambers are fluidically connected. Dilute AFP solution is added 

to the center chamber and cooled below zero to form ice, represented by the solid light blue colour. 

Suspensions of bacteria are added to adjacent chambers to observe interactions with ice and potential 

biofilm formation, represented by green ovals. Disruptive agents can be mixed with solutions in the 

adjacent chambers to determine their effect on biofilm formation. Black arrows signify the joining of 

neighbouring bacteria through mutual association of adhesins.  
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1.12 Introduction to Diatoms 

 

 Phytoplankton are a diverse, polyphyletic group of mainly single-celled photosynthetic 

marine and fresh water organisms 80. These microorganisms make up less than 1% of the Earth’s 

photosynthetic biomass but account for 45% of the planet’s annual net primary production 81. 

Diatoms are a major constituent of the phytoplankton community 80. Diatoms are photosynthetic 

unicellular organisms with a cell wall composed of silica, termed a frustule. To date, AFPs have 

been found in four diatoms: Navicula glaciei, Fragilariopsis cylindrus, Fragilariopsis curta and 

Chaetoceros neogracile 82,83,83,84. These AFPs have been structurally characterized and, 

surprisingly, all share the common DUF3494 fold first reported to be an AFP in Typhula 

ishikariensis 32. Currently, five other microorganisms including; bacteria and fungi, are known to 

produce homologous DUF3494 AFPs with 45-55% sequence identity. Their appearance across 

kingdoms has been attributed to horizontal gene transfer 32. I worked with two diatoms F. 

cylindrus and C. neogracile. The polar pennate diatom F. cylindrus is adapted to grow at low 

temperatures and high salinities prevailing in the brine channels of sea ice 85. It is thought, F. 

cylindrus secretes AFPs to the extracellular space to structure ice around itself. On the other 

hand, C. neogracile is a non-motile diatom that resides in the bulk sea water and produces an 

intracellular AFP of unknown function 82.  
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1.13 Antifreeze protein engineering 

 

 Part of this thesis focuses on the use of protein engineering to improve antifreeze protein 

activity and stability. Naturally occurring AFP dimers or isoforms with larger IBSs, showed 

enhanced activity. Subsequently, AFPs engineered to be larger, trimeric, or with expanded IBSs, 

all had improved activity. I attempted to combine two of these strategies by linking multiple 

AFPs together via a highly-branched polymer, known as a dendrimer. I used a second generation 

polyamidoamine dendrimer with 16 arms to link a range of 6 to 11 moderately active fish type 

III AFPs together. The AFP multimer had improved thermal hysteresis and ice recrystallization 

inhibition activities. Additionally, linking type III AFP to the dendrimer enhanced its ability to 

recover from heat shock. Furthermore, I improved the thermal stability of type III AFP through 

an alternative method. Using split-intein mediated end terminal ligation I fused the N- and C-

termini of type III AFP together forming a continuous peptide backbone. Linking of the N- and 

C-termini had no effect on TH activity. However, performing 2D NMR at various temperatures 

indicated increased thermal stability of the circularized AFP (cAFP) compared to the wild type. 

TH experiments after heating confirmed the elevated thermal stability of the cAFP. It is thought 

that, connecting the N- and C-termini reduces aggregation and lowers the entropy of the 

unfolded state (reducing the possible ways a protein can unfold).  
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1.14 M. primoryensis binds the Antarctic diatom C. neogracile 

 

 Polar ice-covered lakes are a habitat of extremophiles, organisms that thrive under 

conditions of extreme temperature, salinity and light. Diatoms have adapted many strategies to 

remain in the phototrophic zone including altering the lipid content of their cell wall, and relying 

on turbulent mixing. Recently an alternative strategy has been suggested, where non-motile 

diatoms associate with ice-nucleating bacteria. The ice-nucleating bacteria seed ice formation 

and the whole cluster floats up into the phototropic zone 86.  Reported in this thesis is a 

potentially symbiotic interaction between M. primoryensis and a diatom, C. neogracile. The 

Antarctic bacterium M. primoryensis is strictly-aerobic and known to use a multi-domain 1.5-

MDa adhesion protein to bind to ice. Using a custom-built cooling stage and sub-zero 

microfluidics I observed an association between M. primoryensis and C. neogracile. The highly 

motile M. primoryensis seeks out and binds C. neogracile to form a multispecies microcolony. 

Amazingly, M. primoryensis can move C. neogracile through solution and bind both species to 

ice. Using recombinant protein technology, I determined the peptide- and sugar-binding domains 

of MpIBP_RIII are responsible for M. primoryensis’ ability to bind C. neogracile. Antibodies 

raised to MpIBP_RIII partially block this interaction. Interestingly, M. primoryensis does not 

bind F. cylindrus, another Antarctic diatom. I hypothesize the association between M. 

primoryensis and C. neogracile is symbiotic. M. primoryensis can bind C. neogracile, swim up 

into the phototrophic zone and adhere both microorganisms to ice. C. neogracile will produce 

oxygen and carbon sources required by the bacterium. This work provides insight into 

multispecies biofilm formation, and methods to prevent biofilm maturation.   
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Chapter 2 

Dendrimer-linked antifreeze proteins have superior activity and thermal 

recovery 

2.1 Abstract  

 

By binding to ice, antifreeze proteins (AFPs) depress the freezing point of a solution and 

inhibit ice recrystallization if freezing does occur. Previous work showed that the activity of an 

AFP was incrementally increased by fusing it to another protein. Even larger increases in activity 

were achieved by doubling the number of ice-binding sites by dimerization. Here we have 

combined the two strategies by linking multiple outward-facing AFPs to a dendrimer to 

significantly increase both size of the molecule and number of ice-binding sites. Using a 

heterobifunctional cross-linker we attached between 6 and 11 type III AFPs to a second-

generation polyamidoamine (G2-PAMAM) dendrimer with 16 reactive termini. This 

heterogeneous sample of dendrimer-linked type III constructs showed a greater than four-fold 

increase in freezing point depression over monomeric type III AFP.  This multimerized AFP was 

particularly effective at ice-recrystallization inhibition activity, likely because it can 

simultaneously bind multiple ice surfaces. Additionally, attachment to the dendrimer has 

afforded the AFP superior recovery from heat denaturation. Linking AFPs together via polymers 

can generate novel reagents for controlling ice growth and recrystallization. 
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2.2 Introduction 

 

Antifreeze proteins (AFPs) are produced by diverse overwintering organisms that are 

intolerant to freezing, such as fish, and terrestrial insects 15. In these animals, AFPs function by 

binding to any seed ice crystals that form internally to prevent their further growth and hence 

protect the organism from damage caused by freezing. The surface adsorption of AFPs to ice 

depresses the freezing temperature below the melting temperature — a phenomenon termed 

thermal hysteresis (TH). AFPs are also found in organisms, such as plants, which tolerate 

freezing 87. Rather than blocking freezing, these AFPs function to prevent the growth 

(recrystallization) at high sub-zero temperatures of large ice crystals that would damage the 

frozen organism. This ability has led to use of AFPs in the frozen food industry to preserve 

product texture and improve storage 88. The ability of AFPs and their mimic’s to depress the 

freezing point of a solution has many possible applications in the health and biotechnology fields 

89–95. Advances in this area might be achieved by engineering these proteins to increase their 

freezing point depression and ice recrystallization inhibition (IRI) activities. 

In tackling this objective we sought to enhance AFP activity by attaching multiple copies 

of the protein onto a dendrimer 96. Poly(amidoamine) (PAMAM) dendrimers are monodisperse, 

highly branched polymers suitable as a scaffold to generate compact protein multimers 97. The 

attachment of multiple AFPs together via a dendrimer might also lead to improvements in 

solubility and stability 98,99. One reason for anticipating activity enhancement stemmed from 

work done with type III AFP fusion proteins, where the 7-kDa AFP was fused via its N terminus 

to the much larger (42-kDa) maltose-binding protein. This bulky adduct proved that type III 

AFPs did not need to self-associate to form patches on the ice surface for antifreeze activity. 

Surprisingly, this simple size increase resulted in the fusion protein having more TH activity than 
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the wild-type protein 100. Subsequently, a series of type III AFP fusion proteins were analyzed 

and showed incremental increases in TH activity with increasing  size of the fusion protein 64.   

Even greater increases in TH activity came from lengthening the ice-binding site (IBS) of 

an AFP, either in nature or as a result of protein engineering 101,102. Engineering increases in IBS 

length require structural verification that the changes do not compromise the flatness, regularity 

or functionality of the IBS. Similar gains in activity have resulted from generating AFP dimers, 

trimers and tetramers that increase the number of IBSs rather than their length 64,65,103–105. Here, 

by attaching multiple type III AFPs (6 to 11) to the outer termini of a dendrimer, termed 

dendrimer-linked type III AFP or DLTIII, we were able to enhance both the TH and IRI 

activities. This was particularly evident at low multimer concentrations. In addition to increased 

activity, dendrimer linkage provided the AFP with enhanced recovery of activity following heat 

denaturation. The combination of increased AFP size and multiple IBSs provides a novel way to 

improve both AFP activity and stability. Through the use of higher order dendrimers and 

hyperactive AFPs this approach has the potential to lead to even greater increases in AFP 

activity. 

 

2.3 Results 

2.3.1 Assessment of conjugation reaction between AFP and dendrimer 

 

To attach multiple AFPs to the PAMAM dendrimer (Figure 2.1A) in a controlled manner 

we used a heterobifunctional linker SM(PEG)2 (Figure 2.1B).  The SM(PEG)2 linker has two 

reactive groups: N-hydroxysuccinimide (NHS) and maleimide, separated by a polyethylene 

glycol (PEG) cross bridge. The NHS-ester reacts specifically with primary amines, such as those 
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of the dendrimer to form a stable amide bond (Figure 2.1C). The maleimide group reacts with a 

reduced sulfhydryl on the protein (Figure 2.1D) forming a covalent thioether bond. The PEG 

cross-bridge increases solubility while serving to extend the proteins away from the dendrimer. 

Note that the location of A65C is the last residue of the C terminus of the AFP which is on the 

opposite side of the protein from the IBS. So, after the crosslinking procedure, the IBSs of the 

linked AFPs should all be pointing outwards as shown by the model (Figure 2.1E). The efficacy 

of crosslinking was evaluated by SDS-PAGE analysis (Figure 2.2A). Control lanes consisting of 

dendrimer, SM(PEG)2 modified dendrimer and reduced type III A65C, were run between the 

molecular weight markers (lane 1) and a sample from the conjugation reaction (lane 5). The 

sample of the conjugation reaction shows multiple distinct high-molecular weight bands ranging 

from 60 kDa to 125 kDa that were not present in the other lanes. Additionally, in the conjugation 

lane, the broad band near 7 kDa represents type III AFP not linked to the dendrimer and some 

disulfide bonded dimer at 14 kDa, which required separation from the AFP-bound dendrimer 

sample. 

 

2.3.2 Purification of AFP-linked dendrimer  

 

Unincorporated type III A65C was separated from dendrimer-linked type III AFPs 

(DLTIII) by size-exclusion chromatography under reducing conditions to prevent the formation 

of a disulfide bridge between type III AFP monomers (Figure 2.2B). Peak 1 in Figure 2B 

corresponds to the void volume of the column and does not contain significant amounts of 

DLTIII as judged by SDS-PAGE (Figure 2.2C). Peak 2 has higher absorbance intensity than 

peak 3, but both show a similar high molecular weight banding patterns as in lane 5 of the 
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previous SDS-PAGE (Figure 2.2A). The fractions from the peaks 2 and 3 containing DLTIII 

were pooled and concentrated. Peak 4 corresponds to the large amount of unincorporated 

monomeric type III A65C (Figure 2.2C). The SDS-PAGE analysis provides an indication of 

purity and shows that size-exclusion chromatography was able to separate monomeric-type III 

from the DLTIII. 
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Figure 2.1: Schematic representation of the crosslinking reaction between G2-PAMAM 

dendrimer and type III antifreeze protein from ocean pout. 

A) A second-generation poly amidoamine dendrimer (G2-PAMAM). B) Heterobifunctional crosslinker 

SM(PEG)2 C) Model of a G2-PAMAM dendrimer fully decorated with sixteen SM(PEG)2 linkers, D) 

Type III antifreeze protein from Macrozoarces americanus (ocean pout, PDB ID: 1HG7) with the 

compound ice-binding site coloured in purple (pyramidal plane) and cyan (prism plane). The yellow 

colouring indicates the C-terminal cysteine residue (the His-tag sequence has been omitted). E) Model of 

G2-PAMAM dendrimer with sixteen type III antifreeze proteins populating the sixteen arms. 
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2.3.3 Characterization of AFP-dendrimer multimers 

 

Purified AFP-dendrimer conjugates were analyzed by MALDI-TOF to assess the number 

of AFP loaded onto the dendrimer (Figure 2.3). The reaction produced a heterogeneous mixture 

of conjugates with the bulk of the material having a mass between 64.9 and 97.7 kDa, 

corresponding to between 6 and 11 attached AFPs per dendrimer. The apex of the broad peak at 

73.4 kDa, represents the mean of eight linked AFPs (Table 1). Linear regression analysis 

comparing predicted and observed molecular weights follows the equation y= 0.97x + 1.81 with 

an R2= 0.998 (Figure 2.4). A slope and R2 value near 1 indicates the high level of accuracy with 

which the observed molecular weights match the predicted weights.  
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Figure 2.2: Assessment and purification of the crosslinking reaction between the G2-

PAMAM dendrimer and type III antifreeze protein. 

A) SDS-PAGE analysis of the crosslinking reaction run alongside various controls; 1- Molecular weight 

marker. 2- G2-PAMAM dendrimer, 3- G2-PAMAM dendrimer reacted with heterobifunctional 

crosslinker, 4- Type III A65C antifreeze protein, 5- Result of the crosslinking reaction between 

heterobifunctional crosslinker modified G2-PAMAM dendrimer and type III A65C antifreeze protein. B) 

G75-Sephadex size-exclusion chromatography elution profile of the product from the crosslinking 

reaction. C) SDS-PAGE analysis of selected fractions from the G75-Sephadex-size-exclusion 

chromatography purification of dendrimer-linked type III (DLTIII). 
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2.3.4 Thermal hysteresis activity and ice crystal morphology 

 

The ability of the dendrimer-AFP multimers to inhibit ice growth in aqueous medium 

was assessed by ice crystal morphology and TH. In the presence of DLTIII, ice crystals were 

shaped into hexagonal bipyramids characteristic of moderately active AFPs in general and type 

III AFP in particular 106(p). Attaching type III AFP to the dendrimer did not affect ice crystal 

morphology, suggesting the ice-binding site of type III AFP has not been altered or occluded.  

The heterogeneous mixture of DLTIII AFP molecules was extremely active in thermal hysteresis 

(Figure 2.5). For comparison, the TH activity of dendrimer-linked type III AFP (black line) was 

plotted against monomeric-type III AFP (red line) and maltose-binding protein-linked type III 

AFP (blue line) based on molar amounts of each construct (Figure 2.5A) 100. When comparing 

the TH activities on a molar basis, increasing concentrations of each type III construct lead to an 

increase in the amount of TH. The plots resembled rectangular hyperbolas but shifted to higher 

values for the larger constructs. At concentrations below 0.07 mM the dendrimer showed a four-

fold increase in TH activity compared to that of the monomeric type III AFP. Furthermore, to 

assess activity on per AFP-domain basis we normalized the concentration of the DLTIII 

conjugate (black line) to monomeric type III AFP (red line, Figure 2.5B). This type of 

assessment indicates the DLTIII conjugate has enhanced activity over monomeric type III at 

concentrations higher than 0.15 mM. We attempted to assay even higher concentrations of 

DLTIII but we were unable to form a single ice crystal due to the high level of melting hysteresis 

107. Melting hysteresis is the elevation of the melting point due to the surface adsorption of AFPs. 

At high concentrations of DLTIII, adsorption of the molecule to ice led to super heating which 

prevented the isolation of a single ice crystal for TH measurements. 
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Figure 2.3: Analysis of the amount of crosslinking between G2-PAMAM dendrimer and 

type III A65C antifreeze protein. 

MALDI-TOF analysis of the purified product from the crosslinking reaction between the G2-PAMAM 

dendrimer and type III A65C.  
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Figure 2.4: Linear regression analysis of masses determined by MALDI-TOF compared to 

expected molecular weights. 

Predicted mass was calculated based on the assumption that the G2-PAMAM dendrimer (3.2 kDa) was 

fully decorated with 16 SM(PEG)2 crosslinkers (0.31 kDa each). The mass of type III A65C including the 

6X-His tag is 8.132 kDa. The observed mass was determined by MALDI-TOF (ScieX DE Pro) charged 

by sinapinic acid matrix. 
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Table 2.1: Estimation of the amount of type III A65C antifreeze proteins attached to the 

G2-PAMAM dendrimer. 

Number of 

type III 

Predicted MW 

(kDa) 

Observed MW 

(kDa) 

6 57.2 57.0 

7 65.3 64.9 

8 73.5 73.4 

9 81.7 81.5 

10 89.8 89.9 

11 98.0 97.7 

12 106.1 103.6 

* Number of type III A65C attached is based on the proximity of the predicted molecular weight to the 

observed (MALDI) molecular weight. 

 

 

2.3.5 Ice recrystallization inhibition assessment of dendrimer-linked type III AFP 

 

IRI activity of DLTIII was assessed by two established techniques; the ‘Splat’ assay and 

the ‘sucrose-sandwich’ assay. The ability of the dendrimer-AFP molecule to prevent ice 

recrystallization as compared to monomeric-type III was investigated by testing various dilutions 

with the ‘Splat’ assay (Figure 2.6A). At an initial concentration of 1.4 µM both monomeric and 

dendrimer-linked type III AFPs are able to inhibit recrystallization as indicated by the small ice 

grains after 16 h of recrystallization. A two-fold dilution of the monomeric-type III AFP was 

enough to abolish IRI activity. However, a greater than 15-fold dilution was required to stop IRI 

by the DLTIII sample. This result indicates the dendrimer-linked AFP molecule is able to 

prevent recrystallization at lower molar concentrations than monomeric-type III AFP. However, 

on a basis where the number of AFPs are directly compared, free or bound, the samples are 
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equally effective. Another point of interest is the differences in the ice grain boundaries between 

the two samples. Recrystallization in the presence of low amounts of monomeric- type III (or no 

AFP, Figure 2.8) led to the formation of regularly shaped and ordered ice crystal with crisp grain 

boundaries. However, low concentrations of DLTIII caused irregularly shaped ice grains to form 

with indistinct boundaries, suggesting that the channels between ice grains are narrowed (Figure 

2.6A, 0.08 µM enlargements).  

A striking result was seen with the ‘sucrose-sandwich’ assay (Figure 2.6B). When 

recrystallization occurred in the absence of AFPs, or at very low AFP concentrations, ice crystals 

expanded and contracted in the shape of uniform discs (Figure 2.6B). However, in the presence 

of low concentrations of DLTIII, many of the ice discs had one or more indentations on their 

surface and formed highly irregular shapes (Figure 2.6C).  
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Figure 2.5: Assessment of the thermal hysteresis activity of the dendrimer-linked type III 

AFP molecule.  

A) Comparison of TH activity on a molar basis of DLTIII molecules (black squares), type III AFP 

attached to maltose-binding protein (blue triangles), monomeric type III A65C AFP (red dots). Inset: 

hexagonal bipyramid ice crystal formed in the presence of DLTIII. The white scale bar represents 10 µm. 

B) Comparison of TH activity on a per AFP-domain basis. DLTIII conjugate (black squares) vs 

monomeric type III AFP (red dots). Here the DLTIII concentration based on AFP content is 8 times 

greater than that used in (A). 
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Figure 2.6: Assessment of IRI activity of dendrimer-linked type III AFP compared to 

monomeric type III AFP. 

Assessment of IRI activity of dendrimer-linked type III AFP compared to monomeric type III AFP. A) 

SPLAT assay results of type III AFP and DLTIII at various concentrations. Below, sucrose-sandwich IRI 

analysis of DLTIII. B) Positive control for sucrose-sandwich RI assay C) Sucrose-sandwich assay of 0.14 

µM DLTIII. Needle-shaped crystals are flat disks lying on their side rather than floating with their round 

basal plane uppermost. 
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Figure 2.7: Heat denaturation thermal hysteresis assay controls. 

A) Thermal hysteresis activities measured. The double asterisk denotes monomeric type III AFP was 

tested but showed no activity. Standard deviation was calculated based on triplicate TH experiments. B) 

Ice crystal shaping by monomeric type III AFP 0.5 mg/mL, DLTIII at 0.5 mg/mL, Dendrimer (G2-

PAMAM) 27 mM in water, and SM(PEG)2 modified (PEGylated) dendrimer, respectively. 
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2.4 Discussion 

 

By attaching multiple antifreeze proteins to the outward-pointing termini of a dendrimer 

we were able to enhance both the AFP’s TH and IRI activities. This was particularly evident at 

low multimer concentrations. Introducing a Cys into the AFP at a specific location in the known 

crystal structure, and the use of a bifunctional cross-linker gave control over how the AFP was 

presented on the dendrimer surface, with its compound ice-binding site outermost to make first 

contact with ice 108.  

In the presence of DLTIII constructs, ice was shaped into a hexagonal bipyramid that 

“burst” along the c-axis, characteristic of type III AFP. This indicates that DLTIII binds to ice in 

a similar manner as monomeric type III and any changes in activity are not due to changes in 

which planes of ice the AFP is binding. Furthermore, comparisons on a molar basis show a 

substantial increase in TH activity with DLTIII over that of monomeric type III. As the amount 

of DLTIII increases, its TH activity resembles a rectangular hyperbola curve. We think this 

increase in activity is due to the DLTIII having a greater impact on the ice surface due to both its 

larger size and faster binding. Additionally, if one compares the activity of DLTIII to monomeric 

type III AFP on a per AFP domain basis, the DLTIII has slightly lower activity below 0.15 mM, 

but enhanced activity at concentrations greater than this value (Figure 2.5B). Similar to AFPs 

with an extended IBS, one advantage of having multiple IBSs is the ability to arrange a quorum 

of ice-like waters facilitating the binding to ice 101,102.  By having multiple IBSs connected 
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together, the minimum number of ice-like waters required to bind to ice could potentially be 

reached sooner increasing the odds of a productive interaction between an AFP and a growing 

seed ice crystal, thereby leading to increased TH activity. Additionally, growth out of the basal 

plane might be restricted better by the large size of the DLTIII molecule binding at the edge of 

the basal – pyramidal plane.  

It is generally accepted that TH caused by AFPs is due to the Kelvin effect 15,19. When an 

AFP binds ice, water can only add to a growing ice crystal between ice-bound AFPs. This leads 

to a micro-curvature of the ice and makes it energetically unfavourable for more water molecules 

to be incorporated into the ice and thus, leads to a halting of growth. The distance between ice-

bound AFPs has only been indirectly measured but will be a key piece of information in the 

future to guide further enhancement of AFP activity 109. When one type III AFP attached to an 

arm of the dendrimer binds to ice, the likelihood of another type III AFP attached to the same 

dendrimer binding nearby will be increased. In this instance, how does the distance between 

these bound AFPs linked via the dendrimer compare to the distance between monomeric AFPs 

on the ice and between whole multimers? Dendrimers and 2-dimensional branched polymers 

with AFPs attached could provide opportunities to control and change the distance between 

AFPs that are bound to ice to study this variable in relation to TH. We think only a few (2 or 3) 

of the cross-linked type III AFPs in the DLTIII molecule are likely to bind to a single ice crystal 

due to curvature of the dendrimer (Figure 2.9A). Higher generation dendrimers with a larger 

radius and more reactive termini should have proportionally more AFPs bound to the matrix, and 
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therefore more AFPs on the same plane to contact ice. Two-dimensional arrays have the 

potential for full engagement of the bound AFPs. 
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Figure 2.8: Assessment of IRI activity and TH activity of type III and DLTIII after heat 

denaturation.  

Samples of type III AFP and DLTIII were heated in boiling water for 30 min, then cooled rapidly to 4 oC. 

A) The IRI ability of various concentrations of heat denatured type III and DLTIII were investigated by 
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the ‘splat-cooling’ assay. B) IRI assay controls consisting of: Buffer (50 mM HEPES pH=8.4, 20 mM 

NaCl); 2.7 mM G2-PAMAM dendrimer; 54 µM PEGylated dendrimer (SM(PEG)2 modified dendrimer); 

DLTIII boiled and then digested with Protease K. C) TH activity of 7 µM of DLTIII and 70 µM type III 

AFP was examined before and after the heat-denaturing protocol. Double asterisk denotes monomeric 

type III was tested but had zero activity. 

 

 

In addition to an increase in TH activity we hypothesized we would see an increase in IRI 

activity due to the DLTIII construct potentially being able to bind to multiple ice crystals. The 

DLTIII molecule was equally effective as free type III AFP on a per AFP basis, but was roughly 

8 times better on a molar basis than monomeric type III at preventing ice recrystallization. We 

interpret the increased IRI activity compared to TH activity due to more AFPs of the DTLIII 

molecule being able to interact with ice (Figure 2.9B). In this 2-dimensional model DTLIII is 

shown interacting with four different ice crystal grains. In three dimensions the possibilities for 

interacting with multiple ice grains are enhanced.  

The DLTIII molecule has been modelled to be roughly spherical with ice-binding sites of 

type III AFP molecules facing outwards in all directions. It is thought, when ice recrystallization 

occurs in the absence of sufficient AFPs, smaller ice crystals melt and the liberated water joins a 

nearby larger ice crystal to further increase the latter’s size. Dendrimers might simultaneously 

interact with different sized ice grains, AFPs on one part of the dendrimer could be preventing an 

ice grain from getting bigger by freezing point depression while preventing another grain from 
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getting smaller by raising the melting point (melting hysteresis). Also, the large size of the 

DLTIII complex should resist engulfment better than a single type III AFP, and thus help 

maintain a high effective AFP concentration in the inter-grain boundary regions. Irregularly 

shaped ice grain boundaries seen in Figure 2.8A in the presence of DLTIII might result from 

two or more ice crystals being bound together, such that when a smaller ice crystal begins to melt 

it pulls on the DLTIII molecule inducing a stress on the other ice crystal. The ability of the 

DLTIII molecule to simultaneously bind multiple ice crystals and the increased local 

concentration of AFPs leads to superior IRI activities. Furthermore, higher generation 

dendrimers may potentially lead to more effective molecules for the control of ice growth. 

Higher generation dendrimers have more arms available for AFP attachment, which may lead to 

an increase in activity through the larger particle size and more AFPs available to binding to an 

ice plane. 
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Figure 2.9: Schematic representation of DLTIII binding ice. 

 A) DTLIII binding to a single ice crystal, as in thermal hysteresis experiments. B) DLTIII simultaneously 

binding several ice crystals, which may occur during ice recrystallization. The compound ice-binding site 

of type III AFP is coloured in purple (pyramidal plane) and cyan (prism plane). The dendrimer is shown 

as branched lines, and the ice grain surfaces are marked by hatched line. This is a 2-dimensional 

representation of a binding relationship that will occur in three dimensions. 
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Another interesting innovation attained from attaching type III AFP to a dendrimer is 

resistance to, or recovery from heat denaturation (Figure 2.8). We think type III AFP’s linked to 

the dendrimer unfold when subjected to boiling temperatures. However, due to the high 

solubility of the dendrimer and PEG cross-linker, type III AFP is prevented from aggregating by 

being physically restrained at one end and by being given a longer opportunity to refold without 

aggregation over that of monomeric type III. It is clear from the 50% reduction in activity that 

not every type III AFP is able to recover from thermal insult (Figure 2.8B). However, this 

encouraging result has potential for many applications in medicine or food preservation where 

there is a requirement for sterilization before use.   

Generating AFP constructs with enhanced activities will provide superior reagents for 

cold storage and cryopreservation systems. Here, we have combined two approaches to achieve 

this goal. With the use of higher order dendrimers, hyperactive AFPs and optimizing the density 

of conjugation, greater increases in antifreeze activity can potentially be achieved.  

 

2.5 Experimental procedures 

2.5.1 Type III A65C protein expression and purification 

 

The A65C mutant of type III AFP from the m1.1 clone in pET 20b with a C-terminal His-

tag was generated by primer-directed mutagenesis using the primer sequence 5′-

GTTAAAGGTTACGCTTGTCTCGAGCACCAC-3′ 110. The terminal Ala in the altered C-
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terminal YAA sequence was changed to Cys. Protein preparation was performed as detailed by 

Baardsness et al. with slight changes. Cells were pelleted by centrifugation at 3000 x g in a 

Beckman Coulter JS 4.2 rotor and resuspended in 25 mL of buffer N (50 mM Tris-HCl (pH 7.6), 

200 mM NaCl, 5 mM imidazole, 100 µL PMSF). Ni2+-NTA fractions totaling approximately 20 

mL were diluted to 100 mL in no-salt buffer A (50 mM Tris-HCl (pH 7.6)) and subjected to 

cation-exchange chromatography on a High-Load 16/10 Q-Sepharose high performance column 

(GE Healthcare). The purity of various column fractions was assessed by SDS-PAGE on a 10% 

(w/v) gel. Fractions containing AFP alone were pooled and concentrated to 7 mg/mL as 

determined by UV absorbance using the protein’s extinction coefficient as predicted by 

ProtParam (http://web.expasy.org/protparam/). This concentrated protein was stored in reducing 

storage buffer (50 mM Tris-HCl (pH 7.6), 50 mM NaCl, 5 mM TCEP). 

 

2.5.2 Conjugating type III AFP to dendrimer  

 

Second-generation polyamidoamine (PAMAM) dendrimer (Dendritech) was diluted to 27 

µM in conjugation buffer (50 mM Hepes (pH 8.4), 50 mM NaCl) to a final volume of 1 mL. The 

diluted dendrimer was reacted with 20 µL of 250 mM SM(PEG)2 cross-linker (ThermoFisher) 

for 1 h at room temperature with mixing. Unreacted cross-linker was separated from the 

conjugated sample using a Sephadex G-10 desalting spin column (GE Healthcare). Reduced type 

III A65C was buffer exchanged into conjugation buffer using a 3-kDa molecular weight cut-off 

http://web.expasy.org/protparam/
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centricon (GE Healthcare). In a 15 mL Falcon tube, 35 mg of reduced type III A65C was reacted 

with approximately 1 mL of cross-linker modified dendrimer with mixing at room temperature 

for 4 h and then overnight at 4 ºC. The products resulting from conjugation were fractionated by 

gel-permeation chromatography using a G-75 column (Amersham Biosciences) equilibrated in 

50 mM Tris-HCl (pH 8) and 50 mM NaCl. Conjugation efficiency and purity was assessed by 

10% Tris-tricine SDS-PAGE with β-propionic acid and New England BioLabs Broad Range 

Protein Marker (2-212 kDa). After purification, DLTIII was concentrated to form a stock 

solutions. The amount of type III AFP conjugated to the dendrimer was determined by amino 

acid analysis and confirmed by UV-Vis A280 readings using ABS 1.0% (mg/mL) = 1.82. 

Dilutions of the stock solution were used in TH and IRI experiments. 

 

2.5.3 Thermal Hysteresis assay 

 

TH assays were performed as previously described, with slight modifications 111. TH 

measurements were performed in 50 mM Tris-HCl (pH 8) and 50 mM NaCl. The temperature 

was decreased at rate of 0.01 ºC/min. Samples were cooled by Clifton nanoliter stage derived by 

LabView program via 3040 temperature controller, (Newport).  Images were recorded using a 

Panasonic WV-BL200 digital camera at a rate of 30 fps. TH values were measured in triplicate at 

each concentration with the exception of 0.07 mM due to high amounts of melting hysteresis. 

Average ice crystal size tested was 20 µm. 
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2.5.4 Sucrose sandwich IRI assay 

 

Sucrose sandwich IRI assays were performed as described by Smallwood et al 112,113. 

Briefly, protein samples in a buffer (20 mM Tris-HCl, pH 7.6) containing 45% sucrose were 

sandwiched between two coverslips and the edges were sealed with grease. Samples were cooled 

to, and held at, -50 ºC for 2 min on Linkam MDBCS 196 temperature-controlled cold stage 

(Linkam Scientific Instruments). The temperature was then elevated to -6 ºC and held for 2 h. 

During this time images were recorded every minute (QImaging EXi Aqua bio-Imaging 

microscopy camera).  

 

2.5.5 Splat cooling IRI assay 

 

‘Splat’ cooling assays were performed as previously described by Tomczak et al 114.  

Briefly, a 10-µL aliquot of sample in 150 mM NaCl containing 10 mM Tris-HCl (pH 7.5), was 

dropped from ~1 m onto a polished metal block pre-cooled to -78 ºC by solid carbon dioxide. 

The resulting ‘splat’ (ice wafer) was transferred to a cooling bath of 2, 2, 4 -trimethylpentane 

maintained at -6 ºC for 16 h. The ice wafers were photographed with a Canon EDOS 50S camera 

between two crossed polarizers to determine changes in ice crystal grain size.  
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2.5.6 Heat denaturation 

 

Samples (0.5 mL) in 1.5 mL Eppendorf tubes were heated in boiling water for 30 min and 

then rapidly cooled by transfer to wet ice. 

 

2.5.7 Modelling of dendrimer fully loaded with type III AFP 

 

G2 PAMAM dendrimer, SM(PEG)2 crosslinker, and crosslinker-modified dendrimer 

molecules were built using Pymol (Schrodinger, 2010). A topology file of the crosslinker-

modified dendrimer molecule was generated using SwissParam. Paired with Gromacs, the 

topology file was used to construct an energy-minimized version of the crosslinker-modified 

dendrimer. To the energy-minimized structure multiple copies of type III AFP (PDB ID: 1HG7) 

were bonded, no further energy minimization was done.  

 

2.5.8 Predicted dendrimer-linked type III mass and concentration 

 

The predicted mass of a dendrimer linked to 8 AFP molecules was calculated based on 

the assumption that the G2-PAMAM dendimer (3.256 kDa) was fully modified with 16 

crosslinkers (0.31 kDa each). Then the mass of 8 type III AFPs (8 x 8.132 kDa) was added to the 

crosslinker-modified dendrimer mass (8.216 kDa). The observed mass was determined using a 
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Sciex DE Pro MALDI-TOF. The DLTIII sample was desalted using C4 zip tips and ionized by 

sinapinic acid matrix. The molarity of a DLTIII solution was calculated based on the amount of 

protein determined from amino acid analysis and the mean molecular weight of eight type III 

AFPs linked to the dendrimer (73.4 kDa). 
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Chapter 3  

Peptide backbone circularization enhances antifreeze protein thermostability 

 

3.1 Abstract 

Antifreeze proteins (AFPs) are a class of ice-binding proteins that promote survival of a 

variety of cold-adapted organisms by decreasing the freezing temperature of bodily fluids. A 

growing number of biomedical, agricultural and commercial products, such as organs, foods, and 

industrial fluids, have benefited from the ability of AFPs to control ice crystal growth and 

prevent ice recrystallization at subzero temperatures. One limitation of AFP use in these latter 

contexts is their tendency to denature and irreversibly lose activity at the elevated temperatures 

of certain industrial processing or large-scale AFP production. Using the small, thermolabile type 

III AFP as a model system, we demonstrate that AFP thermostability is dramatically enhanced 

via split intein-mediated N- and C-terminal end ligation. To engineer this circular protein, 

computational modeling and molecular dynamics simulations were applied to identify an extein 

sequence that would fill the ~20 Å gap separating the free ends of the AFP, yet impose little 

impact on the structure and entropic properties of its ice-binding surface. The top candidate was 

then expressed in bacteria and the circularized protein was isolated from the intein domains by 

ice-affinity purification. This circularized AFP induced bipyramidal ice crystals during ice 

growth in the hysteresis gap, and retained 40% of this activity even after incubation at 100 oC for 
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30 min. NMR analysis implicated enhanced thermostability or refolding capacity of this protein 

compared to the non-cyclized wild-type AFP. These studies support protein backbone 

circularization as a means to expand the thermostability and practical applications of AFPs.  

 

3.2 Introduction  

 

Antifreeze proteins (AFPs) are produced by many overwintering organisms such as fish 

and terrestrial insects to protect them from the damages imposed by freezing of body fluids 

115,116. AFPs function by binding to small ice crystals and depressing the freezing temperature of 

surrounding water to below the melting temperature; a property termed thermal hysteresis (TH). 

As a result, surrounding water remains liquid at lower temperatures and further ice growth is 

suppressed. This has led to use of AFPs in the frozen food industry to preserve product texture 

and improve cold storage 54,55,117,118, and to assessment of AFPs as kinetic hydrate inhibitors to 

prevent the build-up of gas hydrate in oil pipelines 52,53,119.  

A current limitation to AFP use in industrial or biomedical applications is their 

vulnerability to denaturation upon exposure to elevated temperatures or non-physiological 

concentrations of salt, organic solvents, urea, or other chemical agents during commercial 

processing 120,121. To mitigate this problem, protein engineers are investigating ways to improve 

the robustness of protein to denaturation, such as increasing fold-stabilizing electrostatic 

interactions through site-directed mutations 122,123. Another approach attracting interest among 
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industry and biotechnology developers is protein circularization 124. The head-to-tail or end-to-

end peptide backbone structure of circular proteins enhances conformational stability, and 

affords resistance to exopeptidases and heat degradation that would otherwise affect proteins 

with free N and C termini 125.  

In comparison to the more formidable chemical synthesis of circular proteins, intein-

mediated trans-splicing has proven to be a relatively straightforward and highly effective means 

to achieve this as it simply involves fusing N-intein and C-intein fragments to the C and N 

termini, respectively, of the protein to be circularized 126. After translation of this precursor 

protein, the two intein fragments associate with high affinity to form a functional intein that 

cleaves itself from the precursor protein, simultaneously ligating the ends of the nested peptide 

(extein) via a peptide bond 127. The well characterized, naturally occurring split-intein from 

Nostoc punctiforme DnaE (catalytic subunit α of DNA polymerase III) is now regarded as the 

"golden standard" trans-splicing system as it can be expressed in E. coli 128. It requires no 

external energy or cofactors, allows for variation of the extein sequence, and was recently used 

to increase thermostability of the plant cell wall-degrading enzyme, xylanase, presumably by 

reducing the conformational entropy of the unfolded state of the enzyme 129.  

To assess the feasibility of backbone circularization and any benefits toward AFP 

thermostability, we used the Npu DnaE split-intein to ligate the N and C-termini of the small (7 

kDa), moderately active type III AFP from the North-Atlantic ocean pout Macrozoarces 

americanus (isoform QAE1 HPLC12) as a model system (Figure 3.1) 130,131.  This AFP is able to 
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depress the freezing point of ice and prevent ice recrystallization. Based on the latter property, it 

is a common additive in frozen food products such as ice cream and frozen dough 54. The 

structure of type III AFP isoform QAE1 HPLC12 has been solved by both X-ray crystallography 

132,133 and NMR 130,131. It exhibits a compact globular structure composed of nine short β-strands 

and three 310-helices that are connected by numerous β-turns and coils to form two internal 

tandem motifs. Arrangement of these motifs about a pseudo-dyad symmetry gives this AFP a 

"pretzel” or “beta-clip” fold 134,135.The ice-binding site (IBS) of this type III AFP isoform 

encompasses residues Thr18, Leu19, and Val20 that bind to the primary prism plane of ice and 

linearly dispersed residues like Gln9, Asn14, Ala16, and Gln44 that form a patch binding to a 

pyramidal plane of ice 134,136.  These residues are solvent-exposed and form two adjacent, 

relatively flat and hydrophobic surfaces inclined at an angle of ~150° to each other to form a 

compound IBS. On the opposing side, the N and C-termini of type III AFP are 19.8 Å apart, 

allowing circularization via a short linker. Thus, the reasons for choosing this particular AFP for 

our study are that it is small, globular, structurally well characterized, has its N and C termini 

close together, can be recombinantly produced in Escherichia coli, and is in widespread use in 

the food industry. Also, it is possible to efficiently refold type III AFP after solubilization in 8 M 

guanidine-HCl 137,138. The reason for choosing a QAE1 isoform over the QAE2 or SP isoforms is 

that the latter are not as active in halting ice growth because they lack one of the two compound 

ice-binding sites 139. A recent protein engineering study showed that it was possible to convert a 
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QAE2 isoform into a fully active QAE1-like form by four surface mutations that introduced the 

second (pyramidal) ice-binding plane 140.  

Gratifyingly, the type III AFP-intein fusion protein showed a high level of expression in 

E. coli and the majority of the protein completed autosplicing prior to, or during, cell lysis. 

Moreover, the excised AFP could be recovered by ice-affinity purification and exhibited ice-

shaping activity similar to the non-cyclized wild-type type III AFP. Thermal hysteresis 

measurements showed the circularized AFP (cAFP) retained the ability to suppress ice-growth 

following heating to 100°C, whereas the non-cyclized wild-type protein had significantly 

reduced activity after heating to only 37°C, and no activity after heating to 100°C. Based on two-

dimensional NMR spectra observed at several temperatures, the retention of thermal hysteresis 

activity of cAFP after extensive heating appears to be attributable to improved thermal stability 

against denaturation and/or the capacity to recover from a partially unfolded state.  

 

3.3 Results 

3.3.1 Design of a circularized type III AFP construct  

 

To facilitate the circularization of type III AFP, we designed a vector based on the Npu 

DnaE split-intein (Figure 3.1B and C) 128. This intein has been shown to be most efficient when 

paired with a non-native RGKCWE extein scar sequence 141. However, an examination of two of 

the three-dimensional structures of QAE1 type III AFP (PDB 1AME and 1HG7; 133,142) 
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suggested that these additional six residues were not enough to span the distance between the N 

and C termini without causing strain on the protein’s ice-binding surface. Therefore, we modeled 

the structures of a small series of circular type III AFPs that each included different flexible 

linkers (AA, GAA and GGAA) in combination with the RGKCWE extein scar sequence and 

monitored trajectories of each protein in MD simulations. As can be seen in Figure 3.2A there 

was little difference in fluctuations on a per residue basis (RMSF analysis), therefore we based 

our decision of linker selection on the overall protein RMSD. With reference to the RMSD 

trajectories represented in Figure 3.2B, the trajectory of the RGKCWEGAA linker sequence 

matches more closely to the trajectory of the wild-type non-cyclized protein than those of the 

other two linker sequences. The RGKCWEGGAA linker sequence has an initial jump in RMSD 

before lowering near the end of the simulation. The RGKCWEAA linker sequence, on the other 

hand, has a relatively low RMSD compared to the wild-type non-cyclized type III AFP then 

increases at the end of the simulation. Therefore, we reasoned the RGKCWEGAA linker 

sequence was our best candidate for moving forward to in vitro experiments. On this basis, we 

cloned the Npu DnaE/RGKCWEGAA intein/extein system as a fusion with the type III AFP 

gene (Figure 3.2C). 
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Figure 3.1: Type III AFP backbone cyclization mechanism using protein trans-splicing. 

A) Cartoon depiction of type III AFP (PDB ID:1AME 142) with the modeled backbone circularization 

loop shown in magenta, blue and orange, which correspond to N-extein, C-extein, and linker colours, 

respectively, as shown in B and C. Secondary structure elements are coloured red (helix), green (β-strand) 

and yellow (coil). B) Schematic of the non-cyclized type III AFP construct embedded in the Npu DnaE 

split-intein. To facilitate cyclization, the N-extein and C-extein moieties are fused to the C and N termini, 

respectively, of the polypeptide to be cyclized. The N-intein is fused to the C-terminal end of the N-

extein, and the C-intein is located at the N-terminal end of the C-extein. C) Products of trans-splicing by 

split inteins. After assembly of the two intein fragments, a splicing reaction takes place, where the intein 

removes itself from the precursor protein and simultaneously ligates the exteins together via a peptide 

bond.  
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Figure 3.2: Molecular dynamics simulations of extein scar with additional residues to link 

the N and C termini. 

A) RSMF values (nm) for the α-carbons of wild-type type III AFP (black line) and cAFPs with GGAA 

(red), GAA (green) and AA (blue) linkers are plotted against residue number. The 20-nanosecond 

simulations were performed on energy-minimized models of each protein using GROMACS. The solid 

horizontal line below the graph represents the length of the non-cyclized AFP with ice-binding residues 

shown by cyan blocks. B) RMSD values (nm) for all atoms of each AFP construct during the 20-

nanosecond simulations in GROMACS are presented, with averaging of 51 frames to generate a smooth 

curve. The wild-type non-cyclized type III AFP and cAFP with different linkers are represented by the 

same colours as in (A). C) Cartoon models comparing non-cyclized AFP to cAFP showing the extein scar 

(RGKCWE) and the additional flexible linker GAA. Secondary structure elements are coloured as in 

Figure 3.1. 
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3.3.2 Purification of circularized type III AFP 

 

The recombinant type III AFP-intein fusion protein was overexpressed in E. coli 

BL21(DE3) cells in the soluble fraction, which was subjected to ice-shell affinity purification 

(Figure 3.3A). After 1 h of extraction of the diluted cell lysate at -1.5 oC, the rotary ice-shell had 

become cloudy due to protein incorporated into the ice fraction (Figure 3.3Aii). Assessment of 

the liquid and ice fractions by SDS-PAGE showed enrichment of a protein of less than 6.5 kDa 

in the ice fraction (Figure 3.3B). Subjecting the ice fraction to size-exclusion chromatography 

generated four major peaks (Figure 3.3C), which were further investigated by SDS-PAGE. 

Peaks 1, 2 and 3 contained many bands that are likely contaminating E. coli proteins, while peak 

4 contained a single species that migrated farther by SDS-PAGE than the non-cyclized type III 

AFP (Figure 3.3D). Similar differences in mobility between circularized and non-cyclized 

proteins have been observed previously 143, suggesting ligation of the N- and C-termini of type 

III AFP had occurred. 
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Figure 3.3: Purification of circularized type III AFP. 

A) Rotary ice-affinity purification of 1:10 diluted cAFP lysate. i) Starting ice-shell; ii) ice-shell after 1 

h incubation at -1.5 oC with cAFP lysate. B) SDS-PAGE analysis of ice-shell purification. Molecular 

weight standards were electrophoresed in the left-hand lane. C) Size-exclusion purification of 

ice-shell-enriched ice fraction. D) SDS-PAGE analysis of size-exclusion purification fractions of 

the cAFP with purified non-cyclized AFP run alongside for comparison. 
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3.3.3 Confirmation of circularization by mass spectrometry and NMR spectroscopy  

 

The predicted mass of non-cyclized type III AFP is 8.12 kDa based on its amino acid 

sequence with a hexahistidine tag attached. This matches the 8,100 Da mass determined by 

MALDI-TOF mass spectrometry for the purified non-cyclized III AFP sample (Figure 3.4). 

Likewise, the expected molecular mass of 7,845 Da for the cAFP (adjusted from 7,863 Da - 

18.01 Da to account for the water molecule released during peptide bond formation), matches 

closely to the experimentally determined mass of 7,842 Da, an observation consistent with 

circularization. As a further confirmation, NMR analysis was performed to verify the sequence 

where the C-to-N terminus linkage was made and to assess the folding state of the cAFP. An 

overlay of 1H-15N HSQC spectra of the circularized and non-cyclized type III AFP constructs 

(Figure 3.5A) showed that the two constructs adopted very similar structures in solution, 

indicating that the tertiary structure of type III AFP was not adversely affected by circularization. 

Standard triple resonance experiments were collected and analyzed to assign the backbone 

resonances of cAFP. The chemical shifts of residues in the central region of the wild-type non-

cyclized AFP and central sequence of the cAFP are very similar. Their peaks overlay well, with 

chemical shifts of less than 0.1 ppm, again suggesting the overall structure of the protein has not 

significantly changed (Supplementary Figures S1 and S2). 

A strip plot displaying the HNCACB and CBCACONH was produced showing all the 

RGKCWE residues of the extein scar (Figure 3.5B). This analysis allows for a sequential ‘walk’ 

through the polypeptide backbone by iteratively correlating the amide group to the  and  
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carbons of the same amino acid residue, and to those of the preceding residue. Here, the data 

unambiguously showed the C to N terminus covalent linkage of the Lys and Cys residues of the 

extein scar, and therefore the cyclization of the type III AFP. 
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Figure 3.4: Mass analysis of circularized and linear type III AFPs. 

MALDI-TOF analysis of cAFP (black line) and non-cyclized AFP (blue line). Masses are displayed in 

daltons. The peak at 15683.31 daltons is double the mass of the cAFP peak. 
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Figure 3.5: NMR analysis of circularized and linear type III AFPs. 

A) Overlay of 1H/15N-HSQC spectra of uniformly 13C/15N-labeled cAFP (black resonances) and 

uniformly 15N-labeled non-cyclized type III AFP (red resonances). Sequence-specific backbone resonance 

assignments are shown as one-letter amino acid code numbered according to their position in the 

sequence (Supplementary Figure S3). B) Overlaid strip plots of CBCA(CO)NH (green) and HNCACB 

(Cα – red, Cβ –blue) of the region linking the C and N termini of type III AFP. Dashed lines indicate 

sequential connectivity of 72R-73G-74K-1C-2W-3E. 

 

 

3.3.4 Comparisons of activity between wild-type and circularized type III AFP  

 

To assess the impact of covalent linking the N and C termini of type III AFP on TH 

activity and the preservation of TH activity after heating, we performed TH experiments in 

triplicate. The cAFP shaped a single ice crystal into a hexagonal bipyramid (not shown) 

characteristic of type III AFP, indicating the protein binds ice in a similar manner to non-

cyclized type III AFP. To assess any changes in activity via circularization we examined the 

concentration-dependence of TH activity. Comparing cAFP to non-cyclized type III AFP on a 

molar basis shows these proteins possess approximately the same concentration-dependent TH 

activity, revealing that circularization had no deleterious effect on ice-binding activity (Figure 

3.6A). Next, we examined the amount of TH activity cAFP retained after heating to 35 oC, 68 oC, 



 

 

 

 

 

76 

and 100 oC (Figure 3.6B). The TH activity of the heat-treated cAFP and non-cyclized type III 

AFP samples was markedly different. After heating at 35 oC, the cAFP possessed over 90% 

activity whereas the non-cyclized type III AFP was reduced to 65% activity of their respective 

unheated samples. This difference in activity after heating is more obvious after heating to higher 

temperatures. The cAFP retained approximately 50% and 40% activity after heating to 68 oC or 

100 oC, respectively. The non-cyclized type III AFP displayed only 30% activity after heating to 

68 oC and had almost no activity after heating to 100 oC. 
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Figure 3.6: Thermal hysteresis activity of circularized and linear type III AFPs. 

A) A molar comparison of thermal hysteresis activity. Black = cAFP; grey = non-cyclized AFP. B) 

Amount of thermal hysteresis activity after heat treatment at various temperatures. All measurements 

were performed in triplicate with standard deviation displayed. 
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3.3.5 Assessment of structural and functional stability of cAFP  

 

To establish if retention of TH activity by cAFP at significantly elevated temperatures is 

the result of enhanced folding stability, NMR spectroscopy was used examine the effect of 

temperature on the structures of cAFP and non-cyclized type III AFP. We recorded 1H-15N 

HSQC spectra of both non-cyclized AFP and cAFP at 25 oC, 35 oC, and 45 oC (Supplementary 

Figure S4). Spectra of both non-cyclized wild-type and circularized type III AFP displayed well-

dispersed resonances, indicative of folded protein, with only slight temperature-dependent 

chemical shift changes. Overlays of spectra for the circularized and non-cyclized AFPs recorded 

at 25 oC before and after heating at 68 oC are shown in Figure 3.7 A and B. Upon heating, the 

cAFP spectrum revealed a large cluster of poorly dispersed peaks in the center of the spectra 

indicative of an unfolding event. However, many well-dispersed resonances remain visible 

suggesting that a population of the cAFP sample remained folded (Figure 3.7A). Non-cyclized 

type III AFP, on the other hand, exhibited a spectral pattern symptomatic of entirely misfolded or 

aggregated protein (Figure 3.7B). Consistent with these spectral features significant precipitate 

was observed in the NMR tube. Taken together, these studies demonstrate that circularization 

affords the cAFP thermal stability and recovery from thermal shock, but with some loss of 

protein due to aggregation and precipitation. 
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Figure 3.7: 1H–15N HSQC analysis of circularized and linear type III AFPs after heating. 

A) Spectral overlay of cAFP collected at 25 oC after heating at 68 oC for 45 min (red resonances) or 

without heating (black resonances). B) Spectral overlay of non-cyclized AFP collected at 25 oC after 

heating at 68 oC for 45 min (red resonances) or without heating (black resonances). 
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3.4 Discussion  

 

In this study, we circularized the moderately-active type III AFP using the natural split-

intein DnaE from Nostoc punctiforme. To facilitate linking of the N and C termini whilst 

reducing strain on the structure of the protein and its ice-binding surface, we used the preferred 

RGKCWE peptide extein sequence with an additional flexible linker. Initially, three different 

versions of this flexible linker (AA, GAA, and GGAA) were modeled and examined using MD 

simulations to determine an N to C linkage that preserved the integrity of the AFP fold in 

general, and the conformational properties of its ice-binding face in particular.  Based on the 

RMSD and RMSF of cAFPs harbouring each of the three linkers, the RGKCWEGAA linker-

containing cAFP was selected for recombinant protein synthesis. After expression in E. coli, 

intein splicing and AFP circularization were confirmed by MALDI-TOF spectrometry, 

electrophoretic mobility, and 2D NMR spectroscopy. Activity of cAFP was assured based on its 

ability to be purified by ice affinity and its ability to retard ice growth during TH measurements.  

Comparing the non-cyclized and circularized AFPs on a molar basis showed no 

significant changes in activity due to additional linker residues. The change in mass of the AFP 

is well below the threshold for heightening of TH activity resulting from increased size 67. As 

predicted, circularization led to an enhancement of thermal stability compared to the non-

cyclized type III AFP. NMR analysis showed a population of cAFP remained folded after 

heating to 68 oC, whereas all of the non-cyclized type III AFP appeared to be unfolded. 
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Remarkably, when these heat-treated samples were assessed for TH activity after rapid cooling 

over a matter of minutes on ice, cAFP had retained 50% activity and the non-cyclized type III 

AFP had 30% activity compared to their respective unheated samples. Qualitative assessment of 

the NMR spectra suggested that much less than 50% of the cAFP and less than 30% of the non-

cyclized type III AFP remained properly folded in solution. This discrepancy between activity 

and amount of folded protein was unexpected and indicates other factors might be at play. One 

possibility is that we might be observing ice-induced refolding of the AFP during the assay. 

Contact with the surface of a growing ice crystal may induce unfolded or misfolded AFP 

molecules to form their ice-binding site on their surface ligand. Such a phenomenon may be 

facilitated by a decrease in entropy of the unfolded cAFP (i.e. the number of ways the protein 

can be unfolded) compared to that of an AFP with free N and C termini. Exposure to ice could 

further favour the folded state of the AFP, offering an explanation for the higher TH activity than 

would be expected from the proportion of folded protein observed in NMR spectra of heated 

samples. Moreover, we noted that circularization reduced aggregation/precipitation of unfolded 

protein, which in turn allows for the possibility of substrate-induced refolding. Note also that the 

mM AFP concentrations used for NMR analysis are more prone to aggregation and precipitation 

after denaturation than dilute AFP solutions. This principle is at work when refolding type III 

from inclusion bodies. After dissolving the protein aggregates in 8 M guanidine-HCl, refolding is 

favoured by extreme dilution such that the polypeptide folds on its own without contact with 

other partially folded proteins that could lead to aggregation.      
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 In addition to increasing thermal stability and recovery from partial unfolding, intein 

splicing may be useful for increasing AFP activity. It has been demonstrated that AFP activity 

can be enhanced by increasing the size of the AFP or by linking together multiple AFPs 67,144. 

Therefore, linking multiple AFPs together via inteins may lead to superior activity and stability. 

Furthermore, we think AFPs can provide a model system for studying intein engineering. AFPs 

have a diverse range of structures; from single α-helices to β-solenoids to complex globular 

folds, yet can be assessed by the same ice-binding and TH activity assays 115. Thus, the effect or 

compatibility of intein-circularization on different secondary structures or protein folds can be 

elucidated, leading to the expansion of intein engineering knowledge. 

 

3.5 Experimental procedures  

 

3.5.1 Design of circularized type III AFP  

 

PyMOL and PyRosetta were used to generate three different models of type III AFP that had 

their N- and C-termini joined with unique linkers 145. The linkers consisted of the extein scar 

RGKCWE with additional alanine and glycine residues appended to span the length of the 

termini.  GROMACS-compatible coordinate files of each circular AFP construct were then made 

and energy minimized and subjected to molecular dynamics simulations (MD) to assess linker 

and ice-binding surface trajectories 146,147. All energy-minimized models were solvated in a 100 
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Å3 box of water and run through a 0.1 ns position-restrained MD simulation at constant-volume, 

constant temperature (272 K), and constant-pressure (1 atm), followed by a 20 ns unconstrained 

MD simulation in GROMACS. Root-mean-square deviation (RMSD) was calculated by the 

GROMACS g_rms function on the backbone α-carbons for all cAFP constructs. The RMSD was 

used to evaluate the overall stability of each circularized protein in comparison to the wild type 

type III AFP. Root-mean-square fluctuation (RMSF) of the backbone α-carbons was calculated 

using the g_rmsf function in GROMACS. Subsequently, the RMSF of the α-carbon atoms in the 

ice-binding residues was used to select a linker with fluctuations similar to that of non-cyclized 

wild-type AFP. Based on these parameters, the RGKCWEGAA linker was selected for building 

the circularized type III AFP assessed here. 

 

3.5.2 Circularized type III AFP expression and purification 

 

The gene for circularized type III AFP, including the Npu DnaE intein/extein and the 

RGKCWEGAA linker sequence, was synthesized by Integrated DNA Technologies (IDT) and 

cloned into a pET24 plasmid using Xba1 and Not1 restriction sites (Supplementary Figure S3). 

The resulting plasmid was transformed into BL21 (DE3) cells for protein expression. Similar to 

the method detailed in Baardsnes et al. for expression of non-cyclized type III AFP 148, cells 

were grown to an optical density (600 nm) of 0.8 and induced overnight at 20 oC with 1 mM 

IPTG. After overexpression, cells were pelleted and resuspended in 50 mL of buffer containing 
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10 mM Tris-HCl (pH 7.6) and 150 mM NaCl.  Resuspended cells were lysed and the insoluble 

cell debris was removed by centrifugation. A 10-mL aliquot of the supernatant was diluted 1:10 

to a final volume of 100 mL in distilled water and subjected to ice-shell affinity purification 149. 

The ice fraction was concentrated to 5 mL using a 3,000 Da MWCO centricon centrifugal filter 

and further purified using a HiLoad 16/60 Superdex 200 prep grade size-exclusion column (GE 

Healthcare). Fractions containing the purified circularized AFP were pooled and concentrated. 

This process resulted in a yield of approximately 45 mg of soluble protein from 1 L of liquid 

culture, a modest ~10% reduction in pure protein compared to typical expression of the non-

cyclized type III AFP. 

 

3.5.3 Mass determination of circularized AFP 

 

Protein masses were measured using a Sciex DE Pro MALDi-TOF mass spectrometer. Samples 

were desalted using C4 zip tips and ionized by sinapinic acid matrix.  

 

3.5.4 Thermal hysteresis and heat shock assays 

 

TH assays were performed as previously described with minor modifications 150. AFP samples 

were dissolved in 10 mM Tris-HCl (pH 7.6) and 100 mM NaCl. The solution temperature was 

cooled at a rate of 0.01 oC/min by a Clifton nanoliter osmometer equipped with a Newport 3040 



 

 

 

 

 

85 

temperature controller and LabView software. Single ice-crystal images were recorded using a 

Panasonic WV-BL200 digital camera at a rate of 30 fps. TH values were measured in triplicate 

with an average ice crystal size of 20 µm. To assess AFP activity after heat shock, the samples 

with an AFP concentration of 3 mM, were heated to 35 oC, 68 oC, and 100 oC for 30 min, and 

then rapidly cooled in wet ice. 

 

3.5.5 NMR spectroscopy studies to determine end ligation and thermostability  

 

An NMR sample was prepared that contained 3 mM uniformly 13C/15N-labeled cAFP in 20 mM 

Tris-HCl (pH 7.6), 5 mM DTT, 50 mM NaCl, and 10% D2O. Sequential backbone assignment of 

cAFP backbone resonances was carried out using HNCO, HN(CA)CO, HNCACB, and 

CBCA(CO)NH triple resonance experiments collected at 30 oC.  To assess thermostability, 1H-

15N HSQC spectra of uniformly 15N-labeled non-cyclized type III AFP and cAFP were collected 

at 25 oC, 35 oC, and 45 oC. The NMR samples were then removed from the spectrometer and 

heated to 68 oC for 45 min before recording 1H-15N HSQC spectra at 25 oC. All NMR 

experiments were performed using a Varian INOVA 600 MHz spectrometer equipped with a 

triple resonance room-temperature probe. NMR data were processed using NMRPipe version 8.1 

151 and spectra were assigned using CcpNmr Analysis version 2.4.2 152. Chemical shift data have 

been deposited in the BMRB with accession number 27120. 
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Chapter 4 

Structure of a 1.5-MDa adhesin that binds its Antarctic bacterium to diatoms 

and ice 

4.1 Abstract 

Bacterial adhesins are modular cell-surface proteins that mediate adherence to other cells, 

surfaces and ligands. The Antarctic bacterium Marinomonas primoryensis uses a 1.5-MDa 

adhesin comprising over 130 domains to position it on ice at the top of the water column for 

better access to oxygen and nutrients. We have reconstructed this 0.6 µm-long adhesin using a 

‘dissect and build’ structural biology approach and have established complementary roles for its 

five distinct regions. Domains in Region I (RI) tether the adhesin to the Type I secretion 

machinery in the periplasm of the bacterium and pass it through the outer membrane. RII 

comprises ~120 identical Ig-like β-sandwich domains that rigidify on binding Ca2+ to project the 

adhesion regions RIII and RIV into the medium. RIII contains ligand-binding domains that join 

diatoms and bacteria together in a mixed species community on the underside of sea ice where 

incident light is maximal. RIV is the ice-binding domain; and the terminal RV domain contains 

several ‘Repeats-in-Toxin’ motifs and a non-cleavable signal sequence that target proteins for 

export via the Type I secretion system. Similar structural architecture is present in the adhesins 

of many pathogenic bacteria and provides a guide to finding and blocking binding domains to 

weaken infectivity. 
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4.2 Introduction 

 

Repeats-In-Toxin (RTX) adhesins are a recently discovered class of biofilm-associated 

proteins (BAP) needed by many Gram-negative bacteria, such as Vibrio cholerae, Salmonella 

entrica, and some Pseudomonads, to colonize and infect animal and plant tissues 78,153–156. At 

~2,000 residues, RTX adhesins are often the largest proteins produced by their hosts, and, based 

on bioinformatics analyses, share a similar domain organization. They usually contain an N-

terminal membrane anchor, an extremely long, repetitive central extender region, and a modular 

ligand-binding region with C-terminal RTX repeats and a Type I secretion system (T1SS) signal.  

Despite RTX adhesins’ key role in the tenacity of bacterial biofilms, little is known about 

their molecular detail. Structural studies on RTX adhesins have been hampered by their massive 

size and repetitive nature. Consequently, many fundamental questions such as how RTX 

adhesins stay attached to the bacterial surface, and what are their specific binding partners on 

various biotic and abiotic substrates remain to be answered. Here, we have assembled the first 

overall structure of a RTX adhesin that binds to ice and have deduced the roles for each region or 

domain of the 1.5-MDa protein, originally called Marinomonas primoryensis antifreeze protein 

(MpIBP) but now referred to here as M. primoryensis ice-binding protein (MpIBP).  
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MpIBP was first identified in its marine bacterial host isolated from Ace Lake in 

Antarctica based on its Ca2+-dependent antifreeze activity 71.  Once the IBP was isolated by ice-

affinity purification, tryptic peptide sequences were derived from it by tandem mass 

spectrometry and were used to develop a DNA probe to isolate the gene from a genomic library 

24. The complete sequence of the protein was derived from the open reading frame in that gene, 

and its size was seen to be ~100 larger than a typical ice-binding protein 15. Bioinformatic 

analyses suggested that MpIBP might function as an RTX adhesin, with the ability to bind ice, 

rather than as an antifreeze protein to suppress the growth of ice. This led us to characterize the 

adhesin’s sole ice-binding domain, RIV, by X-ray crystallography 47, and to examine the 

perfectly conserved tandem repeats of Region II (RII) that make up almost 90% of the whole 

adhesin. We estimated the number of these 104-residue (312 bp) repeats to be 120 +/- 10 by 

restriction digests of M. primoryensis DNA analyzed by pulsed-field gel electrophoresis and 

Southern blotting. Each repeat folds as a calcium-bound Ig-like β-sandwich domain 157, and four 

of these in a row behave in solution and in the crystal structure as an extended series with a 

calcium ion rigidifying the linker region between each domain 158.  

 

To better understand how MpIBP is anchored to the bacterial surface, and its role in 

bacteria-surface adhesion and cell-cell cohesion, here we solved the structures of RI, RIII and 

RV using a combination of X-ray crystallography, NMR spectroscopy and Small-Angle X-ray 

Scattering (SAXS). The >130 protein domains of MpIBP form a linear chain that gives the 
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adhesin a highly asymmetrical shape, with a calculated length of >600 nm but a width of only 

2.5 nm. Approximately 97% of the adhesin structure was solved to high resolution (1-2.1 Å). β-

structure predominates (~ 55%) and there is a low α-helical content (~ 5%). Since every domain, 

except the first and second, binds Ca2+, we estimate that MpIBP coordinates >650 of these ions. 

This proved advantageous when anomalous diffraction from chelated Ca2+during X-ray 

crystallography helped solve several MpIBP domain structures. Moreover, we show here that the 

ice adhesin is also responsible for binding M. primoryensis to diatoms, and for recruiting them to 

the ice surface to form a symbiotic microcolony in which both bacteria and diatoms benefit from 

the proximity to each other and to a location that is optimal for photosynthesis. 

 

4.3 Results and Discussion 

4.3.1 Structure of the outer-membrane anchor – Region I  

 

The ~50-kDa N-terminal RI of MpIBP is the cell-surface-anchoring point for the adhesin 

(Figure 4.1). Bioinformatic analyses indicated that RI is similar to the outer-membrane spanning 

domains of other BAPs such as LapA from Pseudomonas fluorescens 78,159. As such, RI crosses 

the bacterium’s outer membrane (OM), with its N-terminal domain (RIN) localized in the 

periplasmic space, its C-terminal region (RIC) in the extracellular (EC) environment, while the 

intervening domain (middle section; RIM) spans the OM (Figure 4.3A-D; Table S1&S2). The 

NMR structure of RIN revealed a novel β-sandwich fold with a triangular cross-section (Figure 
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4.3C; Table S2). The 30-kDa crystal structure of RIC shows an extended topology (145 Å in 

length) consisting of three tandem Ca2+-dependent Immunoglobulin (Ig)-like domains. The 

SAXS envelope of the whole RI, comprising five domains in total, is an elongated, kinked rod, 

whose two ends are in good agreement with the RIN and RIC structures (Figure 4.3A&2B; 

Figure 4.3E&3F; Table S3). By subtraction, the structure of the ~ 12-kDa intervening RIM is 

that of a thin cylinder with a diameter of ~18 Å and a length of ~ 40 Å (Fig. 2B).  

 

Although RIN and RIC reside on either side of the outer membrane, bioinformatics 

analysis suggests RIM does not contain a transmembrane sequence 160. We reason that RIM 

might interact with an outer-membrane protein. Certainly, RIM’s shape fits snugly into the 

interior of the conserved T1SS β-barrel pore (TolC) embedded in the outer membrane, which has 

a predicted internal diameter of 20 Å (Figure 4.3D; Table S4). The TolC pore restricts passage 

of folded proteins, and therefore, all T1SS substrates must remain unstructured until they enter 

the extracellular environment 161, which for M. primoryensis is seawater that naturally contains 

millimolar Ca2+ levels sufficient to fold all the extracellular domains of MpIBP (Fig. 3; 

30,158,160). Indeed, when the CD spectra of key domains in regions I, III and V (RINM, RIII_5 and 

RV) were compared in the presence of mM Ca2+ and in the absence of these ions (with excess 

EDTA) only RINM remained unchanged, suggesting that its structure is not dependent on bound 

Ca2+ (Fig. 3A). RIII_5 and RV, however, both underwent dramatic conformational changes in 

the presence of Ca2+ (Figure 4.4B and C). In the absence of Ca2+ both domains were 
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predominantly random coil, as their far-UV CD spectra contained a single negative peak at ~ 198 

nm. In contrast, the CD spectra of RIII_5 and RV measured in the presence of millimolar Ca2+ 

showed a positive peak at ~ 197 nm and a broad negative peak at ~ 217 nm, which are typical of 

proteins containing predominantly β-sheet structure. The dependency on millimolar Ca2+ for 

proper folding observed for RIII_5 and RV has also been seen in RII and RIV 157,157,158. The 

introduction of Mg2+ in addition to Ca2+ did not further change the folding of RINM and 

RIII_5. While RIM might interact with the interior of TolC, RIN (24 Å x 28 Å x 26 Å) is too 

large to pass through the pore of TolC, which prevents total release of MpIBP from the cell 

surface. Since RIN is conserved in many BAPs, this TolC-β-barrel plug could generally be used 

by the adhesins to stay attached to their hosts. 

 

4.3.2 The exceptionally long extender - Region II 

 

The ~120 +/- 10 tandem Ca2+-stabilized Ig-like domains in RII are an extreme 

amplification of extender modules seen in many surface adhesion proteins from both prokaryotes 

and eukaryotes (e.g. cadherins) 157,158,162. We have previously shown that this 0.6 µm-long arm of 

identical 104-residue repeats is encoded by a genomic sequence of > 37 kb 24.  Highly repetitive 

internal DNA sequences encoding large adhesins are often not properly assembled and annotated 

in the present rapid accumulation of bacterial genomes, and they frequently appear as two 

separate segments. Despite sequencing the M. primoryensis genome (GenBank accession number 
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CP016181) by the optimal technique for obtaining long sequence reads (PacBio), we were 

unable to link the two ends of the MpIBP ice adhesin gene 163. Thus, the size and abundance of 

RTX adhesins are significantly larger than they appear in the database 154,164. A long extender 

region in an adhesin translates into a long reach to its substrate. 

 



 

 

 

 

 

93 

 



 

 

 

 

 

94 

Figure 4.1: Overall structure of MpIBP. 

(A) Linear domain map of MpIBP drawn to scale. The MpIBP amino acid sequence is shown in Figure 

4.2. RII and RIV, coloured light blue and orange, respectively, are known from two structures solved 

previously 42,157,158. RI, RIII and RV in white are new three-dimensional structures determined in this 

study. (B) Expanded view of the RI, and RIII - RV linear domain maps coloured as in (C). Sequence 

identities (%) to a 104-aa RII repeat are shown for the RIC and RIII_1 domains. (C) NMR and X-ray 

crystal structures of linked MpIBP domains from N to C termini are shown in cartoon representation: RIN 

(blue), RIC (red), RII repeats (cyan), RIII_1-4  (dark blue), RIII_5 (dark green), RIV (orange), RV 

(magenta). Small green spheres indicate calcium ions. Outer membrane (OM) is indicated by horizontal 

lines on either side of RIM. The solution structure of RIM determined by SAXS is illustrated as a grey 

cylinder. Hatched lines indicate the ~108 RII repeats that are not shown in the figure. The linker regions 

between RIII_5/RIV (94 residues), and RIV/RV (112 residues) are indicated by wavy lines.  
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Figure 4.2: Amino acid sequence of MpIBP.  

Because it was impossible to sequence through the DNA encoding the highly repetitive RII (~ 120 

identical 104-aa repeats) the protein was deposited in NCBI with two accession codes: ABL74377 and 

ABL74378. The two segments of MpIBP are separated by a line of ‘‘Xs’’. The first segment of MpIBP 

contains RI and two 104-aa repeats of RII. The residues are identified with asterisks (1*–602*). The 

second segment begins with two 104-aa repeats of RII and continues through RIII, RIV and RV, with the 

residues identified by regular numbers (1–1567). The color scheme is the same as in Fig. 1A and 1B. 
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4.3.3 Structure of the various ligand-binding domains in Regions III 

 

C-terminal to the RII extender region is a set of ligand-binding domains followed by the 

T1SS signal. The five β-sandwich domains of RIII form an overall Y shape (Figure 4.5A-D). 

Three domains (RIII_1, 2 and 4; Figure 4.5D) form a Ca2+-stabilized stalk that provides 

structural support for the ligand-binding RIII_3 and RIII_5 at the branches. RIII_5 is a 

carbohydrate-binding PA-14 domain commonly found in yeast and bacteria 165. Its 1-Å crystal 

structure, reported here, is the first PA14 structure solved from a bacterial adhesin. RIII_5 has a 

globular β-sandwich fold that uses a coordinated Ca2+ to bind sugar moieties, like glucose 

(Figure 4.5B). PA14 domains found in yeast adhesins help their hosts flocculate by binding 

carbohydrates present on neighboring cell surfaces 166. We envisage that MpIBP_RIII_5 has a 

similar cohesion role to help M. primoryensis form microcolonies by binding bacterial surface 

carbohydrates, such as lipopolysaccharides.  

 

In the ligand-binding domain RIII_3 on the opposite branch from RIII_5, two Ca2+ ions 

sit side-by-side in a cavity at the outer tip of the oblong β-sandwich (Figure 4.5A). Like the 

sugar-binding site of RIII_5, this positively charged pocket of RIII_3 is exposed to solvent and 

accessible to ligands. Indeed, the C-terminal “Pro-Asp” residues from a symmetry-related 

molecule in the crystal are stably bound in this pocket (Figure 4.5C). Thus, we consider RIII_3 

to be a peptide/protein-binding domain. RIII_3 is the initial structure solved of this domain type, 
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but a similar sequence is present in an epithelial-cell-binding RTX adhesin from Vibrio cholerae, 

which promotes the host colonization within the intestine 153,154. RIII_3 and the sugar-binding 

RIII_5 might facilitate the cohesion of their host during biofilm formation. Self-association 

through these domains could explain why M. primoryensis are slow to dissociate following 

melting of an ice crystal to which they were bound en masse 70.  

 

4.3.4 RIII_3 and RIII_5 bind M. primoryensis to diatoms 

 

Diatoms and algae are typically concentrated underneath the ice cover, where they gain optimal 

access to light needed for photosynthesis 84–86. We considered that RIII_3 and 5 could tether M. 

primoryensis to extracellular polysaccharides and proteins on photosynthetic microorganisms 

and facilitate their binding to ice. Indeed, when we mixed two different Antarctic diatoms, 

Chaetoceros neogracile and Fragilariopsis cylindrus, with M. primoryensis, the bacteria avidly 

bound to C. neogracile to form cell clusters (Figure 4.6A-C; Movie S1&Movie S2) and were 

able to secure the diatoms to ice (Figure 4.6F-H). C. neogracile alone show no affinity for ice 

(Figure 4.6D), however, M. primoryensis homed in on these diatoms, bound to them (Figure 

4.6E; Movie S1), and were able to move them through the medium to both bind them to ice 

(Figure 4.6F-H; Movie S3) and resist displacement by fluid flow (Movie S4).  Consistent with 

our hypothesis that RIII might link bacteria to diatoms, a fluorescently-labeled recombinant 

version of this region of MpIBP bound selectively to the surface of C. neogracile, but not to F. 
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cylindrus (Figure 4.6 I-Q). Indeed, both the peptide-binding RIII_3 and the sugar-binding 

RIII_5 are responsible for this bacteria-diatom interaction (Figure 4.7). 

 

4.3.5 Structure of RIV and RV: the RTX repeats and T1SS 

 

RIV is the only MpIBP domain that can bind ice. Previous work showed RIV is an atypical RTX 

β-roll that binds internal Ca2+ ions down only one side of the protein (Figure 4.8A; 47). The ice-

binding surface of RIV is a flat, repetitive array of outward projecting Thr and Asx residues that 

organize surface waters into an ice-like pattern. These “anchored clathrate waters” match, and 

“freeze” MpIBP to several planes of ice, providing MpIBP with a third, and most distinctive, 

adhesion capability. Members of the Marinomonas genus are spread worldwide, with many of 

the species isolated from temperate regions 167,168. Therefore, most have no biological need for an 

ice-binding adhesin. According to the NCBI database, there are currently genome sequences for 

17 Marinomonas species, in addition to the M. primoryensis genome presented here. A simple 

BLASTp search reveals that none of these genomes contain the widespread DUF3494 IBP, 

found in many other microorganisms 83. However, all of the genomes contain a putative adhesin 

similar to MpIBP. The C-terminal regions of these proteins vary, though all of them end with 

RTX repeats similar to those found in RV of MpIBP, and which give the RTX adhesins their 

name. Homologs of the sugar-binding RIII_5 found in MpIBP are present in at least seven of the 

species. However, only one sequence contains a putative RIV-like domain. The host species, M. 
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ushuaiensis was isolated from the Southern tip of South America, the closest of the isolates 

geographically to M. primoryensis 169. Its adhesin contains a region homologous to the imperfect 

repeats of RIV. However, while the general nonapeptide repeat is present, the residues needed 

for ice-binding are missing 30. Therefore, MpIBP is the only member of the Marinomonas genus 

known to have an IBP. Moreover, we have searched the M. primoryensis genome without 

finding any other IBP types. Also, in isolating MpIBP, all the ice-binding activity in the 

bacterium purified with this one high molecular weight protein, suggesting that there are no other 

IBPs present.  

   

RV has two structural components. The N-terminal section has a conventional RTX fold 

(Figure 4.8B&8C), having parallel β-strands with Ca2+ ions inside both turns of the β-roll. 

Given the proximity of regions IV and V, duplication and divergence of this fold may have given 

rise to RIV. The second part of RV spans MpIBP’s C-terminal T1SS secretion signal (interpro; 

29), and is composed of anti-parallel β-strands with an α-helical capping structure (Fig. 7C). As 

the C-terminal domain of MpIBP, RV is the first to be exported to the Ca2+-rich extracellular 

environment, and may act as a nucleus to initiate proper folding of the entire adhesin 170  
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Figure 4.3: Detailed structural features of the outer-membrane anchoring RI. 

(A) The NMR structure of RIN (bottom) and the 2-Å crystal structure of RIC (top) are colored red and¬¬ 

fitted into the grey solution structure of the whole RI construct determined by SAXS. The RI solution 

envelope is fitted through the purple TolC pore homology model embedded in the OM. (B) Close-up view 

of the cylindrical RIM (grey) determined by SAXS without showing the TolC pore. Dimensions of RIM 

are indicated. (C) Top-down view of the TolC outer-membrane pore model. The internal diameter is 

indicated. (D) The 20-member NMR structural ensemble of RIN is colored red and shown in ribbon 

representation. The N and C termini, and the height of the protein are marked. (E) and (F) Small angle X-

ray scattering (SAXS) data were collected from MpIBP_RI at a concentration of 7 mg/ml. (E) 

Experimental scattering data of MpIBP_RI (magenta symbols) and fit result of ab initio modeling 

(DAMMIF, black line). (F) Radial distribution function (RDF) obtained after IFT analysis of the 

scattering data, with data points starting from the first Guinier regime at low-q up to the Porod regime at 

high-q values (0.013 Å-1 ≤ q ≤ 0.12 Å-1).  

 

 

 

 

 

 



 

 

 

 

 

102 

 

 

 

 

 

 



 

 

 

 

 

103 

 

 

 

 

 

 

 

Figure 4.4: CD spectra of RINM, RIII_5 and RV measured in EDTA and different 

concentrations of CaCl2 or MgCl2. 

(A) The far-UV CD spectra of RINM were plotted as molar ellipticity versus wavelength. The spectra in 

the presence of: 1 mM EDTA (green line), 1 mM CaCl2 (red line), and both 1 mM CaCl2 and MgCl2 

(broken black line) are coincident. (B) The far-UV CD spectra of RIII_5. Spectra in the presence of 0.5 

mM EDTA, 1 mM CaCl2, and both 1 mM CaCl2 and MgCl2 are indicated by black, blue and red lines, 

respectively.  (C) The far-UV CD spectra of RV. Spectra in the presence of 1 mM EDTA or 2 mM, 3 mM 

and 5 mM CaCl2 are indicated by black, green, magenta and broken black lines, respectively. 
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Figure 4.5: Detailed structural features of the MpIBP_RIII ligand-binding domains. 

(A) RIII_1-4 is colored in rainbow representation, while the RIII_5 construct is colored yellow. Calcium 

ions in the ligand-binding sites are shown as magenta spheres, while the other Ca2+ are shown as green 

spheres. (B) Enlarged-view of the sugar-binding site of the RIII_5 structure, showing the 1-Å 2Fo-Fc map 

and the carbon atoms of the glucose molecule colored magenta. Oxygen atoms are red and nitrogen atoms 

are blue. (C) Enlarged-view of the ligand-binding cavity of RIII_3 is shown with the 2.1-Å resolution 

2Fo-Fc map contoured at 1 σ (as in (B)). Ca2+-coordination by the C-terminal Pro and Asp residues from 

a symmetry-related molecule are shown in stick representations. (D) Enlarged-view of the Ca2+-stiffened 

linker region between RIII_2 and RIII_4. Ca2+-coordinating residues are shown in stick representation. 

 

 

 



 

 

 

 

 

105 

i)  
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ii) 

 

Figure 4.6: M. primoryensis selectively binds the diatom C. neogracile. 

i) Scanning electron microscopy images of (A) single or (B) multiple C. neogracile (indicated by white 

arrows) bound by M. primoryensis (indicated by yellow arrows). Representative bright field microscopy 

images of C. neogracile (marked by white arrows) in the presence of (C) M. primoryensis (yellow arrows) 

or (D) ice. Bright field microscopy images of M. primoryensis + C. neogracile microcolonies with 

(F,G,H), or without, ice (E). (ii) Light (I, L, O) and fluorescent microscopy images (J, M, P) of a mixture 

of diatoms, C. neogracile (white arrows) and F. cylindrus (green arrows), incubated with TRITC-labeled 

RIII_1-5. Slight shifts in the merged images (K, N, Q) between the fluorescence and bright field images 

are due to drifting of the cells between image capture.   
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Figure 4.7: RIII_5 sugar-binding and RIII_3 peptide-binding domains are responsible for 

binding to C. neogracile. 

Light (A, D, G, J, M, P), fluorescent (B, E, H, K, N, Q) and merged images (C, F, I, L, O, R) of diatom C. 

neogracile (white arrows) incubated with GFP-tagged MpIBP domains: RII (A-F); RIII_5 (G-L); and 

RIII_3 (M-R). All images were captured with the same length of exposure.  
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Figure 4.8: Structural comparison between the RIV and RV of MpIBP. 

(A) Cross-section of the RTX repeats of RIV (grey). (B) Cross-section of the RTX repeats of RV (cyan). 

(C) The 1.45-Å structure of RV. The N-terminal moiety is colored green, while the C-terminal moiety is 

colored magenta. 
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4.3.6 Biofilm symbiosis under the ice 

 

Ace Lake in Antarctica, whence this isolate of M. primoryensis came, is brackish and 

stratified, with a permanently anoxic region ~12 m below the surface (Figure 4.9A; 73). Because 

of the near permanent ice/snow cover, relatively little light penetrates to the water; mostly to the 

upper few meters. Thus, it is advantageous for the strictly aerobic M. primoryensis to remain in 

this phototrophic layer where there is oxygen for respiration and nutrients from living and dead 

photosynthetic microorganisms. Our structural and functional characterization of the MpIBP 

adhesin shows that it has both the adhesive and cohesive properties necessary to position its host 

as part of a microbial community on the underside of the ice and in brine channels, with the 

ability to recruit diatoms into this niche to form a symbiotic relationship (Figure 4.9B).  

Ice is a dynamic substrate, constantly growing or melting, making it difficult for 

individual cells to stay attached. The adhesive and cohesive properties of MpIBP are therefore 

crucial for the bacterium to bind this dynamic surface and remain attached as a community of M. 

primoryensis that can have a collective grip on ice. Having a specific length to the extender 

region (RII) enables neighbouring bacteria to simultaneously contact each other through their 

ligand-binding domains in RIII (Figure 4.9C&9D). Similar scenarios likely apply to other 

bacteria living in harsh conditions, where they require multi-purpose adhesins like MpIBP to 

counter high shear-flow, pressure, and other destabilizing forces that might weaken a biofilm. 
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Figure 4.9: Model of M. primoryensis collectively binding with diatoms to ice. 

(A) Ice that covers the surface of Ace Lake to a depth of 1-2 m is represented by a grey rectangle with 

three internal brine channels of irregular shape. Lake water is colored blue with a light to dark gradient 

from top to bottom signifying the increased availability of light and oxygen towards the top of the water 

column as indicated by the grey arrow. Bacteria and photosynthetic microorganisms such as diatoms 

within the brine pits and underneath the ice are drawn as small white ovals and large green ovals, 

respectively. The phototrophic and anoxic zones are indicated on the right. (B) Expanded view of (A) 

showing two linked bacterial cells bound to ice and a diatom. Cell-surface proteins and carbohydrates are 

drawn as fuzzy black hairs and the polar flagella are drawn as squiggles. MpIBPs protrude from cell 

surfaces. RII, RIII_1-4, RIII_5, RIV and RV are drawn as cyan rods, blue ovals, dark green hexagons, 

orange rectangles, and magenta triangles, respectively. (C) Expanded view of the cell-surface anchoring 

domains of MpIBP near the OM. OM is drawn the same way as in Figure 4.3A. Surface glycans are 

drawn as connected brown hexagons. RIN, RIM and RIC are drawn as a blue triangle, a grey cylinder and 

red ovals, respectively. The hollow TolC-OM pore is outlined in black. Arrow with a broken line 

indicates the protein continues to RII-RV. (D) Enlarged view of MpIBP_RIII interacting with the peptide 

and sugar molecules on the cell surface of a diatom. Ligand-binding Ca2+ are drawn as magenta spheres. 

Surface protein is indicated by a wavy line from the cell surface. 
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4.4 Conclusions and outlook 

 

This study has revealed the first detailed structure at the molecular level of a bacterial 

adhesin (MpIBP), along with the function of nearly all its ~130 domains. N-terminal domains in 

Region I of the RTX adhesin are involved in the retention of this giant 1.5 MDa protein in the 

outer membrane of its marine bacterium. The majority of the domains are present in Region II, 

which serves to extend the ligand-binding domains in Regions III and IV away from the host 

surface. While it was already known that Region IV contained the ice-binding domain, adjacent 

to it in Region III are sugar- and peptide-binding domains that play a role in bacterial cohesion 

on the ice surface but also selectively bind at least one type of psychrophilic marine diatom. 

These functions set up a striking example of microorganism symbiosis, whereby the adhesin 

links bacteria and diatoms together in mixed species micro-colonies on ice. The diatoms benefit 

from being borne to an optimal zone for photosynthesis in ice-covered marine environments, and 

the bacteria presumably benefit from the oxygen and waste products made by the diatoms.  Prior 

to this study, little was known about RTX adhesin-ligand interactions.  Reports on surface-

adhesin interaction have been limited to probing a small number of generic hydrophobic and 

hydrophilic materials (e.g. polystyrene, glass), while no specific ligand has been identified for 

cell-cell cohesion 171. Consequently, it has not been possible to develop inhibitors to block 

adhesin binding and disrupt biofilm formation. The high-resolution protein-ligand complex 

structures of the MpIBP domains solved here provide a highly promising “first-of-its-kind” guide 
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to the rational design of inhibitors to other bacterial adhesins. We have recently shown that 

polyclonal antibodies raised to the ice-binding domain of MpIBP can completely block M. 

primoryensis adsorption to ice 70. Thus, it is likely that RTX adhesins are responsible for initial 

contacts with bacterial substrates and this abrogation strategy might be generally applicable. 

Blocking their ability to adhere and cohere will be a method to treat chronic infections and other 

unwanted biofilm formation. By the same token, the engineering of adhesins to include new 

ligand-binding domains could be a method for reinforcing beneficial biofilms 172. 

 

4.5 Experimental procedures 

4.5.1 Expression and purification of MpIBP domains. 

 

The genes encoding the RIII_1-4, RIII_5 and RV constructs were ligated between the NdeI/XhoI 

sites of the pET28a expression vector placing an N-terminal 6X His-tag on each protein. The 

genes encoding RIN and RI of MpIBP were ligated into the NdeI/XhoI sites of the pET24 

expression vector again placing a C-terminal 6X His-tag on each protein. For NMR experiments, 

RIN was expressed in M9 minimal media containing 13C glucose and 15N NH4Cl as the sole 

carbon and nitrogen sources, respectively 173. All other proteins were expressed and purified on 

the basis of previously published protocols 30,47,157,158. 
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4.5.2 Crystallization and X-ray crystal structural solutions of RIC, RIII_1-4, RIII_5 and RV 

 

MpIBP domains were crystallized at room temperature using the microbatch methods as 

previously described 158. Briefly, RIC was crystallized at 20 mg/mL in a precipitant solution 

containing 0.1 M MES (pH6), 0.2 M magnesium chloride, and 20% (w/v) polyethylene glycol 

(PEG) 6000. RIII_1-4 was crystallized at 5 mg/mL in a precipitant solution containing 0.1 M 

sodium acetate (pH 4.6), 0.1 M calcium chloride, and 15% (w/v) PEG400. RIII_5 was 

crystallized at 15 mg/mL in a precipitant solution containing 0.1 M Hepes (pH7), 0.2 M calcium 

chloride, 20% (w/v) PEG6000 and 30% (w/v) D-(+)-glucose monohydrate. RV was crystallized 

at 15 mg/mL in a solution containing 0.1 M calcium chloride, 0.1 M sodium acetate (pH 4.6), 

30% (v/v) PEG400. High-resolution datasets of RIII_1-4, RIII_5 and RV were collected from the 

08ID-1 beamline of the Canadian Light Source synchrotron facilities, while the dataset of RIC 

was collected at the X6A beamline of the National Synchrotron Light Source (Brookhaven 

National Laboratory). 

 

Data for RIC, RIII_5, RIII_1-4 and RV were indexed and integrated with XDS 174, and scaled 

with CCP4-Aimless 175. The structure of RIC was solved by molecular replacement with CCP4-

Phaser 176,177, using the RII-monomer (PDB: 4KDV) structure as the search model. The high-

resolution structures of RIII_5, RIII_1-4 and RV were determined by molecular replacement 

with CCP4-Phaser using their respectively low-resolution structures solved by in-house Ca2+-
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phasing as search models 157. The structures were built using CCP4-Buccaneer and were 

manually corrected in Coot 177,178. The structures were refined using CCP4-Refmac5 179. 

 

4.5.3 NMR spectroscopy and structure calculations 

 

All NMR experiments were performed at 303 K using a Varian INOVA 600 MHz spectrometer 

equipped with a triple resonance room-temperature probe. The RIN sample contained 3 mM 

13C/15N labelled RIN in 20 mM Tris-HCl (pH 6.5), 50 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, 

10% D2O. Standard triple resonance experiments were used to assign the backbone and side 

chain resonances of RIN. Both aliphatic and aromatic 13C NOESY-HSQC and 15N NOESY-

HSQC datasets were collected with 100 ms mixing times to provide distance restraints between 

nuclei. NMR data were processed using NMRPipe (version 8.1 180 and spectra were assigned 

using CcpNmr Analysis version 2.4.2 181. ARIA 2.3 and CNS version 2.1 were used to generate 

an ensemble of solvent refined structures using NOESY peak lists, DANGLE 182 derived ϕ and φ 

dihedral angle restrains, and hydrogen bond restraints derived from a D2O exchanged sample of 

RIN.  
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4.5.4 SAXS Data acquisition and reduction of MpIBP_RI 

 

Synchrotron radiation X-ray scattering data on RI was collected at the BM29 BioSAXS beamline 

of the ESRF (Grenoble, France) 183 operating at 12.5 keV. The scattering intensity was measured 

as a function of the momentum transfer vector q = 4π(sinθ)/λ, where λ = 0.992 Å is the radiation 

wavelength and 2θ is the scattering angle. The beam size was set about 700 μm x 700 μm and 

two-dimensional scattering profiles were collected using a Pilatus 1M detector. Samples were 

measured at a fixed sample-to-detector distance of 2.867 m to cover an angular range of 0.03 – 5 

nm-1. Samples were loaded via an automated sample changer and flowed through a quartz 

capillary of 1.8 mm in diameter, while collecting 10 frames of 0.1 s with a reduced flux of 1012 

photons s-1. The averaged value of buffer scattering measured before and after the sample 

measurements was subtracted from the averaged sample scattering curve. Samples were 

measured at four concentrations (2, 5, 7 and 10) mg mL-1 and the scattering profiles were 

brought to absolute scale using the known scattering cross-section per unit sample volume, 

dΣ/dΩ, of water and verified using a BSA protein standard. Data analysis and molecular shape 

reconstruction were performed as described previously 158,184. 
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4.5.5 Scanning Electron Microscopy and Fluorescence Microscopy Images 

 

EM images were collected using a Hitachi S-3000N scanning electron microscope (Queen’s 

University, Canada).  Bacteria and diatom mixtures were prepared for scanning electron 

microscopy as previously described 185. Briefly, 1 mL of bacterial diatom sample was pelleted by 

centrifugation. The pellet was dehydrated by gradually increasing ethanol concentration 15%, 

50% and 100%. The pellet was resuspended in 100% ethanol and diluted ten-fold with 100% 

ethanol. Next, an aliquot (200 µL) of the diluted sample was dried onto aluminum foil at 90 oC 

for 10 min. The dried samples were cut into approximately 2 cm squares and visualized by SEM. 

Light and fluorescent microscopy images were taken with an Andor Zyla 4.2 Plus camera paired 

with a Olympus IX83 inverted fluorescence microscope. 

 

4.5.6 Growth of M. primoryensis and diatoms 

 

M. primoryensis were streaked onto a marine broth plate without antibiotic. A single colony of 

bacteria was used to inoculate marine broth (10 mL) and cultured at 4 oC without shaking for 4-5 

days until reaching an O.D. 600nm of 0.2-0.5 in a ThermoFisher Scientific Multiskan Go 

spectrometer 186. Both F. cylindrus and C. neogracile were grown as previously described 23,187. 

Thus, diatoms were grown in F/2 media at 4 oC with light and shaking. Bacteria cultured to an 

O.D. 600nm of 0.2 to 0.4 were incubated with diatoms overnight at 4 oC with light and shaking 
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before being visualized by an Andor Zyla 4.2 Plus camera paired with a Olympus IX83 inverted 

fluorescence microscope modified with a custom-built cooling stage 38. 

 

4.5.7 Circular Dichroism (CD) 

 

Aliquots of RINM were dialyzed against 10 mM Tris-HCl (pH9) and 0.1 mM EDTA (buffer 1); 

or 10 mM Tris-HCl (pH9) and 1 mM CaCl2 (buffer 2); or 10 mM Tris-HCl (pH9) and 1 mM 

CaCl2 + 1 mM MgCl2 (buffer 3). Next, each sample was diluted to a concentration of 35 µM. 

Scans (7) were taken for each sample at 23 oC with a Chirascan CD spectrometer (Applied 

Photophysics, Leatherhead, Surrey, UK).  All scans for each sample were averaged and buffer 

reference-subtracted, and three-point smoothing was applied to the data with PROVIEWER 

software. CD for RIII_5 (20 µM) and RV (30 µM) were done using the same procedures as 

above, with different concentrations of CaCl2 (1mM for RIII_5, with 2 mM, 3 mM and 5 mM for 

RV).  
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Chapter 5 General Discussion 

5.1 Activity changes due to dendrimer-facilitated IBP multimerization 

 

 As reported in Chapter 2, highly-branched dendrimers can be used to fuse multiple IBPs 

to a support. These IBP multimers exhibit increased TH and IRI activity. An obvious question is: 

why is there an enhancement of activity? Due to the geometry of C-terminal crosslinking, all 

type III AFPs connected to the dendrimer are positioned with outward facing IBSs. 

Subsequently, having the IBSs of many AFPs associated together will increase the local 

concentration of water molecules organized into an ice-like lattice. One can imagine an imperfect 

shell of ice-like waters encasing the spherical dendrimer-linked AFP molecule. This shell of ice-

like waters is likely to increase the probability of a productive interaction between the 

dendrimer-linked AFP and ice because virtually any orientation will be competent for surface 

adsorption. Whereas, when monomeric AFPs contact ice most of the surface area is not the IBS.  

The AFP might reorient to adsorb to ice or, simply diffuse back into the bulk solution without 

binding. Furthermore, linking AFPs to the dendrimer generates a multivalent molecule. If one 

AFP of the dendrimer-linked AFP molecule binds ice, this would increase the probability of a 

neighboring AFP also binding to ice. However, with monomeric AFPs, the binding of an 

individual AFP to ice will not directly lead to the binding of another AFP. Additionally, having 

shown that increasing AFP size increases activity, the much larger dendrimer-linked AFPs will 

be intrinsically more active than the monomeric AFPs 188. The diameter of a dendrimer-linked 
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type III AFP molecule (12 nm) is approximately ten times that of an individual type III AFP. 

This disproportion in size could impact the curvature of ice between bound molecules (Figure 

5.1). I would need to generate additional ice-binding molecules to tease out which of these 

explanations contributes most to the improvement in TH activity. For instance, I could replace all 

but one of the type III AFPs decorating the dendrimer with an inactive isoform (or similar sized 

non-AFP) by optimizing conjugation ratios and recovering the AFP-containing particles by ice 

affinity purification. A dendrimer with only a single functional AFP would not be multivalent 

nor have a large quorum of ice-like waters enclosing the molecule and therefore be useful for 

determining the effect of size versus multiple binding sites.  
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Figure 5.1:  Schematic representation of monomeric or multimeric AFPs interacting with 

ice. 

Top) monomeric AFPs with different orientations interacting with ice, compared to the 

multimeric AFP with all IBS outward facing. (Bottom) microcurvature of ice due to monomeric 

or multimeric AFP. AFPs are shown as grey ovals and ice-like waters blue circles. Figure 

modified from 144. 
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A fully decorated dendrimer with only a single active AFP would also be a useful control 

for examining the enhancement of IRI activity by these particles. The dendrimer-linked type III 

AFP molecule was particularly good at IRI activity, probably due to the ability to bind multiple 

ice grains. However, a dendrimer with one functional AFP would be approximately the same 

size, but unable to bind multiple ice grains. Also, it would be useful to have fluorescently-

labelled dendrimer-linked type III AFP molecules to observe where they are binding during ice-

recrystallization. This could be achieved by including a cysteine mutant of GFP during the 

conjugation reaction or chemically labelling the molecule after crosslinking. These control 

experiments would test our hypotheses for increased activity and provide useful information for 

the further engineering of ice-binding molecules.  

Typically, freeze-intolerant organisms produce low quantities of larger AFP isoforms that 

have higher activities than the more abundant, smaller isoforms that have lower activity 28,56. In 

terms of energy, it would seem more efficient to produce extra quantities of the more active large 

isoforms rather than large amounts of the less active smaller isoforms. However, it is possible 

smaller isoforms disseminate through solutions or the body faster than larger AFPs, and can bind 

seed ice crystals faster to enhance survival. For example, it is well known that small proteins (< 

20 kDa) can exit the circulation via extravasation and diffuse throughout the body, whereas 

larger proteins are retained in the blood 56.  
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5.2 Representation of multimer activity 

 

Thermal hysteresis and ice-recrystallization inhibition activities are concentration 

dependent. After linking AFPs to the dendrimer, there are two ways to represent concentration: 

1) based on the molar concentration of type III AFP present; or 2) on the molar concentration of 

dendrimer-linked type III AFP (DLTIII) molecules. To clarify the issue, if the DTLIII 

concentration were 100 µM and the average number of type III AFP molecules per dendrimer 

were 7, by the former method the effective AFP concentration would be ~700 µM.  Although a 

reviewer of our paper insisted we compare activities by the former method, I think it is best to 

represent concentration by that of the DLTIII molecules rather that the constituent AFPs attached 

to the dendrimer 189. Due to the spherical geometry of the DLTIII molecule and length of cross-

linker, not all of the covalently linked type III AFPs are able to interact with the ice. In fact, 

modeling estimates no more than three type III AFPs of the DLTIII can simultaneously bind a 

single ice crystal. Characterizing concentration via the molar concentration of constituent AFPs 

assumes every AFP has equal opportunity to bind ice, which it clearly does not.   

 

5.3 New reagents for the control of ice growth 

 

 Type III AFP multimerization via a dendrimer proved a useful method for developing 

enhanced activity. However, there is room for improvement. I was able to load an average of 
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nine type III AFPs onto the sixteen available ‘arms’ of a second generation polyamidoamine 

dendrimer. Perhaps linking more AFPs together would lead to further activity enhancements. 

One could link more type III AFPs together by using higher-order dendrimers. The production of 

a dendrimer is an iterative process; therefore, every subsequent generation has double the 

number of functional arms as the previous one. For example, a third-generation dendrimer has 

32-functional arms compared to 16-arms of a second-generation dendrimer. Accordingly, higher-

order dendrimers would increase the number of type III AFPs linked together and the overall 

particle size. Moderately active AFPs, like type III AFP, are unable to bind the basal plane of ice, 

therefore shaping ice into hexagonal bipyramids with minimal basal planes at the apexes 133. 

When the TH limit of type III AFP is surpassed ice grows rapidly out the basal plane in spicules 

parallel to the c-axis. Larger type III AFP multimers provided by higher-order dendrimers may 

be able to span the slight basal plane through binding prism planes on either side of the tip 

(Figure 5.2). This ‘cap’ of the basal plane might make it difficult for additional water molecules 

to be incorporated there, and therefore better prevention of ice growth leading to increased 

freezing point depression. 
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Figure 5.2: Dendrimer-linked AFPs ‘capping’ basal plane of hexagonal bipyramid ice 

crystal. 

AFP multimer spans the basal plane binding to adjacent prism planes restricting water molecules 

from joining the basal plane and causing ice growth. Moderately active AFPs are indicated by 

red circles. 
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 Hyperactive AFPs bind the basal plane of ice 190. Recent work by Phippen et al.144, 

showed hyperactive AFP multimerization led to considerable improvements in TH activity. 

Genetically fusing the hyperactive AFP from an Antarctic bacterium to one subunit of a self-

assembling protein cage produce a nanoparticle with 12 AFPs connected together. The resulting 

nanoparticle exhibited greater than 25-fold better freezing point depression compared to the 

monomeric AFP at the same molar concentration. However, this method involves linking 12 

AFPs together through weak, non-covalent subunit associations typical of quaternary structure. 

Non-covalent association between the cage subunits might leave these nanoparticles vulnerable 

to the shearing forces of ice overgrowth. Thus, attaching hyperactive AFPs to dendrimers can 

increase the number of covalently-linked AFPs and possibly duplicate the dramatic activity 

increases achieved by the AFP-protein cages. Furthermore, we can decorate the dendrimer with a 

mix of hyperactive and moderately active AFPs. Moderately-active AFPs have been shown to 

bind ice faster than hyperactive AFPs, presumably because binding to the basal plane is a slower 

process, but hyperactive AFPs produce an overall higher freezing point depression.191 Therefore, 

an ice-binding molecule with both hyperactive and moderately active AFPs present might 

combine the best of both properties and show enhanced activity above what can be achieved with 

one AFP type.  

In addition to combining two AFPs on the dendrimer, I could link AFPs to multiple GFPs 

generating an extremely fluorescent ice-binding particle. With a bright ice-binding molecule I 

may be able to perform single molecule detection experiments to answer some outstanding 
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questions. For instance, single molecule detection would allow one to observe individual 

molecules bind ice. Once bound, one could track the molecule to see if it remains ice-bound or 

exchanges with the bulk solution, further substantiating the theory of irreversible binding. 

Moreover, single molecule detection could be used to calculate the distance between ice bound 

AFPs. Counting the number of bound dendrimer-GFP/AFP molecules and the surface area of an 

ice crystal, it would be possible to estimate the space between bound molecules. In another 

application, it should be possible to observe the location of the dendrimer-GFP/AFP between ice 

grains during ice recrystallization inhibition, and in this way, see if there is evidence for our 

assertion that enhanced IRI activity of the dendrimer is due to its ability to simultaneously 

contact more than one ice grain. This was an idea that received criticism from a reviewer on the 

grounds that the distance between ice grains is too great to be spanned by an AFP-decorated 

dendrimer.  Crosslinking AFPs and other proteins to the dendrimer provides a robust approach 

for developing new substances to govern and monitor ice growth.  

 

5.4 Dendrimers as a scaffold for ‘cargo’ delivery: the Trojan horse strategy 

 

Biofilms are notoriously difficult to eradicate due to the protective effects of extracellular 

polymeric substances (EPS) that include polysaccharides, DNA and fibrous proteins. Bacteria 

sheltering in this matrix are partly protected from biocides and antibiotics. Furthermore, 

antibiotics are nonspecific and can change the host microbiota. A way to specifically target 
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bacteria within a biofilm or induce the deterioration of the EPS would be an attractive alternative 

to antibiotics. It may be possible to use planktonic bacteria loaded with lethal ‘cargo’ to act as a 

‘Trojan Horse,’ by seeking out biofilms and delivering the toxic payload. Bacteria rely on 

adhesion proteins to bind surfaces and initiate biofilm formation. Therefore, we could target 

adhesion proteins with the cargo to disrupt biofilms.  

Some preliminary experiments along these lines were performed by Tova Pinsky under 

my supervision to test the feasibility of this approach. Antibodies raised to the long extender 

domain, RII, of M. primoryensis’s adhesion protein provide a cargo attachment point. We then 

attached Protein A, the antibody-binding protein from Staphylococcus aureus, and GFP to the 

dendrimer generating a model cargo with which we could observe the fluorescent labeling of M. 

primoryensis, and its micro-colonies (Figure 5.3 A, B). After incubation with cargo, fluorescent 

M. primoryensis bacteria move in the microfluidic apparatus and associate with preformed ice 

(Figure 5.3 C). Not every observable bacterium is fluorescently labeled or bound to ice. This 

may be due to the low concentration of cargo used and the culturing conditions of M. 

primoryensis. It has been previously observed that wild-strains of microorganisms grown under 

non-ideal conditions can drastically change their morphology 192. Here we would be concerned 

about the signaling that controls the differentiation between the planktonic and sessile/biofilm 

forms of M. primoryensis and what this means to the expression of the ice-binding adhesion. If 

the latter is not ideal, this would impact ice-binding and cargo tagging. However, these 

preliminary experiments provide proof-of-concept. Moving forward, we can replace the GFP 
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with potentially lethal degradative enzymes (Figure 5.3 A ii). For example, including a DNase 

or exopolysaccharide-degrading enzyme might weaken the EPS and increase the vulnerability of 

a biofilm. Inclusion of lysozyme and chitinase might weaken the cell walls of microorganisms in 

the biofilm. 
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Figure 5.3: Dendrimer as a scaffold for cargo disruption of biofilms. 

A) (i) fluorescent cargo made by attaching Staphylococcus aureus Protein A (blue ovals) and 

GFP (green stars) to dendrimer. (ii) Hypothetical disruptive cargo, a fusion of Protein A and 

degradative enzyme (X-ase) represented by scissors. A legend is shown to the right. B) 

Schematic representation of ice-bound bacterial microcolony being labeled by fluorescent cargo 

attached to the adhesion extender domain. C) Inverted fluorescent microscopy images of M. 

primoryensis having been incubated with fluorescent cargo and ice. White scale bar signifies 20 

µm. 
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5.5 Intein-mediated AFP polymerization: no end in sight 

 

 Split-intein mediated peptide backbone circularization was used to fuse the N- and C- 

termini of the globular, moderately active type III AFP. Backbone circularization had no 

negative effect on TH activity, while increasing AFP thermal stability. Through an alternative 

application of this technology it may be possible to enhance AFP activity via split-intein 

mediated oligomerization. Naturally occurring and artificially engineered AFP multimers show 

increased activity 120,188,193,194. Previously, inteins have been used to generate protein multimers 

195. For instance, spider silk flagelliform (FLAG) protein fibers were made by recurring post-

translation fusion of FLAG monomers 195. This was achieved by fusing N- and C-inteins to the 

C- and N- termini, respectively, of a FLAG protein monomer. The N- and C-termini of the 

FLAG protein naturally occur at opposite ends of the alpha-helix bundle, reducing the chances of 

circularization and facilitating repeated ligation. Expression and successive polymerization 

produced a ten-FLAG protein multimer. This strategy can be adapted to AFPs to produce fibers 

with enhanced activity (Figure 5.4). Many of the beta-solenoid AFPs, such as spruce budworm 

AFP, TmAFP, and MpIBP have termini at opposite ends, making them potential candidates for 

split-intein polymerization. Though, it should be noted that spruce budworm AFP and TmAFP 

contain multiple cysteines which can be problematic when producing recombinant protein. 

MpIBP, however is rigidified by calcium ions, which may prevent long multimers from curving 

or ‘folding-back,’ thereby reducing the potential for circularization.  
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Figure 5.4: Schematic representation of split-intein mediated AFP polymerization. 

Multimerization of AFP monomers via intein-mediated protein splicing. General AFP indicated 

by dark blue rectangle, C-intein and N-intein signified by red and green L-shape, respectively.  
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Producing extended chains of AFPs may alter their function. Applying the anchored 

clathrate water hypothesis, long AFP polymers will order a large number of ice-like water on 

their respective IBSs that may be sufficient in number to nucleate the formation of ice, 

effectively changing an AFP into an ice-nucleating protein (INPs). INPs were first found in the 

plant pathogenic bacteria, Pseudomonas syringae 196.  These proteins are thought to provide an 

ideal surface to arrange water molecules and initiate ice formation 197. Plant pathogens are 

hypothesized to use INPs to initiate ice formation on the leaves of plants, thereby damaging the 

host tissues to gain access to nutrients. It has also been suggested that bacteria can use INPs as a 

method of dispersal 198. INP from Pseudomonas borealis was modeled as a β-helical solenoid 

dimer, using a tyrosine ladder to drive dimerization (Figure 5.5) 197. The relative size of the INP 

significantly dwarfs any of the currently known IBPs (Figure 5.5). However, using split-intein 

polymerization, it may be possible to increase AFP size to that of an INP. For instance, the end-

to-end linkage of five MpIBPs would be approximately the same size of the repetitive INP 

domain model 197. Other methods have been used to polymerize AFPs. Peralta et al.199, removed 

the capping structures and all cysteines of the spruce budworm AFP and made a self-assembling 

amyloid. These engineered amyloid fibrils reached micrometers in length. 
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Figure 5.5: Size comparison of Pseudomonas borealis INP model to known AFPs. 

Eight dimers of the PbINP model were aligned end to end to approximate the size of the 

repetitive central section of the INP. Crystal structures of eight known IBPs are aligned with 

their IBSs facing PbINP. Proteins are coloured by ‘chainbow’ with blue representing the N 

terminus and red the C terminus. Figure modified from 197. 
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5.6 Antibody blocking of MpIBP_RIII binding to C. neogracile 

  

In Chapter 4, MpIBP_RIII was shown to selectively bind C. neogracile. RIII is composed 

of five β-sandwich domains to form an overall Y shape. Three domains (RIII_1, 2 and 4) form a 

Ca2+-stabilized stalk that provides structural support for the ligand-binding RIII_3 and RIII_5 at 

the branches. RIII_5 is a carbohydrate-binding PA-14 domain found in yeast and bacteria that 

folds into a globular β-sandwich and uses a coordinated Ca2+ to bind sugar moieties, like glucose 

and dextran 165. PA14 domains found in yeast adhesins help their hosts flocculate by binding 

carbohydrates present on neighboring cell surfaces 165. RIII_3 is a peptide-binding domain on the 

opposite branch from RIII_5. RIII_3 is similar in sequence to a segment from epithelial-cell-

binding RTX adhesin from Vibrio cholerae, which promotes the host colonization within the 

intestine 153,154. Fusions of GFP to RIII_3 and RIII_5, show these proteins can fluorescently tag 

C. neogracile thereby indicating they can bind peptides and polysaccharides on the diatom 

surface (Figure 5.4). These experiments suggest RIII is responsible for M. primoryensis binding 

to diatoms. Antibodies were raised to the whole of RIII (RIIIW) to block the binding of M. 

primoryensis to C. neogracile, mimicking studies showing RIV antibodies could prevent ice 

adhesion 70. Unfortunately, RIIIW antibodies did not completely stop M. primoryensis from 

binding to C. neogracile. Next, I investigated if RIIIW antibodies affected the diatom binding of 

either RIII_3 or RIII_5, separately. Interestingly, the antibodies can block RIII_3 but not RIII_5 

from fluorescently tagging C. neogracile (Figure 5.6). One possible explanation for this result is 
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that, when RIIIW was injected into the rabbits, RIII_5 bound to free glucose within the blood, 

taking advantage of the mM Ca2+ level needed for sugar binding and domain stability. 

Circulating blood glucose bound to RIII_5 might have blocked the epitopes around the sugar-

binding site, preventing antibodies developing to them. These polyclonal antibodies would 

consequently be unsuitable for inhibiting the association of RIII_5 with polysaccharides on the 

surface of C. neogracile. One could test this hypothesis by examining if antibodies are able to 

block GFP-RIII_5 from binding to dextran resin. I know that GFP-RIII_5 binds to Superdex 200 

size-exclusion resin and that we can use dextran to elute the protein. Therefore, if antibodies can 

block GFP-RIII_5 from binding to the resin, I would disprove this hypothesis. 
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Figure 5.6: RIII_5 sugar-binding and RIII_3 peptide-binding domains are responsible for 

binding to C. neogracile. 

Light (A, D, G, J, M, P), fluorescent (B, E, H, K, N, Q) and merged images (C, F, I, L, O, R) of 

diatom C. neogracile (white arrows) incubated with FITC-labeled RII (A-F), RIII_5 (G-L) and 

RIII_3 (M-R). Slight shifts in the merged images are due to drifting of the cells between image 

capture. 

 

 

 

5.7 Potential association of M. primoryensis with other diatoms 

   

M. primoryensis uses the peptide- and sugar-binding domains of the long adhesin protein 

MpIBP to bind C. neogracile but not F. cylindrus. Why has M. primoryensis evolved, or 

‘naturally engineered’, RIII to have dual ligand binding sites? Is it for specificity? Does M. 

primoryensis use MpIBP_RIII to discriminate between C. neogracile and F. cylindrus, and does 

this marine bacterium bind diatoms other than C. neogracile? Diatoms represent a diverse clade 

of phytoplankton, and I suspect  M. primoryensis will bind other diatoms. It is likely that M. 

primoryensis binds multiple diatoms, a hypothesis that will require us to test more of them for 

binding to the bacterium. Furthermore, the potential adhesion proteins identified in six 

Marinomonas species all contain a putative PA14 domain, which may suggest the enticing 
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possibility that diatom binding is not limited to M. primoryensis but an attribute of many 

Marinomonas bacteria (Figure 5.7). We need a system to screen for binding between M. 

primoryensis and additional diatoms. 

We may be able to mimic the environment of Ace Lake in the laboratory. In a large beaker 

with darkened sides, such that light can only enter from the top, in a solution of marine broth, we 

will mix cultures of M. primoryensis, C. neogracile and F. cylindrus. Then we will add a disc of 

ice that covers the top of the solution in the beaker. This setup will then be cooled below zero to 

a temperature where the ice has sealed to the sides of the beaker but has reached an equilibrium 

point where it is not excessively freezing or melting. We will then illuminate the beaker from 

above to duplicate the phototrophic zone. Sealing the surface of the beaker with ice is necessary 

to ensure that the only continuous source of oxygen is that which the diatoms produce from 

photosynthesis. After incubation, we will overturn the disc of ice to observe the potential build-

up of bacteria/diatoms. Brown matts of microorganisms are often seen on the underside of 

marine or lake ice that has been overturned 86. Furthermore, we will take samples from the 

underside of ice and use mitochondrial sequencing to determine the species present. Using this 

experimental setup, we can test the localization of M. primoryensis, C. neogracile, and F. 

cylindrus. If our hypothesis of a symbiotic relationship between M. primoryensis and C. 

neogracile is correct, we would expect these species to co-localize. If this setup is successful, 

future studies can incorporate mixtures of other known marine diatoms, to observe which other 

species are co-localized to the ice surface with M. primoryensis. 
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5.8 Engineering of adhesion proteins 

 

M. primoryensis uses a 1.5-MDa adhesin encompassing over 130 domains to position it 

on ice within the phototropic zone for better access to oxygen and nutrients. Structural biology 

and various assays, including cold temperature microfluidics, were used to establish 

complementary roles for its five distinct regions. Domains in Region I (RI) tether the adhesin to 

the Type I secretion machinery in the periplasm of the bacterium and thread it through the outer 

membrane. RII comprises approximately 120 identical Ig-like β-sandwich domains that rigidify 

on binding Ca2+ to project the adhesion regions RIII and RIV into solution. RIII contains ligand-

binding domains that join diatoms and bacteria together in a mixed species community on the 

underside of sea ice where incident light is maximal. RIV is the ice-binding domain; and the 

terminal RV domain contains several ‘Repeats-in-Toxin’ motifs and a non-cleavable signal 

sequence that target proteins for export via the Type I secretion system. Comparing MpIBP to 

adhesin proteins from other Marinomonas species there appears to be variability in the length of 

the RII extender region and the types of ligand-binding domains present in RIII-RIV (Figure 

5.7). This variability reflects the selective pressures on these bacteria to adapt to, and thrive in, a 

particular niche. It also offers the potential for engineering adhesin proteins. Using MpIBP as an 

archetype, can we engineer alternative Marinomonas species or other motile, psychrophilic 

microorganisms to bind ice? Of the currently sequenced Marinomonas species, M. ushuaiensis is 

an obvious potential candidate into which we could engineer ice-binding ability, due to the 
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bacterium being highly motile in relatively cold water (sub-Antarctic water temperature about 5-

8 oC) and having a RIV-analog that shares 34% sequence identity to MpIBP_RIV 169. However, 

the problem is likely more complex than simply mutating RIV of M. ushuaiensis to contain ice-

binding residues. Even simply preforming mutagenesis is fraught with technical challenges 

because of the difficulty of genetically manipulating wild bacterial strains.  Moreover, our 

observations in microfluidics experiments suggest M. primoryensis is actively drawn to ice. How 

this is done is not known, but M. primoryensis may use a form of temperature- or salt-gradient 

taxis to seek ice. When ice is growing in a marine environment, solutes like NaCl and CaCl2 will 

be excluded and form higher concentrations than those of bulk seawater immediately under the 

ice. The mechanisms behind this supposed ‘ice-taxis’ can potentially be addressed using 

microfluidics, where solute concentrations and flows can be controlled at the microscopic scale.  

It is unlikely M. ushuaiensis would have a similar taxis capability. Nonetheless, modifying M. 

ushuaiensis RIV to bind ice would still provide useful experimental evidence pertaining to the 

nature of the relationship between M. primoryensis and ice. Additionally, disrupting MpIBP_RIV 

expression would be a good control to prove that M. primoryensis does in fact have some form of 

taxis to find ice, rather than simply adhering to ice after random swimming and collision.  

The modularity of MpIBP makes it an ideal model adhesin to engineer bacteria capable of 

binding to different surfaces or microorganisms. However, the exemplary bacteria in which 

adhesion can be engineered should be genetically tractable, such that it could facilitate the 

transformation and expression of a large adhesion protein. Furthermore, to guarantee the newly 
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engineered adhesion protein will be secreted to the solution, the bacteria will require a T1SS for 

membrane anchoring and secretion by MpIBP_RI and RV, respectively. We would reduce the 

number of RII domains to; shorten adhesin length to a manageable size for genetic manipulation, 

decrease the energetic cost of expression and limit the chances of recombination. RIII and RIV 

represent places to swap in any domain of interest. For instance, one could engineer a bacterium 

that could disrupt biofilms by replacing RIII with a specific carbohydrate-binding domain and 

RIV with glucosidase. A bacterium expressing this engineered ashesin could target and destroy 

extracellular polysaccharides of a biofilm.  

Due to the opening of the Northwest Passage, the large amounts of oil beneath the Arctic 

Ocean floor, and the ever-diminishing supply of oil, the potential for offshore drilling in the 

extreme conditions of the Arctic Ocean increases. Considering the difficulties presented by the 

Arctic environment, the likelihood of an oil spill seems inevitable.  Furthermore, clean-up of an 

oil spill would represent an enormous challenge. Oil trapped under ice would devastate this 

ecological system. Through understanding how M. primoryensis tracks to ice, and how to 

engineer adhesion proteins, it may be possible to engineer an oil-degrading bacterium to bind ice 

and consume oil in the event of such an environmental disaster. For instance, the Arctic 

Marinomonas sp 104 degrades polyaromatic hydrocarbons and produces an adhesion protein 

lacking an ice-binding domain (Figure 5.7) 200. It may be possible to add MpIBP_RIV to the 

adhesion protein of M. sp104 to confer the ability to bind ice, so the bacterium could consume oil 

trapped between the oil:water interface underneath ice. MpIBP is a remarkable multi-domain 
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adhesin protein whose structural and functional characterization may have paved the way to 

adhesin engineering.  
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Figure 5.7: Alignment of RTX adhesion proteins from different species within the 

Marinomonas genus. 

Domain architecture of: bacterial immunoglobulin-like domains (blue), PA14 domains (yellow), 

imperfect repeats-in-toxin (RTX) domains (cyan) and traditional RTX domains (red). Gaps 

between or within domains represent areas where there is no sequence information. M. 

primoryensis is an ice-binding Antarctic bacterium 71. M. sp. D104 is an Arctic polycylic 

aromatic hydrocarbon degrading bacterium 200(p104). M. sp MWYL1 is found North of England in 

salt marshes 201. M. sp MWYL1, M. sp MED121, M. posidonica and M. mediterranea are all 

found near the equator 167,202.  M. ushuaiensis was found at the southernmost tip of Argentina169.  
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Appendix A 

Rational design of an antifreeze protein 

 

Hypothesis 

 

1) Any protein that can be engineered to organize a stable network of anchored ice-

like waters on one surface will bind to ice and function as a macromolecular 

antifreeze  

 

  Currently, AFPs are thought to accumulate clathrate waters on their IBS that match the 

lattice of a growing ice crystal and ultimately freeze the proteins onto the ice 47. We reason it is 

possible to change a protein into an AFP by engineering one surface to form an anchored 

clathrate of stable ice-like waters. To progress on this problem I will focus on a few components 

we think are important for ice binding: the flatness, hydrophobicity and regularity of a protein’s 

surface, and the involvement of certain residues in ice-binding activity. Researchers in our lab 

previously identified protein Np275/6 from Nostoc punctiforme, a nitrogen-fixing 

cyanobacterium, as a promising candidate for conversion into an AFP based on its flatness and 

regularity 203. The X-ray crystal structure of Np275/6 shows it folds into a highly symmetric 

right-handed quadrilateral beta-helix (Figure 1A). Five of the nine distinct AFP structures 

featured in Figure 1 have a beta-solenoid fold, for instance Tenebrio molitor (TmAFP) 204.  

  Yu and Scotter from our lab modeled Np275/6 and noticed structural irregularities on 
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faces 1, 2 and 4. Therefore, face 3 was identified as the best candidate for an ice-binding surface 

based on flatness and regularity. The next step was to determine which residues to mutate. There 

are several common ice-binding residues found on AFPs including threonine, alanine and 

asparagine 205. Additionally, there are ice-binding motifs such as the Thr-X-Thr (where X is any 

inward pointing residue) found on several AFPs. Yu mutated all eight coils of face 3 to have the 

TXT motif, with threonines located at both the i-1 and i+1 positions (Figure 2A). Yu found this 

mutated protein, designated 8TXT, showed ice shaping and TH activity of up to 0.17 °C. 

However, S. Gauthier and I have, independently, not been able to repeat this initial promising 

result. We attribute the discrepancy to contamination of 8TXT by AFPs eluting from communal 

chromatography columns during protein purification. Although the 8TXT mutant was not able to 

prevent ice growth, Np275/6 still has potential to be converted into an AFP. There are more ice-

binding motifs, such as the Thr-X-Asn motif of MpIBP, and other common ice-binding residues 

such as alanine that we can mutate onto face 3 of the protein to organize surface waters into an 

ice-like pattern. There are also alternative positions on face 3 for these motifs, in addition to the 

i-1 and i+1 ranks. 

In preparation for another attempt to turn Np275/6 into an AFP, I began performing in 

silico molecular dynamic (MD) simulations on potential mutants, using the MD package 

GROMACS 146. Molecular dynamic studies have been able to provide us with information on the 

stability of potential mutants. Additionally, MD has allowed us to investigate hydrogen bonding 

between surface water and the ice-binding residues. We are able to model the water density 
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around the IBS, giving us insight into the involvement of ice-binding residues in the ordering of 

water, a feature we think is important for ice-binding. Performing different analyses on the data 

collected from the MD simulations has allowed us choose which one of the potential mutants is 

the most promising ice-binding protein. 

Based on the MD we selected a mutant with Thr-X-Asn ice-binding motif, such as the 

one seen in MpIBP, with Asp residues mutated into the i-2 and Thr residues in the i-1 positions. 

Additionally, a glutamate was mutated in the i+1 position to make a more uniformly flat surface. 

Only seven of the eight coils were mutated in the i-2 and i-1 ranks, where previously all eight coils 

were changed. This was an attempt to preserve salt bridges and form a pseudo capping structure 

at the C terminus.  This mutant, titled NXT(E), was ordered from GeneArt and cloned into the 

pET 28 vector. This vector provides a N-terminal his-tag for the gene insert.  

The NXT(E) mutant was expressed, purified and tested for activity.  Unfortunately, the 

NXT(E) mutant did not show TH or ice-shaping, suggesting it is inactive. However, upon 

running NXT(E) on a size-exlcusion column the majority of the protein elutes in the void 

volume. This result may suggest that the protein is unfolded or aggregating in solution. Further 

experiments, such as circular dichromism, are needed to confirm the status of the protein fold. 

Additionally, I could try to attach a fusion protein such as MBP or GST in an attempt to prevent 

aggregation and help the mutant protein fold. In conjunction with these experiments I will study 

both mutants structurally, through means of crystallization. Crystal studies of the 8TXT and the 

NXT(E) mutants will provide structural data as to why these proteins do not bind to ice.  
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Future directions for AFP engineering 

 Although we have been unsuccessful thus far in engineering an AFP from a non-AFP, we 

have gained knowledge from these studies that will help future AFP engineering projects. These 

studies demonstrate that ice-binding activity is more complicated than simply the presence of an 

ice-binding motif. AFPs are highly repetitive, ordered proteins and because of this I suspect the 

distance and angles between ice-binding residues and motifs play an important role in 

determining ice-binding activity. In the future, non-AFP scaffolds should be chosen not only by 

their relative flatness and regularity but also by the spacing between their residues. However, a 

whole new approach may be needed to engineer an AFP from a non-AFP. One such approach 

may be directed evolution, through causing random mutations to a potential AFP and screening 

the mutants using ice affinity purification 206. The mutants can be cycled through the process 

many times until the desired outcome is achieved. There are many potential obstacles with this 

method, but it has the potential to engineer an AFP from a non-AFP.  
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Figure 1A: A cartoon representation of the right-handed quadrilateral beta-helix Np275/6 

from Nostoc punctiforme. A) A side-view representation showing the α-helix capping structure at the 

N-terminal end. There is no obvious capping structure located at the C terminus. B) Head-on view at the 

N terminus illustrating the four faces of the protein. Indicated on face 3 are the positions investigated for 

possible mutations.   

 

 

 

 

 

 



 

 

 

 

 

167 

 

 

 

 

 

 

Figure 2A: A cartoon and stick representation of the 8TXT and NXT(E) mutants designed 

and tested for antifreeze activity. A) Threonines were mutated into the i-1 and i+1 positions of all 

eight coils on face 3 of Np275/6 forming the 8TXT mutant. B) Asparagine was mutated into the i-3 

position and threonine into the i-1 position into seven of the eight coils on face 3 forming the NXT(E) 

mutant.  

 

 


