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Abstract 

Ice-binding proteins (IBPs) have long been known to help organisms resist freezing (antifreeze) 

or tolerate freezing (ice recrystallization inhibition). Discoveries made in my thesis research reveal a third 

function for an IBP, which is host adhesion to ice. The IBP found on the cell surface of an Antarctic 

Gram-negative bacterium, Marinomonas primoryensis, is part of an exceptionally large protein of 1.5 

MDa. The highly motile M. primoryensis swims to ice and attaches to the surface to form bacterial 

clusters. We suggest that MpAFP facilitates the formation of bacterial communities or biofilms 

underneath lake or sea ice, where oxygen and nutrients are most abundant due to the photosynthetic 

activity of other microorganisms.  

MpAFP can be divided into five distinct regions. The N-terminal end (RI) attaches to the bacterial 

cell envelope, likely by binding to the cell wall peptidoglycan or other polysaccharides on the cell surface 

while spanning the outer membrane. Next are ~ 120 identical tandem repeats of a 104-aa Ig-like domain 

(RII) that makes up 90% of the protein. Region III, which contains a carbohydrate-binding domain, 

separates the highly repetitive region II (RII) from the moderately repetitive region IV (RIV). The 34-kDa 

RIV, which folds as a Ca2+- dependent β-solenoid, is the only ice-binding domain of MpAFP. At the C 

terminus RV also contains Ca2+-binding RTX repeats that may serve as the secretion sequence for the 

giant protein.  

Using a “dissect and build” approach I succeeded in piecing together >95% of the structure of 

MpAFP. With this knowledge, I was able to postulate a general mechanism by which RTX adhesins 

enable their hosts to form biofilms by using a combination of surface adhesion and cell cohesion. X-ray 

crystallography suggests tandem arrays of the Ig-like repeats (RII) attract and slide along each other in an 

antiparallel fashion until their sugar binding domains lock onto each other’s’ surface glycans. Thus 

MpAFP not only binds the bacteria to ice but can potentially link the bacteria together in clusters to 

increase the total number of adhesins binding the group to the underside of ice where the environment is 

most favourable for growth.  

Given that many bacteria produce adhesins similar to MpAFP, work described in this thesis can 

be extended to give insight into the formation and disruption of other bacterial biofilms, including those 

of human pathogens. 
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Chapter 1 

Introduction 

Life is tenacious. Many organisms inhabit extremely harsh environments due to extremes 

of temperature, salinity, pH and pressure, for example. Often, organisms are not only able to 

survive these severe conditions, but have developed strategies to thrive in them. In this thesis, 

strategies that help organisms inhabit ice-laden environments will be introduced. Next, through a 

series of interesting discoveries made during my doctoral research, the story will lead into how 

bacteria thrive in a variety of niches by using an ancient yet effective strategy - the development 

of multicellular communities known as biofilms.  

1.1 Discovery of antifreeze proteins 

Organisms that are regularly exposed to sub-freezing temperatures in the presence of ice 

have developed strategies to combat freezing damage (1). Some endothermic organisms maintain 

their normal body temperature by using shelter and insulation such as fur and clothing, while 

others hibernate and allow their body temperature and rate of metabolism to drop. Those 

organisms that cannot regulate their body temperature have evolved complex biochemical 

adaptations to resist freezing. While some produce high levels of glycerol and other polyols to act 

as colligative antifreezes (2, 3), others make proteins to help lower the freezing point of their 

body fluids (4). These antifreeze proteins (AFPs) are thought to bind seed ice crystals and cause 

surface microcurvatures between the adsorbed AFPs, which inhibits the growth of ice by the 



 

 

 

2 

Gibbs-Thompson effect (5). The difference between the freezing and melting temperatures of a 

solution is called thermal hysteresis, and is used as a measure of antifreeze activity (6).  

1.2 Traditional roles of AFPs 

AFPs were initially discovered in the serum of Antarctic marine fishes over 45 years ago 

(7). Since then AFPs have been isolated from a range of organisms that inhabit sub-freezing 

environments. Traditionally, AFPs have two distinct roles. In organisms that cannot tolerate 

freezing, AFPs bind to and prevent the further growth of seed ice crystals (8). AFPs were also 

found in freeze-tolerant organisms. Here, they produce AFPs not to prevent the growth of ice, but 

to minimize the damage done by freezing (9,10). AFPs produced by freeze-tolerant organisms 

inhibit the recrystallization of ice, where potentially lethal large crystals form at the expense of 

small ones at high subzero temperatures or during freeze-thaw cycles. 

1.3 AFP diversity  

AFPs display a remarkable diversity in terms of their amino-acid sequences and three-

dimensional structures. To date, crystal structures of over eleven different AFP have been 

determined (4). Some fish AFPs have structures comprised entirely of α-helices (11,12), while 

others have globular structures (13,14); insect AFP structures include those comprised of 

polyproline type II coils (15), and β-solenoid folds (16-18); AFPs from plants such as perennial 

ryegrass (19) and some microorganisms also have β-solenoid folds (20,21). Novel AFPs are still 

being discovered and characterized and the list of solved novel structures is sure to grow. 

 

Despite the remarkable diversity of AFP structures, they are all capable of binding ice 

(4). To do this, AFPs use a relatively flat, extensive and hydrophobic surface known as the ice-
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binding site (IBS). It is hypothesized that IBSs help organize water molecules into ice-like 

formations that match, and merge to specific planes of ice (12, 22). 

1.4 Ice-binding proteins that are secreted by their host organisms 

Recent discoveries showed that some AFPs are secreted outside their host organisms 

(23). These AFPs are probably not needed to prevent intracellular freezing damage of their hosts. 

This type of secreted ice-binding proteins (IBPs) is typically found in microorganisms that inhabit 

ice-filled surroundings. These IBPs might help keep water channels open by structuring ice 

around their host microorganisms that include some algae, fungi, yeasts, and bacteria. This action 

of IBPs may help the microorganisms respire and obtain nutrients in the brine channels, while 

helping them evade freezing damage caused by the invasion of extracellular ice. 

Interestingly, unlike those IBPs that help host organisms evade harmful ice, the focus of 

this thesis is on a secreted IBP that binds its host bacteria to ice. The Antarctic bacterium, 

Marinomonas primoryensis, is thought to use its IBP to take advantage of ice in order to gain 

better access to oxygen and other nutrients, instead of using it for protection from freezing (24). 

1.5 Discovery of Marinomonas primoryensis AFP and hypotheses about its functions 

M. primoryensis was first isolated from coastal sea-ice in the Sea of Japan (25). The rod-

shaped Gram-negative bacterium is roughly 1.6-1.8 µm in length, and has a width of 0.4-0.6 µm. 

M. primoryensis is psychrophilic, halophilic, strictly aerobic, and motile by means of a single 

polar flagellum. The strain of M. primoryensis I have been working with was an isolate from Ace 

Lake in Antarctica (26).  

In a study designed to discover bacteria that produce AFPs, Gilbert et al. sampled surface 

ice and shallow waters from 38 lakes in the Vestfold hills area of Eastern Antarctica (68°S, 78°E) 

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



 

 

 

4 

showed measurable antifreeze activity. M. primoryensis was isolated from the surface ice of Ace 

Lake, and from the lake’s shallow waters (0-12 m). The IBP produced by M. primoryensis is 

known as MpAFP, and its antifreeze activity detected in the bacterial cell lysates requires the 

presence of millimolar Ca2+ (27). Bacterial cytosol typically contains a lower level of Ca2+ (< 0.5 

µm) where MpAFP should not be properly folded. MpAFP was initially thought to localize to the 

periplasmic space where it could bind and arrest the growth of embryonic ice crystals before they 

could enter the cell and cause freezing damage.  

As discussed in detail in Chapter 2, it was later realized that MpAFP is a giant protein of 

roughly 1.5 MDa containing five distinct Regions (RI-RV) (20, 24). The small 34-kDa antifreeze 

domain (RIV; 2% of MpAFP’s mass) lies close to the protein’s C terminus. In contrast, 

approximately 90% of MpAFP’s mass is occupied by a non-ice-binding central region (RII), 

comprising ~ 120 identical tandem repeats of 104-aa. These RII repeats are also identical at the 

DNA level. The exceptionally large size and domain organization of MpAFP is atypical of an 

AFP, which usually contains a single domain of mass 3-30 kDa (28). Organisms such as fish 

typically require millimolar concentrations of AFP in their bodily fluids to resist freezing (29). 

Such a high concentration is unlikely to be attained with MpAFP due to its large size. These 

structural features of MpAFP cast doubts about its previously assumed role as an AFP. 

Bioinformatics analyses indicated that the domain architecture of MpAFP is more typical of large 

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

bacteria (24). These adhesion proteins help bind and anchor their host bacteria to favorable 

locations. With the presence of an ice-binding domain, it raises the question of MpAFP binding 

M. primoryensi to its only known ligand – ice. If MpAFP indeed binds M. primoryensis to ice, 

what would be the advantage of this cell-surface interaction? 
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The brackish water of Ace Lake has a salinity that is roughly half that of the seawater, 

and its temperature ranges from -1 to +1 °C across the water column. The lake surface is covered 

with ice (1–2 m thick) for approximately 11 months of the year (26,30,31). Since the 

accumulation of snow on the surface ice further attenuates light to the water below, 

phytoplankton and other photosynthetic microorganisms occupy a position close to the top of the 

water column to perform photosynthesis. Given that ice on the lake surface prevents the wind-

driven mixing of the lake water, the oxygen content of Ace lake is highest in the upper reaches 

(0–12 m), while the lower portions are anoxic (12–25 m). It would be advantageous for the 

strictly-aerobic M. primoryensis to bind the underside of lake ice and stay within the 

photophophic zone of Ace Lake, where it has better access to oxygen and other nutrients from 

other microorganisms. Since MpAFP is similar to many adhesins involved in the biofilm 

formation of their host bacteria, could MpAFP not only help bind M. primoryensis to ice, but also 

promote the formation of multicellular communities like biofilms in the photophophic zone of the 

Antarctic Lake? 

1.6 What is a biofilm? 

It is not uncommon for bacteria to bind a surface like M. primoryensis binds ice. It turns 

out that most bacteria can either live as free-swimming cells or they can adhere to surfaces to 

form communities known as biofilms. Indeed, most bacteria that inhabit aquatic environments 

adopt this communal lifestyle on surfaces (32). Biofilms can consist of a single microbial or 

multiple microbial species, and can form on a range of biotic or abiotic surfaces (33).  Why do 

bacteria form biofilms, and what are the selective advantages biofilms can offer? In general, 

bacteria develop into biofilms under the following four conditions (34): 1) requiring protection 

from harsh environmental conditions; 2) exploiting nutrient-rich niches; 3) using the cooperative 
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benefits provided by high local cell density; 4) using biofilms as default mode of growth over the 

planktonic lifestyle.    

Biofilms that represent a protective mode for bacteria can be traced back to ~ 3.25 billion 

years ago based on fossil records. Bacteria likely adopted this lifestyle to combat the severe 

environments of the primitive earth with exposures to extreme temperatures, pH and high 

ultraviolet light (33). Indeed, bacteria within biofilms are extremely difficult to eradicate even 

when antibiotics and other bactericidal treatments are administered. As a result, biofilms are 

involved in roughly 80% of chronic bacterial infections (35), and as yet few effective treatments 

are available. Also, when bacteria live as a community, they maintain a high local cell density. 

This provides an environment for better cell-cell communication through different signaling 

pathways. The close-proximity of bacteria can promote genetic diversity, with more efficient 

exchange of DNA through horizontal gene transfer. Beneficial genes such as those that confer 

bacteria resistance to antibiotics can be more easily acquired.  

Several mechanisms have been proposed to explain the tenacity of bacteria in biofilms. 

Bacteria that live in a biofilm are encased in a slimy matrix of extracellular polymeric substance 

(EPS) (33), which provides physical barriers against threats such as UV light, antimicrobial 

agents and dehydration. Meanwhile, the EPS matrix still allows the diffusion of nutrients to the 

bacteria in the interior. Furthermore, some bacteria that live in biofilms can change into a 

stationary phase, which helps them withstand the assault of antibiotics. This is because most 

antibiotics are only effective when there is some level of cellular activity as antibiotics are 

involved in disrupting the microbial process. Thus the dormancy of some bacteria within a 

biofilm represents an additional defense against bactericidal treatments when the physical barrier 

fails to block the entry of antibiotics and other toxic agents.  
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1.7 Development of a biofilm 

In general, the formation of a bacterial biofilm involves the following distinct steps (33-

36). During the early stages of biofilm development, bacteria produce long, grappling-hook-like 

adhesins that bind them to substrates present on different surfaces (adhesion). Once some bacteria 

have established roots on a surface, they divide and stay attached to each other to form clusters 

called microcolonies (cohesion). Meanwhile, more planktonic bacteria will be incorporated into 

the growing microcolonies by simply contacting the surface-affixed cells. The microcolony 

development also involves other adhesins, which facilitate the cell-to-cell interaction at this stage. 

Subsequently, microcolonies aggregate together into three-dimensional structures encased in EPS 

secreted by the bacteria. This stage represents the mature form of a biofilm. 

1.8 Dispersal of a biofilm 

Although it is generally beneficial for bacteria to live within a biofilm, they switch back 

to their planktonic lifestyle in response to various environmental cues (36). The dispersal could 

be an inactive process such as high flow-shears in aqueous environments, but also could be an 

active process especially in response to deprivation of nutrients in the surroundings (36, 37). The 

active dissociation of bacteria from biofilms often involves the degradation of the EPS matrix and 

proteolysis of the adhesins. These strategies allow bacteria to leave the nutrient-depleted locations 

as free-swimming cells, and are thus capable of colonizing new niches. 

1.9 Current Treatment of biofilm-related infections 

Antibiotics are the most commonly used means to treat bacterial infections. Although 

antibiotics have historically proven their effectiveness in killing many bacterial pathogens, 

overwhelming evidence indicates they disrupt the host’s microbiota (36). As a result, antibiotics 

often create optimal environments for pathogens to prevail by gaining resistance, leading to more 
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severe infections that are not susceptible to antibiotics. Other bactericidal treatments mainly 

include phage therapy, and the administration of other bactericidal molecules. However, these 

treatments also have major drawbacks: phages are host specific, thus their effectiveness is limited 

against infections with multiple bacterial species; whereas many bactericidal molecules such as 

silver nanoparticles are also toxic to human cells, therefore might be more suitable to treat 

biofilms in industrial settings. 

Given the distinct stages involved in the development of a biofilm, it appears that it 

would be most effective to disrupt a biofilm early on during its development before bacteria are 

completely encased in the slimy EPS matrix. Adhesins are key for the surface attachment of 

bacteria, and the microcolony formations (35-37). Blocking the actions of adhesins should help 

disrupt biofilms, thereby reducing the chance of persistent infections. What common structural 

attributes confer adhesins such an important role in the sessile lifestyle of bacteria? Two 

important types of adhesins are described below: the fimbrial and non-fimbrial adhesins. 

1.10 Fimbrial adhesins 

Fimbrial adhesins are large protein polymers that are found in many different Gram-

positive and Gram-negative bacteria (38,39). Some fimbrial adhesins help bacteria bind to 

specific substrates on the cell surface, while others facilitate the bacterial cluster formation by 

promoting cell-cell interaction. 

An example of the former is the type I fimbrial adhesin (pili), which are found in many 

bacteria from the Enterobacteriaceae family (39,40). Most E. coli strains produce the type I pili. 

For instance, the adhesin serves as the anchoring point for uropathogenic E. coli (UPEC) during a 

urinary tract infection. The type I pili enable UPEC to cling tightly, and then colonize the urinary 

tract without being removed by the flow of urine. Fimbrial adhesins like the type I pili typically 
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have an elongated “shaft” structure that can be as long as 2 µm, and an adhesive tip at the end of 

the “shaft” away from the cell surface. The extreme length of the shaft region is thought to be 

necessary for protruding the adhesive tip from a variety of other cell surface structures for 

substrate binding. The length is also needed to help reduce the net repulsive forces between the 

bacterial cell surface and the substrate (mammalian cells or other biotic/abiotic surfaces) (39).  

In addition to promoting the bacterium-surface interaction like the type I pili, the type IV 

pili are also involved in the cohesion of many bacteria including pathogens such as Vibrio 

cholerae and Neisseria meningitidis (41). The type IV pili are long and flexible homopolymers 

comprised of many identical pilins with each made up of 199 aa. These long fibres are typically 

several microns in length, and approximately 80 Å in diameter. The type IV pili are well known 

for their ability to help their host bacteria form microcolonies. Images obtained from electron 

microscopy experiments demonstrated that the type IV fimbrial adhesins from neighboring 

bacteria are oriented in opposite directions (antiparallel), causing them to bundle tightly together. 

The antiparallel action of the type IV pili helps the bacteria to interact with neighboring cells, 

which leads to the formation of microcolonies (41).  

1.11 Non-fimbrial adhesins 

In contrast, the non-fimbrial adhesins are comprised of a single polypeptide chain with all 

individual domains linked covalently (42). Therefore, the length of non-fimbrial adhesins is stable 

unless duplication or deletion events occur. Non-fimbrial adhesins have shorter length than their 

fimbrial counterparts (< 0.5 µm compared to ~ 2 µm), but their structures can typically withstand 

more mechanical stress than those of fimbrial adhesins as a result of the covalently linked 

domains. Many non-fimbrial adhesins bind metal ions such as Ca2+ to further stabilize their rod-

like structures. This action also helps extend the non-fimbrial adhesins to their the maximal 
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effective length. In comparison, such rigidification induced by metal ions is less common in 

fimbrial adhesins, resulting in their more flexible, hair-like structure (38,42). 

Despite the apparent differences, many similarities exist between the non-fimbrial and 

fimbrial adhesins in terms of overall design, and their role in facilitating biofilm formation. They 

are both very large protein structures that protrude from other structures on the bacterial surface, 

and they tether their hosts to favorable locations by binding different substrates. In this thesis, a 

particular novel type of non-fimbrial adhesin referred to as the Repeats-In-Toxin (RTX) adhesin 

will be reviewed.  

1.12 What are RTX adhesins? 

Advances in bacterial genome sequencing in recent years have helped identify many 

exceptionally large open reading frames (> 6,000 nucleotides) that were unknown before. This 

has lead to the discovery of a novel type of exceptionally large non-fimbrial adhesin, referred to 

as the RTX adhesins (43). RTX adhesins are often the largest proteins encoded in many Gram-

negative bacterial proteomes. RTX adhesins typically contain a small N-terminal region that 

anchors the adhesin to the host surface; this is followed by an extremely large central region 

comprised of many (>25) tandem repeats of an 80-120-residue domain. Several 9-residue Ca2+-

binding RTX repeats (typically GGxGxDxUx, where x can be any residue and U is a hydrophobic 

residue) occur close to the C terminus. To date, all RTX proteins characterized are exported from 

their hosts using the Type I secretion pathway (T1SS). This secretion system is composed of three 

functional proteins that are typically encoded in the same operon as the RTX adhesins: the ATP-

binding cassette protein (ABC), the periplasmic adaptor protein and the outer membrane protein. 

Since RTX adhesins are usually extremely large proteins (>200 kDa), they are unlikely to be 
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secreted in their fully folded states. The T1SS exports its substrates in their unfolded states, which 

is optimal for secreting very large proteins like the RTX adhesins (43).  

1.13 The central tandem bacterial Immunoglobulin (BIg) domains  

The bulk of the RTX adhesin is typically made up of tandem BIg domains. BIg folds are 

part of the immunoglobulin superfamily. This superfamily is widespread in different kingdoms of 

life, and can be divided into 60 different groups (44). Fibronectin type III and cadherin domains 

are two of the most abundant forms of Ig-like domains in eukaryotes (45,46). Interestingly, both 

these proteins have implicated roles in adhesion. 

Each BIg typically consists of 80-120 aa with two β-sheets comprised of 7-10 antiparallel 

β-strands packed against each other (44). It has been demonstrated that BIg domains can bind 

Ca2+ ions. The divalent cation appears to have a role in stabilizing the BIg domains and helps 

rigidify their linker regions (47,48). It is likely that tandem BIg domains serve as an extender that 

helps project the substrate-binding tip away from the cell surface, similar to that of the shaft 

region from a fimbrial adhesin. The number of tandem BIg domains shows variation among 

bacteria. It has been suggested that this number of repeats correlates with the thickness of the LPS 

layer of bacteria (42,49). Other than the extension function, BIg domains of some RTX adhesins 

have also been suggested to have affinity for different substrates. These include the BIg domains 

of LapA and SiiE from some Pseudomonas species and Salmonella enterica, which will be 

further discussed in the following paragraphs. 

1.14 C-terminal RTX repeats  

RTX repeats are found in a family of Ca2+-binding proteins secreted by Gram-negative 

bacteria via the T1SS (50,51). These proteins are involved in a wide range of biological functions 

including pore-forming toxins, lipases, proteases, and S-layer formation. The adhesion role of 
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proteins with RTX repeats is a relatively recent realization. It was traditionally thought that the 

RTX repeats present at the C termini of these proteins serve as the non-cleavable signal sequence 

of T1SS (see Chapter 2). However, the C-terminal region of the LapA adhesin from 

Pseudomonas fluorescens, which includes 6 RTX repeats, has been implicated in binding 

hydrophilic substrates (52,53). In contrast, MpAFP_RIV, comprised of 13 RTX is a potent 

antifreeze protein (20,22). Given its wide range of functions, it is likely that RTX proteins evolve 

specific key outward-pointing residues on their surfaces to bind different substrates in various 

environments. 

1.15 A few examples of well-characterized RTX adhesins 

As described earlier in this chapter, the discovery of RTX adhesins is relatively recent 

mainly due to the rapid advance of genome sequencing in the past two decades. Few RTX 

adhesins have been well characterized to date. The largest protein encoded by the genomes of 

Pseudomonas fluorescens and Pseudomonas putida, LapA, was discovered in the early 2000s, 

making it the first characterized RTX adhesin (54). Over the past decade, the role of LapA in the 

biofilm formation of Pseudomonas species has been extensively studied. Subsequently, a few 

other RTX or RTX-like adhesins, including LapF, the second largest adhesin found in P. putida 

(55), and SiiE from Salmenella enterica were discovered and are currently being studied 

(42,49,56). The size and domain architectures of these RTX adhesins are depicted by linear 

domain maps in Fig.1.1. Given the important implications of the RTX adhesins involved in the 

pathogenesis of Gram-negative bacteria, the number of newly discovered RTX adhesins is sure to 

grow. 

 



 

 

 

13 

Despite that MpAFP was first isolated in 2004, it was not characterized as a RTX adhesin 

until years later. This was due partly to the lack of information on other RTX adhesins at the time. 

It turns out that MpAFP is the largest RTX adhesin discovered to date (Fig. 1.1), and it is even 

possible that it is the largest bacterial protein of all. To help understand the function of MpAFP, 

the few relatively well-characterized RTX-like adhesins mentioned above are described in the 

following paragraphs.  

1.15.1 LapA and LapF from Pseudomonas species and their adhesion mechanisms  

LapA is an exceptionally large RTX adhesin of 888 kDa in Pseudomonas putida (43), 

and ~520 kDa in Pseudomonas fluorescens (52). The protein occurs in loose association with the 

bacterial cell surface, and appears to be randomly distributed (52,57). LapA is required for 

biofilm formation by members of the Pseudomonas genus, and is thought to be indispensable for 

the early stages of the process during which the bacteria irreversibly adhere to abiotic or biotic 

surfaces. LapA (P. putida) is composed of four distinct regions: a N-terminal region I of 277 aa; 

Region II, which is made up of 9 nearly identical tandem repeats of 100-aa; Region III containing 

29 imperfect repeats of a 218- to 225-aa sequence; and a C-terminal region of 13 RTX repeats. 

The short N-terminal region serves to anchor LapA to the cell surface of Pseudomonas. 

Many different strains of P. putida and P. fluorescens contain LapA with various numbers of 

repeats in their regions II and III, leading to different sized LapAs. These repeats appear to help 

extend the C-terminal RTX repeats away from the Pseudomonas bacterial surface for interaction 

with hydrophilic substrates. Recent studies using Atomic Force Microscopy (AFM) suggested 

that these BIg repeats are also involved in binding their host to different surfaces (52,53). In 

contrast to the RTX repeats, BIg domains of LapA have an affinity for hydrophobic substrates.   
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Figure 1.1. Linear domain maps of MpAFP and other exemplar RTX adhesins. Proteins are 

drawn to scale. Each BIg domain of the large repetitive region is shown as a cyan rectangle. The 

RTX-repeats in the C-terminal region are illustrated as orange blocks. 
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Intriguingly, the two largest proteins encoded by the genome of P. putida are both RTX 

adhesins. The largest protein is LapA as described above, while the second largest being LapF 

(43,55). This surface-associated adhesin is also needed for the biofilm formation of P. putida. 

LapF is comprised of 6310 aa with three distinct regions: an N-terminal region of 152 aa; a 

central region of 64 imperfect tandem repeats of 83-91 aa; and a C-terminal region with only two 

copies of RTX repeats.  

While sharing strikingly similar domain architecture with LapA, the two RTX adhesins 

vary significantly in amino-acid sequences suggesting they have different roles in their host’s 

biofilm formation (43). Recently It has been proposed that LapA and LapF work together during 

biofilm formation. While LapA is required for the initial irreversible attachment to different 

surfaces, LapF is primarily needed later to promote cell-cell interaction during microcolony 

formation (Fig.1.2) (58). 

To my knowledge, at the time of writing this thesis no three-dimensional structures of 

any individual domains have been determined for LapA and LapF. Such information would be 

invaluable to help deduce detailed mechanisms for biofilm development in the Pseudomonas 

species. 

1.15.2 SiiE, the RTX-like adhesin found in Salmonella enterica 

SiiE is a giant adhesin of 595 kDa found in the animal pathogen, Salmonella enterica 

(42,49,56). Like RTX adhesins, SiiE has a small N-terminal region (236 aa) followed by a large 

central region comprising of 53 tandem BIg domains that share ~ 25% sequence identity. In 

contrast to other RTX adhesins, SiiE does not have a distinct C-terminal region of RTX repeats, 

yet is able use this C-terminal region for secretion via T1SS. Unlike LapA and LapF, SiiE has not 

yet been implicated in biofilm formation of S. enterica. 
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Figure 1.2. Hypothesized model for P. putida’s transition from reversible to irreversible 

surface attachment, and subsequent microcolony formation. P. putida cells are shown as 

green ovals. LapA and LapF are shown as red and blue dots, respectively. This schematic 

diagram was adapted from (58). 
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Electron microscopy images show that SiiE has a linear structure approximately 180 nm 

in length (42). Deletion of more than five of SiiE’s BIg domains significantly reduces S. 

enterica’s ability to invade polarized epithelial cells. The X-ray crystal structure of the three C-

terminal tandem BIg domains (50-52) has been determined (49). Ca2+ ions are coordinated 

between the neighboring BIg domains, and appear to help stabilize SiiE into a rigid rod-like 

structure as observed by electron microscopy. When full-length SiiE was incubated with the 

chelating agent EGTA, the adhesin typically displayed severely kinked shapes. Indeed, treatment 

of S. enterica with chelating agents significantly reduces the SiiE-dependent invasion of the 

polarized epithelial cells (49). 

It has been suggested SiiE binds to N-acetylglucosamine and α 2-3 linked sialic acid-

containing structures on the apical membranes of polarized cells (42). The binding affinity of SiiE 

for polarized epithelial cells is correlated with the number of BIg domains present. When purified 

SiiE constructs of various lengths were incubated with polarized epithelial cells, it was observed 

that the more BIg domains deleted, the weaker the binding to its substrates. This suggested that 

most BIg domains of SiiE have affinity for the carbohydrates. However, as there are no structures 

of BIg-domain-carbohydrate complexes, it is unknown what structural features contribute to this 

affinity for sugar molecules. It is hypothesized that the protein-carbohydrate interaction is 

mediated by aromatic residues conserved across the 53 BIg domains of SiiE. Alternatively, since 

sialic acid is negatively charged, Ca2+ ions bound to the BIg domains might also mediate the 

binding.  

1.16 Role of structure in helping deduce function 

Although several genetic, biochemical and single-molecule studies have been done to 

deduce the roles of individual regions of the Pseudomonas and Salmonella RTX adhesins, to my  
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Figure 1.3. Structure of MpAFP_RIV, and the observed ordered waters on its ice-binding 
site. A) Structure of MpAFP_RIV. The protein is colored in grey, and is shown in cartoon 
representation. Green spheres represent Ca2+ ions. B) Ice-binding site of MpAFP_RIV. Key ice-
binding residues are shown in stick representations. Oxygen atoms are colored in red, nitrogen 
atoms are colored in blue and carbon atoms are colored in grey. C-F) Ordered water molecules 
observed on the IBS of an MpAFP molecule in the crystal structure. G) and H) show the matching 
of these waters to two different planes (basal and primary-prism) of ice. Carbon atoms are white, 
nitrogen atoms blue, oxygen atoms red, calcium ions are green spheres, ordered waters are cyan 
spheres, and waters in the ice crystal are red spheres. Predicted hydrogen bonds are shown as 
dashed lines. Panels C-H) are modified from (22).  
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knowledge, only one high-resolution three-dimensional structure (three tandem BIg domains) 

from SiiE is available. As a result, specific roles of RTX adhesins during biofilm development 

remain a subject of much speculation. One of the successes of this thesis is the determination of 

high-resolution structures of individual domains and domain combinations of MpAFP. We are 

using a “dissect and build” approach to eventually assemble the overall structure of this 1.5-MDa 

RTX adhesin, and apply it as a guide to study bacterial adhesins in general.Intact 1.5 MDa-

MpAFP was finally purified using ice-affinity purification (24). This allowed us to gain limited 

but key knowledge about MpAFP’s amino acid sequence using mass spectrometry. However, it 

was not practical to obtain enough protein for the structural characterization. The large size of 

MpAFP also makes it difficult to recombinantly produce the full-length protein. These problems 

were tackled by dissecting MpAFP into individual domains, or regions that span several 

functional domains. These smaller partial MpAFP constructs are more easily produced and 

purified using an Escherichia coli-based recombinant system. 

The 34-kDa MpAFP_RIV contains thirteen RTX repeats, and it is the only part of the 

1.5-MDa adhesin that has ice-binding capability. In a 2011 study by Garnham et al., the X-ray 

crystal structure of MpAFP_RIV was determined to 1.7 Å (22). It revealed an extended, right- 

handed β-helix that has thirteen Ca2+ ions aligned down one side of the protein (Fig.1.3 A). The 

IBS of RIV runs the length of the protein, and consists of a flat, repetitive array of outward-

projecting Thr and Asx residues (Fig.1.3B) Water molecules are anchored to the side- and main-

chains of residues on the IBS via hydrogen bonds, and are organized into a regular ice-like 

arrangement that matches, and then “freezes” MpAFP to the planes of ice (Fig.1.3C-H). Based on 

this observation, “anchored clathrate waters bind IBPs to ice” was proposed as a general 

mechanism for the IBP-ice interaction. 



 

 

 

20 

 

1.17 Reconstruction of the full MpAFP structure 

Prior to my thesis research, the only region of MpAFP with a solved structure was RIV. 

Although it seems to be a daunting task to solve all individual domain structures of a 1.5-MDa 

protein, ~ 90% of MpAFP’s mass results from a massive array of tandem identical repeats (RII). 

Thus, solving the structure of just several tandem copies of RII should give us sufficient 

knowledge to extrapolate the dimensions of the full-length region. The structures and proposed 

functions of this region from the studies of two RII constructs are discussed in depth in the 

following chapters. 

In addition, at MpAFP’s N terminus, RI is thought to help anchor the adhesin onto its 

host bacterial surface. In between the repetitive RII and RIV is the second largest region of 

MpAFP, RIII. The ~ 80-kDa RIII contains a putative carbohydrate-binding domain, which could 

potentially bind glyco-structures present on surfaces of many different microorganisms. At the C-

terminal end of MpAFP is RV, which contains several RTX repeats that might help direct the 

large adhesin to the cell surface via the T1SS. Constructs of all individual regions and region 

combinations of MpAFP were made. Crystallization trials of these proteins have been extensively 

attempted even at the point of writing this thesis. Some of these structural results can be found in 

the Appendices and are discussed in Chapter 5. Thus, the reconstruction of the full structure of 

MpAFP is an ongoing task that will be continued after the completion of my graduate studies. 

We hypothesize that MpAFP not only binds its hosts to ice but can link the bacteria 

together in clusters to increase the total number of adhesins binding the group to the underside of 

ice where the environment is most favorable for growth. Work described in this thesis could 

potentially help answer the crucial questions of how bacteria collectively infect specific niches, 
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and could shed light on how harmful bacteria can be controlled by blocking their adhesins. 
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Chapter 2 

Re-evaluation of a bacterial antifreeze protein as an adhesin with ice-

binding activity 

 

2.1 Abstract 

A novel role for antifreeze proteins (AFPs) may reside in an exceptionally large 1.5-MDa 

adhesin isolated from an Antarctic Gram-negative bacterium, Marinomonas primoryensis. 

MpAFP was purified from bacterial lysates by ice adsorption and gel electrophoresis. We have 

previously reported that two highly repetitive sequences, region II (RII) and region IV (RIV), 

divide MpAFP into five distinct regions, all of which require mM Ca2+ levels for correct folding. 

Also, the antifreeze activity is confined to the 322-residue RIV, which forms a Ca2+-bound β-

helix containing thirteen Repeats-In-Toxin (RTX)-like repeats. RII accounts for approximately 

90% of the mass of MpAFP and is made up of ~120 tandem 104-residue repeats. Because these 

repeats are identical in DNA sequence, their number was estimated here by pulsed-field gel 

electrophoresis. Structural homology analysis by the Protein Homology/analogY Recognition 

Engine (Phyre2) server indicates that the 104-residue RII repeat adopts an immunoglobulin β-

sandwich fold that is typical of many secreted adhesion proteins. Additional RTX-like repeats in 

RV may serve as a non-cleavable signal sequence for the type I secretion pathway. 

Immunodetection shows both repeated regions are uniformly distributed over the cell surface. We 

suggest that the development of an AFP-like domain within this adhesin attached to the bacterial 

outer surface serves to transiently bind the host bacteria to ice. This association would keep the 
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bacteria within the upper reaches of the water column where oxygen and nutrients are potentially 

more abundant. This novel envirotactic role would give AFPs a third function, after freeze 

avoidance and freeze tolerance: that of transiently binding an organism to ice. 
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2.2 Introduction 

Antifreeze proteins (AFPs) were initially characterized in marine fishes (7), (59) where 

they protect their hosts from freezing by binding to, and preventing the growth of, seed ice 

crystals (8). AFPs lower the freezing temperature of a solution containing ice below the melting 

point of the ice. This difference between the freezing and melting temperatures is called thermal 

hysteresis (TH) and is used as a measure of antifreeze activity. AFPs were subsequently found in 

freeze-tolerant organisms (9), (60) where, rather than preventing freezing, they stop ice crystals in 

frozen tissues from growing larger through the process of ice recrystallization (IRI) (61).  

The bacterium Marinomonas primoryensis, isolated from a brackish, ice-covered lake in 

Antarctica, produces an exceptionally large protein (ca. 1.5 MDa) with Ca2+-dependent antifreeze 

activity (20), (27). The protein contains two highly repetitive segments, Regions II and IV (RII 

and RIV), that divide it into five distinct regions (RI-V) (20). RIV, which contains thirteen 19-aa 

repeats in tandem, comprising ~2% of the entire protein, is the only region with antifreeze 

activity. We recently solved the X-ray crystal structure of MpAFP Region IV to 1.7 Å (22). This 

segment of the protein folds as an extended, Ca2+-bound right-handed β-helix whose ice-binding 

site (IBS) consists of a flat, repetitive array of outward-projecting Thr and Asx residues. The IBS 

organizes water molecules into a regular ice-like lattice that matches, at a minimum, the primary 

prism and basal planes of ice. Experimental observation of these ordered surface waters provided 

strong physical evidence for a mechanism of ice binding that was originally predicted by 

molecular modeling (62), (63), (64), (65). This may well be a general mechanism of action for all 

ice-binding proteins where the IBS orders surface waters into an ice-like “anchored clathrate” 

pattern that then helps “freeze” the AFPs to the ice surface (22). 
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Both the TH and IRI activities of AFPs are concentration dependent. Fish typically 

produce 10-20 mg/ml of AFPs to depress their freezing by the ~1 ºC needed to survive in ice-

laden seawater (29). Although fusion proteins can be effective AFPs if the added domain does not 

occlude the IBS (66), from the perspective of biological efficiency, AFPs are typically small, 

single domain proteins produced from large multi-gene families. Only in this way can the host 

produce the millimolar AFP concentrations needed to prevent freezing. It is telling, therefore, that 

the AFP-active RIV makes up only 2% of the residues in the whole protein. This strongly 

suggests the primary function of the protein is not that of TH or IRI. To better understand the 

function of MpAFP, we have examined other regions of the protein.  

Here we report the purification and characterization of wild-type MpAFP. Two lambda 

clones, one from each end of the gene, were sequenced, to reveal both the flanking genes and the 

domain structure of the AFP. We used Southern blotting of pulsed-field gel separated DNA to 

ascertain the full extent of RII, and show it makes up more than 90% of the mass of this 

incredibly large protein. We have derived partial or complete homology models for each of the 

five regions of MpAFP consistent with its role as an adhesin secreted via its RTX repeats. Using 

immunofluorescence we have confirmed the location of the protein on the outer surface of the 

host bacterium, and suggest that mutation and amplification of tandem RTX repeats within 

Region IV of the adhesin has formed the AFP-like domain that serves to dock the bacterium to 

ice. This suggests a novel function for an AFP: that of simply binding to ice, rather than 

preventing its growth or recrystallization. 

2.3 Materials and Methods 
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MpAFP purification - M. primoryensis was cultured and the crude lysate prepared as 

previously described (27), with the exception that the lysis buffer contained 25 mM Tris-HCl (pH 

8.0) and 20 mM CaCl2. The soluble portion of this lysate was adjusted to 70% ammonium sulfate 

then centrifuged at 13,000 x g for 30 min at 4 °C. The precipitate was resuspended in lysis buffer 

(50 ml) and dialysed against the same buffer. This material was subjected to ice affinity 

purification (IAP) (67). Ice was slowly grown on a cold finger held at -0.5 °C for 30 min, then the 

temperature was gradually decreased to -2.5 °C over 48 h until ~50% of the original volume was 

frozen. The ice fraction was melted and adjusted to 25 mM Tris-HCl (pH 8.0) and 20 mM CaCl2, 

before being subjected to a second round of IAP, as above. The second ice fraction was then 

concentrated to 2 ml by dry dialysis in 3,500 molecular weight cut-off dialysis tubing exposed to 

PEG 8000. This concentrate was then analyzed by standard PAGE under both native and 

denaturing conditions and the AFP detected using either the cationic carbocyanine dye “Stains-

All” (Sigma) or Coomassie blue. Stains-All has been shown to stain Ca2+-binding proteins dark 

blue or purple while staining other proteins red or pink (68). 

Tandem mass spectrometry analysis - Pure MpAFP was resolved by standard SDS-PAGE 

(10% (w/v) stacking and 4% (w/v) resolving gels) and visualized by Coomassie blue staining. 

The AFP band was excised and the gel plugs were trypsin digested on a Waters MassPREP 

station using method 5.7S with reduction (dithiothreitol) and alkylation (iodoacetamide) of any 

cysteines that might be present. Approximately 200 fmol of tryptically-digested material was 

fractionated using a Waters CapLC liquid chromatography system with a LC-Packings 75 µm 

pep-map C18 column. This column was attached directly to the nano Z spray source of a Q-TOF 

Ultima GLOBAL (Waters Corporation) mass spectrometer and eluted with acetonitrile in 0.1% 

(v/v) formic acid. An initial TOF-MS survey scan was acquired over the range m/z 400-1600 
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(from which tryptic fragment masses were determined), and the Q-TOF was programmed to 

ignore singly charged ions while collecting MS-MS data on up to three co-eluting species. The 

spectra were smoothed, converted to a list of m/z centroids and submitted to the MASCOT 

(www.matrixscience.com) and Proteinlynx Global Server 2.0 (www.waters.com) search engines 

for database comparison. Those peaks that were not identified as trypsin or keratin were manually 

sequenced. 

Genomic DNA extraction - The CTAB method of chromosomal DNA extraction (69) was 

used on a 50-ml culture of Marinomonas primoryensis grown for 5 days at 4 °C in 50% (w/v) 

SWB (19 g/l sea salt (Sigma); 1 g/l Tryptone; 1 g/l yeast extract) as above. This DNA was used in 

subsequent PCR reactions and in the construction of a genomic library. 

Amplification of a fragment of MpAFP sequence - Two fully-degenerate primers were 

designed based on amino acid sequences determined above. The sense primer 5′-

GAYGCNACNTTYGARGCNGCNAA-3′ corresponds to DATFEAAN. The antisense primer 5′-

TCRTCRTTNCCNGTNCCNGCRTC-3′ corresponds to DAGTGNDE. PCR conditions using 3 

µM of each primer were as follows: 30 cycles of 95 °C for 30 s, 50 °C for 1 min and 72 °C for 90 

sec with a final extension at 72 °C for 8 min. The resulting product was purified by gel extraction 

(Qiagen gel extraction kit), cloned using the TOPO TA kit (Invitrogen), and sequenced at the 

Cortec DNA Service Laboratories, Kingston, Ontario. Additional sequence was obtained by 

inverse PCR but ultimately, a more complete sequence was obtained as described below. 

Genomic Lambda library construction and analysis - A genomic Lambda Dash II library 

was constructed from M. primoryensis DNA partially digested with Sau3AI (BioS&T, Montréal, 

Canada). It afforded ~16-fold coverage of the genome as it had a titre of 4 x 106 pfu/ml with an 
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average insert size of 20 kb. A PCR product, corresponding to bases 3634–4053 of GenBank 

Accession ABL74377, was labeled with [α32P]-dCTP using a random priming DNA labeling 

system (Invitrogen, Carlsbad, California) and was used to screen the library by standard 

methodologies (70). Phage DNA was isolated by the CsCl gradient technique (69). DNA insert 

size was determined by digestion with SalI. After this clone was sequenced (below) it was 

necessary to isolate a second clone to obtain the 5′ end of the MpAFP gene. A PCR product 

corresponding to two repeats from the highly-repetitive section RII found at the end of the first 

clone was amplified (bases 1946–2569 of Genbank Accession ABL74378. A clone which 

hybridized to this probe, but not to the probe used earlier, was isolated. 

Sequencing of lambda clones - Lambda phage DNA was mechanically sheared and 

shotgun cloned into pUC19 vector (Genome Québec, McGill University, Montréal, Canada). A 

total of 288 randomly selected clones were initially sequenced using the M13 forward primer. 

Gaps in the sequence were closed by sequencing relevant clones with either the M13 reverse 

primer or by sequence walking. In total, 390 sequence reads were performed to ensure double 

coverage of all regions except the highly repetitive region.  

Pulsed-field gel electrophoresis  - The CHEF Bacterial Genomic DNA Plug Kit (catalog 

170-3592) (Bio-Rad laboratories, Hercules, California) was used to prepare agarose plugs 

containing M. primoryensis for in-gel restriction endonuclease digestion. The kit was used 

according to manufacturer’s instructions except that the cells were resuspended in a higher salt 

buffer (10 mM Tris-HCl (pH 7.2), 330 mM NaCl, and 150 mM EDTA (pH 8.0)) prior to agarose 

addition. Digests were also performed according to kit instructions using the restriction enzymes 

PstI, AseI, MseI, AluI and MspI (New England Biolabs). After washing the plugs in gel buffer 
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(0.5X TBE), they were embedded in a 20-cm-long 1% (w/v) agarose gel. The gel was run in a 

CHEF-DR® II Pulsed Field Electrophoresis System (Bio-Rad laboratories, Hercules, California) 

at 120 V for 22 h with a linearly ramped 50 – 90 s switch time during the length of the run. The 

temperature was maintained at ca. 4 °C. The gel was stained with a 1 µg/ml solution of ethidium 

bromide to allow visualization of DNA samples and standards.  

Southern blotting - The PFGE gel from above was blotted onto a Zeta-Probe® membrane 

(Bio-Rad laboratories, Hercules, California) by the alkaline capillary method (69) and probed 

with the repeat-containing fragment as above. After washing to remove excess probe, Kodak 

BioMax XAR film was exposed to the membrane for 16 h. 

Homology modeling of MpAFP domains - Sections of the MpAFP sequence were 

submitted to the Phyre2 server (71). Phyre2 uses the hidden Markov method to generate 

alignments of a submitted protein sequence against proteins with published structures (72). The 

resulting alignments are then used to produce homology-based models of the query sequence to 

predict its three-dimensional structure. In addition, Phyre2 uses an ab intio folding simulation 

called Poing to model regions of a query with no detectable similarities to known structures (73). 

Poing combines multiple templates of known structures to produce the final model of the query 

sequence. The model is judged to be accurate when over 90 % of the submitted residues are 

modeled at greater than 90 % confidence (71). 

Production of polyclonal antibodies to MpAFP RII and RIV - Two recombinant proteins, 

corresponding to RII (beginning at residues TTGS and ending at GNTVD) and RIV (beginning at 

residues NVSQ and ending at MVTV) from MpAFP (Genbank ABL74378.1) were produced in 

E. coli with N-terminal His6-tags. Once the His-tags were removed via thrombin cleavage, 
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aliquots (750 µg) were emulsified using TiterMax® (Cedarlane, Burlington, Canada) and used as 

separate antigens for the production of polyclonal antibodies. Single doses were injected into 

rabbits, and sera were collected approximately 6 weeks later.  

Immunodetection and fluorescence microscopy imaging of MpAFP - An aliquot (0.5 mL) 

of an M. primoryensis culture in its stationary growth phase (OD600 = 1.3) was centrifuged at 

2,000 x g for 10 min. The cell pellet was resuspended in 1 ml of 0.85 % (w/v) NaCl and an 

aliquot (10 µl) was pipetted onto a round coverslip. The cells were air dried for 30 min then fixed 

in 1 % (v/v) paraformaldehyde for 20 min. After three 10-min washes in 0.85 % (w/v) NaCl, the 

coverslips were incubated with a 1:200 dilution of anti-sera against either MpAFP_RII or RIV in 

the same solution at room temperature for 1 h. After three washes as above, the coverslips were 

incubated in the dark with a 1:200 dilution of goat anti-rabbit Alexa Fluor 350 secondary 

antibodies (Invitrogen) for 1 h at room temperature. To test the specificity of the secondary 

antibody, a control experiment was also carried out in which the fixed cells were incubated with 

fluorescent secondary antibodies in absence of the primary antibodies. After three more washes, 

coverslips were incubated in the dark with 0.05 mM SYTO 9 (Invitrogen) for 30 min to stain 

DNA. After three final washes, mounting medium (DAKO) was used to fix the sample onto a 

slide. The medium was allowed to solidify in the dark overnight. Images were obtained using a 

Quorum Wave FX Spinning Disc confocal fluorescent microscope system equipped with a 

Hamamatsu Orca camera. The images were edited using Metamorph software. A control 

experiment with E. coli was also conducted. The cells were grown overnight at 37 °C 

(OD600=1.4) in LB broth Miller (EMD) and the procedures were repeated as above.   
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2.4 Results 

MpAFP is an exceptionally large protein - Ion-exchange and gel-permeation 

chromatographies were ineffective at purifying MpAFP from crude bacterial lysate. A series of 

peaks showing only low antifreeze activity eluted from DEAE-cellulose at >0.5 M NaCl and 

these were contaminated with nucleic acids (not shown). Active material failed to elute during 

size-exclusion chromatography, despite the use of three different column matrices (not shown). In 

place of column chromatography, ammonium sulfate precipitation followed by two cycles of ice-

affinity purification (IAP) were used to purify MpAFP. In the latter technique, only the proteins 

that bind to ice are readily incorporated into a slowly grown ice mass. When the ice-bound 

material was analyzed by SDS-PAGE, there was a marked enrichment of a very high molecular 

weight band after the first round of IAP, which became the major protein present after the second 

cycle (Fig. 2.1 A). This protein barely entered the 10% (w/v) resolving gel. When electrophoresed 

on a non-denaturing polyacrylamide gel (Fig 2.1 B), the protein remained within the 4% (w/v) 

stacking gel and stained intensely with Stains-All, a dye that is particularly effective at 

visualizing Ca2+-binding proteins. The equivalent region from an unstained native gel was 

mashed in buffer and showed thermal hysteresis activity of ~0.4 °C. 

MpAFP is a bacterial Repeat-in-ToXin (RTX) protein - Following digestion of the gel-

purified MpAFP with trypsin, a peptide fingerprint was generated and a number of peptides were 

subjected to LC-MS/MS spectrometry (Table S2.1). A representative example of the tandem mass 

spectrometric sequencing is presented for the 1408.6-Da peptide IDAGTGNDEIYIK (Fig S2.1). 

The complete y-ion series was evident, along with some yo (-H2O), a- and b-series ions. BLAST 

searches indicated that many of the sequenced peptides showed similarity to proteins from the  
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Figure 2.1. Polyacrylamide gel electrophoresis of MpAFP-enriched fractions.   A) The ice-
bound fractions from one (lane 1) and two (lane 2) cycles of ice affinity purification were 
subjected to SDS-PAGE and stained with Coomassie blue. MpAFP barely entered the resolving 
section of the gel. The locations of molecular mass markers (kDa) are indicated on the left. B) 
The ice-bound fraction from the second cycle of ice affinity purification was electrophoresed on a 
non-denaturing gel and stained with Stains-all. MpAFP was still present within the stacking 
section of the gel when the bromophenol blue marker had reached the bottom of the separating 
gel.  
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Table S2.1. Comparison of monoisotopic [M+H]+ masses and sequences of tryptic peptides 

from native M. primoryensis AFP to those predicted from the gene sequence. 
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1 Calculated by Peptide Mass, only peptides between 0.5 and 3 kDa in mass are shown. 2 
Determined by LC/ESI-qTOF MS, with an average accuracy and range from expected of -44±40 
ppm. 3 Observed charge state(s), highest intensity state listed first. 4 Matches between the MS/MS 
and deduced sequences are underlined and bolded (high confidence) or bolded (lower 
confidence). The undetermined residues of the unidentified sequenced peptide at the bottom of 
the list are denoted by x. 5 Residue numbers and domains as in Figure 2.3. 
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Figure S2.1 Representative MS/MS spectrum of the IDAGTGNDEIYIK tryptic peptide.  

m/z values are shown for the abundant fragments in the mass spectrum above the corresponding 

peaks. The y series fragments have a charge of +1 and all extend to include the C- terminal lysine 

displayed on the left-hand side. The sequence of the fragment is displayed at the top of the 

spectrum.  
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RTX family of virulence factors, including one that was 69% identical to a sequence from 

Saccharophagus degradans 2-40 (GI:89950541). Since the peptide above, as well as the peptide 

EADATFEAANISYGR (Table S1), mapped 418 residues apart on the S. degradans RTX protein, 

they were used to design degenerate primers from which a ~1-kb segment of the MpAFP gene 

was amplified. 

MpAFP is a multi-domain protein with five distinct regions - The first lambda Dash II 

clone was isolated by screening the M. primoryensis genomic DNA library with a probe 

corresponding to a C-terminal portion of the gene (Fig 2.2 A). The ~21 kb insert in the phage 

encoded the C-terminal end of MpAFP and extended for over 10.5 kb into 3′-flanking DNA. 

MpAFP coding region occupied the other 10.5 kb, but ~8.5 kb at the 5′ end consisted entirely of a 

series of identical, tandem 312-bp repeats. To locate the 5′-end of the gene, a phage clone was 

selected that hybridized to the 312-bp repeat but not to the C-terminal probe. This second clone 

contained the 5′-end of the gene as well as over 12.5 kb of 5′-flanking DNA for a total insert size 

of ~18 kb (Fig 2.2 B). Like the previous clone, it contained an undetermined number of the 312-

bp repeats, but here they spanned ~4.5 kb at the 3′ end of the insert. A large number of shotgun 

clones (45 in total) contained these repeats, but as the DNA sequences of all repeats were 100% 

identical (except the final one which has a single base difference), it was not possible to assemble 

them into a contiguous sequence. Nevertheless, the two genomic lambda clones revealed the 

entire sequence of MpAFP, with an undetermined number of 104-aa repeats (Fig 2.3), as well as a 

total of twenty flanking genes (11 upstream and 9 downstream (Table S2.2)). 

MpAFP can be divided into five distinct Regions (I-V) two of which (II and IV) are 

highly repetitive. Region II contains the 104-aa repeats mentioned above. Region IV is 322 amino  
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Figure 2.2. Lambda library clones encoding MpAFP. A) Schematic layout of the lambda clone 
containing DNA coding for the C-terminal portion of MpAFP and nine downstream genes, 12-20. 
The flanking genes (blue arrows) are identified by their numbers in Table S2.2. The arrows point 
in the direction of transcription. The left and right arms of lambda phage (not to scale) are 
indicted by the tan-colored rectangles. Green boxes represent the tandem, identical 312-bp repeats 
of MpAFP. The question mark represents the unknown number of these repeats present within the 
clone. The location of the initial hybridization probe is indicated by the horizontal red line. The 
scale is indicated by the bracket representing DNA coding for1600 amino acids (aa’s) B) 
Schematic layout of a second lambda clone that contains DNA coding for the N-terminal portion 
of MpAFP and eleven upstream genes (1-11). Symbols are as described in A), with the bracket 
representing DNA coding for 600 amino acids and the red bar indicates the location of the second 
hybridization probe. 
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Figure 2.3. Amino acid sequence of MpAFP.  The complete amino acid sequence of MpAFP is 
divided into five distinct regions (RI-RV). Because it was not possible 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 
MpAFP are separated by a line of “Xs”. The first segment of MpAFP 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 for the highlighted residues 
corresponds to that of Fig 2.6. The second 104-aa repeat of RII is indicated in bold underlined 
letters in both segments of MpAFP. The nine-residue RTX-like repeats in RIV and RV are 
represented by bold double-underlined letters. The boxed sequences EADATFEAANISVGR and 
IDAGTGNDEIYIK are the two sequenced tryptic peptides identified by tandem MS/MS (Table 
S1) that were used to design degenerate PCR primers that amplified the first nucleic acid probe 
used for the isolation of the MpAFP gene. 
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Table S2.2: proteins immediately upstream and downstream of MpAFP. 

Protein 

1) Protein of unknown function DUF87 

2) Glutathione synthase 

3) Acetyltransferase 

4) Phenylserine aldolase 

5) Band 7 protein 

6) Protein of unknown function DUF107 

7) Permease of the major facilitator superfamily 

8) Glyceraldehyde-3-phosphate dehydrogenase 

9) Transcriptional regulator, ArsR family protein 

10) UspA 

11) Putative sulfate permease 

12) Peptide methionine sulfoxide reductase 

13) Conserved hypothetical protein 

14) Cellulose binding, family II, bacterial type: Fibronectin, type III 

15) UmuD protein 

16) SOS mutagenesis and repair 

17) Transposase IS66 

18) Conserved hypothetical protein 

19) ORF, no significant matches 

20) Conserved hypothetical protein  
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acids (aa) long and contains thirteen tandem copies of a low to moderately conserved 19-21 

residue repeat with the consensus sequence xGTGNDxuxuGGxuxGxux (where x can be any 

amino acid and u represents a large hydrophobic residue). We have determined that this region of 

RTX repeats folds as a Ca2+-bound β-solenoid and behaves like a hyperactive AFP (22). The 

remainder of the protein is non-repetitive and consists of the Regions I (394 aa), III (788 aa), and 

V (249 aa). The two genes that immediately flank the MpAFP gene are a putative sulfate 

permease (366 bp upstream) and peptide methionine sulfoxide reductase (100 bp downstream). 

MpAFP is not part of an operon as both of these genes are in an inverted orientation with respect 

to MpAFP. The promoter for the MpAFP gene contains a well-defined -35 (TTGATT) and -10 

(TAATTA) sequence upstream of the putative transcription start site, as well as a putative 

AGGAGA ribosome binding site 6 bp upstream of the ATG start codon. 

MpAFP contains ca. 120 copies of the 104-aa repeat - To determine the number of 312-

bp (104-aa) repeats present within the MpAFP gene, and therefore the total size of MpAFP, in-gel 

restriction endonuclease digestion of in situ lysed M. primoryensis bacteria was followed by 

pulsed-field gel electrophoresis (Fig 2.4 A, B). Four different enzymes that cut just outside of the 

repeats but not within it were selected, along with MspI, which cuts once within each repeat (Fig 

2.4A). Southern blotting using the repeat as a probe showed that undigested DNA remained near 

the well (Fig 2.4 B, lane 6) whereas the four restriction enzymes that cut outside the repeats 

produced a fragment ca. 37,500 bp in length (lanes 1, 2, 4, and 5), equivalent to ~120 copies of 

this 312 bp repeat. The MspI partial digest produced a ladder of bands at 312 bp intervals and 

those containing between 2 and 13 repeats are clearly visible on the blot. This result and the 

analysis of the lambda clones show that RII contains ~120 copies of identical 312 bp repeats in 
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tandem. This makes MpAFP a massive protein (ca. 1.5 MDa), with RII accounting for roughly 

90% of its size (~12,480 aa) compared to a total of 1433 aa for the other four regions combined. 

Bioinformatics analysis of MpAFP reveals homologous proteins with similar domain 

architectures. BLASTp searches performed using MpAFP identified matches to many outer 

membrane adhesion proteins in Gram-negative bacteria (see Text S1 in supporting information 

for details). Moreover, in conserved domain analyses, RII was identified as a poorly characterized 

repeat found in bacteria (expect value ~10-25, pfam13753), which is similar to the bacterial 

Immunoglobulin (Ig)-like fold found in a variety of bacterial surface proteins (expect value ~10-3, 

Pfam PF13754). The second match was between RV and Pfam PF08548 (expect value ~10-3), a 

serralysin C-terminal domain thought to be important for secretion through the bacterial cell wall 

via the type I secretion pathway (T1SS) (50).  

The homology model of a single 104-aa repeat of MpAFP folds as an immunoglobulin-

like β-sandwich, confirming its identification as an adhesion protein - Structures of proteins with 

high sequence similarity to MpAFP have not been described, but the conserved domain search 

suggested that the Protein Homology/analogY Recognition Engine (Phyre 2) might be able to 

generate homology models. A single 104-aa repeat segment of MpAFP_RII was submitted to the 

Phyre2 server. It was modeled by the suite of programs as an S-type immunoglobulin (Ig)-like β-

sandwich (Table 2.1) with seven alphabetically listed β-strands arranged in a Greek-key topology 

(45). The N-terminal A and B strands hydrogen bond with strand E to form sheet I that packs 

against sheet II consisting of the other four strands (G, F, C and D) (Fig 2.5). Although the six 

template structures for the final model show only ca. 20% sequence identity to the 104-aa RII, 92 

% of the protein’s residues were modeled at greater than 90 % confidence. 



 

 

 

42 

 

 

 

Figure 2.4. Estimation of 312-bp repeat copy number by Southern blotting. A) Schematic 
diagram of the MpAFP coding region illustrating the relative positions of restriction enzyme cut 
sites. Cross-hatched lines indicate the break between the two segments of MpAFP coding region 
described in Fig 2.3. Four restriction enzymes, including MseI, AseI, PstI and AluI cut only 
outside the 312-bp repeats. Since the cut site of MseI (T/TAA) is present within that of AseI 
(AT/TAAT), MseI is indicated in parentheses beside AseI. MspI is the only restriction enzyme in 
this set that cuts within the 312-bp repeats in RII, and it also cuts once in RI. B) Southern blot of 
the digests using a 2 x 312-bp repeat from RII as the probe. Undigested DNA (lane 6) remained 
near the well, whereas the four restriction enzymes AluI, PstI, AseI and MseI (lane 1, 2, 4 and 5) 
that cut outside the repeats produced a fragment of approximately 37,500 bp in length. The MspI 
(lane 3) partial digest produced a ladder of bands at 312-bp intervals and those containing 
between 2 (624 bp) and 13 (4056 bp) repeats are marked on this blot.  DNA length markers (kb) 
are indicated on the left of the blot.   
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The template structures used to model this domain consist of the two divergent repeats 

from the fibronectin (III)-like module from Clostridium thermocellum (PDB accession 3PE9 and 

3PDG) and a sulfite oxidase from chicken (PDB: 2A9D). In addition, several other structures also 

demonstrated high quality structural matches (confidence greater than 80%) to the single repeat 

of 104-aa RII, including regions of a collagen adhesin from Staphylococcus aureus (74). All of 

these matches were to regions of these proteins that adopt the Ig-like β-sandwich fold. Identical 

results were obtained using the I-TASSER server in place of Phyre2.  

The Ig-like fold also extends into RI and RIII - The repeat motif of RII is also found in the 

adjoining portion of RI and RIII. However, these three copies (two in RI and one at the C 

terminus of RII, shown as light green boxes in Fig 2.5) are not as well conserved, with only 41–

63% identity to the RII repeat (Fig. S2.2). Not surprisingly, they were also modeled as Ig-like β-

sandwich structures based on fibronectin-like modules from Clostridium thermocellum (3PE9 and 

3PDG), which was also one of the templates used to model RII. The remainder of RIII shows no 

sequence similarity to RII and no evidence of any sequence repeats, yet the C-terminal 124-aa 

portion of RIII was also modeled, at greater than 90% confidence, as an Ig-like β-sandwich. The 

templates for the final model were portions of mouse cadherin (E-cadherin ectodomain (PDB: 

3Q2V) and N-cadherin ectodomain (PDB: 3Q2W)) which are Ca2+-binding transmembrane 

proteins involved in cell-cell adhesion (46). All of the additional templates used to model this 

region adopt an Ig-like β-sandwich fold and included fibronectin (III)-like modules (eg. PDB: 

3PDD), carbohydrate-binding modules (eg. PDB: 2C26) and collagen-binding modules of  
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Table 2.1:  Statistics of homology modeling studies on MpAFP domains. 

Regions Residues 
modelled at 
90% 
confidence 
(%) 

Templates Sequence 
identity to 
the 
templates 
(%) 

Organisms 

RI (394 aa) 36 Fibronectin (III)-like 15 Clostridium thermocellum 
     

RII (104 aa) 92    
  Fibronectin (III)-like 20 Clostridium thermocellum 
  Fibronectin (III)-like 16 Clostridium thermocellum 
  Fibronectin (III)-like 13 Clostridium thermocellum 
     

RIII (788 
aa) 

16    

  Cadherin-1 9 Mouse 
  Cadherin-2 15 Mouse 
  Ep-cadherin 12 Mouse 
     

RV (249 aa) 98    
  I.3 lipase 12 Pseudomonas sp. Mis38 
  I.3 lipase 13 Serratia2 marcescens 
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Figure 2.5: Homology models produced for domains of MpAFP using Phyre2. The linear 

map of the regions of MpAFP is colored as in Fig 2.3. Hatched lines indicate the break between 

the two contiguously sequenced segments of MpAFP. Uncolored regions could only be modeled 

ab initio by the Phyre2 server and did not produce reliable results. Colored regions were modeled 

at greater than 90% confidence and their structures in ribbon representation are shown above and 

below the map of MpAFP. The X-ray crystal structure of RIV is shown (22). Residues for each 

model/structure are numbered according to the sequence in Fig 2.3. The protein folds are shown 

in the colors of the rainbow from the N terminus (blue) to the C terminus (red). 
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collagenase (eg. PDB: 3JQU). All of these template proteins are involved in adhesion. The N-

terminal 183 aa of RI and the central 587 aa of RIII did not generate models. 

The fold of RV is predicted to include a Ca2+-dependent β-roll - Phyre2 predicted that the 

249-aa MpAFP_RV adopts a Ca2+-bound β-roll-containing structure in which 98% of the residues 

were modeled at over 90% confidence, despite only 13% sequence identity. The final model was 

constructed using extracellular lipases from Pseudomonas sp. mis38 (PDB: 2ZJ6) and Serratia 

marcescens (PDB: 2QUB). Both of the lipases belong to the I.3 family and consist of an N-

terminal catalytic domain that is rich in alpha-helices and a C-terminal β-roll containing RTX 

repeats with Ca2+- ions coordinated in the turns. MpAFP_RV was modeled based on the C-

terminal domain. Several other modules also demonstrate excellent structural alignment (> 95% 

confidence) to MpAFP_RV. These include the C-terminal domain of Serralysin-like 

metalloproteases (PDB: 1G9K and 1K7G), a region from the secreted protease C (PDB: 1K7Q) 

and even the crystal structure of MpAFP_RIV. Again, these are all RTX-like, Ca2+-dependent β-

rolls, although models produced by Phyre2 do not include metal ions.  

MpAFP is localized to the cell surface of M. primoryensis - Evidence that MpAFP is 

localized to the exterior of the cell surface includes: 1) the presence of non-cleavable secretion 

signals near the C terminus (RTX repeats) indicates that MpAFP is secreted via T1SS. This 

secretion system will allow MpAFP to be transported directly through the bacterial membranes 

without forming periplasmic intermediates. 2) No antifreeze activity is released into the cell 

culture medium of M. primoryensis (27). This suggests that although MpAFP is secreted via 

T1SS, it remains bound to the cells. 3) Bioinformatics analyses outlined above show that MpAFP 

has the hallmarks of an outer membrane adhesion protein. 4) Circular dichroism analyses 

demonstrate that region IV of MpAFP will only take on its β-rich structure in the presence of the  
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Figure S2.2 Amino acid alignment of MpAFP_RII with RII-like repeats. The alignment 

includes two tandem sequences from the C terminus of RI (RI-1: 184*- 287* and RI-2: 288*-

394*) and one from the N-terminal sequence of RIII (RIII-1: 209-310). These three sequences are 

aligned against the 104-aa repeat in RII. The residues shaded black corresponds to residues 

identical to those in MpAFP_RII, whereas the ones shaded grey mark conservative substitutions.  
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millimolar Ca2+ levels found in the bacterium’s natural environment (20). The other regions of 

MpAFP also show dependence on millimolar Ca2+ for folding, and are predominantly random coil 

in the presence of excess EDTA (data not shown). The low cytosolic Ca2+ concentration (high 

nanomolar range) is insufficient to fold MpAFP, thus eliminating the possibility of it being 

functional inside the cell. 

Here we have also used immunodetection to confirm the localization of MpAFP on the 

cell surface. We used antisera specific for RII or RIV, followed by a secondary antibody 

conjugated to a blue fluorophore, to screen for the presence of MpAFP on intact whole cells 

affixed to coverslips. The cells were counterstained with the cell-permeable nucleic acid dye 

SYTO 9 to differentiate the bacteria from debris. The green fluorescence of the nucleic acid stain 

clearly showed the bacteria as rod-shaped cells 2-3 µm in length (Fig 2.6B and 2.6E). Blue 

fluorescence, indicating the presence of MpAFP, was co-localized to these cells when antiserum 

to RII (Fig 2.6A) or RIV (Fig 2.6D) was used. This was confirmed by the cyan coloration of all of 

the cells in the image overlays (Fig 2.6C and 2.6F). Controls, from which the antiserum to RII or 

RIV was omitted, failed to show any blue fluorescence with just the secondary antibody present 

(not shown). In another control reaction, E. coli fixed to glass slides stained green with SYTO 9 

but showed negligible blue fluorescence from the anti-RII and anti-RIV antibodies used in 

conjunction with the labeled anti-rabbit second antibody (Fig. S3). Taken together, these results 

demonstrate that MpAFP is uniformly distributed over the Marinomonas primoryensis cell 

surface and that both the large repetitive RII and the antifreeze domain are exposed to the 

extracellular environment, consistent with what would be expected for an adhesion protein. 
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Figure 2.6. Localization of MpAFP by immunofluorescence. Immobilized M. primoryensis 

cells were fixed in 1% paraformaldehyde before being incubated with anti-RII (A, B and C) or 

anti-RIV (D, E and F) polyclonal antibodies, followed by Alexa Fluor 350 - conjugated goat anti-

rabbit secondary antibody (blue in A and D) and SYTO 9 (green in B and E). Images (C) and (F) 

are composite images of (A) and (B), and (D) and (E), respectively. A 10-micron scale marker is 

shown by the white horizontal line in panels C and F. 

 

 

 

 

 



 

 

 

50 

2.5 Discussion 

Here we report the purification of wild-type MpAFP, its full amino acid sequence, and 

show that its tremendous size (ca. 1.5 MDa) is the result of ca. 120 tandem copies of an identical 

104-aa repeat that is predicted to form an Ig-like β-sandwich domain. The region is flanked by 

one or two non-identical repeats (<65% identity) on each side. All of the other repeats are 100% 

identical at the DNA level, as shown by sequencing of numerous genomic clones. This suggests 

that their expansion in M. primoryensis, likely by duplication followed by multiple rounds of 

unequal recombination (75), is a relatively recent event. Each of the ~120 Ig-like domains is 

expected to fold as an independent unit, forming a chain as observed for a combinatorial model of 

mouse cadherin based on electron tomography (76) and X-ray crystallography of five repeats 

(77). As the monomers of cadherin and those predicted for MpAFP are spaced approximately 50 

Å apart, MpAFP could be over 0.6 µm long, or 20% of the length of the cell. This implies that 

extreme length is a necessary property of this protein.  

The only portions of MpAFP that showed high sequence similarity to proteins in the PDB 

database were the RTX repeats of RIV and RV. Thus, it was a helpful development to find such 

convincing structural homologs through the Phyre2 analyses. The different immunoglobulin (Ig)-

like domains found in RI through RIII are all similar to the arrays found in well-characterized 

adhesin proteins like cadherin, fibronectin, and bacterial pili (39), (46), (78), strongly supporting 

MpAFP’s role in adhesion. MpAFP is particularly similar to some large adhesion proteins (LAPs) 

from the RTX family such as Pseudomonas putida LapA and LapF (43), (54), (55). Not only do 

the individual regions of MpAFP show structural similarity to the domains of these adhesion 

molecules, but MpAFP bears an overall domain architecture that matches the arrangement seen in 

these LAPs (Fig 2.7A). This arrangement is characterized by an extremely large repetitive region 
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of Ig-like folds near the N terminus (RII) followed by a non-repetitive region (RIII) and several 

RTX repeats near to the C terminus (RIV and RV). Intriguingly, no ice-binding characteristics 

(parallel arrays of Thr and Asx) were present in the RTX repeats of these other adhesion proteins, 

suggesting MpAFP has divergently evolved specifically for ice binding (Fig. 2.7B). A 

comparison of the Weblogo plots for the RTX repeats suggests that the transition to an ice-

binding role is relatively minor and involves conversion of the third residue to Thr. The fifth 

residue already has a high incidence of Asx. The only other difference of note is the lower 

incidence of Gly in position 1 in the AFP. 
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Figure 2.7. Schematic representations of MpAFP and other large adhesion proteins. Proteins 
are drawn to scale. Each Ig-like unit of the large repetitive region is shown as a green rectangle. 
The RTX-repeats in the C-terminal region are illustrated as brown blocks. The schematic 
diagrams are based on the following sequences from NCBI: Pseudomonas putida KT2440 LapA 
(NP_742337) and LapF (NP_742967), M. sp. MWYL1 hemolysin-type calcium-binding protein 
(YP_001340713), M. posidonica outer membrane adhesin-like protein (YP_004481992) and the 
M. mediterranea homologues (YP_004313542 + YP_004313541) that are separated by one 
nucleotide preceding an irregular GTG start codon. B) Weblogo representations of 9-aa RTX 
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repeats. Consensus plots are shown for: i) 12 RTX repeats in MpAFP_RIV; ii) 29 RTX repeats 
from homologs of MpAFP from three other Marinomonas species shown in Fig. 2.5A; iii) 10 
RTX repeats in adhesion proteins LapA and LapF. As shown in the weblogo plots, the RTX 
repeats from the three homologs of MpAFP and the LAPs follow the consensus of the 
conventional nine-residue RTX repeats of GGxGxDxUx (Fig. 2.5Bii and 2.5Biii). The RTX-like 
repeats in MpAFP_RIV deviate from the conventional RTX repeats by introducing conserved ice-
binding residues at positions 3 and 5 (Thr and Asx, Fig. 2.5Bi). Residues are colored black except 
for Gly (orange), Thr (red), and Ala (green). 
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A second commonality among these LAPs is that they are all secreted via the T1SS. The 

RTX-like repeats of RIV participate in ice-binding, and it is not clear if they can also serve in a 

secretion role. However the RTX repeats of RV are likely to act as accessory secretion signals, 

similar to the C-terminal RTX-repeats in adenylate cyclin toxin (79). Many proteins secreted by 

the T1SS are encoded within operons containing three transport proteins including an ATP-

binding-cassette transporter, a membrane fusion protein and an outer membrane protein (50), but 

these genes are not found immediately upstream or downstream of the MpAFP gene. However, 

this is not unprecedented because the gene encoding an RTX-containing protein (FrpC) in 

Neisseria meningitidis that is secreted by the T1SS is found at a locus distant from the T1SS 

machinery genes (80). The genome of M. primoryensis has not yet been sequenced, but other 

Marinomonas species such as M. mediterranea MMB-1, M. sp. MWYL1 and M. posidonica, do 

possess T1SS genes that do not form an operon with any RTX proteins, suggesting that they are 

also supplied in cis. Therefore we suggest that the RTX-like repeats of RV mediate MpAFP 

secretion via a T1SS that is encoded on a separate operon.  

The extreme size of MpAFP makes it one of the largest known proteins and over 100 

times larger than a typical AFP, which raises doubts about its previously assumed role as an AFP 

(27). Antifreeze activity is a function of AFP concentration (29) and fishes that use AFPs for 

freeze avoidance accumulate millimolar concentrations of freely-diffusible AFP in their blood 

and interstitial fluids. It is highly unlikely that these concentrations could be attained with a 

protein the size of MpAFP. If the only role of MpAFP was to prevent ice growth or inhibit the 

recrystallization of ice it is likely that natural selection would have led to separation of the AFP 

portion from MpAFP and its subsequent overexpression. From another perspective, it seems 

improbable that such a small portion of MpAFP (RIV is ~2% of the total mass of the protein) 
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determines the protein’s function. The crucial role likely resides in RII because it makes up 90% 

of the mass.  

M. primoryensis was isolated from Ace Lake in Antarctica (26). The water layers in this 

lake do not mix, so oxygen content decreases with depth (81). M. primoryensis is strictly aerobic 

(25), making it likely that it dwells near the surface of the lake for access to oxygen. The bacteria 

are denser than the lake water in which they reside and although they possess flagella, they would 

need to expend energy to maintain their position in the water column. The immunodetection 

results presented herein suggest MpAFP is uniformly localized to the cell surface where it is 

exposed to the extracellular environment. The ice-binding activity of RIV potentially allows M. 

primoryensis to adhere to ice so that it can remain near the water surface where there is more 

oxygen and a richer source of nutrients derived from photosynthetic organisms.  

The proposed function of MpAFP is reminiscent of the Type I pilus from Gram-negative 

bacteria, which is a surface adhesin that anchors bacteria to nutrient-rich environments upon 

binding to its ligand (82). The majority of the mass of a Type I pilus is composed of 500-3,000 

tandem Ig subunits that project away from the cell surface; whereas the adhesive tip of a pilus is 

used to bind to its ligand. This resembles the role of MpAFP_RIV in adhering to ice.  

The binding of a large cell to ice is unlikely to be permanent. We have observed that 

phage displaying AFP on their coat proteins are not included into a slowly growing mass of ice 

but appear to be sheared off the surface as ice fronts move laterally by step growth. Given the 

even larger size of the bacteria it is likely that ice growth will shear off the cells and release them 

back into the lake prior to rebinding. Such a process would help M. primoryensis remain in close 

proximity to ice on the water surface where oxygen and nutrients are relatively abundant. 

However, it also appears that M. primoryensis can sometimes become encased in ice because the 
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bacterium has been isolated from both sea ice and ice in brackish Antarctic lakes (25), (26). If it is 

enveloped, it could potentially be physically damaged by the growing ice (83) or become 

dehydrated as water migrates to the ice surface (84). A uniform layer of adhesins decorated with a 

terminal AFP domain may prevent this and allow the cell to retain a shell of water. Thus, we 

speculate that the cell-ice interaction could potentially be a way of shielding the bacterium from 

the harmful effect of ice, and/or a chemotactic (envirotactic) type of response in which the 

bacteria keep themselves in the upper reaches of lakes for better access to oxygen. This represents 

a novel function for an antifreeze protein – that of binding an organism to ice. It would give AFPs 

a third role, distinct from thermal hysteresis (freeze avoidance) and ice recrystallization inhibition 

(freeze tolerance). 
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Chapter 3 

Role of Ca2+ in folding the tandem β-sandwich extender domains of a 

bacterial ice-binding adhesin 

3.1 Abstract 

A Ca2+-dependent 1.5-MDa antifreeze protein present in an Antarctic Gram-negative 

bacterium, Marinomonas primoryensis (MpAFP), has recently been re-assessed as an ice-binding 

adhesin. The non-ice-binding region II (RII), one of five distinct domains in MpAFP, comprises 

~90% of the protein. RII consists of approximately 120 tandem copies of an identical 104-aa 

(amino acid) sequence. We used the Protein Homology/analogy Recognition Engine server to 

define the boundaries of a single 104-aa RII construct (RII-monomer). Circular dichroism 

demonstrates that Ca2+ is required for RII-monomer folding and that the monomer is fully 

structured at a Ca2+: protein molar ratio of 10:1. The crystal structure of the RII-monomer was 

solved to a resolution of 1.35 Å by SAD and MR methods using Ca2+ as the heavy atom to obtain 

phase information. The RII-monomer folds as a Ca2+-bound immunoglobulin-like β-sandwich. 

Ca2+ ions are coordinated at the interfaces between each RII-monomer and its symmetry-related 

molecules, suggesting these ions may be involved in the stabilization of the tandemly repeated 

RII. We hypothesize that >600 Ca2+ help rigidify the chain of 104-aa repeats in order to project 

the ice-binding domain of MpAFP away from the bacterial cell surface. The proposed role of RII 

is to help the strictly aerobic bacterium bind surface ice in an Antarctic lake for better access to 

oxygen and nutrients. This work may give insights about other bacterial proteins that resemble 

MpAFP, especially those of the large Repeats-In-Toxin family that have been characterized as 

adhesins exported via the Type I secretion pathway. 
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Database: structural data are available in the Protein Data Bank under the accession numbers: 

4KDW (P1-structure); 4KDV (P21-structure). 
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3.2 Introduction 

Many organisms that inhabit ice-laden environments use antifreeze proteins (AFPs) to 

prevent freezing damage caused by internal ice crystal growth (85,86). For example, some freeze-

resisting species of fish and insects produce AFPs that bind to the surface of ice crystals and stop 

them from growing (29,87). Other organisms, including many species of plants and 

microorganisms, are unable to avoid freezing. They produce AFPs, not to prevent the growth of 

ice, but to minimize the damage done by freezing (9,10,88). Here, AFPs inhibit the 

recrystallization of ice, where lethal large crystals form at the expense of small ones at high sub-

zero temperatures or during freeze-thaw cycles (61,89).  

To date, AFPs have been characterized as small (3-30 kDa), single-domain proteins that 

are found in either freeze-resistant or freeze-tolerant organisms. An exceptionally large AFP of 

approximately 1.5 MDa was isolated from the Antarctic Gram-negative bacterium, Marinomonas 

primoryensis (MpAFP) (27). MpAFP is divided into five distinct regions by the highly repetitive 

region II (RII) and the moderately repetitive region IV (RIV) (20,24). The 34-KDa RIV is solely 

responsible for the antifreeze activity of MpAFP, and its crystal structure reveals a β-solenoid 

fold that consists of thirteen Repeats-In-Toxin (RTX) repeats. It was originally speculated that 

MpAFP might be localized in the periplasmic space of M. primoryensis, where it could bind and 

inhibit the growth of embryonic ice crystals from the extracellular environment before they could 

damage the cell (27). Subsequently, MpAFP was localized to the outside surface of the bacteria 

(24). Moreover, as the 322-aa RIV comprises only ~ 2% of MpAFP, freeze resistance, which 

requires high millimolar concentrations of AFP, is unlikely to be main role of this giant protein. 

In contrast, the non-ice-binding RII consists of ~120 tandem copies of identical 104-aa repeats, 

which accounts for ~ 90% of the full-length protein. A recent review article showed that many 
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extremely large (>2,000 aa) RTX-repeat-containing proteins from Gram-negative bacteria 

function as loosely attached adhesins (26). In addition to their remarkable size, these adhesion 

proteins bear strikingly similar domain architectures to MpAFP. They typically consist of many 

(>25) tandem repeats that are 80-100 aa in length arranged in a similar manner as MpAFP_RII 

near the N terminus and several RTX repeats near the C terminus. Based on the evidence that 

MpAFP is attached to the cell surface of M. primoryensis (24), we have re-assessed MpAFP as an 

ice-binding adhesin that functions to bind the strictly aerobic bacterium to ice in the upper 

reaches of the Antarctic lake where oxygen and nutrients are most abundant.  

Since a key function of MpAFP likely resides in the multiple RII domains, we set out to 

determine the three-dimensional structure of one of these domains to gain insight into how RII 

helps MpAFP bind its host to ice. Previous bioinformatic analyses showed RII belongs to a 

family of bacterial proteins that has been annotated as the putative flagellar system-associated 

repeats (SWM_repeats, Pfam PF13753) (44). This family of proteins contains over 4,900 

sequences from more than 500 species, but no structure has been reported to date (90). The 

SWM_repeats are part of the E-set clan of immunoglobulin-like (Ig) fold superfamily and are 

closely related to the bacterial Ig-like (BIg) domains, which are divided into eight sub-families. 

Although eukaryotic proteins that contain Ig-like modules are commonly found in the immune 

system and are involved in other important processes such as cell recognition and adhesion 

(45,91), less is known about the BIg domains due to a lack of detailed structural information. 

Here we report the 1.35-Å resolution crystal structure of the RII-monomer, which folds 

as a novel Ca2+-bound Ig-like domain. The Ca2+-dependent folding of the 104-aa repeat was 

demonstrated by circular dichroism, and suggested a non-canonical folding pathway for the Ig-

like β-sandwich domain. The potential architecture of the incredibly large RII was revealed by 
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Ca2+-mediated contact between the monomers in the crystals. To our knowledge, the RII-

monomer is the first solved structure of this type of domain that requires Ca2+ for folding. This 

work is relevant to other bacterial proteins that contain Ig-like domains, especially those of the 

large RTX adhesins, which are involved in biological processes such as biofilm formation and 

epithelial cell infection. 

3.3 Materials and methods 

Construct design and cloning of 312-bp repeat Region II – A protein sequence of two 

tandem repeats of MpAFP_RII (208 aa), starting at: TTGSSTHTVD (Fig 3.1A); and ending at: 

SSDAAGNTVD, was submitted to the Phyre2 server for homology modeling (71). The resulting 

model helped define the domain boundaries of the 104-aa RII repeat. The re-assessed 104-aa 

domain begins at the N-terminal sequence TEATAG and ends in STHTVD. Based on this result, 

a PCR product encoding a single 104-aa repeat was amplified from M. primoryensis genomic 

DNA using forward primer 5' – GATCCATATGACAGAAGCGACGGCTGGTAC – 3' and 

reverse primer 5' –CTAGCTCGAGCTAATCAACCGTATGAGTTGAAGAAC – 3' (NdeI and 

XhoI cut sites underlined, stop codon italicized). Following restriction digestion, the PCR product 

was ligated into the corresponding sites of the pET-28a vector.  Positive clones were identified by 

analytical restriction digestion followed by DNA sequencing (Robarts Research Institute, 

London, Ontario).               

Expression and purification of 104-aa repeat Region II – Positive clones were 

electroporated into the E. coli BL21DE3 (star) expression cell line.  A 1-L culture was grown in 

the presence of 100 µg/ml Kanamycin at 37 °C with shaking until the OD600 = 0.5.  The culture 

was then switched to 23 °C until the OD600 = 1, whereupon protein production was induced by the 

addition of 1 mM IPTG and growth was continued O/N at 23 °C with shaking. The cell pellet was 
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recovered by centrifugation and lysed by sonication in buffer containing 50 mM Tris-HCl (pH 9), 

500 mM NaCl, and 2 mM CaCl2. Cellular debris and insoluble matter were removed by 

centrifugation for 0.5 h at 16,000 RPM in a JA25.5 rotor. The N-terminally 6X His-tagged 

protein was purified by Ni-NTA affinity chromatography. The lysate supernatant containing the 

104-aa repeat was mixed with 5 ml of Ni-NTA resin and brought to 200 ml in buffer N (50 mM 

Tris-HCl (pH 9), 500 mM NaCl, 5 mM imidazole, 2 mM CaCl2). Following stirring for 30 min, 

the resin was loaded into a column and washed with 3 column volumes of buffer N. The 104-aa 

repeat was eluted using buffer N + 400 mM imidazole. The104-aa domain was then buffer-

exchanged into a solution of 50 mM Tris-HCl (pH 9), 200 mM NaCl and 5 mM CaCl2 using a 

centrifugal filter (Millipore) and was loaded on to a HiLoad 16/60 Superdex-200 size-exclusion 

column (GE Healthcare) for further purification. Fractions containing the 104-aa repeat were 

pooled and an aliquot (500 µl) was loaded on to a 10/300 GL Superdex-75 size-exclusion column 

to evaluate the protein’s folding. The ratio of the RII-monomer’s elution volume (Ve): total 

column volume (Vt) was calculated and compared with those of the protein standards. The rest of 

the pooled fractions was buffer-exchanged into a solution of 20 mM Tris-HCl (pH 9) and 5 mM 

CaCl2 and concentrated to approximately 80 mg/ml using a centrifugal filter. Protein 

concentration was measured with a Nanodrop spectrophotometer (Thermal Scientific) and the 

purity was assessed by 10% SDS-PAGE.     
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Figure 3.1. Phyre2 models of the RII-dimer sequence. A) Amino acid sequence and the 
secondary structure representations of MpAFP_RII. Residues 1-104 (not counting residues from 
the His-tag) define the new RII-monomer construct, which are flanked by partial sequence from 
the preceding and subsequent 104-aa RII repeats (purple). The black arrows mark the boundary 
residues of the RII-monomer while the purple arrows point to those of the original construct. 
Secondary structures for individual residues correspond to the P1-structure (grey, Fig 3.3A). 
Side-chain oxygen atoms from the boxed residues help coordinate intra-molecular Ca2+, and each 
of them is identified by a “+”.  “Xs” identify the two N-terminal residues that were not observed 
in the electron density maps. B) The Phyre2 model of the originally designed RII-dimer sequence 
shows two Ig-like β-sandwich folds arranged in tandem. The N-terminal 104 aa of the protein are 
colored in grey whereas the C-terminal 104 aa are colored in purple. The N-terminal Ig-like fold 
contains seven antiparallel ß-strands in which one of them is contributed from the C-terminal 
domain. C) The Phyre2 model of the RII-dimer with the newly defined boundary residues. The 
color scheme is the same as in B). 
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Circular dichroism of the RII-monomer - The 104-aa RII domain was dialyzed against 10 

mM Tris-HCl (pH 9), 0.1 mM EDTA.  Aliquots (200 µL) of the protein were diluted to a 

concentration of 30 µM in dialysis buffer.  To determine the effect of Ca2+ on the folding of the 

104-aa repeat, CaCl2 was added to individual aliquots in order to achieve 0:1, 1:1, 2:1, 3:1, 4:1, 

5:1, 10:1 and 20:1 molar ratios of CaCl2: RII-monomer. Seven scans were taken for each sample 

at 23 °C using a Chirascan CD Spectrometer (Applied Photophysics). All scans for each sample 

were averaged, buffer-reference subtracted and a 3-point smooth was applied to the data with the 

Proviewer software. Deconvolution of the spectra was done using OLIS SpectralWorks (On-Line 

Instruments Inc., Bogart, GA). An aliquot of the 10:1 ratio of CaCl2: 104-aa repeat was used for 

the thermal denaturation experiment, during which a range of temperatures from 1 to 65 °C was 

used to test the effect of increasing temperature on the folding of the RII-monomer.  

Crystallization, data collection and structure determination - Two crystal forms were 

obtained using microbatch methods by mixing equal volumes (1 µl) of 80 mg/ml RII-monomer 

with precipitant solutions. The first crystal form was obtained in a precipitant solution of 0.2 M 

calcium acetate, 0.1 M sodium acetate (pH 4.5) and 30% (v/v) PEG 400. Single rod-shaped 

crystals formed at room temperature over approximately 5 weeks. Prior to data collection, the 

crystal was flash-frozen in a cryo solution of 20 % glycerol (v/v) and 80 % (v/v) of the precipitant 

solution. Diffraction data from these crystals were collected in-house with a Rigaku MicroMax-

007 HF rotating anode X-ray generator equipped with a chromium (Cr) target and an R-AXIS 

IV++ image-plate detector equipped with a helium-flushed beam path cone to reduce air 

absorption. A total of 360 images were collected from a single crystal using an oscillation range 

of 1 ° and 5 min exposure time per image with the crystal-to-detector distance set to 105 mm. 

Diffraction images were indexed and integrated with Imosflm (92), and were scaled with Scala 



 

 

 

65 

(93). The structure was solved by single-wavelength anomalous dispersion (SAD) methods in 

PHENIX AutoSol using Ca2+ as the heavy atom to obtain phase information (94, 95). The initial 

model of the RII-monomer was built with PHENIX AutoBuild (96). The model was corrected 

and rebuilt using CCP4 Buccaneer (97,98) ARP/wARP 7.3.0 and Coot 0.7 (99,100). The structure 

was refined with CCP4 Refmac5 (101). 

Due to difficulties in reproducing crystals in the above condition, a second precipitant 

solution containing 0.2 M CaCl2, 0.1 M Tris-HCl pH 8.5 and 20% (w/v) PEG 4000 was used to 

grow crystals for high-resolution data collection. Crystallization occurred at room temperature 

with long plate-like crystal clusters appearing after four weeks. Single long plate-like crystals 

were released from the clusters with the use of a microneedle (Hampton Research). Prior to data 

collection, the crystal was flash-frozen in a cryo solution of 20 % glycerol (v/v) and 80 % (v/v) of 

the precipitant solution. Data were collected at the 23-ID-B beamline of the Advanced Photon 

Source (Argonne National Laboratory) via remote access. Diffraction images were indexed, 

integrated and scaled by the same methods as described above. The high-resolution structure was 

solved by molecular replacement with PHENIX Phaser-MR (94,102), using the low-resolution 

RII-monomer structure as the search model. Manual building of the structure was done in Coot 

0.7 and was refined with CCP4 Refmac5 (100,101). Molecular graphics images were prepared 

with PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4, Schrödinger, LLC.). 

3.4 Results 

Structural homology analyses delineated a single 104-aa RII domain- We originally 

designed the 104-aa RII-monomer to begin and end with sequences TTGSSTHTVD and 

SSDAAGNTVD, respectively. However, when we used size-exclusion chromatography (SEC) to 

determine the Ve/Vt value for the RII-monomer in the presence of 5 mM Ca2+, the RII-monomer 
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was much larger than expected. It eluted from a calibrated Superdex-75 column with a Ve/Vt 

value of 0.54 (Table 3.1), which suggested a slightly higher molecular weight than for 

conalbumin (75 KDa) with a Ve/Vt value of 0.56. As the actual molecular weight (MWact) of the 

RII-monomer is 12.4 KDa, the protein appeared to have aggregated, which might explain why 

crystallization efforts with this construct proved to be futile.  

Since the 104-aa sequence is tandemly repeated approximately 120 times, it was difficult 

to define the exact residues where the repeating sequence of the module begins and ends. A 

Protein Homology/analogy Recognition Engine (Phyre2) structure prediction on two tandem 104-

aa repeats suggested better start/end sites for the domain (Fig 3.1A) (71). According to this 

prediction, the ten N-terminal residues (TTGSSTHTVD) are taken from the C terminus of the 

preceding domain, which leaves an exposed hydrophobic groove (Fig. 3.1B). This N-terminal 

extension could fold as a β-strand to invade and replace the missing C-terminal β-strand of 

another domain. This strand invasion to form multimer chains could explain the protein’s 

propensity to form larger structures in solution. Based on the Phyre2 prediction, we re-assessed 

the sequence of RII by shifting each 104-aa repeat ten residues towards the C terminus of 

MpAFP, to start at “TEATAGTVTV” and end in “TTGSSTHTVD” (Fig. 3.1A). A second Phyre2 

analysis of the newly designed RII-dimer sequence illustrated that the junction between the two 

domains now resided in the linker region between the two intact β-sandwiches (Fig. 3.1C). In the 

presence of 5 mM Ca2+
, the SEC profile for the newly defined 104-aa domain displayed a single 

symmetric peak (data not shown) with a Ve/Vt value of 0.68, which indicates a size slightly larger 

than the 17.7-KDa-myoglobin standard (0.69; Table 3.1).  
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Table 3.1. The MWact, MWapp and Ve /Vt values calculated for the protein standards and the two 

different constructs of the RII-monomer. Note: The Ve for blue dextran indicates void volume 

(Vo) whereas the Ve for NaCl indicates the total volume of the Superdex-75 size-exclusion 

column. 

 

Proteins/salt MWact (KDa) MWapp (KDa) Ve/Vt 

NaCl N/A N/A 1 

Blue Dextran 2, 000 N/A 0.44 

Conalbumin 75 68.5 0.56 

Ovalbumin 44 48.1 0.59 

Myoglobin 17 18.5 0.69 

Ribonuclease 13.7 12.6 0.73 

RII-monomer (original) 12.4 86.6 0.54 

RII-monomer (new) 12.4 21.3 0.68 
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Circular dichroism indicates that Ca2+ is indispensable for the folding of MpAFP_RII –

We used circular dichroism (CD) to monitor the protein’s secondary structure in the presence of 

excess EDTA or Ca2+, and in the absence of both (Fig 3.2). In the presence of 0.1 mM EDTA, the 

RII-monomer appeared unstructured as its far-UV CD spectrum contained a single negative peak 

at 198 nm. Deconvolution of the CD spectrum (Table 3.2) indicated that 88% of the RII-

monomer was in random coil, whereas only 3% was α-helical and 9% was β-stranded. Similar 

spectra were obtained in the absence of both EDTA and Ca2+.  To determine the effect of Ca2+ on 

the folding of the RII-monomer, CaCl2 was added to individual aliquots to achieve 1:1, 2:1, 3:1, 

4:1, 5:1, 10:1 and 20:1 molar ratios of CaCl2: RII-monomer, and far-UV CD spectra were 

collected for each sample. As increasing amounts of CaCl2 were added, the CD spectra showed a 

decrease in negative ellipticity that was appreciable at two molar equivalents of CaCl2: RII-

monomer (cyan trace in Fig 3.2A). At a 3:1 molar ratio of CaCl2: RII-monomer, the spectrum 

displayed a strong positive peak at 194 nm and a broad negative peak at approximately 218 nm, 

which resembled those observed with proteins containing primarily β-sheets. An isodichroic point 

appeared at roughly 210 nm, the presence of which is suggestive of a change in the protein’s 

conformation. The positive ellipticity increased and similar CD profiles were obtained when the 

protein was measured in up to 10 molar equivalents of CaCl2. The spectra recorded for the 104-aa 

repeat in 10 and 20 molar equivalents of CaCl2 were nearly identical, indicating the RII-monomer 

was fully folded as a structure enriched with β-sheet in a 10-fold ratio of Ca2+ (12% α-helix, 38% 

β-strand, and 50% coil and turn). The fractional change in CD intensity at 194 nm was plotted as 

a function of total Ca2+ concentration. The resulting plot displays a sigmoidal profile, illustrating 

a cooperative induction of a β-sheet rich conformation of the RII-monomer upon binding to Ca2+.  
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Figure 3.2. CD spectra of the RII-monomer measured in Ca2+ titration and thermal 
denaturation experiments. A) The far-UV CD spectra of the RII-monomer (30 µmol) were 
plotted as molar ellipticity versus wavelength. In the presence of 100 µM EDTA, the CD 
spectrum is indicated by a black hatched line whereas it is represented by a blue continuous line 
when the protein was in the absence of both EDTA and Ca2+. In the presence of 1, 2, 3, 4, 5, 10, 
and 20 molar equivalents (MEq) of CaCl2 to the RII-monomer, the CD spectra were indicated by 
brown, cyan, green, pink, orange, purple continuous lines and a red hatched line, respectively. 
Arrows point to the blue trace and black-hatched trace at the bottom, the cyan trace in the middle, 
and the purple trace and red-hatched trace at the top. B) The far-UV CD spectra recorded for the 
RII-monomer in the presence 10 MEq of Ca2+ measured at various temperatures. From 1 to 53 
°C, the spectra were represented by a black continuous line (1 °C), a blue hatched line (4 °C), 
brown (25 °C), cyan (35 °C), green (38 °C), pink (40 °C), orange (42 °C), purple (45 °C), red (48 
°C) and yellow (50 °C) continuous lines and a black (53 °C) hatched line, respectively. Arrows 
point to the spectra recorded at 1 °C at the top, 40 °C in the middle and 50 and 53 °C at the 
bottom. C) Fractional change in CD intensity at 194 nm plotted as a function of total Ca2+ 
concentration. 
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Table 3.2. Deconvolution of the CD spectra for the RII-monomer measured in the presence of 

EDTA and in increasing amount of CaCl2. 

 

Secondary structures 
0.1 mM 

EDTA 

1 MEq 

CaCl2 

2 MEq 

CaCl2 

3 MEq 

CaCl2 

10 MEq 

CaCl2 

α -helix 3% 5% 7% 11% 12% 

β –strand 9% 9% 16% 24% 38% 

Turn + coil 88% 86% 77% 65% 50% 
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The data were fit using the non-linear fitting function of gnuplot (103) to the equation relating the 

concentration of bound sites to total binding sites. 

 

 

ν =
[Ca!!]!

K!"! + [Ca!!]!  
                     

ν, fractional saturation 

h, Hill’s constant = 2.9 

K50, the [Ca2+] required for half-maximal folding of the RII-monomer 

 

K50 was calculated to be 62 µM, which is roughly 2 times the protein concentration (30 

µM). 

The effect of increasing temperature (from 1 °C to 53 °C) on the folding of the 104-aa 

repeat was also determined in the presence of 10 molar equivalents of CaCl2 (Fig 3.2B). Although 

a gradual decrease in the CD intensity was recorded, the RII-monomer remained largely in its 

native conformation up to a temperature of 38 °C. When the temperature reached 40 °C, an 

isodichroic point appeared at approximately 210 nm, suggesting a change in the protein’s 

conformation. The CD intensity continued to decline and began to display a broad negative peak 

at 198 nm at 48 °C, which indicated that the 104-aa repeat was predominantly unstructured. The 

CD spectra measured at 50 °C was nearly identical to that of at 53 °C, which led us to conclude 

that the RII-monomer was fully denatured at a temperature of 50 °C. 

The RII-monomer crystallized at high protein and calcium concentrations - The RII-

monomer is exceptionally soluble in the presence of Ca2+ and was concentrated to ~ 80 mg/ml for 
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crystallization. Crystals of the RII-monomer grew at room temperature in two different 

precipitant solutions that included 0.2 M of either calcium acetate or calcium chloride. No crystal 

growth was observed in the precipitant solution that contained low or no Ca2+. The RII-monomer 

crystals obtained from two different growth conditions have space groups of P21 and P1 (Table 

3.3), whose structures were solved to resolutions of 2.4 Å and 1.35 Å, respectively. The P21-

structure was determined by the SAD method using Ca2+ as the heavy atom to obtain phase 

information, and was then used as the search model to solve the high-resolution structure (P1) by 

molecular replacement. The electron density maps were well defined and > 90% of the structure 

was automatically built by Phenix Autobuild and ARP/wARP from CCP4 (96,99).  Apart from the 

N-terminal His-tag, only the first two residues (TE) of the RII-monomer lacked sufficient electron 

density for unambiguous modeling.  

The RII-monomer is a Ca2+-bound immunoglobulin-like β-sandwich - The RII-monomer 

folds as a Ca2+-bound Ig-like β-sandwich with a length of 50 Å, a width of 23 Å and a height of 

28 Å (Fig 3.3A). The RII-monomer contains seven antiparallel β-strands arranged in a Greek key 

topology and two short α-helical elements located close to the C-terminal end of the structure. 

Therefore the actual secondary structural content of the RII-monomer (11% α-helix, 50% β-

strand, and 39% coil and turn) deviates only slightly from the CD prediction (Table 3.2). Three β-

strands (β1, 2 and 5) form one β-sheet that packs against a β-hairpin (β3 and β4) using 

hydrophobic interactions. These five β-strands (β1-5) and the two α-helices (α1, α2) form the 

compact core region of the β-sandwich. A distinct feature of the RII-monomer that deviates from 

many Ig-like β-sandwiches resides in the C-terminal β-hairpin (β6 and β7), which protrudes from 

the core region and is therefore more solvent accessible. There are seven Ca2+ ions bound to the  
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Table 3.3. Data collection and refinement statistics for MpAFP_RII monomer 

Data collection SAD dataset Native dataset 

Space group P21 P1 

Cell dimensions   

(a, b, c) (Å) 28.69 43.02 32.26 25.64 28.62 32.25 

(α, β, γ) (°) 90 96.91 90 97.02 112.93 96.88 

Resolution (Å) 32.03  - 2.12 (2.26  - 2.12) 29.19  - 1.35 (1.42  - 1.35) 

No.molecules/asymmetric unit 1 1 

I/σI 17.0 (3.2) 19.6 (10.3) 

Rmerge 0.079 0.049 

Completeness 89.5 (69.6) 95.1 (91.6) 

Redundancy 3.8 3.6 

Refinement   

Resolution (Å) 25.7  - 2.42 (2.48  - 2.42) 29.19  - 1.35 (1.42  - 1.35) 

No. of reflections 2605 (150) 16337 (1107) 

Rwork/ Rfree (%) 14.4/23.4 13.0/16.5 

No. of atoms protein/ligand/ water 691/5/66 700/13/140 

B-factors (Å2) protein/ligand/water 21.6/30.1/23.1 8.7/11.3/21.4 

rms deviations   

Bond lengths (Å) 0.012 0.025 

Bond angles (°) 1.54 2.27 
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P1-structure (Fig. 3.3A), which include the ones coordinated by residues from entirely within the 

monomer (intra-molecular Ca2+, light and dark green spheres) and those that reside in the 

interface between one 104-aa repeat and the symmetry-related molecules (inter-molecular Ca2+, 

blue spheres). In contrast, only five Ca2+ were bound to the P21-structure. An alignment of the P1- 

and P21- structures by PyMOL produced a root mean square deviation (RMSD) of 0.19 Å, 

indicating only minor conformational differences between the two structures (not shown). Close 

inspection of the structural alignment revealed that β6* and β7* in the P21-structure are three 

residues longer than β6 and β7 in the P1-structure, where these residues were represented as 

portions of the flexible coils on the sides of the β-strands.  

The RII-monomer structure is stabilized by the intra-molecular Ca2+ - The 104-aa repeat 

sequence of MpAFP_RII is characterized by a high percentage of short-chain amino acids such as 

Thr (20.2%), Ala (16.3%), Val (12.5%), Gly (10.6%) and Ser (8.7%). It is also rich in acidic 

residues (Asp 11.5%, Glu  5.8%) and has zero Lys or Arg, giving the protein a low pI of 3.17 

(104). In the P1-structure, four acidic residues (Asp 16, 17, 76 and Glu 23; Fig 3.1A) contribute 

their side-chain oxygen atoms to help hepta-coordinate Ca2+ 1, 2 and 3 (Fig 3.3A and 3.4A, light 

green spheres), respectively. Ca2+ 1 appears to be the most intimately bound Ca2+, as it is locked 

into place by five oxygen atoms from Glu 23, Thr 14, Asp 16 and Val 18 as well as two water 

molecules (Fig 3.4B). The only main-chain coordinating atom is the carbonyl oxygen of Val 18. 

The binding of Ca2+ 1 mediates the interaction between α1 and the coil on the C-terminal flank of 

β1 (Fig. 4A), which helps to keep the α and β elements in close proximity to each other. 
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Figure 3.3. Structures of RII-monomer. A) The structures of the P1- (grey) and P21- (orange) 
crystal forms are illustrated in cartoon representation and the calcium atoms are shown as 
spheres. N terminus  (left) and C terminus (right) of the P1-structure are indicated. Secondary 
structures and Ca2+ are identified in regular numbers in the P1-structure while they are indicated 
by numbers with asterisks (*) in the P21-structure. Intra-molecular Ca2+ are colored light and dark 
green while inter-molecular Ca2+ are colored blue.  B) Structural alignment of the Phyre2 
predicted RII-monomer fold (purple) and the P1-structure of RII monomer (grey). The N and C 
termini are indicated as above. 
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Ca2+ 2 and 3 are more solvent accessible than Ca2+ 1 as each is coordinated by four water 

molecules and only three oxygen atoms from the protein (Fig 3.4C and D). Ca2+ 2 binds to Asp 

17 and Thr 100, where the two distantly linked residues are found near to the N and C termini of 

the sequence, respectively. Thus, Ca2+ 2 mediates the long-range interaction by acting as a bridge 

that links the two faces of the β-sandwich fold. In contrast, Ca2+ 3 binds to Asp 76 and Ala 78, 

which are separated by only one residue (Thr 77). The Ca2+-binding helps make an ~ 90° turn of 

the coil linking α2 and β6, which guides the β-strand to maintain contact with the core region of 

the fold. 

Two other intra-molecular Ca2+  (6 and 7) are also each coordinated by four waters (Fig. 

S2.1). However, Ca2+ 6 is coordinated by only one oxygen atom from Gly 51 while Ca2+ 7 is 

coordinated by two oxygen atoms from the side-chain and main-chain of Ser 86. Thus, these 

weakly bound intra-molecular Ca2+ do not appear to have a significant impact on the fold of the 

RII-monomer. No such Ca2+ (6 and 7) were observed at the corresponding sites in the P21-

structure. 

Crystal packing of the RII-monomer was facilitated by inter-molecular Ca2+ - In addition 

to the intra-molecularly bound Ca2+ that appear to stabilize the fold of the RII-monomer, Ca2+ 

ions are also shared between each RII-monomer and the symmetry-related molecules (Fig 3.5). 

Two such Ca2+ (Ca2+ 4 and 5) were found in the P1-structure whereas three (Ca2+ 3*, 4* and 5*) 

were identified in the P21-structure.  
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Figure 3.4. Stabilization of the RII-monomer by intra-molecular Ca2+ 1, 2 and 3. A) An 
overview of Ca2+ 1, 2 and 3 bound to the P1-structure of the RII-monomer. The arrow points to 
the C-terminal loop that succeeds β7. Secondary structures near the Ca2+-binding sites are 
identified. The color scheme is the same as in Fig. 3A. B) Enlarged view of the binding site of 
Ca2+ 1. The side-chains and main-chains of the Ca2+-1 coordinating residues are shown in stick 
representation. Hatched lines indicate hydrogen bonds. Oxygens are in red, nitrogens are blue, 
and water molecules are shown as small aqua spheres. The binding-sites of Ca2+ 2 and 3 are 
shown in the same manner as Ca2+ 1 in C) and D). 
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Figure 3.5. Inter-molecular Ca2+-coordination between the RII-monomer and its symmetry-
related molecules. A) The coordination of Ca2+ 4 and 5 by the monomer (P1, grey) and two 
symmetry-related molecules (Sym A and B, purple). The color scheme for the Ca2+ is the same as 
described in Fig 3.3A. The arrows point to Ca2+ 4 and 5. B) Enlarged view of the binding sites of 
Ca2+ 4 and 5. The side-chains and main-chains of the Ca2+ coordinating residues are shown in 
stick representation. Coloring is identical as in A) and Fig 3.4B.C) The coordination of Ca2+ 3* 
(indicated by an arrow) by the monomer (P21, orange) and a symmetry-related molecule (Sym 
A*, purple). D) Enlarged view of the binding sites of Ca2+ 3*. The side-chains and main-chains of 
the Ca2+ coordinating residues are shown in stick representation. Coloring is identical in B) and 
C).  
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Ca2+ 4 and 5 appeared in the same sites as those of Ca2+ 4* and 5*, which bind to residues 

from the symmetry-related molecules (Sym A and Sym B) as well as the monomer (Fig 3.5A). 

Sym B is located towards the C-terminal flank of the monomer where the two molecules interact 

in a head-to-tail fashion via Ca2+ 5; Sym A resides above the inter-domain region between the 

monomer and Sym B, and binds to both Ca2+ 4 and 5. As shown in Fig 3.5B, Ca2+ 4 is more 

solvent accessible than Ca2+ 5 as it binds to four water molecules in addition to Asp 104 

(monomer) and Glu 52 (Sym A). Furthermore, Ca2+ 4 is not coordinated by Sym B. In contrast, 

only two water molecules bind to Ca2+ 5 and its other ligands are six oxygen atoms from Asp 104 

(P1-monomer), Glu 52 (Sym A) and Asp 38 (Sym B).  

Ca2+ 3* (P21) is bound at the same position as Ca2+ 3 (P1) with respect to the monomer, 

in which it binds to Asp 76* and Ala 78* to form a Ca2+-binding turn that appears to be important 

for the integrity of the β-sandwich fold. However, Ca2+ 3* is also shared between the P21-

monomer and one of its symmetry-related molecules (Sym A*; Fig 3.5C). In addition to the 

monomer and two water molecules, the hepta-coordination of Ca2+ 3* is completed by two 

oxygen atoms from residues (Glu 63 and Asp 59) of Sym A* (Fig 3.5D). This inter-molecular 

Ca2+ helped pack Sym A* below the P21-monomer in an antiparallel manner within the crystal.  

Bioinformatic analyses revealed no other solved structures with homology to MpAFP_RII 

- A BLASTp search of the 104-aa repeat sequence against the non-redundant protein database 

(expect threshold =10-4) at NCBI identified a minimum of 538 homologous proteins that contain 

at least one similar ca. 100-aa repeat. Obtaining a precise estimate of the total copy number of 

similar ca. 100-aa repeats in the database is difficult due to incomplete sequencing (at either the N 

or C termini, sometimes both) of many of the proteins encountered. The repeat is found 

predominantly in extremely large (typically 1000’s of aas) putative virulence factors, adhesins, 
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and hypothetical proteins produced by Gram-negative γ-proteobacteria such as Vibrio, 

Shewanella and Acinetobacter. A second BLASTp search of a single 104-aa repeat sequence 

against the protein data bank database identified no homologous sequences (expect threshold = 1) 

with proteins of known structures.  

We therefore used the Dali server to search for folds with a similar topology to the RII-

monomer structure, which identified many Ig-like β-sandwich domains from both eukaryotic and 

prokaryotic proteins (105). These folds (90-100 aa) typically appear as tandem segments within 

larger proteins (>450 aa) that have a broad range of functions, including the bacterial 

collagenases, putative bacterial membrane-anchored proteins and the human complement C3-5 

proteins. All of these proteins are localized in the extracellular space or on the cell surface and the 

Ig-like folds usually function as the spacer or the adhesion domains. For instance, the top 

alignment was to an Ig-like structure of a β-1, 4-mannanase from the soil bacterium Cellulomonas 

fimi, which produced a Z-score of 8.9 and an RMSD of 2.3 Å over 79 aligned residues. The exact 

function of this Ig-like domain is unknown, however, it has been proposed to act as a spacer 

between the catalytic domain and a carbohydrate-binding module (106). Among all of the high-

scoring structures retrieved from the Dali server, none aligned to the RII-monomer with a Z-score 

>9 or an RMSD < 1.9 Å. The highest sequence identity was 23 %, which is close to the cutoff 

value for homology and may reflect the high incidence of certain amino acids (Thr, Val, Asp and 

Gly) in the Ig-like folds rather than a recognizable relationship by descent. 

Although predictive structural homology studies gave key insight into better boundary 

residues for the 104-aa repeat sequence, some notable differences were identified when a Phyre2 

model of the RII-monomer was compared to the crystal structures. The Phyre2 server predicted 

neither α-helical elements nor bound Ca2+ ions, and the model folds as a relatively compact Ig-
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like β-sandwich without the outward projecting C-terminal β-hairpin observed in the RII-

monomer structures. A structural alignment (residues 3-104) of the model and the P1-structure 

produced an RMSD of 4.5 Å, which supported the observation of the differences discerned 

between the folds (Fig 3.3B). With hindsight, these conformational disparities might explain why 

it was not possible to solve the RII-monomer structure by molecular replacement using the 

Phyre2 model or its template structures (e.g. PDB: 3PE9, 3PDG and 2A9D).  

3.5 Discussion: 

The exceptionally repetitive nature of the tandem 104-aa sequence made attempts to 

define the exact boundary residues difficult, especially as partial RII sequence extends into the 

adjoining portion of RI and RIII (24). The original construct of the RII-monomer had a propensity 

to aggregate and subsequent crystallization trials were unsuccessful. After re-designing the 104-

aa sequence boundaries using the Phyre2 server, the new construct of the RII-monomer behaved 

as a monomeric species in solution with little or no tendency to aggregate. We were then able to 

crystallize the construct and solved the structure of the RII-monomer using X-ray methods, which 

revealed that the start and end residues of the originally designed 104-aa repeat reside in β7 and 

β6, respectively (Fig 3.1A). As a result, the C-terminal hydrophobic groove of one monomer 

could associate with the N-terminal β-strand extension from another monomer, possibly in a 

similar way as the donor-strand complementation mechanism employed by bacterial pili to 

assemble their Ig-like subunits (39). This association between the individual monomers led to the 

formation of aggregates, which eluted from a size-exclusion column with an MWapp that is 

approximately 7-fold larger than its MWact. 

The Ca2+-dependency of MpAFP_RII was first demonstrated by CD, which showed that 

the RII-monomer requires a 10-fold molar ratio of Ca2+ to be fully folded. The results 
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corresponded well with the observation from the crystallization of the RII-monomer, which only 

occurred in the presence of 0.2 M Ca2+. Bioinformatics analyses demonstrated that no solved 

structures have sequence homology to the 104-aa repeat, indicating that the RII-monomer might 

have a novel fold. Indeed, no search models for MR were identified in the PDB. Similarly, we 

were not able to obtain phase information from the Phyre2 models by molecular replacement, 

even though the structural homology tool was insightful in defining the boundary residues for the 

RII repeats. The high Ca2+-requirement of the RII-monomer turned out to be helpful for the 

structure determination. As our in-house rotating anode X-ray generator is equipped with a Cr 

target, it is ideal for Ca2+-phasing. We were then able to solve the structure of RII-monomer by 

the SAD method using Ca2+ as the heavy atom to obtain phase information. 

The importance of Ca2+ for the proper fold of the RII-monomer became more apparent 

after the crystal structure was elucidated. The 104-aa repeat folds as an Ig-like β-sandwich that 

binds to five or seven Ca2+ ions, in which three of them appear to help stabilize the Ig-like 

module. This Ca2+ requirement for folding is a distinct feature of MpAFP_RII as compared to all 

other reported BIg domain structures. Despite recent reports demonstrating that some BIg 

domains bind to Ca2+ (48,107,108), these modules fold in the absence of Ca2+. A number of Ig-

like modules are known to fold via the nucleation-condensation mechanism, in which the proteins 

initiate folding by packing the non-conserved hydrophobic residues in the B-, C-, E- and F-

strands of the β-sandwich (109). Although hydrophobic residues are present in the corresponding 

β-strands of the 104-aa repeat (V28 and V29 in β2; V45, L47 and I49 in β3; W64, V66 and V68 

in β5; V83 in β6), the RII-monomer is predominantly unstructured in the absence of Ca2+ (Fig 

3.2; Table 3.2), suggesting it may employ a novel folding pathway that is induced by Ca2+-

binding. It was observed during CD that upon an addition of one molar ratio of Ca2+ to the 
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unstructured RII-monomer, there was an increase in signal for α-helices, but no change was 

observed for β-strands (Table 3.2). As Glu 23 from α1 contributes two side-chain oxygen atoms 

to coordinate Ca2+-1 (Fig 3.4B), it is possible that this ionic interaction helps fold α1 first, which 

then serves as a nucleus to initiate folding of the RII β-sandwich.  

Two other intra-molecular Ca2+ (Ca2+ 2 and 3) also appeared to be required for helping 

maintain the proper fold of the RII-monomer (Fig 3.4C and 3.4D), however, the coordination of 

the two Ca2+ is atypical as each of them binds to only three protein oxygen atoms in addition to 

four water molecules. However, this is not unprecedented, as it has been shown in the crystal 

structures of some proteins that one Ca2+ can be coordinated by up to 6 water molecules (110). 

Furthermore, CD showed that the Ca2+-stabilized RII-monomer can maintain its β-rich fold up to 

a temperature of 40 °C, which is unusual for a protein isolated from a psychrophilic organism that 

inhabits water at temperatures ranging from -1 to 1 °C (27). 
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Figure 3.6. Hypothetical architecture of the RII domain via calcium coordination.  A) The 
monomer (grey) in the asymmetric unit and its flanking symmetry-related molecules (purple) 
interact via inter-molecular Ca2+ in the crystals.  B) Ice that covers the surface of Ace Lake is 
shown as a thick black line with irregular pits underneath. The lake water is colored cyan. 
Oxygen content decreases with depth in the upper reaches of the lake (0-12 m) as shown by the 
grey triangle on the left. The corresponding depths for the oxygenated and anoxic zones are 
marked on the right. The oblong bacterium M. primoryensis has flagella, which are represented as 
two squiggles on the left side of the bacterium. MpAFP (RI-RV) and other molecules (short black 
lines) are located on the surface of the bacterium. RI, RIII and RV are represented by black 
spheres whereas RII and RIV are illustrated as purple and red oval spheres, respectively. Inter-
molecular Ca2+ that rigidify the junction regions linking each 104-aa repeat are indicated by small 
blue spheres. Cross-hatched lines are used to represent the RII repeats not shown in the diagram. 
The objects in the diagram are not drawn to scale.  
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Interestingly, Ca2+ also assists with the packing of the 104-aa repeats in both crystal 

forms, as they are coordinated at the interfaces between one monomer and its symmetry-related 

counterparts. It is especially insightful as the inter-molecular Ca2+ 5 (5*) helps one monomer 

interact with the symmetry-mate on its C-terminal flank in a head-to-tail fashion. With the 

symmetric nature of the crystals, this Ca2+-mediated interaction is repeated throughout the crystal, 

which aligns the monomers into an extended, rod-like structure. This is reminiscent of some other 

Ig-module-containing proteins found in eukaryotes as well as bacteria, which use Ca2+ to stabilize 

their quaternary structures. For example, Cadherins are a family of eukaryotic proteins that 

functions to mediate cell-cell adhesion (46). Although the individual Ig-modules of the cadherin 

ectodomain fold into their native structures in the absence of Ca2+, connections between the 

successive ectodomains are rigidified by Ca2+. This Ca2+-mediated interaction is absolutely 

required for maintaining proper distance between cells for adhesion. Studies on the bacterial S-

layer proteins also showed that inter-domain Ca2+ help arrange individual BIg domains into their 

correct quaternary structures, which are necessary for the assembly of S-layers (111). Again, 

these BIg domains do not require Ca2+ for folding. Therefore, it is likely that the tandem 104-aa 

repeats of RII mimic these Ig-like folds by using Ca2+ to stabilize their junction regions. The two 

N-terminal residues (Thr 1 and Glu 2) were not observed in the electron density maps as they 

closely follow the disordered His-tag. However, these two residues and the C-terminal aspartate 

(Asp 104) comprise the intervening loop regions that link the 104-aa repeats, where they are 

likely to coordinate an inter-molecular Ca2+ (Ca2+ 5 (5*))(Fig 3.1A; Fig 3.6A).  

If the quaternary structure of MpAFP_RII were stabilized by Ca2+ in a similar manner to 

that observed in the crystals, RII alone could be ~ 0.6 µm long, which is 1/3 of the length of the 

M. primoryensis cell. The Ca2+-rigidified chain of RII repeats would help keep RIV a sufficient 
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distance away from the cell surface layer laden with other proteins and polysaccharides that might 

otherwise hinder the interaction of RIV with the ice surface. Preliminary structural homology 

studies on the RI, RIII and RV of MpAFP also identified potential Ca2+-binding sites in these 

domains. Taken together with the Ca2+ observed in the crystal structures of the RII-monomer and 

RIV, it gives an estimate of > 600 Ca2+ that help form the rigid rod structure of the full-length 

MpAFP. The remarkably high Ca2+ requirement of MpAFP is supplemented by high levels of 

divalent metal ions (Ca2+ (3-3.5 mM) and Mg2+ (35-40 mM)) from the shallow (0-12 m) areas of 

the brackish Ace Lake, which is located in the Vestfold Hills of Eastern Antarctica (30). Since the 

ice-covered lake surface allows limited sunlight penetration, photosynthetic microorganisms 

swarm just underneath the ice, priming the shallower regions with a high concentration of oxygen 

and other nutrients, while the deeper areas of lake (12-25 m) are anoxic. Therefore the upper 

reaches of Ace Lake provide the strictly aerobic microorganisms such as M. primoryensis with an 

ideal habitat. 

As previously described, MpAFP resembles many other giant RTX adhesins from Gram-

negative bacteria (24,43). Although low sequence identity (< 20%) is shared between the 

repetitive domains of these adhesins and MpAFP_RII, bioinformatics analyses indicated that they 

are tandem BIg modules as well. Indeed, the recently solved structure of such segments from the 

epithelial adhesin, SiiE (S. enterica) showed three tandem BIg domains with their intervening 

loop regions rigidified by Ca2+-coordination (49). The authors proposed the Ca2+-induced region 

of BIg repeats can help SiiE reach out beyond the Salmonella lipopolysaccharide layer, which is 

key to promote the adhesion to host cells. This study provides supporting evidence for the 

hypothesized role of RII in assisting M. primoryensis bind to ice (24), which might be a general 

mechanism for large RTX adhesins.  
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All large RTX proteins including MpAFP need to be exported out of the cells using Type 

I secretion pathway (T1SS). T1SS allows these extremely large proteins to be channeled across 

the inner and outer membranes as unfolded chains without forming any periplasmic 

intermediates. Indeed, these proteins are only likely to fold upon binding Ca2+ in extracellular 

environments (ie: seawater, blood). Therefore, we hypothesize BIg modules from other large 

adhesins may be dependent on Ca2+ for folding in the same manner as the RII-monomer.  

In conclusion, we have reported the crystal structure of a novel Ca2+-dependent BIg 

domain found in the Antarctic Gram-negative bacterium, M. primoryenesis, and its potential role 

in helping the organism bind to ice. This work may serve to give insights into many other large 

Repeats-In-Toxin proteins, which have been characterized as large adhesins secreted via the 

T1SS. 
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Chapter 4 

Ca2+-stabilized adhesin helps an Antarctic bacterium reach out and bind ice 

4.1 Abstract 

The large size of a 1.5-MDa ice-binding adhesin (MpAFP) from an Antarctic Gram-

negative bacterium, Marinomonas primoryensis, is mainly due to its highly repetitive Region II 

(RII). MpAFP_RII contains roughly 120 tandem copies of an identical 104-residue repeat. We 

have previously determined that a single RII repeat folds as a Ca2+-dependent immunoglobulin-

like domain. Here, we solved the crystal structure of four tandem RII repeats (RII tetra-tandemer) 

to a resolution of 1.8 Å. The RII tetra-tandemer reveals an extended (~190-Å x ~25-Å), rod-like 

structure with four RII-repeats aligned in series with each other. The inter-repeat regions of the 

RII tetra-tandemer are strengthened by Ca2+ bound to acidic residues. Small-angle X-ray 

scattering profiles indicate the RII tetra-tandemer is significantly rigidified upon Ca2+ binding, 

and that the protein’s solution structure is in excellent agreement with its crystal structure. We 

hypothesize that >600 Ca2+ help rigidify the chain of ~120 104-residue repeats to form a ~0.6 µm 

rod-like structure in order to project the ice-binding domain of MpAFP away from the bacterial 

cell surface. The proposed extender role of RII can help the strictly aerobic, motile bacterium 

bind ice in the upper reaches of the Antarctic lake where oxygen and nutrients are most abundant. 

Ca2+-induced rigidity of tandem Ig-like repeats in large adhesins might be a general mechanism 

used by bacteria to bind to their substrates and help colonize specific niches. 

Database 

Structural data are available in the Protein Data Bank under the accession number of 

4P99. 
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4.2 Introduction 

Repeats-In-Toxin (RTX) proteins are a family of Ca2+-binding proteins produced by 

Gram-negative bacteria (51). They are exported via the type I secretion system and are involved 

in a wide range of biological functions. First discovered as pore-forming toxins, RTX proteins 

have subsequently been characterized as bacterial lipases, proteases, and S-layer forming proteins 

(43,51). Recently, RTX proteins of a novel subtype have been classified as high molecular 

weight repetitive adhesion proteins, which are often encoded by the largest genes (> 6,000 

nucleotides) of the bacterial genomes. These extremely large adhesins typically include many 

(>25) tandem repeats of an 80-120-residue domain near the N terminus that account for the 

majority of the protein’s mass. Several 9-residue Ca2+-binding RTX repeats (typically 

GGxGxDxUx, where x can be any residue and U is a hydrophobic residue) occur close to the C 

terminus. The RTX adhesins help form multicellular communities, and their interactions with 

various surfaces allow bacteria to colonize and infect specific niches. Some of the well-

characterized RTX adhesins include biofilm-associated proteins such as LapA (8,682 aa) and 

LapF (6,310 aa) from Pseudomonas putida (43,54,55); and epithelial-cell adhesins that contribute 

to pathogenesis such as SiiE (5,559 aa) from Salmonella enterica and FrhA (2,821 aa) from 

Vibrio cholera (49,112).  

A 1.5-MDa RTX adhesin (MpAFP) with ice-binding activity was found on the surface of 

the Gram-negative bacterium, Marinomonas primoryensis, from Antarctica (20,24,27). MpAFP 

can be divided into five distinct Regions (RI-RV) that include the highly repetitive Region II 

(RII) and the moderately repetitive Region IV (RIV). The 322-aa RIV is solely responsible for the 

ice-binding activity of MpAFP (20,22), and its crystal structure reveals thirteen RTX repeats that 

each bind a Ca2+ to fold the domain into a β-solenoid (113).  RII consists of approximately 120 
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tandem copies of a perfect 104-aa repeat that account for over 90% of the mass of the 1.5-MDa 

protein. We recently solved the X-ray crystal structure of a single 104-aa RII repeat (referred to 

here as a tandemer) to 1.35-Å resolution (114). The RII-tandemer is a bacterial immunoglobulin 

(BIg)-like β-sandwich domain that requires at least three Ca2+ ions for folding. Ca2+ ions were 

also coordinated at the interfaces between the RII-tandemer and its symmetry-related neighbors 

within the crystal that helped individual BIg domains interact in a head-to-tail fashion. This 

observation suggested that Ca2+ might play a role in strengthening and extending the massive 

tandem array of the RII domains to form a rigid rod-like structure. We hypothesized that 

MpAFP_RII serves as a Ca2+-dependent extender domain to project the ice-binding RIV away 

from other cell surface molecules in order to bind M. primoryensis to ice. The selective advantage 

of having this adhesin would be to help the strictly aerobic M. primoryensis remain in the upper 

reaches of the ice-covered Antarctic lake where oxygen and nutrients are most abundant. 

To gain insight into the overall architecture of the ~120 tandem RII domains, we set out 

to produce, crystallize and determine the three-dimensional structure of a RII segment spanning 

four tandem repeats. Here we report the 1.8 Å-resolution crystal structure of the RII tetra-

tandemer. It shows how the four RII repeats fold into a rigid and elongated structure in the 

presence of Ca2+. We used small angle X-ray scattering to demonstrate the RII tetra-tandemer is 

significantly rigidified in the presence of Ca2+, and that its solution structure is in excellent 

agreement with the crystal structure. Using a combination of circular dichroism, size-exclusion 

chromatography and analytical ultracentrifugation we show Ca2+ is indispensable for folding and 

rigidifying the structure of the tandem RII domains. We suggest the Ca2+-induced rigidity in the 

large repetitive extender domains of RTX adhesins is a general mechanism used by Gram-

negative bacteria, including pathogens, to bind to their specific substrates. 
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4.3 Materials and Methods: 

Construct design and cloning of the RII tetra-tandemer gene – The DNA construct of the 

RII tetra-tandemer was synthesized by GeneArt (Life Technologies, Carlsbad, CA, USA). The 

four tandem 312-bp repeats were codon-optimized for E. coli expression using codon degeneracy 

while making each repeat as distinct as possible at the DNA sequence level to lessen the chances 

of recombination (Fig 4.1). No changes were made to the original amino acid sequence. 

Additionally, the G-C content of the DNA sequence was optimized to minimize the formation of 

RNA secondary structure that could hamper translation. The construct was inserted between NdeI 

and XhoI sites in the pET-28a expression vector. Positive clones were identified by restriction 

digestion and DNA sequencing (Robarts Research Institute, London, Ontario, Canada). 

Expression and purification of the RII tetra-tandemer – Positive clones were 

electroporated into the E. coli BL21DE3 (star) expression cell line.  A 1-L culture was grown in 

the presence of 100 µg/ml kanamycin at 37 °C with shaking until the OD600 = 0.6.  The culture 

was then switched to 23 °C until the OD600 = 0.9, whereupon protein production was induced by 

the addition of 1 mM IPTG and growth was continued overnight at 23 °C with shaking. The cell 

pellet was recovered by centrifugation and lysed by sonication in buffer containing 50 mM Tris-

HCl (pH 9), 500 mM NaCl, and 2 mM CaCl2. Cellular debris and insoluble matter were removed 

by centrifugation for 0.5 h at 16,000 RPM in a JA25.5 rotor. The N-terminally 6X His-tagged 

protein was selected from other proteins by Ni-NTA affinity chromatography. The RII tetra-

tandemer was then buffer-exchanged into a solution of 50 mM Tris-HCl (pH 9), 200 mM NaCl 

and 10 mM CaCl2 using a centrifugal filter (Millipore, Billerica, MA, USA). Concentrated  
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Figure 4.1. Altered DNA sequences coding for the four Ig-like domains in the RII tetra-

tandemer synthetic gene. The DNA sequences for each of the four repeats (1-4) are aligned, 

with the conserved amino acid shown above each codon. Identical nucleotides among all four 

repeats are highlighted in grey. The corresponding secondary structure is shown above. Residue 

numbers are shown on the right. 
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protein was loaded onto a HiLoad 16/60 Superdex-200 size-exclusion column (GE 

Healthcare, Little Chalfont, UK) for further purification. Fractions containing the tetra-

tandemer were pooled and stored at 4 °C for future use. Protein concentration was 

measured with a Nanodrop spectrophotometer (Thermal Fisher Scientific, Waltham, MA, 

USA) and the purity was assessed by 10% SDS-PAGE. 

Size-exclusion asymmetry assay - Samples containing RII tetra-tandemer (0.8 mg) 

were mixed with EDTA/CaCl2 to produce five solutions of the following concentrations: 

0.5 mM EDTA, 0 mM CaCl2, 4 mM CaCl2, 10 mM CaCl2 and 20 mM CaCl2. Each 

solution was loaded on to a 10/300 GL Superdex-200 size-exclusion column (GE 

Healthcare, Little Chalfont, UK) and eluted using a running buffer of the same 

CaCl2/EDTA concentration in 50 mM Tris-HCl (pH 9) and 200mM NaCl. The elution 

volume of the tetra-tandemer in each solution was compared with those of the protein 

standards, in order to deduce the apparent molecular weight. The void volume (V0) was 

determined from the elution of blue dextran; the column volume (Vt) was marked by the 

elution of NaCl. 

Analytical Ultracentrifugation - Sedimentation velocity measurements in a Beckman 

Optima XL-I Analytical ultracentrifuge (Beckman Coulter, Brea, CA, USA) were done using 

double sector charcoal-Epon cells equipped with quartz windows and were performed at 20.0 °C 

on 0.68 mg/mL samples in 50 mM Tris-HCl (pH 9.0), 20 mM NaCl with either 2 mM CaCl2 or 

0.5 mM EDTA. Concentration distributions were determined by sedimentation velocity at 40,000 

rpm using absorbance optics. Sedimentation coefficient distributions were determined using the 

program SEDFIT, which fits the sedimentation velocity data directly to the Lamm equation and 
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uses mathematical methods to obtain a numerical solution to this equation (115). SEDNTERP 

was used to calculate the partial specific volume (0.71 mL/g) and the buffer density 1.01g/mL 

and viscosity (0.01 P).  

Circular Dichroism (CD) and calcium titration – RII tetra-tandemer was dialyzed against 

buffer containing 5 mM Tris-HCl (pH 9) and 0.1 mM EDTA. A subsequent dilution with 

additional buffer was performed to lower the protein concentration to 8 µM. Individual aliquots of 

RII tetra-tandemer were then mixed with CaCl2 to produce 4 : 1, 20 : 1, 40 : 1, and 80 : 1 molar 

ratios of CaCl2/RII tetra-tandemer. Samples were scanned at 23 °C using a Chirascan CD 

Spectrometer (Applied Photophysics, Leatherhead, Surrey, UK), with seven scans collected, 

averaged and buffer reference-subtracted for each. Three-point smoothing 

using PROVIEWER software was then applied. Deconvolution of the spectra was performed with 

OLIS SpectralWorks (On-Line Instruments, Bogart, GA, USA).  

Crystallization, data collection and structure determination – Initial crystals were 

obtained using microbatch methods. The RII tetra-tandemer was buffer-exchanged into 20 mM 

Tris-HCl (pH 9) and 10 mM CaCl2 and concentrated to 15 mg/mL. Equal volumes (1 µL) of the 

protein solution and a series of high Ca/Mg precipitant solutions were mixed and allowed to 

equilibrate under a layer of 100% Paraffin Oil. Wells containing 0.2 M calcium chloride, 0.1 M 

MES (pH 6) and 20% (w/v) PEG 6000 yielded multicrystalline masses that formed at room 

temperature in approximately two days. Crystals suitable for structure determination were 

obtained using microbatch methods by mixing equal volumes (2 µL) of 15 mg/mL RII tetra-

tandemer with the same precipitant solution as above, followed by the addition of 0.5 µL of 5% 

(w/v) n-Octyl-β-D-glucoside.  
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Crystallization occurred at room temperature with long plate-like crystal clusters 

appearing after two days. Single long plate-like crystals were released from the clusters using a 

fine needle (Hampton Research, Aliso Viejo, CA, USA). Prior to data collection, the crystal was 

flash-frozen in a cryo solution of 20 % ethylene glycol (v/v) and 80 % (v/v) of the precipitant 

solution. Data were collected at the X6A beamline of the National Synchrotron Light Source 

(Brookhaven National Laboratory) and were indexed and integrated with XDS (116), and scaled 

with CCP4-Aimless (93, 98). The structure was solved by molecular replacement with CCP4-

Phaser (98, 102), using the RII-tandemer structure as the search model (PDB: 4KDV) (114). The 

initial model of the RII tetra-tandemer was built using CCP4-Buccaneer (97,98) and was 

manually corrected in Coot (100). The structure of the RII tetra-tandemer was refined with the 

CCP4-Refmac5 (98,101), and Phenix-refine using the simulated annealing and TLS options 

(94,117,118). 

SAXS data acquisition and reduction - Small angle X-ray scattering data were collected 

on a Ganesha lab instrument (SAXSLAB) equipped with a GeniX-Cu ultra-low divergence 

source producing X-ray photons with a wavelength of 1.54 Å and a flux of 108 ph s-1. The 

scattering intensity was measured as a function of momentum transfer vector q = 4π(sinθ)/λ, 

where λ is the radiation wavelength and 2θ is the scattering angle. Three sample-to-detector 

distances of 113, 713 and 1513 mm were used to cover an angular range of 0.006 < q < 2.41 Å-1. 

Samples were measured in polycarbonate (ENKI, KI-Beam) capillaries with a diameter 

of d = 2 mm kept in a temperature-controlled holder at T = 20 oC. The 2-D scattering data were 

recorded on a Pilatus 300K silicon pixel detector with 487 x 619 pixels of 172 µm2. The beam 

center and q-range were calibrated using a silver behenate standard. Two-dimensional SAXS 

patterns were brought to absolute intensity scale using the calibrated detector response function, 
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known sample-to-detector distances, and measured incident and transmitted beam intensities. 

These normalized SAXS patterns were subsequently azimuthally averaged to obtain the one-

dimensional SAXS profiles. Data were collected at protein concentrations of 5 and 20 mg/mL and 

subsequently merged. The merging of SAXS profiles is customary to generate a profile of 

sufficient signal-to-noise in the entire q-range. This is required for subsequent data analysis 

without introducing interference effects due to non-negligible protein-protein interactions (as S(q) 

deviates from unity), which becomes more prominent at low q values and elevated 

concentrations. The normalized background scattering profile of the buffer and polycarbonate cell 

was subtracted from the normalized sample scattering profiles to obtain the protein scattering 

curve. The absolute scale calibration of the scattering curves was verified using the known 

scattering cross-section per unit sample volume, dΣ/dΩ, of water, being dΣ/dΩ (0) = 0.01632 cm-1 

for T = 20 oC (119,120). 

Data analysis -All SAXS data processing steps, such as solvent subtraction and data 

merging, were performed using PRIMUS from the ATSAS software package (121). The 

experimental 1-D scattering profiles were analyzed using a Guinier approximation to extract the 

radius of gyration (Rg) and the forward scattering intensity (I0), where I0 = dΣ/dΩ(qà0), which is 

valid for monodisperse spherical particles at small angles (q ≤ 1.3/Rg). The forward scattering 

intensity I0 was used to calculate the molar mass of the protein (Table S4.1) (120). Furthermore, 

the scattering profiles were analyzed using a form factor for self-avoiding worm-like chains 

(122), which is implemented in the software package SASview. Information on the dimensions of 

the proteins was extracted assuming a uniform scattering length density along the cross-section 

(see Supporting Information for more details). 
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Molecular shape reconstruction -The ab initio molecular shape of the protein in solution 

was reconstructed using simulated annealing methods implemented in DAMMIN (123). First, an 

inverse Fourier transformation was applied to the experimental scattering data to obtain the radial 

distribution function (RDF), describing the probability of finding interatomic vectors of length (r) 

within the scattering particle, using GNOM (124). The maximum linear dimension (Dmax) was set 

to approximately 3*Rg and adjusted to give the best fit to the experimental data. The RDF was 

considered to be zero at r = 0 Å and approaches zero at Dmax. The GNOM output files were used 

as input for the simulated annealing calculations using DAMMIN. Ten independent dummy atom 

models were calculated from a predefined cylindrical shape with radius 25 Å and length 200 Å, 

without point symmetry (P1). The 10 different models were aligned using DAMSEL followed by 

DAMSUP, and averaged using DAMAVER to compute the probability map (125). Finally, 

DAMFILT was used to filter the averaged model to give a structure that has high densities on the 

probability map representing the molecular shape of the protein in solution. 
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Table S4.1 Parameters obtained from the Guinier analysis of the experimental data of RII tetra-

tandemer, with c = concentration, Mw,calc = theoretical molecular weight calculated from the 

amino acid sequence, I0 = forward scattering intensity extrapolated to zero angle, Rg = radius of 

gyration, Mw,saxs = molecular weight determined by SAXS using eq. 1. 

 c (mg mL-1) Mw,calc (kDa) I0 (cm-1) Rg (Å) Mw,SAXS (kDa) 

 CaCl2 5 42.6 0.222 ± 0.001 44.9 ± 0.5 52.6 

 EDTA 5 42.6 0.185 ± 0.003 36.2 ± 0.1 43.9 
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4.4 Results 

Construction of the RII tetra-tandemer - Region II is made up of ~120 Ig-like β-

sandwiches that are identical at the DNA level. When PCR primers complementary to the 

beginning and end of the RII-repeat were used in attempts to amplify a series of multiple repeats 

the yield of PCR products longer than two repeats in length was too low to extract DNA for 

cloning (data not shown). Also, with perfect repeat identity comes the potential for recombination 

once the DNA is in E. coli that could lead to deletions within the tandem repeats (75). 

To circumvent problems with amplification by PCR the gene was synthesized. To avoid 

recombination the DNA sequence of four identical repeats was altered through codon degeneracy 

to produce four domains in tandem that, while maintaining 100% sequence identity at the protein 

level, possessed a sequence identity at the DNA level of ~70%. The aligned DNA sequences for 

each of the four altered repeats are shown alongside the secondary structure notations (Fig 4.1). 

The cache of potential codons for each residue was limited by the expression preference of E. coli 

for certain codons as well as the need to prevent RNA secondary structure that could impair 

translation. Therefore, the final construct was a compromise between codon optimization, G-C 

content, and sequence non-identity at the DNA level. 

RII tetra-tandemer is monodisperse and has an extended conformation in the presence of 

Ca2+- We have previously shown that the RII-tandemer is fully structured in 10 molar 

equivalents of Ca2+ but resembles a random coil in the absence of this ion (114). Similar analyses 

were applied to the RII tetra-tandemer. In the presence of EDTA, the RII tetra-tandemer appeared 

to be unstructured with its far-UV circular dichroism (CD) spectrum displaying a single negative 

peak at 198 nm (Fig 4.2A). When the CD spectrum was recorded at a 4:1 molar ratio of CaCl2/ 

RII tetra-tandemer, an isodichroic point appeared at ~210 nm, indicating a change in the protein’s  
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Figure 4.2. Biophysical analysis of the RII tetra-tandemer in Ca2+ and EDTA. A) Far-UV CD 

spectra of the RII tetra-tandemer were plotted as molar ellipticity versus wavelength. The CD 

spectrum in the presence of 0.1 mM EDTA is indicated by a red line. The CD spectra in the 

presence of 4, 20, 40 and 80 MEq of CaCl2 with respect to the RII tetra-tandemer are indicated by 

blue, brown, pink continuous lines and a black hatched line, respectively. Arrows point to the red 

trace at the bottom, the blue trace in the middle, and the pink and black-hatched traces at the top. 

B) Sedimentation coefficient distributions of the RII tetra-tandemer in the presence of 2 mM 

CaCl2 (blue line), and in 0.5 mM EDTA (red-hatched line). Arrows point to the peaks of the 

EDTA and CaCl2 profiles, respectively. C) Determination of apparent molecular weight by 

Superdex-200 size-exclusion chromatography. Absorbance at 280 nm was plotted against elution 
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volume for the RII tetra-tandemer. The blue line indicates the chromatogram of the RII tetra-

tandemer in the presence of 4 mM CaCl2, while the red hatched line indicates the chromatogram 

of the same protein in the presence of 2 mM EDTA. The elution volumes of protein standards 

(bovine serum albumin, BSA, 67 kDa; myoglobin, 17 kDa) as well as sodium chloride (total 

volume) and Blue dextran (void volume) are indicated (black arrows). 

conformation. The RII tetra-tandemer measured at five times this CaCl2 concentration (20 molar 

equivalents) displayed a strong positive peak at 194 nm and a broad negative peak at ~218 nm, 

which was similar to spectra obtained from proteins rich in β-sheets. The spectra recorded for the 

RII tetra-tandemer at 40 and 80 molar equivalents of CaCl2 were nearly identical, suggesting the 

protein was fully folded as a β-rich structure at a 40-fold molar ratio of CaCl2. 

To investigate the oligomeric state of the RII tetra-tandemer in solution, the molecular 

weight (MW) of the protein was determined by analytical ultracentrifugation (AUC) in a 

sedimentation velocity experiment. The measurement was carried out at 20 °C with ~1.2 mg/mL 

RII tetra-tandemer in the presence of 2 mM CaCl2. The data showed a close fit to a single 

species, with randomly distributed residuals and a low variance (+/- 0.5%, not shown). When the 

concentration distribution was plotted as a function of sedimentation coefficient, it displayed a 

single large peak with an estimated molecular weight of 44.6 kDa (Fig 4.2B). As the calculated 

molecular weight (MWact) of the RII tetra-tandemer is 42.5 kDa (without Ca2+), the result 

indicated the single species observed was the RII tetra-tandemer in its monomeric form. The MW 

of the RII tetra-tandemer determined by AUC in the presence of 0.5 mM EDTA was 44.9 kDa, 

which showed a negligible difference compared to the estimated MW in CaCl2. 

The above sedimentation velocity analyses also provided an estimate of protein shape 

asymmetry. The frictional ratio (f /fo ) of the monomeric RII tetra-tandemer, where f  is the 

translational frictional coefficient of the protein, and fo is the theoretical coefficient for a 
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spherical protein of the same mass was calculated to be 1.8 and 2 in the presence of Ca2+ and 

EDTA, respectively, indicating a high level of asymmetry in the protein’s conformation (126).  

The asymmetry of the RII tetra-tandemer was also assessed by size-exclusion 

chromatography, which was used to determine the protein’s apparent molecular weight (MWapp). 

In the presence of CaCl2, the RII tetra-tandemer eluted from a calibrated S-200 column with a 

MWapp of ~120 kDa (Fig 4.2C), which is roughly three times the protein’s MWact (42 kDa). Since 

results from CD and AUC indicated that the RII tetra-tandemer is fully structured in its 

monomeric form in a Ca2+-containing solution, the high MWapp of the protein indicates that the 

protein has a greatly extended shape. The MWapp of the RII tetra-tandemer was even larger (138 

kDa) in the presence of 0.5 mM EDTA, which is to be expected if the protein was partially 

unfolded. The MWapp of the RII tetra-tandemer decreases slightly with an increase in Ca2+ 

concentration (Table 4.1), suggesting that the divalent metal cation helps the protein form a more 

compact and rigid conformation. 

Crystal structure of RII tetra-tandemer reveals a Ca2+-dependent extended chain of Ig-

like β-sandwich domains  – The crystal structure of the RII tetra-tandemer from MpAFP (Fig 

4.3A) was solved to a resolution of 1.8 Å by the molecular replacement method using the RII-

tandemer (PDB: 4KDV) as the search model. The electron density map was well defined, and 

over 95% of the residues were automatically built using Buccaneer from CCP4. The RII tetra-

tandemer is roughly 190 Å long and 23 x 28 Å in cross-section. Four copies of the RII tetra-

tandemer are packed in the unit cell of the crystal, each oriented antiparallel to its two 

neighboring molecules (Table 4.2; Fig. 4.3B). There are 104 Ca2+ ions bound to the four RII tetra-

tandemers within the unit cell of the crystal, with a minimum of 24 Ca2+ binding to each tetra-

tandemer binding. Each individual 104-aa repeat of the RII tetra-tandemer folds as a Ca2+-
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dependent Ig-like β-sandwich that contains seven antiparallel and two short parallel β-strands, 

and two short α-helices (Fig 4.3C). Seven β-strands (β1- β6 and β9) and the two α-helices (α1 and 

2) help form the compact core region of the Ig-like domain, while β7 and β8 comprise a β-hairpin 

that protrudes from the core, and points toward the N-terminal end of the structure. Structural 

alignments of the 16 Ig-like domains within the unit cell using PyMOL produced a root mean 

square deviation of 0.27 Å (+/- 0.09), indicating minimal conformational differences between the 

RII repeats.  

We have previously identified three Ca2+ ions that appear to be essential for stabilizing 

the fold of a single RII repeat (light green spheres, Fig 4.3C and 4.3D). These three intra-repeat 

Ca2+ ions all have high occupancies (0.9 or 1) and their coordinations are conserved throughout 

all individual RII repeats within the unit cell of the RII tetra-tandemer. All other intra-RII-repeat 

Ca2+ are weakly bound to the protein with partial occupancies (~0.5), and seem to play no 

significant roles in folding the Ig-like domain.  
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Table 4.1. MWact, MWapp and Ve/Vt values calculated for the protein standards and RII tetra-

tandemer. Note: Ve for blue dextran indicates the void volume (Vo), whereas Ve for NaCl 

indicates the total volume (Vt) of the Superdex-200 size-exclusion column. NA, not applicable. 

Protein/Salt MWact (kDa) MWapp (kDa) Ve/Vt 

NaCl NA NA 1.000 

Blue Dextran 2000 NA 0.431 

Amylase  200 170 0.523 

Bovine Serum Albumin 67 84 0.595 

Myoglobin 17 16 0.764 

RII tetra-tandemer (EDTA) 42 138 0.545 

RII tetra-tandemer (0 mM Ca) 42 138 0.545 

RII tetra-tandemer (4 mM Ca) 42 122 0.557 

RII tetra-tandemer (10 mM Ca) 42 121 0.558 

RII tetra-tandemer (20 mM Ca) 42 118 0.560 
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Figure 4.3. Structure of MpAFP_RII tetra-tandemer.A) MpAFP consists of five distinct 
domains (I-V). The ~120 tandem 104-aa RII repeats are colored cyan. The RTX repeats in the C-
terminal region (RIV and RV) are illustrated as brown blocks.  B) 2Fo-Fc electron density of the 
unit cell contoured at 1σ showing four copies of the RII tetra-tandemer. C) Structural alignment 
of the 16 RII-repeats within the unit cell. Each individual RII repeat is shown in cartoon 
representation and is colored magenta. The three conserved Ca2+ ions with full site occupancy are 
shown as light green spheres. D) Cartoon representation of the RII tetra-tandemer. Ca2+ ions are 
shown as spheres. The intra-RII-repeat Ca2+ are colored light or dark green, while the inter-RII-
repeat Ca2+ are colored blue. The four RII-repeats from N to C terminus are colored grey, red, 
orange, and yellow, respectively. E) Enlarged view of the Ca2+ that is coordinated in the linker 
region between RII-repeats 1 and 2. The side chains and main chains of the Ca2+-coordinating 
residues are shown in stick representation. Hatched lines indicate hydrogen bonds. Oxygen atoms 
are in red, nitrogen atoms are in blue, and water molecules are shown as small aqua spheres. F) 
Head-on view of a RII tetra-tandemer. The color scheme is the same as in D). 
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Table 4.2. Diffraction data collection and refinement statistics of the RII tetra-tandemer. 

Data collection Dataset 
Space group P1 
Cell dimensions  
(a, b, c) (Å) 47.46  47.47  191.16  
(α, β, γ) (°) 90.04  90.01  90.02 
Resolution (Å) 47.47 - 1.80 (2  - 1.8) 
No. 

molecules/asymmetric unit 
4 

I/σI 7 (1.49) 
Rmeas 0.16 (0.92) 
CC (1/2) 98.7 (58.4) 
Completeness 0.94 (0.93) 
Redundancy 2 
Refinement  
Resolution (Å) 47.47-1.8 (1.82-1.8) 
No. of reflections 148953 
Rwork/ Rfree (%) 22.2/25.7 
No. of atoms   
protein/ligand/ water 11301/348/1907 
B-factors (Å2)  
protein/ligand/water 23/35.9/27.8 
rms deviations  
Bond lengths (Å) 0.018 
Bond angles (°) 1.443 
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The four tandem Ig-like β-sandwiches of the RII tetra-tandemer are aligned in a highly 

extended fashion. Each repeat is rotated by approximately 90° relative to its neighbor(s) (Fig 

4.3F), forming an internal four-fold symmetry within the RII tetra-tandemer. Ca2+ ions are also 

coordinated at the linker regions between the neighboring repeats. For instance, the inter-repeat 

Ca2+ 1 is hepta-coordinated by three water molecules and four protein ligands from Repeats 1 and 

2 (Fig 4.3E). The Ca2+ ion binds to two side-chain oxygen atoms from Repeat 1’s C-terminal Asp 

104, and two oxygen atoms contributed by the main chain of Glu 106 and the side chain of Asp 

191 from Repeat 2. Moreover, the inter-repeat Ca2+ 1 and Asp 142 from Repeat 2 interact 

through coordinating a water molecule. Thus the inter-repeat Ca2+ mediates the interaction 

between the tandem RII domains by keeping the C-terminal end of one repeat in close proximity 

to the β-hairpin (β7 and 8) from the subsequent repeat. As a result of the Ca2+-induced rigidity in 

the linker region, the β-hairpin protruding from Repeat 2 can also interact with Repeat 1 through 

an extensive network of hydrogen bonding (Fig. S4.1). All other inter-repeat Ca2+ ions 

throughout the RII tetra-tandemer are coordinated in a similar way as inter-repeat Ca2+ 1.  

Small angle X-ray scattering analysis indicates the RII tetra-tandemer is a rigid rod in 

the presence of Ca2+ - SAXS measurements were performed on solutions of the RII tetra-

tandemer in buffer with either 20 mM CaCl2 or 0.5 mM EDTA. The experimental scattering 

profiles presented in Figure 4.4A range from the Guinier regime at low q-values up to the first 

form factor oscillation at high q-values. Three power law regimes are apparent in the SAXS 

profile recorded in the presence of Ca2+. Firstly, a Guinier plateau occurs at low q values; at 

intermediate q values the intensity falls off with q-1, which is typical for rigid one-dimensional 

objects; and finally at high q values the Porod regime holds where I ∝ q-4. The I ∝ q-1 regime is 

much shorter in the presence of EDTA and is preceded by a short power law regime with a  
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Figure 4.4. Small angle X-ray scattering profiles of MpAFP_RII tetra-tandemer in presence 

and absence of calcium. A) Experimental small angle X-ray scattering data (symbols) and fits 

with the Schurtenberger-Pedersen form factor for worm-like, self-avoiding chains (solid lines). 

Dashed lines are drawn to indicate the slope of the scattering curves in the intermediate and high 

q regime. The RII tetra-tandemer (squares, circles) was investigated in two buffers composed of 

(Ca2+) 20 mM Tris-HCl pH 9, 100 mM NaCl and 20 mM CaCl2 and (EDTA) 20 mM Tris-HCl pH 

9, 100 mM NaCl and 0.5 mM EDTA, respectively. B) Holtzer-Cassasa representation 

(q*dΣ/dΩ(q) vs. q) clarifying the change in shape of the scattering curve evident from the 

difference in length of the Holtzer plateau at intermediate q-regime in 0.5 mM EDTA (circles) or 

20 mM CaCl2. 
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scaling exponent 1 ≤ α ≤ 2 indicating a considerable reduction in stiffness upon the addition of 

EDTA. In Figure 4.4B the data are visualized in a Holtzer-Cassasa plot of q*dΣ/dΩ(q) vs. q to 

highlight these differences between the samples with EDTA and Ca2+ in the intermediate q-

regime. The Holtzer-Cassasa representation clearly reveals the Ca2+ induced rigidification of the 

RII tetra-tandemer as evidenced by the differences in the length of the Holtzer plateau in the 

intermediate q-regime. In line with the CD data (Fig 4.2A), it is evident from the SAXS profiles 

that the RII tetra-tandemer undergoes a significant change in fold upon calcium binding. 

Next, we analyzed the experimental data using a form factor originally developed for 

semi-flexible, self-avoiding polymer chains, which is the worm-like chain (WLC) model as 

reported by Schurtenberger and Pedersen (127). This WLC model describes the conformation of 

an intrinsically flexible cylinder built up from N rigid segments with a related Kuhn length Lk, 

which is equal to twice the so-called persistence length, Lp. The contour length Lc is then given 

by the number of locally stiff segments N multiplied by their length Lp. The structural parameters 

obtained from the form factor analysis are given in Table 4.3. For the RII tetra-tandemer we may 

compare these to the dimensions computed from the crystal structure obtained by X-ray 

diffraction (XRD) that show the protein is a rod-like object with a length L ~190 Å composed of 

four rigid subunits of approximately 23 Å x 28 Å in cross-section and 45 Å long. We find a good 

agreement between the XRD and SAXS data for the RII tetra-tandemer in the presence of 

calcium: application of the WLC model gives Lc ~176 Å, a cross-sectional radius Rcs ~11 Å and 

persistence length Lp ~95 Å. Here, Lp is larger than the size of one subunit suggesting the 

formation of a rigid protein complex. Similar to the results obtained from the size-exclusion 

chromatography experiments (Fig 4.2C), the RII tetra-tandemer appears larger and less rigid in 

the presence of EDTA as observed from the increase in contour length Lc ~199 Å and decrease in  



 

 

 

110 

 

Table 4.3. Structural parameters obtained from fitting the experimental data of RII tetra-tandemer 

with a form factor describing a worm-like chain with excluded volume interactions with a circular 

cross-section of uniform scattering length density given by Schurtenberger and Pedersen (122). Lc 

= contour length, Lp = persistence length, Rcs = cross-sectional radius of cylinder. 

 Lc (Å) Lp (Å) Rcs (Å) 

 CaCl2  175.9 ± 1.8 96.3 ± 2.3 11.2 ± 0.1 

 EDTA  198.9 ± 0.2 41.2 ± 0.1 11.2 ± 0.1 
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persistence length Lp ~41 Å. The persistence length in the presence of EDTA is comparable to the 

length of one subunit (~45 Å), suggesting that the protein loses its rigidity if no calcium is 

complexed to the structure. 

Solution structure of the RII tetra-tandemer is in excellent agreement with its crystal 

structure - To verify that the crystal structure is representative of the structure of the protein in 

solution, a low-resolution model was constructed from the experimental SAXS data using the ab 

initio modeling program DAMMIN (123). DAMMIN uses an enclosed search volume of densely 

packed dummy atoms to reconstruct the shape of the protein in solution. Ten independent models 

were calculated and all provided a good fit to the experimental data (Fig 4. 5A). The ten models 

were averaged using DAMAVER and no models in the set were rejected (125). The resulting 

molecular shape of the ab initio model gives a good overlay with the crystal structure of the RII 

tetra-tandemer (Fig 4.6). Furthermore, evaluation of the atomic structure with the solution 

scattering data using CRYSOL also yields a good fit (Fig 4.5A), corroborating that the crystal 

structure is representative of the structure of the protein in solution (128). 

4.5 Discussion: 

When the antifreeze activity of MpAFP was first detected we suspected it might be 

localized to the periplasmic space of M. primoryensis (27). The rationale was that an antifreeze 

protein in this location would bind and inhibit the growth of embryonic ice crystals arising from 

the extracellular environment before they could cause freezing damage to the bacterial cell. 

Subsequently, we realized that MpAFP is a giant 1.5-MDa multidomain protein, and that its ice-

binding domain (RIV) makes up only ~2% of the protein’s mass (24). The exceptionally large 

size and domain organization of MpAFP is atypical of an antifreeze protein, which usually 

contains a single domain of mass 3-30 kDa (28). This cast doubt on the primary  
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Figure 4.5. Fit of low resolution model and crystal structure of RII tetra-tandemer to 
experimental SAXS data. (A) Experimental scattering data of RII tetra-tandemer Ca2+ 
(symbols), fit result of ab initio modeling (DAMMIN, blue line) and theoretical scattering curve 
calculated from the known atomic coordinates of the crystal structure of the RII tetra-tandemer 
using CRYSOL (red line) (128). (B) Radial distribution function (RDF) obtained after IFT 
analysis of the scattering data, using data points starting from the first Guinier point until the 
Porod regime (0.009 < q < 0.26 Å-1). Four maxima (M1-4) can be observed, which correspond to 
the center of each domain of the RII tetra-tandemer. 
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Figure 4.6. Aligned low-resolution dummy-atom model and crystal structure of RII tetra-

tandemer in the presence of Ca2+. The averaged ab initio shape calculated from 10 models 

(grey) represents the total volume occupied by the spread of all models (final goodness of fit, Rf 

= 0.00084), with the filtered and most-populated volume represented in cyan and the crystal 

structure of RII tetra-tandemer in magenta. Ca2+ ions are represented as spheres. 
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function of MpAFP being to help the bacterium resist freezing. Moreover, the domain 

architecture of MpAFP and the presence of C-terminal RTX sequences are hallmarks of many 

large adhesion proteins. MpAFP was detected on the outer surface of M. primoryensis, and is 

probably transported there using the type I secretion (T1SS), since the C-terminal (RIV and RV) 

RTX repeats can potentially serve as the signal sequence for this pathway (24). Based on these 

findings we speculated that MpAFP is a surface adhesin that helps its host bacterium bind to ice.  

M. primoryensis was isolated from Ace Lake in eastern Antarctica. The surface of this 

brackish lake is covered with ice (1- 2 m thick) for approximately 11 months of the year, which 

maintains the temperature of the water column between -1 to 1 °C (26,30). Since the 

accumulation of snow on the lake ice further attenuates light to the water below, only those 

phytoplankton and other photosynthetic microorganisms that occupy a position close to the top of 

the water column will flourish in this limited photic zone. Given that ice on the lake surface 

prevents the wind-driven mixing of the lake water, the oxygen content of Ace lake is highest in its 

upper reaches (0-12 m), while the lower part of the lake is anoxic (12-25 m) (Fig 4.7). We have 

hypothesized that M. primoryensis uses MpAFP to bind the underside of ice covering the lake 

surface (24). This locates the strictly aerobic bacterium in a favorable position where it can gain 

access to oxygen and other nutrients from the nearby photosynthetic microorganisms without 

expending energy. Bioinformatic analyses have suggested the Gram-negative Shewanella 

frigidamarina isolated from the Antarctic sea ice contains a different ice-binding protein linked to 

BIg domains (129). It is possible that different microorganisms have evolved similar envirotactic 

strategies to remain in favorable environments. A novel mechanism to this end has been proposed 

for non-motile diatoms isolated from the overlying ice of the Laurentian Great Lakes. It was 
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hypothesized that the diatoms might associate with frazil ice for the subsequent recruitment to ice 

near the lake surface, where a better light climate is present (130). 

The ice-binding RIV domain of MpAFP is the logical region to bind the host bacterium to 

ice (24). However, the role of the large repetitive RII in this bacterium-ice interaction was unclear 

due to a lack of detailed structural information. The non-ice-binding RII contains roughly 120 

tandem copies of identical 104-aa repeats. Previously, bioinformatics and X-ray crystallographic 

analyses indicated that RII has many attributes that link it to adhesion proteins. RII is found on 

the exterior Gram-negative bacterial cell envelope and each individual RII repeat folds as a Ca2+-

dependent Ig-like β-sandwich. Here, we determined the crystal and solution structures of the RII 

tetra-tandemer, which displays four tandem RII repeats linked into an extended, “train-like” 

structure. As the RII repeats are identical, the knowledge gained from the crystal structure of the 

RII tetra-tandemer can be applied to predict the overall architecture of the ~120 tandem RII 

repeats, which likely forms a long chain of compact domains. This is reminiscent of the type I 

pilus adhesin found in many Gram-negative bacteria. A type I pilus typically contains 500-3,000 

Ig-like subunits (similar to MpAFP_RII) that helps project the adhesive tip domain (like 

MpAFP_RIV) up to 2 µm away from the bacterial cell surface (39). This property of the type I 

pilus serves to reduce the charge-driven repulsive force between the host bacterium and its target 

cell, by keeping a sufficient distance between the cell-surfaces. MpAFP may mimic the adhesion 

mechanism of the type I pilus in binding M. primoryensis to ice (Fig 4.7). The Ca2+-rigidified 

linker regions could potentially extend the tandem Ig-like domains of RII into a ~0.6 µm rod-like 

structure. This length between the ice-adhesive RIV and the bacterium’s cell surface could be 

critical. The exterior of the Gram-negative bacterial cell envelope is covered with a layer of 

lipopolysaccharide and other macromolecules. Therefore, it is perhaps necessary for RII to help  
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Figure 4.7. Hypothesized role of MpAFP_RII in helping M. primoryensis bind to ice. Cartoon 
representation of Marinomonas primoryensis in contact with the lower surface of lake ice 
represented by a series of views at increasing magnification from top to bottom. Top panel: 
oxygen content decreases with depth in the upper reaches of Ace Lake in Antarctica (0-12 m), 
whereas the lower reaches are anoxic (12-25m). M. primoryensis is strictly aerobic and are 
positioned immediately under the ice. Middle panel: the bacteria’s flagella are represented as two 
squiggles on one end of the bacterium; MpAFP are represented by long filaments, some of which 
contact the ice. Lower panel: short thick lines on the exterior of the bacterium represent surface 
molecules such as proteins and polysaccharides other than MpAFP. Inter-repeat Ca2+ that rigidify 
the junction regions linking each 104-aa repeat (purple sphere) are indicated by small blue 
spheres. Cross-hatched lines are used to represent the majority of RII repeats not shown in the 
diagram. 
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RIV protrude from the surface milieu to be able to efficiently interact with ice. The 

lipopolysaccharide layer also confers to the bacterial outer membrane an overall negative charge. 

MpAFP_RII is rich in negatively charged acidic residues (18% Asp+Glu), and contains no Lys or 

Arg (114). The acidic residues of RII not only help coordinate Ca2+ to stabilize the protein’s fold, 

but may be repelled from the negatively charged cell surface for better extension of the ice-

binding domain.  

A semi-rigid, extended RII could help the ice-binding RIV sweep over a large area to 

contact ice. The ice-bacterium interaction is unlikely to be permanent. We have observed that 

monomeric AFPs are overgrown by, and included into, ice (131) but larger structures like phage 

displaying AFP on their coat proteins are sheared off the ice surface (Davies unpublished). Since 

bacteria are even larger than phage, they too are unlikely to be included into the ice. However, if 

some adhesin contacts are sheared off by the growing ice there are many others on the bacterial 

surface that could re-secure the bacteria to the ice.  

The brackish-water of Ace Lake has high salinity, and is rich in divalent cations such as 

Ca2+ (3-7 mM) and Mg2+ (35-85 mM) (30). MpAFP_RII protomers require roughly 10 molar 

equivalents of Ca2+ to be fully structured (114). The ice-binding RIV also requires the presence of 

millimolar Ca2+ for folding. The Ca2+-dependency of MpAFP domains helps explain how such a 

giant protein of 1.5-MDa is secreted via T1SS. Ca2+ is normally present in sub-micromolar 

concentrations in the bacterial cytosol. Therefore, the large MpAFP is likely secreted as a long 

but unfolded chain of polypeptide, and only folds upon entering the extracellular brackish lake 

water, where Ca2+ is abundant. The Ca2+-stabilization of MpAFP’s structure may also protect the 

protein against proteolysis by extracellular proteases. It has been shown that MpAFP retains its 
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ice-binding activity in the presence of Ca2+ after it was incubated with trypsin for up to 6 days. In 

contrast, in the absence of Ca2+, the activity was completely lost by 30 min (27).  

Recent advances in genome sequencing have helped identify many large repetitive 

adhesion proteins in bacteria. Well-characterized examples include the cell-wall-associated 

adhesion protein (Ebh) from the Gram-positive Staphylococus aureus; the large RTX adhesins 

found in many Gram-negative bacteria, including biofilm-associated proteins of LapA and LapF 

from P. putida; and epithelial adhesin SiiE from S. enterica. However, the extreme repetition 

within the extender domains, which can be identical even at the DNA level, has caused 

difficulties in sequencing the ORFs of some RTX adhesins. As a result, these large ORFs are 

often improperly annotated and appear as two separate contigs in the databases (44). Thus many 

of the large RTX adhesins remain to be described, and their importance in biofilm formation and 

pathogenesis are yet to be fully realized.  

In conclusion, we have reported the crystal and solution structures of four tandem Ig-like 

repeats of the extender domain of a 1.5 MDa ice-binding RTX adhesin from an Antarctic 

bacterium. This work is relevant to many other large repetitive proteins, especially those of the 

RTX adhesins that facilitate infections by animal pathogens such as Salmonella, Vibrio and 

Pseudomonas. 
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Supplementary data

 

 

Figure S4.1. Enlarged view of the linker region between Repeats 1 and 2. The color scheme is 

the same as in Fig. 4.3E. 
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Table S4.1. Parameters obtained from the Guinier analysis of the experimental data of RII tetra-

tandemer, with c = concentration, Mw,calc = theoretical molecular weight calculated from the 

amino acid sequence, I0 = forward scattering intensity extrapolated to zero angle, Rg = radius of 

gyration, Mw,saxs = molecular weight determined by SAXS using eq. 1. 

 c (mg 

mL-1) 

Mw,calc 

(kDa) 

I0 (cm-1) Rg (Å) Mw,SAXS (kDa) 

 CaCl2 5 42.6 0.222 ± 0.001 44.9 ± 0.5 52.6 

 EDTA 5 42.6 0.185 ± 0.003 36.2 ± 0.1 43.9 
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SAXS 

Guinier analysis and Kratky plot of the RII tetra-tandemer - A Guinier analysis was used 

to obtain the radius of gyration (Rg) and molecular weight (Mw,SAXS) of the protein construct. For 

monodisperse globular proteins, the Guinier approximation (valid for qRg ≤ 1.3) gives an 

estimation of their size, using  𝐼 𝑞 = 𝐼!𝑒!
!
!!!

!
!! with the radius of gyration, Rg, and the 

forward scattering intensity, I0, for I at q = 0. The Rg and I0 were determined from the slope and y-

intercept of the Guinier plot ln(I(q)) vs. q2. The scattering intensity at zero angle can be used to 

calculated the molecular weight of the protein using 

𝑀!,!"#! = 𝐼(0) !!"
! ∆!ῡ !   

with the molecular weight Mw,SAXS in g mol-1, the forward scattering intensity I0 in cm-1, 

concentration c in g cm-3, Avogadro’s number Nav, the scattering length density difference Δρ in 

cm-2
 (ρprotein – ρH2O, where ρprotein = 1.25 x 1011

 cm-2
 and ρH2O, = 9.44 x 1010

 cm-2) and the partial 

specific volume of the protein in solution ῡ = 0.734 in cm3
 g-1 (132). 

 

A Guinier analysis is an important check of monodispersity and/or aggregation, which 

can be observed by non-linearity in the Guinier plot due to an up- or downturn at the lower q-

values. The molecular weight Mw,SAXS determined from the forward scattering intensity I0 is in 

good agreement with the theoretical value for the RII tetra-tandemer in the presence of EDTA, 

while Mw,SAXS  seems slightly overestimated in the presence of calcium (Mw,calc = 42.6 kDa vs. 

Mw,SAXS = 52.6 kDa). As there is no evidence for aggregation or non-negligible protein-protein 

interactions (all Guiner plots are linear), we tentatively attribute this discrepancy to a deviation of 

the specific volume of the tetra-tandemer from ῡ = 0.734 cm3
 g-1. 
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Chapter 5 

General Discussion 

In Chapter 2 of this thesis, the function of a 1.5-MDa ice-binding protein, MpAFP, was 

redefined from that of an antifreeze protein to an adhesin that binds its host bacterium to ice. This 

study helped reveal a new function for ice-binding proteins, that of binding an organism to ice.  In 

Chapter 3 of this thesis, the X-ray crystal structure of a single 104-aa repeat of MpAFP_RII (RII-

monomer) was determined. The RII-monomer folds as an immunoglobulin-like β-sandwich that 

requires mM Ca2+ ions for stability. It was predicted that tandem RII repeats form a rigid structure 

that projects the ice-binding RIV away from the bacterial surface to bind ice. This hypothesis was 

supported by the results shown in Chapter 4, which describes the X-ray crystal structure of four 

tandem RII repeats (RII tetra-tandemer). The RII tetra-tandemer was solved to a resolution of 1.8 

Å, revealing a rigid rod-like structure. The linker between each RII repeat is rigidified by Ca2+. 

The significance of the findings from the above chapters is discussed here. Furthermore, work 

done in the laboratory of our collaborator, Dr. Ido Braslavsky, showed M. primoryensis binding 

to ice in swarms (Fig.5.1) (unpublished). This key observation with light microscopy confirmed 

our hypothesis that the bacterium can bind to the surface ice of its Antarctic Lake habitat. The 

roles of RIV and RII involved in this remarkable behavior of the bacterium are discussed in this 

chapter. Some other work done on the structural and functional characterization of the RI, RIII 

and RV are described in the appendices. Their roles in orchestrating the adhesion functions of 

MpAFP are also discussed here. 

Structural homology analysis as a tool to help deduce the function of a protein, and facilitate 

the design of MpAFP constructs. 
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Figure 5.1. Images of M. primoryensis binding to ice in swarms obtained by light 

microscopy. Individual bacterial cells in media, and cell clusters on ice are indicated by red 

arrows. Photo courtesy of Drs. Maya Bar-Dolev and Ido Braslavsky. 
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Although MpAFP_RIV is a potent antifreeze, it accounts for only ~ 2% of the 1.5 MDa-

MpAFP (20,24). None of the other regions of MpAFP are capable of binding ice as judged by TH 

assays in the presence of mM Ca2+.  

Bioinformatic analyses showed MpAFP is similar to some outer membrane adhesion 

proteins. Nevertheless, no structural information was available at that time to support MpAFP’s 

potential role as an adhesin. The Phyre2 server (71) was used to produce a high confidence 

homology model of a single MpAFP_RII repeat. The model adopted an Ig-like β-sandwich fold. 

Since the confidence score was greater than 90%, it indicated the Phyre2 model of RII should be 

very similar to the true structure. Tandem Ig-like domains are found in many adhesion proteins; 

these include those from mammalian cells such as cadherin (46) and those from bacteria including 

the subunits of fimbrial adhesins  (39). The results from structural homology studies further 

supported the role of MpAFP as an adhesion protein. Given RIV’s capability to bind ice, we 

proposed that MpAFP binds its host M. primoryensis cell to ice in order for the cell to have better 

access to oxygen close to the surface of lake and sea ice. The proposed role of MpAFP as an ice – 

adhesin represents a novel function for ice-binding proteins in addition to freezing point 

depression, ice recrystallization inhibition and ice structuring (24). 

Dissect and build approach to reconstruct the whole structure of the 1.5-MDa MpAFP 

One of the crucial breakthroughs in my thesis research was the structural determination 

of a single 104-aa RII repeat. As described in detail in Chapter 3, production and crystallization 

of a construct of the RII-monomer had been previously attempted, but the efforts proved to be 

futile. The protein was relatively easy to produce and purify, but had a tendency to aggregate. 

Since RII is a massive array of repeats of 104 aa, it was extremely difficult to deduce where one 

such repeat starts and stops. I used the Phyre2 server (71) to produce homology models as a guide 
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to redesign the RII-monomer construct (114). This model suggested that the RII-monomer had 

previously been started in the wrong place. The Phyre2 models showed that this RII-monomer 

had an extra β-strand protruding from the protein’s N terminus while missing one such strand 

close to the protein’s C terminus. This results in a hydrophobic groove exposed to solvent, which 

could be invaded by an N-terminal β-strand from another RII-monomer, causing the proteins to 

aggregate in solution. The newly designed construct of the 104-aa RII repeat with the correct 

domain boundary crystallized readily in several conditions that contained mM Ca2+, and its 

structure was solved to a high resolution of 1.35 Å. The difficulties in designing the RII-monomer 

construct could also be encountered in designing any constructs of tandemly repetitive proteins, 

in general. This might help explain the lack of structural information for this class of adhesin. The 

use of Phyre2 should help significantly by correctly dissecting large repetitive proteins into 

individual domains. To confirm this method’s efficacy, constructs of the repetitive domains from 

several other RTX adhesins were designed in the same way as described above. To date, some of 

these proteins have already yielded crystals suitable for structural determination using the X-ray 

methods (T. Vance et al., unpublished). 

Subsequently, having correctly defined the start and stop points of the RII Ig-like domain, 

we determined the X-ray crystal structure of the RII tetra-tandemer (47). The structures of the RII 

constructs not only helped us deduce the overall function of MpAFP, but also were key in helping 

design constructs for the other regions of MpAFP. As the boundary residues of the 104-aa perfect 

RII repeats became known, overlapping constructs were designed by extending one or more RII 

repeats into the neighboring domains either on RII’s C- or N-terminal sides. This was done to 

help stabilize the proteins and thus help increase their chance of being crystallized. For example, 

to determine the structure of MpAFP_RI, a construct that spans the entire 394-aa RI and a single 
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104-aa RII repeat was designed (Appendix A). Similarly, as RIII is at the immediate C-terminal 

side of RII, constructs spanning different lengths of RIII were designed to include a single RII 

repeat at their N termini. Once good-quality single crystals are obtained, only a native dataset is 

needed to solve the structures of these constructs containing sections that overlap with RII. Since 

the RII structures are already available, they can be used as partial search models to solve these 

structures using the molecular replacement method to obtain phase information. This helps avoid 

the laborious efforts to screen for suitable heavy-atom derivatives that are needed for obtaining 

the phase information for the structural determination using X-ray diffraction methods. To date, 

this strategy has helped us determine the structure of a RI construct (Appendix A), and helped 

yield crystals of a construct spanning the N-terminal section of RIII (RIIIN). Native data on 

RIIIN crystals were collected to a resolution of 1.3Å, and the molecular replacement with a RII 

repeat helped obtain phase information. The remaining structure is currently being built.  

Next, these newly determined structures of various regions of MpAFP can be recycled 

into larger constructs that also contain their neighboring sequence with unknown structures. We 

envision that this iterative “dissect and build” approach will eventually help piece together the 

structures that span the entire length of the 1.5-MDa protein. 

Crystallization of the flexible regions of MpAFP might prove to be difficult. NMR 

spectroscopy and/or SAXS can help determine the structures of these dynamic linker sections. 

SAXS will be especially helpful in determining the structures of the larger constructs of MpAFP 

(e.g. the 80-kDa RIII). The available high-resolution crystal structures can be used to complement 

the lower-resolution SAXS envelope structures to give an accurate representation of what these 

proteins look like in solution. This has already been done for the RII tetra-tandemer (47), whose 
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crystal structure shows an excellent fit to the SAXS envelope structure, confirming that its 

structure is indeed a rigid rod in solution (Chapter 4). 

Taken together, we used bioinformatic tools such as the Phyre2 server to help design the 

construct of a single 104-aa RII repeat. After the structures of the RII repeats were determined, 

they were used as the starting point to iteratively “build” the overall structure of the 1.5-MDa 

protein using a combination of X-ray crystallography, NMR and SAXS. This “dissect and build” 

approach can be used to study many other extremely large proteins, including other RTX 

adhesins. 

Structures and functions of RII 

The elongated and rigid overall structure of MpAFP_RII is likely necessary for the region 

to function as an extender that projects RIV towards ice. This extension function of tandem Ig-

like domains has been observed in many other proteins, including those of RTX adhesins. For 

instance, it has been suggested that SiiE needs at least 48 tandem BIg domains to provide the 

critical length it needs to protrude the adhesive tip of SiiE from the LPS of Salmonella enterica 

(42,49). Indeed, in order for the surface-bound MpAFP to efficiently interact with ice, it has to 

first protrude from the LPS and other surface molecules. However, since RII is roughly 0.6 µm in 

length, which is at least twice the length of many of its counterparts in other adhesins (e.g. SiiE is 

approximately 180 nm in length), it raises a question as to whether or not such exceptional length 

is necessary for RIV to protrude surface molecules. Since M. primoryensis is motile, it would also 

seem energetically wasteful for a single cell to produce multiple copies of the 1.5 MDa-adhesin 

over its surface solely for binding ice near the lake surface. Could there be other important 

functions of RII that have been overlooked?  
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It was observed using light microscopy that bacteria bind to ice in swarms (Fig. 5.1C+D). 

Bacterial swarms move over the surface of the ice as it grows but are not trapped in the ice. If the 

ice is suddenly melted the swarm of surface-bound bacteria dissipates, as if ice is critical for 

bacterial self-association. More insight was gained after a closer inspection of the unit cell of the 

RII tetra-tandemer crystal. The protein crystallized in the P1 space group with four chains packed 

together (47). Each of the four RII tetra-tandemers aligns and binds its neighboring chains in an 

antiparallel fashion using Ca2+ (Fig. 5.2). Therefore the RII repeats radiating from one bacterial 

cell surface might bind RII repeats from other bacteria, which could eventually lead to the 

formation of a cell cluster. Although this interaction is perceived to be rather weak between the 

RII tetra-tandemers, we envisage that the self-association is strengthened with ~ 120 RII repeats 

on the surface of one bacterium having the potential to overlap with another. This is because the 

RII repeats are identical, and RII on the cell surface of one bacterium can provide these repeats 

from another M. primoryensis cell with many binding sites along its entire length (Fig.5.2). The 

higher number of contacts between RII repeats, the stronger the binding. However, this cohesive 

interaction should remain sufficiently weak to allow the dispersion of bacteria under certain 

circumstances – such as when ice surface is lost due to melting as observed by light microscopy. 
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Figure 5.2 Antiparallel association of MpAFP_RII mediates the cell-cell interaction of M. 
primoryensis. Two bacterial cells are shown in ovals in A), each with a flagellum at one pole. 
The fuzziness on the outside of the ovals represents various cell surface structures. The two red 
rods overlapping between the cells represent MpAFP_RII. B) shows two chains of MpAFP_RII 
tetra-tandemer packed in an antiparallel manner in the crystal. The proteins are shown in cartoon 
representation. The four repeating domains from the N to the C terminus of each protein chain are 
colored in white, red, orange and yellow, respectively. With the exception of inter-chain Ca2+ 
(pink spheres), all other Ca2+ are shown as green spheres. Zoomed-in view of the antiparallel 
association sites mediated by Ca2+(C). The Ca2+-coordinating residues are shown in stick 
representations. Oxygen atoms are in red, while carbon atoms are in grey. Water molecules bound 
to the inter-chain Ca2+ are shown as small cyan spheres. 
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Thus MpAFP not only binds its host to ice using its RIV, but may link the bacteria 

together in clusters using its RII. This could result in an increase in the total number of adhesins 

binding to the underside of ice where oxygen and nutrients are most abundant. This proposed role 

of RII could explain the swarming behavior when the bacteria bind to ice as observed with light 

microscopy. While most of the bacteria remain bound to ice at all times, individual bacteria that 

are sheared off by ice growth or local melting can easily rebind the substrate if they are linked to 

other bacteria through antiparallel RII overlap. This action of RII helps its host bacteria to 

collectively exploit the phototrophic niche near the ice-covered lake surface (Fig. 5.3). 

 

The antiparallel association of RII might be a general mechanism used by RTX adhesins to 

facilitate the development of biofilms 

The cell-cell interaction potentially provided by RII could be crucial for the development 

of microcolonies during biofilm formation. To our knowledge, this antiparallel interaction has not 

been reported for any of the non-fimbrial adhesins, including those from the RTX family. We 

hypothesize that many RTX adhesins use such antiparallel interactions like RII to interact with 

neighboring bacteria of the same species to help these bacteria cooperatively occupy and exploit a 

niche. 

The central repetitive regions of the non-fimbrial RTX adhesins similar to MpAFP_RII 

vary significantly in sequence among Gram-negative bacteria (43). With the exception of the 

extension function, few other specific roles for these extremely large regions have been proposed. 

This could be a result of lacking detailed structural information. As described in Chapter 1, LapA 

and LapF are two of the  
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Figure 5.3. Hypothesized model of MpAFP in helping M. primoryensis form bacterial 
community within the phototrophic zone of the Ace Lake in Antarctica. A) is a schematic 
diagram of Ace Lake in Antarctica. Ice is indicated as a grey bar on the lake surface. Green ovals 
indicate those algae residing within the lake ice, and those attaching to the underside of surface 
ice. Waters (blue) from the phototrophic zone to the Anoxic zones are colored with a light to dark 
gradient, indicating change of light levels across the depth. B) shows that M. primoryensis form 
cell clusters on the underside of ice in Ace Lake. They use MpAFP_RIV (red ovals) for the 
adhesion to ice surface, and use MpAFP_RII (purple ovals) for the cohesion via Ca2+ (small blue 
spheres). C) shows an enlarged view of proposed cohesion mechanism using the antiparallel 
association of MpAFP_RII. 

 

 

 

 



 

 

 

133 

most well-studied RTX adhesins, however, no three-dimensional structural information is 

available for these two proteins. A recent study by Boyd et al. showed that the deletion of all 37 

repeats of the ~ 100-amino-acid domains in the central region of LapA resulted in P. fluorescens’ 

inability to form a biofilm (52). These authors demonstrated an affinity of these repeats for 

hydrophobic substrates by using AFM. Thus the repeats might facilitate P. fluorescens biofilm 

development by attaching the bacteria to surfaces. It is not known if MpAFP_RII has an affinity 

to any substrates, and similar AFM experiments with MpAFP RII should be attempted in the 

future. However, it is possible that the tandem repeats found in LapA are also involved in 

microcolony formation in the later stages of biofilm formation, in a similar manner to the 

proposed RII self-association. 

LapF is also akin to MpAFP in domain architecture. The former contains a short N-

terminal region and a central region of 64 imperfect repeats of 83 to 91 aa (43,55). Bioinformatic 

analyses showed these imperfect repeats likely adopt an Ig-like β-sandwich fold similar to those 

from RII. In fact, one of the template structures used by Phyre2 to produce the high confidence 

models (90% confidence over 80 residues) of the LapF repeats is the MpAFP RII-monomer 

crystal structure. The recently proposed mechanism for the Pseudomonas biofilm formation 

suggests that LapA is mostly responsible for the initial surface attachment while LapF functions 

in facilitating the cell cluster formation. The striking similarity between the proposed LapF 

structures and the RII repeat structures suggest that LapF could indeed adopt a similar role to 

MpAFP RII. A key difference, however, is that the LapF repeats are not identical (43,55) 

Therefore, the self-association of the LapF repeats might be more specific than that of 

MpAFP_RII, as LapF repeats do not provide the identical binding sites along its length. The 
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dissect and build approach used to determine the structures of MpAFP domains may help obtain 

structural information of LapA and LapF, which should in turn shed light on their functions. 

To our knowledge, MpAFP is the only known RTX adhesin with identical tandem repeats 

in the protein’s central region. This could be due to the highly repetitive internal DNA sequences 

not being properly assembled and annotated in many bacterial genomes where they often appear 

as two separate contigs. It might reflect the difficulty of sequencing through regions of repetitive 

DNA. As described in Chapter 2, the number of the identical RII repeats could only be measured 

using pulse-field gel electrophoresis and Southern blotting (24). The real or apparent lack of 

perfect tandem repeats in the central regions of other RTX adhesins might explain why the self-

association role of their RII repeats is not apparent. 

Although antiparallel association of RII has not previously been proposed for the RTX 

adhesins, it is not an unprecedented mechanism of action for other adhesins. In contrast to the 

non-fimbrial adhesins, the perfect RII repeats are more reminiscent of the subunits found in 

fimbrial adhesins. These fimbrial adhesins typically contain up to thousands of identical Ig-like 

subunits (pilins) that assemble into an elongated hair-like structure that can be as long as 2 µm 

(39). It was observed by electron microscopy that two neighboring Neisseria gonorrhoeae cells 

interact with each other using antiparallel fimbrial adhesins referred to as the Type IV pili 

emanating from the poles of the bacteria (41). It was also proposed that the Type IV pili use the 

antiparallel self-association like RII to help Gram-negative cells autoagglutinate to form three-

dimensional microcolonies on target tissues.  

As mentioned in Chapter 1, the antiparallel self-association of the Type IV pili sometimes 

causes the polymeric protein to fold back onto itself. This intra-molecular antiparallel interaction 

is unlikely to occur with MpAFP_RII as the hinge regions of the repeats are rigidified by Ca2+, 
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which restricts the structure’s flexibility. The exceptionally long and rigid RII emanating from the 

cell helps significantly increase the bacterium’s opportunities for better association with its 

counterparts. 

How should the antiparallel self-association be tested? 

The hypothesis that the antiparallel association of RII repeats helps M. primoryensis is 

solely based on the observation that RII tetra-tandemers are packed in an antiparallel association 

in the crystal. Neither SAXS nor AUC supported the multimerization of RII tetra-tandemer in 

solution (Chapter 4). The interaction between the RII tetra-tandemers is mediated by Ca2+ 

binding. Only three Ca2+ ions were found to bridge the two neighboring tetra-tandemers (Fig.5.2). 

Therefore it is likely that the dimerization interaction is rather weak, and can only happen in 

solution when a large number of repeats are associated (up to 120). Several potential applications 

that might help prove the self-association of RII are discussed in the following sections. 

The use of Electron Microscopy (EM) to examine the cell clusters of M. primoryensis 

The antiparallel association of RII could potentially be observed if the three-dimensional 

M. primoryensis cell clusters were viewed by EM. Given that RII can be as long as 0.6 µm, it 

should enable one to see them overlap and link the neighboring M. primoryensis cells. If 

antibodies raised against RII can be labeled with gold particles, their signal should be amplified 

by the ~ 120 repeats of RII. This should allow us to further confirm if“fibrous bundles” that tether 

the neighboring M. primoryensis together are indeed MpAFP_RII. 

Deletion of MpAFP domains using homologous recombination 

Preliminary experiments showed plasmids could be transferred into M. primoryensis via 

conjugation with E. coli S17 cells. Knockout experiments are currently being attempted using 

homologous recombination methods (133). I will attempt to delete the RII repeats and see if M. 
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primoryensis cell clusters can still be formed on ice. However, other than the self-association 

role, the RII repeats likely play a crucial role in helping RIV protrude beyond cell surface 

molecules for better ice binding. Thus the deletion of RII might cause the inability of M. 

primoryensis to form cell clusters on ice as the ice-anchoring point is lost. Other regions will also 

be deleted to see how they affect the phenotypes of the bacterium. For instance, RIV will be 

deleted to see if ice-binding property of M. primoryensis is abolished. Next, a different ice-

binding protein will be knocked in to see if the ice-binding property of M. primoryensis can be 

restored. 

The measure of the mechanical strength of M. primoryensis biofilm using Atomic Force 

Microscopy  

AFM is the paramount technique for measuring the mechanical strength of a large protein 

(134). To perform an AFM experiment, a single protein structure is immobilized onto a surface at 

one end, while its other end is pulled away from the surface by a “cantilever”. The pulling force 

that ultimately causes the protein to unravel is recorded, and used as a measure of the protein’s 

mechanical strength.  

Preliminary AFM measurements on a RII octa-tandemer (eight tandem repeats) done in 

the laboratory of our collaborator, Dr. Ilja Voets, in Eindhoven, The Netherlands, showed the RII-

repeats have exceptional mechanical strength (~ 350 pN) in the presence of 10 mM Ca2+. The 

unfolding force is comparable to that of the tandem Ig-like repeats in the muscle protein, titin, 

which is known as one of the “toughest” proteins. When the AFM experiment on the RII octa-

tandemer was done at a one molar ratio of Ca2+ to protein (30 µM Ca2+), a substantial reduction in 

the unfolding force (~ 250 pN) was observed. This suggested that RII is partially unfolded in a 

low Ca2+ environment, which is consistent with CD results that the RII-repeats require roughly 10 
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molar ratios of Ca2+ for proper folding (Chapter 3). The high level of mechanical strength 

explains how MpAFP can withstand harsh environmental stress (e.g. shearing force by ice) 

without being unraveled. 

AFM can also be potentially used to test the antiparallel association of RII. First, a RII 

construct that contains tandem 104-aa repeats (perhaps 20 to 30 repeats) would be immobilized 

uniformly onto a surface. The cantilever can be modified such that it has a single bacterium 

attached to its tip. As the single M. primoryensis cell is pulled away from the monolayer of the 

RII repeats, the detachment force is measured. When the experiment is repeated with a mutant M. 

primoryensis cell that has no MpAFP_RII repeats present, a significant reduction in detachment 

force should be observed. Another negative control experiment could be done in the presence of 

excess EDTA, which should disrupt the folding of RII to result in a reduction of detachment 

force. 

If a monolayer of M. primoryensis could be formed on a surface, the strength of the M. 

primoryensis biofilm can be tested in a similar way as above by attaching a single bacterium on 

the tip of the cantilever. Wild-type and mutant M. primoryensis without its MpAFP_RII could be 

pulled away from the bacterial monolayer as the detachment forces are measured. Interesting 

control experiments could be done by pulling a single cell of a different species such as E. coli 

from a monolayer of M. primoryensis or vice versa. 

How to disrupt the M. primoryensis cluster formation on ice? 

M. primoryensis cells binding to ice in a swarm were observed by Dr. Maya Bar-Dolev in 

Dr. Ido Braslavsky’s laboratory using a microfluidic apparatus equipped with light microscopy. A 

similar setup is currently being built here in Dr. Peter Davies’ laboratory at Queen’s University. 

The apparatus should allow us to flow in and out various solutions without disrupting the ice 
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formation in a temperature-controlled chamber. It has been observed that chelating agents such as 

EDTA can disrupt the biofilm formation of many other bacteria (135-137). Since it was seen in 

the crystal of RII tetra-tandemer that the self-association is solely mediated by Ca2+ binding, 

chelating agents can be flowed into the chamber to see if the cell cluster of M. primoryensis 

formed on ice can be disrupted. The ice-binding RIV also requires Ca2+ for it to function 

properly. As biofilm formation requires an anchoring point (RIV) on a surface (ice), by disrupting 

the RIV-ice interaction and the antiparallel association of RII together, the biofilm should be 

abolished.  

Unpublished studies in Dr. Braslavsky’s lab showed a significant reduction in the number 

of ice-bound bacteria when antibodies raised against RIV were introduced. Thus antibodies raised 

against RII might be tested for their ability to block the self-association of the repeats. 

Nevertheless, due to the multivalent nature of the IgG antibodies, it is possible that the RII repeats 

might be linked more tightly together by the antibodies instead of being blocked. Alternatively, a 

similar approach could be to flow in the recombinantly produced RII repeats to disrupt the M. 

primoryensis cluster. These shorter segments of RII (monomer, tetra-tandemer, octa-tandemer, 

etc) should competitively bind to MpAFP on bacteria, and cause the disruption of cell cluster 

formation. 

Structure and function of MpAFP_RI - how is MpAFP anchored to its host? 

The primary sequence of MpAFP is divided into five distinct regions by the perfect 

repeats of RII and imperfect RTX repeats of RIV. The resulting N-terminal RI contains 394 aa. 

Residues 1 to 180 of RI are non-repetitive, whereas residues 181-284, and residues 285-294 have 

43% and 57% sequence identity to the 104-aa RII repeat, respectively. As discussed, MpAFP is 

anchored to the outer surface of the bacterium, and its RIV near the C terminus is projected away 
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from the cell surface with the help of the rigid RII. Thus RI should act as the anchoring point for 

the giant adhesin on the cell surface. Bioinformatic analyses of the non-repetitive N-terminal 180 

aa of RI showed that it is similar to many proteins associated with the outer surface of Gram-

negative bacteria (138). These include peptidoglycan-binding proteins that bind to bacterial cell 

wall. Therefore it is conceivable that MpAFP_RI anchors the adhesin to the cell wall between the 

inner and outer membranes, while potentially extending the other regions to the extracellular 

space through a pore on the bacterium’s outer membrane.  

The N-terminal ~ 100-aa of RI is homologous to the N-terminal region of LapA, which is 

required for retaining LapA on the cell surface of Pseudomonas. It has been demonstrated that 

under low-nutrient (particularly low Pi) conditions, a periplasmic protease referred to as LapG 

cleaves the N-terminal domain of LapA, resulting in the release of the whole LapA protein from 

the bacterium (37,139) As LapA is indispensible for the biofilm formation of P. fluorescens, the 

cleavage event results in the “shedding” of cells from a biofilm. The bacteria then switch to the 

planktonic lifestyle, thus allowing them to search for and swim to environments with higher 

levels of nutrients. 

The genome of M. primoryensis has not yet been sequenced. However, LapG homologs 

are present in all sequenced genomes of the other Marinomonas species. Therefore it is possible 

that MpAFP is also cleaved upon on a switch to a nutrient-deprived condition, unleashing the 

bacteria to seek a more hospitable environment. The hypothesis will be tested in the future using 

a microfluidics apparatus, where the components of a solution in the temperature-controlled 

chamber can be easily changed. 

As shown in Appendix A, we have solved the crystal structure of residues 284-494 

(including one RII repeat) of MpAFP to a resolution of 1.9 Å. The structure revealed three 
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tandem Ig-like β-sandwiches. The structural alignments of RI_Ig1 and RI_Ig2 aligned with a 

single RII repeat produced R.M.S.Ds of ~ 0.6 Å. The results showed that although the amino-acid 

sequences of two RI Ig-like domains vary significantly from RII, they have very similar folds. 

However, the Ig1 and Ig2 of RI contain significantly more outward-pointing large hydrophobic 

residues on their surfaces than that of the RII-monomer. This is suggestive of a change in the 

protein’s environment, or a change of the protein’s binding partners. It is likely that as the tandem 

Ig-like domains are located closer toward the bacterial surface, more surface molecules will be 

encountered. Perhaps, the outward-pointing large hydrophobic residues of RI_Ig1 and RI_Ig2 can 

help stabilize the MpAFP-anchoring point by interacting with other cell-surface molecules such 

as the LPS. Another significant difference is that the inter-Ig-domain region between Ig1 and 2 

does not coordinate Ca2+. The aspartate residue key for the Ca2+-coordination of the hinge regions 

of the RII repeats is replaced by a lysine. The positively charged lysine side chain should result in 

the knockout of divalent metal ion binding from the linker region between RI_Ig1 and RI_Ig2. 

Since Ca2+ is required for the rigidification between RII repeats in order to project the ice-binding 

domain away from the cell surface, the lack of rigidification might allow more flexibility close to 

the surface-anchoring point. This may help the rigid RII move more freely around its host 

surface, thereby enabling the substrate-binding RIV at the C-terminal tip to sweep over a larger 

area to contact ice. 

Structure/function of MpAFP_RIII – does MpAFP bind to multiple substrates? 

The elucidation of the structures of MpAFP_RIV and RII have helped explain how the 

giant protein could help its host bacteria form a biofilm on ice. In between these two repetitive 

regions is the 80-kDa RIII, which is the second largest region of the adhesin. Bioinformatic 

analyses with the Phyre2 server showed RIII contains multiple domains (140). It is particularly 
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interesting that a small domain of ~ 20 kDa located close to the C terminus of RIII has the 

putative function of carbohydrate binding. The 80-kDa MpAFP_RIII constructs that span this 

domain could not be recovered from size-exclusion columns containing Sephadex resins. 

Sephadex is derived from dextran, which is a polymer of glucose. Therefore we hypothesized that 

RIII binds to the Sephadex matrix via its putative C-terminal carbohydrate-binding domain. 

Indeed, Sephadex-matrix-binding experiments with a construct of the C-terminal RIII 

demonstrated that protein has affinity for the matrix (Fig.3, Appendix B). Intriguingly, when 

MpAFP was first isolated from the cell lysate of M. primoryensis a decade ago using ice-affinity 

purification, it always disappeared after it was loaded onto a size-exclusion column. The 

recombinant individual regions of MpAFP such as RIV, RI and RV could be purified normally 

using size-exclusion chromatography. RIIIC’s capability for binding Sephadex matrix explains 

this puzzling phenomenon. 

The cell surfaces of organisms are decorated with polysaccharide-based molecules, as 

they are important structural components for the membranes. These include the 

lipopolysaccharides from bacteria (141), chitin-based surface structures in insects (142), and a 

variety of microfibrial polysaccharides on the cell wall of algae (143). It is known that many 

bacterial adhesins attach to specific carbohydrate structures on the cell surfaces that are part of 

the glycoprotein or glycolipids. For instance, E. coli uses its Type I fimbria to bind to mannose-

based structures on epithelial cells of the urinary tract to cause infection (40). As the C-terminal 

RIII domain is also projected away from the surface of M. primoryensis like RIV, it is possible 

that RIIIC binds its host bacterium to another M. primoryensis cell or other microorganisms, in a 

similar way that RIV binds the bacterium to ice. 
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Many diatoms and algae that reside in ice-covered lakes are located on the underside of 

lake ice for better access to light for photosynthesis  (130). It was also found that many 

photosynthetic microorganisms reside in brine channels within the surface ice found in cold 

waters (23). Interestingly, these microorganisms (diatoms, algae, fungi, yeasts, bacteria) typically 

produce ice-binding proteins to keep the water channels open by structuring the surrounding ice 

(4). This niche created by secreted IBPs allows the microorganisms to live without being injured 

by the ice growth. Moreover, detailed studies on Ace Lake also showed that littoral algal mats are 

found within the oxygenated upper reaches of the lake (31). It is also possible that MpAFP_RIII 

serves as a second adhesion domain by binding to these microorganisms to stay within the 

oxygen- and nutrient-rich regions of the lake. In fact, it is not uncommon for bacteria to be 

associated with algae or diatoms. The diatoms isolated from the underside of surface ice from 

Lake Erie were found to be associated with Pseudomonas species (130).  

To shed light on what types of carbohydrate M. primoryensis might interact with using 

the C-terminal RIII of MpAFP, a glycan array will be probed. In a glycan array experiment, a 

fluorescently-labeled protein is incubated with hundreds of different polysaccharides immobilized 

to a surface via a covalent linkage (144) After a period of incubation, the unbound protein will be 

washed away, whereas proteins bound to glycan structures should be found at specific locations 

on the surface. Probing the glycan array should help identify the types of polysaccharide that 

RIIIC binds to. This will in turn give insight into which microorganisms M. primoryensis might 

interact with based on their cell wall.  

Structure and function of the C-terminal regions (RIV and V) of MpAFP - How is MpAFP 

secreted to the cell surface? 
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The presence of the Ca2+-binding RTX repeats in the RIV and RV of MpAFP suggests 

that the adhesin is exported from the cell using the T1SS. This secretion system is found in many 

Gram-negative bacteria, including E. coli. However, when a construct that spans the C-terminal 

regions (RIV-RV) of MpAFP was recombinantly produced in E. coli BL21 cells, no protein was 

found in the growth media (Guo et al., unpublished). All of the protein produced was found in the 

cell lysate. This observation demonstrated that the T1SS machinery possessed by this strain of E. 

coli is not sufficient to secrete MpAFP.  

Although the RTX repeats present in MpAFP follow the conventional ones in terms of 

amino-acid sequence and their ability to bind Ca2+, the organization of them is different. The 

traditional nano-peptide RTX repeats typically appear in tandem pairs that make up the18-aa coils 

of a β-helical structure (51). Since each RTX repeat binds one Ca2+, two rows of the divalent ions 

are bound down both sides of the β-helix. In contrast, only one RTX repeat is present in each coil 

of the MpAFP_RIV β-helix, resulting in only one row of Ca2+ binding down one side of the 

structure, while the other side is stabilized by inward-pointing large hydrophobic residues. The 

RTX repeats in RV are organized in a similar way to RIV.  

As described in chapter 2, MpAFP is also different from other RTX proteins in its gene 

organization. To our knowledge, all other RTX genes with one exception (discussed in Chapter 2) 

form an operon with genes that code for the three T1SS machinery proteins (50): an ATP-

binding-cassette transporter, a membrane fusion protein and an outer membrane protein. These 

genes are not present in an operon with Mpafp. This raises a question as to if MpAFP is truly 

secreted using T1SS. Signal sequences for other traditional secretion pathways are not present in 

MpAFP. Could the large adhesin be secreted by a modified T1SS where the machinery genes are 

found in another locus of the M. primoryensis genome? Or could MpAFP be secreted using a 
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novel pathway? Genome sequencing of M. primoryensis in the future might shed light on this 

crucial question.  

Other than the roles involved in the secretion of MpAFP, the RTX repeats of RIV bind 

ice using the conserved outward-pointing Thr and Asx (Asn or Asp) residues. To our knowledge, 

no other RTX repeats of the RTX adhesins have been shown to bind specific substrates. 

MpAFP_RV does not bind ice. However, given that it is projected away from the surface of M. 

primoryensis, it is suspected that RV has affinity for some unknown substrates. The structural 

determination of RV in the future might give insight into RV’s ligand(s). 

Is M. primoryensis permanently stuck to ice? 

While the inclination of bacteria to form biofilms is likely a result of the selective 

advantage provided by surface attachment, bacteria disperse in response to different 

environmental signals. This raises a question as to what might trigger the dispersal of a M. 

primoryensis swarm on ice? As described in Chapter 1, biofilms are generally thought to be a 

protective mode of life adopted by bacteria and other microorganisms. The lake water of the 

Antarctic Ace Lake is chemically stratified, with the permanently anoxic regions found 12 m 

below the surface (30,31). To thrive in such inhospitable environments, we reason that the strictly 

aerobic M. primoryensis might benefit from forming a biofilm on the underside of lake ice. In the 

winter months, the photosynthesis active radiation (PAR) only penetrates to approximately 2 m 

below the surface ice, thus it is imperative for the strictly aerobic M. primoryensis to remain in 

the thin layer where they can respire and potentially obtain nutrients from living and dead 

photosynthetic microorganisms. Since nutrients stay at low levels throughout the dark winter 

months, M. primoryensis within the biofilm are most likely dormant, keeping their metabolic rate 

to a minimum level. 
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However, this cell-ice interaction is unlikely to be permanent. In contrast to many other 

surfaces that are static, ice is constantly growing or shrinking in size. This makes it difficult for 

microorganisms to stay attached, especially those of single cells as they can be easily sheared off. 

Although the M. primoryensis swarm significantly increases the total number of adhesins that 

bind to ice, they should not be able to afford ice melting over a large area. Moreover, despite the 

fact that Ace Lake is typically ice covered for roughly 11 months of the year, it can remain ice-

free for several months in some years (31). As a result, M. primoryensis loses one of the distinct 

surfaces to bind, and thus no biofilm can be formed near the lake surface. When ice cover is lost 

in the summer, wind-driven mixing of the lake water and light penetration are elevated. The PAR 

increased from ~ 2 m below the lake surface in the winter to ~ 12 m in the summer (30). 

Although the lower regions of the lake remain anoxic, the oxygen level in the upper reaches of 

the lake increases concomitantly due partly to the elevated activity of the photosynthetic 

microorganisms. It is possible that the motile M. primoryensis returns to its planktonic life style 

in the summer, during which nutrients are relatively easy to obtain.  

Other bacteria occupying the phototrophic niche of cold waters 

We have started a collection program to isolate and classify bacteria that specifically 

attach to the underside of ice of lakes from various locations. In this niche the bacteria gain access 

to nutrients and oxygen produced by photosynthetic organisms immediately under the ice where 

the PAR is maximal. This niche should be occupied in freshwater too. Since we have ready 

access in Ontario to ponds and lakes that are ice-covered and non-mixing for various periods in 

the winter, we have first collected the bottom layer of lake ice of Lake Ontario close to Amherst 

Island. The melted ice sample was plated onto minimal media (1/10 LB) and incubated at 4 oC. 

Bacterial colonies of ~ 10 different morphologies appeared after a period of roughly one week 
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(Guo et al., unpublished). Since these bacteria were associated with the lake ice and are able to 

grow at a low temperature, they may have ice-binding properties similar to M. primoryensis. The 

species of these cold-resistant bacteria will be identified, and ice-affinity purification will be used 

in an attempt to isolate the potential ice-binding proteins produced by the bacteria. If ice-binding 

proteins are present, they will be characterized to help understand if binding the host 

microorganism to ice is a general mechanism of action used to occupy and exploit the oxygen-

rich niche close to the surface ice of waters. 
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Appendix A 

Structural characterization of MpAFP_RI 

A DNA construct that spans RI and one repeat of RII of MpAFP (RI-RII, 494-aa) was 

ligated into the NdeI and XhoI cut sites of the pET24 vector, which places a hexa-histidine tag 

after the protein’s C terminus. The RI-RII construct was purified using one round of a Ni2+-NTA 

affinity column followed by one round of size-exclusion chromatography. Crystallization trials 

were attempted using a range of conditions that contained high levels of Ca2+ and Mg2+. However, 

extensive degradation of the RI-RII was observed. After an incubation period of ~ 7 days at room 

temperature, the ~ 50-kDa RI-RII degraded into one major product of ~ 30 kDa (Fig. 1).  

 

Nevertheless, rectangular-shaped crystals appeared approximately two weeks after the 

drop was set up at room temperature (crystallization solution: 0.2 M MgCl2, 0.1 M MES pH6, and 

20% v/w PEG 6000, Fig. 1B and 1C). Given the observed degradation, it was thought likely that 

the 30-kDa-degradation product crystallized instead of the full-length RI-RII. X-ray diffraction 

data on the crystal were collected to a resolution of 1.9 Å at the synchrotron facility of the 

Brookhaven National Laboratory via remote access. Since the RI-RII construct includes one RII 

repeat at the C-terminal end, the RII-monomer structure was used as a partial model to solve the 

structure using the molecular replacement method. This assumed that degradation had occurred at 

the N-terminal end. After phase information was obtained, the structure was determined by 

performing several rounds of auto-building and refinement with the Buccaneer and the Refmac 

programs from the CCP4 suite. The structure displays three Ig-like β-sandwiches linked in 

tandem (Fig. 2A). The crystal structure spans residues 186-494 of RI-RII, whereas the N-terminal 

185 aa were not present. The first β-sandwich (RI-Ig1; residue 186-288) has 43% sequence 

identity to the RII repeat, whereas the second β-sandwich (RI-Ig2; residues 289-390) is 57% 

identical to the RII repeats. The third β-sandwich is the RII-monomer with the exception of two 

substituted residues close to the domain’s N terminus (Ser instead Glu at position 2, and Asp 

instead of Thr at position 4). The 104-aa RII repeat contains 18 positively charged acidic 

residues, while having no negatively charged basic residues. In contrast, RI-Ig1 and RI-Ig2 

contain 11 and 10 acidic residues, and 2 and 4 basic residues, respectively. Furthermore, there is a 
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clear trend of increasing numbers of large hydrophobic residues (Ile, Leu,Val, Met, Phe and Trp) 

from the RII-repeat (Ig3) to Ig1. The RII repeat contains 21of these large hydrophobic residues, 

while the number increased slightly to 24 for Ig2, and increased significantly to 33 for Ig1. 

Despite the differences in amino-acid composition, Ig1 and Ig2 adopt an identical three-

dimensional fold as the RII-monomer. When the Cα of the RII-monomer residues were aligned 

with those of the Ig1 and Ig2 using the program PyMOL, RMSDs of 0.65 Å and 0.48 Å were 

produced, respectively. 

 

DNA coding for the 180-aa N-terminal residues of MpAFP_RI (missing in the crystal of 

RI-RII) was ligated into the NdeI and XhoI restriction sites the pET24 vector. This N-terminal RI 

construct (RIN) was purified in the same manner as the RI-RII construct. In addition to using the 

same condition used to obtain RI-RII crystals, the RIN was screened against a variety of detergent 

molecules at room temperature. This was done as the RIN was thought to be membrane 

associating, and the detergents added to the crystallization solution might help create conditions 

that mimic the RIN’s surrounding environments in the cell. Crystals with a hexagonal prism 

shape appeared after a period of ~ 3 months. As RIN requires such an unusual long period of time 

to crystalize, it was suspected that again, a degradation product was crystallized instead of the full 

18-kDa RIN. Several RIN crystals were washed thoroughly with mother liquor, and then 

analyzed on a 10% SDS-PAGE gel, a single band appeared at roughly 6 kDa.  

 

The RIN crystal diffracted to a resolution of ~ 2 Å. Due to a lack of available structures 

in the database that are homologous to RIN, no search model could be used to obtain phase 

information needed to determine the structure of RIN using the molecular replacement method. In 

an attempt to obtain phase information using the anomalous scattering methods, several heavy 

atom derivatives including HoCl3, NaBr and KI were soaked with RIN crystals prior to the X-ray 

diffraction. However, no significant level of anomalous signal could be obtained. Also, many of 

the RIN crystals tested have the issue of twinning, which adds another level of difficulty in 

solving the protein’s structure. 

 

Due to the long period of crystallization time of RIN, it is difficult to optimize the 

crystallization condition to help produce untwinned crystals. Based on results from Edman 
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degradation and mass spectrometry, a construct of the 57-aa that crystallized will be cloned. The 

structure of this segment of RIN will be determined by X-ray crystallography or NMR 

spectroscopy in the future. 
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Figure 1: Crystals of a 30-kDa degradation product of the RI-RII construct. A) SDS-PAGE 

gel showing the progressive degradation of RI-RII.  Lane1: protein marker. Lanes 2-4 show the 

post-purification RI-RII at day 2, day 5 and day 7. B) and C) show crystals obtained for the RI-

RII construct. D) Crystals of RI_RII were washed prior to being loaded onto a SDS-PAGE gel 

(lane2).  

 

 

 

 

 



 

 

 

161 

 
 

Figure 2: Structure of the C-terminal three tandem BIg domains of RI-RII. A) Protein is 

colored red while Ca2+ ions are shown as green spheres. B)-D) Hydrophobic residues (Val, Leu, 

and Ile) are shown in yellow. Inward pointing hydrophobic residues are shown by thin lines, 

while outward pointing hydrophobic residues are shown as thick sticks. E) and F) The inter-

domain regions of Ig1-Ig2 and Ig2-Ig3, respectively. Ca2+-binding waters are shown as cyan 

spheres. 
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Figure 3. Crystals of the 188-aa RIN construct.  
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Appendix B 

Structural and functional characterization of MpAFP_RIII 

The 80-kDa whole MpAFP_RIII construct (RIIIW) was cloned into the pET28a vector to 

place a hexa-histidine tag before the protein’s N terminus. After one round of Ni2+-NTA affinity 

column purification, the RIII protein was significantly enriched in the sample. Next, the RIIIW 

was loaded onto a calibrated size-exclusion column (S200) for further purification. This 

chromatographic step was also intended to help assess the protein’s multimerization state. 

However, no significant peak of absorbance was observed at where a protein of ~80-kDa 

apparent molecular weight should elute (Fig. 1). However, a fraction of the RIIIW loaded onto 

the column eluted well past the total column volume. This suggested that RIIIW might have an 

affinity for the Superdex matrix, which is based on porous agarose particles covalently linked 

with dextran. Both agarose and dextran are polysaccharide polymers. Agarose is a linear polymer 

composed of agarobiose, which is a disaccharide of D-galactose and 3,6-anhydro-L-

galactopyranose. Dextran is a complex branched polymer made up of many glucose molecules. 

 

In an attempt to understand what features of the RIIIW caused its affinity for the column 

matrix, the Phyre2 server was used to help dissect the 80-kDa protein into individual functional 

domains. The structural homology analyses showed that RIIIW contains multiple domains. Its N-

terminal 105 aa have 60 % sequence identity to a single RII repeat with an identical fold to the 

RII-monomer. No convincing models could be produced for the central ~400-aa of RIIIW, 

although secondary structural analyses suggested that this region is rich in β sheets. Interestingly, 

one of the domains near the C terminus is predicted to have a β-sandwich fold similar to many 

carbohydrate-binding proteins. Template structures used to model the ~200-aa C-terminal domain 

of RIII included a yeast epithelial adhesion (PDB: 4gq7) that binds its host to a variety of 

carbohydrates present on mammalian cell surfaces. Many of the other template structures are also 

complexed with polysaccharide molecules in their crystals (PDBs: 4A3X, 4CP1, etc). When the 

sequence of this C-terminal domain of RIII was analyzed using the Pfam server, it demonstrated 

that the protein is a member of the PA14 family. This family of proteins has been associated with 

an ability to bind carbohydrates.  
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A DNA construct (RIIIC) that spans this PA14 domain and the remaining part of the RIII 

C-terminal residues was cloned into the pET28a vector in the same manner as RIIIW. The 

resulting 284-aa RIIIC was purified using one round of a Ni2+-NTA affinity column followed by 

one round of Q-Sepharose anion-exchange chromatography. Circular Dichroism (CD) 

spectroscopy was used to assess the folding of the purified RIIIC (Fig. 2). In the presence of 

excess EDTA, RIIIC showed a spectrum with a large minimum at 200 nm, which is similar to 

those observed with proteins of largely random coil. Upon addition of Ca2+, the spectrum shifts to 

resemble those seen with proteins rich in β sheets. When Mg2+ was introduced in addition to Ca2+, 

the CD spectrum remained unchanged. This suggested that Mg2+ does not further change the 

protein’s folding when Ca2+ is present. 

In an attempt to directly test if RIIIC is responsible for RIIIW’s affinity for the size-

exclusion column matrix, RIIIC was incubated with the Sephadex-200 matrix (in Ca2+) for a 

period of ~ 2 h on a rotating nutator. Next, the Sephadex resin was pelleted using centrifugation, 

and the supernant that contains unbound proteins was collected. The Sephadex matrix was then 

thoroughly washed with a Ca2+-containing buffer. To help analyze the proteins bound to the 

column matrix on SDS-PAGE, the pellet was boiled in SDS buffer to denature and dissociate any 

proteins bound to the Sephadex matrix. Next, the supernatant and pellet fractions were analyzed 

by SDS-PAGE (Fig.3), which demonstrated that most of the protein was found in the pellet 

fraction, consistent with RIIIC binding to the Sephadex matrix.. A control experiment was done 

using the same procedure described above with a 65-kDa protein that spans the RIV and RV of 

MpAFP. This protein is located on the immediate C-terminal side of the RIIIC. It did not appear 

to bind the Sephadex matrix. Since CD indicated that RIIIC requires Ca2+ for its correct folding, 

the Sephadex-binding experiment was also conducted in the presence of excess EDTA to see if 

RIIIC loses its ability to bind the Sephadex matrix. In the presence of this chelating agent, RIIIC 

did not appear to bind to the Sephdex matrix as all proteins appeared in the supernant fraction 

(not shown), and no protein was found in the pellet. These results indicated that RIIIC requires 

Ca2+ for its Sephadex-binding ability. 

To test whether the RIIIC binds to the dextran component of the Sephadex beads, its 

affinity for Blue Dextran was tested. Blue Dextran is a large dye-substituted carbohydrate 

polymer typically used as the standard molecule to mark the void volumes of size-exclusion 
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columns. When Blue Dextran was added to a mixture of RIIIC and Sephadex resins, it blocked 

RIIIC from binding the matrix (not shown). Also, after Blue Dextran was added to the RIIIC, the 

mixture was loaded onto a size-exclusion column. As expected, most of the protein eluted 

together with Blue Dextran at the void volume, which confirmed RIIIC’s affinity for dextran (Fig. 

4). The RIIIC will be used to probe a glycan array in the future to see what specific 

polysaccharides it binds to.  

A construct of the N-terminal 284-aa of RIII (RIIIN) was also produced in the same 

manner as the RIIIW and RIIIC. In contrast to the RIIIW and RIIIC constructs, the protein eluted 

from a calibrated size-exclusion column with a calculated apparent molecular weight of ~ 35 k, 

which is close to its expected molecular weight of 30 k. This demonstrated that RIIIN does not 

have an affinity for the Sephadex-200 matrix. The fractions of RIIIN collected from the size-

exclusion chromatography appeared to be pure, and crystallization trials were set up with 12 

different solutions that contain high Ca2+ or Mg2+. Crystals were observed in a condition 

containing 0.2 M CaCl2, 0.1 M MES (pH 6) and 20% w/v PEG6000 approximately four months 

after the drop was set up. Since RIIIN appeared to degrade after purification, the crystal is likely a 

degradation product of RIIIN. The crystals were sent to the synchrotron facility at the Canadian 

Light Source (Saskatoon, Saskatchewan) and a native dataset was collected at a resolution of 1.3 

Å. Phase information was obtained by using the RII-monomer structure as a partial search model. 

The remaining part of the structure is being built 
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Figure 1. Size-exclusion chromatography of RIIIW. (A) Elution profile of RIIIW. Red arrows 

mark the void volume, elution volume with an estimated apparent molecular weight of 80 k, 

elution peaks 1 and 2, and the total volume of the column. (B) SDS-PAGE of fractions from Ni-

NTA (pre-S200 column) in lane 2, peak 1 in lane 3 and peak 2 in lane 4.  
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Figure 2: Circular dichroism spectroscopy of RIIIC. The CD spectrum in the presence of 

EDTA is represented by the black line, while the spectra in the presence of Ca2+ or both Ca2+ and 

Mg2+ indicated by blue and red lines, respectively. 
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Figure 3. RIIIC’s affinity for Sephadex-200 beads. Lane1: protein marker. Lane 2: RIV-V 

protein prior to mixing with the Sephadex beads. Lane 3: Pellet fraction of RIV-V. Lane 4: 

Supernatant fraction of RIV-V. Lane 5: RIIIC protein prior to mixing with the Sephadex beads. 

Lane 6: Pellet fraction of RIIIC. Lane 4: Supernatant fraction of RIIIC. 
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Figure 4. Affinity of RIIIC for blue dextran. A) Size-exclusion chromatography on Sephadex 

S200 of RIIIC mixed with blue dextran. B) SDS-PAGE gel showing RIIIC prior to the size-

exclusion column (lane 2), and the void peak fraction (lane 4) of the chromatography. Lane 3 was 

empty. 
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Appendix C 

Structural and functional characterization of MpAFP_RV 

A DNA construct spanning RIV-V of MpAFP was ligated into the NdeI/XhoI restriction 

sites of the pET28a vector to produce a fusion protein an N-terminal hexa-histidine tag. After 

Ni2+-NTA column purification, the RIV-V protein was significantly enriched in the sample. Next, 

RIV-V was further purified using anion-exchange chromatography (Q-Sepharose). After this step, 

the fractions containing this protein appeared relatively pure with some minor impurities. These 

fractions were further purified using a calibrated S200 size-exclusion column. The protein eluted 

at a volume with a calculated apparent M.W. of ~60 k, which corresponds to the RIV-V expected 

M.W. (61 k). 

The antifreeze activity of the purified RIV-V protein was measured and compared to 

RIV. At a concentration of roughly 16 µM, the RIV-V fusion protein produced a TH of 2.4 °C. 

This activity is higher than that of the RIV at the same concentration, which produced a TH of 

1.9 °C. The result was expected as it was shown previously that fusion AFPs produce higher TH 

levels than the corresponding AFPs alone (66).  

Although RIV contains thirteen Lysine and Arginine residues, it was demonstrated that it 

is resistant to trypsin digestion in the presence of Ca2+. In contrast, the protein is easily digested 

by trypsin in the presence of excess EDTA. The X-ray crystal structure of RIV displays a rigid, 

Ca2+-bound β-helix with few flexible regions that are accessible for proteases. Given that the ~ 

25-kDa RV (including 7 Lysines) contains six RTX-like repeats, it should also fold into a Ca2+-

bound β-helical structure that is similar to the RIV structure. Indeed, the Phyre2 server used the 

crystal structure of RIV (PDB:3p4g) to produce a high-confidence homology model (>90% 

confidence over 98% of the residues) of RV. This model of RV consists of a small N-terminal 

region rich in α helices, while the rest of the structure folds into a β-helix similar to RIV. Thus it 

is possible that the β-helical portion of RV is also resistant to the digestion of trypsin in the 

presence of Ca2+. Efforts to characterize the structure of RV (KHGGY-INIDG; Fig.1) proved to 

be futile as the recombinant construct had a propensity to aggregate (Garnham PhD thesis, 2011). 

To design a construct suitable for structural determination, limited proteolysis was used to help 
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define a well-folded domain within the RV sequence. When the RIV-V is subjected to trypsin, the 

protease should only cleave the flexible regions that contain Lys and Arg. The ~ 60-aa segment 

linking the β-helical structures of RIV and RV (KHGGY-IGGLK) includes two Lys (Fig. 1B, 

green). It is possible that trypsin can cleave this region in the presence of Ca2+, which should 

result in the separation of the β-helical structures of RIV and RV. 

 

As expected, an overnight trypsin digestion in the presence of Ca2+ 
produced two major 

bands (Fig. 1C, lane 3). The heavier band (~40 kDa) corresponds to the mass of RIV, and the 

lighter band (~25 kDa) corresponds to the calculated mass of RV. This suggests that both RIV 

and RV stayed intact and are resistant to trypsin digestion. As predicted, the heavier band 

possesses TH activity similar to that of RIV, whereas the 25-kDa protein does not have antifreeze 

activity. The 11 residues (LISDVALTNLE, double-underlined in Fig. 1B) at the N terminus of 

the 25-kDa protein was sequenced using the Edman degradation (Fig.1C). The result confirmed 

that the 25-kDa protein was indeed RV. When this protein was loaded onto a calibrated Sephadex 

S75 size-exclusion column, it eluted as a single sharp peak at approximately 12.0 mL (not 

shown). This gave the RV an estimated apparent M.W. of ~41 k, which is about twice the 

expected M.W. of RV (~19 k). The larger size could be a result of dimerization of RV. It could 

also be due to RV having an elongated β-helix fold like RIV, with a larger Stokes radius than the 

globular protein standards used to calibrate the size-exclusion column. This result was in stark 

contrast to that of the RV construct previously designed, which produced two peaks on the same 

size-exclusion column. The first peak eluted in the void volume, and the second peak 

corresponded to an apparent M.W. of 480 kDa or 660 kDa in the presence of Ca2+or EDTA, 

respectively. These two peaks suggested that the previous RV construct aggregated in solution 

(Garnham C.P. Ph.D. thesis, 2011).  

CD was used to assess the folding of the purified RV in the presence of Ca2+ 
and in the 

presence of excess EDTA (Fig. 2). The CD spectrum of the RV protein in the presence of excess 

EDTA displayed a large minimum at approximately 200 nm, which resembled those observed 

with proteins containing predominantly random coil. However, upon addition of 2 mM Ca2+, the 

spectrum showed characteristics similar to those seen with proteins rich in β-sheets. This 

confirms the Phyre2 Server’s prediction that RV folds as a Ca2+-bound β-rich structure. The CD 
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spectra of the purified RV at or above 2 mM CaCl2 nearly overlap with one another. This 

suggests that 2 mM Ca2+ 
is at or beyond RV’s saturation point for Ca2+, after which additional 

Ca2+ 
no longer causes a difference in its folding.  

A new clone of RV was designed based on the controlled proteolysis results above. This 

RV DNA construct (encoding LISDV-YSINIDG) was also ligated into NdeI/XhoI restriction sites 

of the pET28a vector, with an N-terminal hexa-histidine tag. The yield of this protein from one 

liter of E. coli culture was over 5 mg. It was monodisperse with a calculated apparent molecular 

weight of ~ 40 k. Efforts on the structural determination of RV will be continued with this 

construct. 
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Figure 1. Design of the new RV construct using limited proteolysis. A) Linear domain map of 
MpAFP_RIV-V. The RIV crystal structure and a Phyre2 model of RV are drawn above the map. 
The β-helical domains of RIV and RV are colored in brown. Green spheres indicate Ca2+. The 
linker region is colored green. B) Amino acid sequence of MpAFP_RIV-V. The color scheme is 
the same as in A). All Lys and Arg residues are boxed. Double-underlined residues indicate the 
starting residues of the RV domain, which were obtained using limited proteolysis and Edman 
degradation. C) SDS-PAGE gel shows the intact RIV-V (lane 2) and its tryptic degradation 
products in the presence of Ca2+ (lane 3). The red circle indicates the band (RV) subjected to 
Edman degradation.  
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Figure 2: CD spectra of RV. Measurements were done in EDTA (solid black line), 2 mM CaCl2 

(green), 3 mM CaCl2 (pink), and 5 mM CaCl2 (dotted line). 
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Appendix D 

Making an ice-binding protein de novo 

 

 

Since the RTX repeats in RIV contain specific residues that appear to have evolved for 

ice binding, it raises the possibility of engineering an AFP using an RTX protein as the template. 

A BLASTp search by Dr. Chris Garnham identified a 3730-aa putative adhesion (NCBI ref. seq 

YP_421364) with RTX repeats at its C terminus produced by the Gram-negative α-proteobacteria 

Magnetospirillum magneticum.  

 

A computer model generated using the homologous sequence to RIV showed that it has a 

similar overall fold to MpAFP_RIV (Fig. 1) but without the N-terminal capping structure and 

appropriate ice-binding residues required for antifreeze activity. The C-terminal AFP-like domain 

(AFLD, residue. 2862-3129) was overexpressed in E. coli but showed no antifreeze activity. In an 

attempt to convert the AFLD into an active AFP, Dr. Garnham mutated residues on the potential 

IBS but these appeared to destabilize the fold. To stabilize the structure of AFLD, the N-terminal 

capping structure from RIV was grafted onto the AFLD sequence. Additionally, the putative IBS 

was modified so that it would have all of the necessary ice-binding residues.  

 

I took over the project to test if the chimeric AFLD possesses antifreeze activity similar 

to that of MpAFP_RIV. The chimeric AFLD gene was synthesized and was then ligated into the 

pET28a vector, which has an N-terminal His-tag. The AFLD-chimera was overexpressed in E. 

coli but was not easily purified via Ni2+- NTA chromatography in the presence of 2 mM Ca2. 

More purification beyond the point proved to be futile. Also, size-exclusion chromatography 

demonstrated that the AFLD has a propensity to aggregate, as the protein always eluted at the 

void volume. Despite the multimerization issue, the AFLD-chimera showed weak TH activity and 

a burst-pattern similar to those of hyperactive antifreeze proteins (Fig. 2). 

 

In an attempt to obtain AFLD-chimera in its monodisperse state, an alternative 
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purification protocol was developed in which E. coli cells containing overexpressed AFLD-

chimera were lysed in 8M Urea to denature all cellular proteins. After centrifugation, the 

supernatant was loaded into a Ni2+- NTA column and washed extensively with the lysis buffer 

that contains 8M urea to remove the unbound proteins. Next, while remaining on the column, the 

washing buffer was gradually changed into a refolding buffer that contains 2 mM Ca2+. After 

approximately three 

column volumes of washing with the refolding buffer, the AFLD was eluted with a buffer 

that contains 50 mM Arg and Glu as well as 4 mM Ca2+ to help solubilize the protein. Next, the 

AFLD-chimera was then subjected to a Superdex-200 size-exclusion column for further 

purification, and showed an expected apparent molecular weight of ~ 50k (not shown). After this 

purification step, the protein was ~ 90% pure when analyzed on a SDS-PAGE gel. Subsequently, 

a TH measurement was performed to assess the antifreeze activity of the AFLD-chimera. A 

solution of the AFLD-chimera was flash-frozen at – 40 °C and then melted into a small single ice 

crystal. A hexagonal ice crystal similar to that of RIV was held at a steady temperature for 1 min 

before being cooled at a rate of 0.005 °C/4 s. The thermal hysteresis activity produced by the 

AFLD-chimera was in the range of 0.2 to 0.3 °C. This is the best result yet for any engineered 

AFP in our lab although it has only one tenth of the activity of wild-type RIV (Fig. 3). Even at 

this activity it might be worth tagging with fluorescent probes to see which planes of ice it bind.  

 

We hypothesize that although the ice-binding residues of the AFLD-chimera were made 

identical to those of RIV, the protein does not fold to form a perfect IBS. The structure of the 

AFLD-chimera will be determined in the future using X-ray crystallography to see what crucial 

residues spoil its IBS. Next, appropriate residues will be mutated in an attempt to improve the 

protein’s antifreeze activity to bring it up to par with RIV. The project provides an opportunity to 

engineer a hyperactive AFP de novo for the first time while demonstrating RTX proteins might be 

a suitable template for AFP designs. The crystal structure of the AFLD may also give further 

support for the hypothesis that anchored clathrate waters bind AFPs to ice. 
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Figure 1: Crystal structure of RIV and structural models of the AFLD and AFLD-chimera. 

A) Enlarged views of MpAFP_RIV’s N- and C- terminal capping structures. B) Crystal structure 

of MpAFP_RIV. C) Three-dimensional model of the AFLD. D) Three-dimensional model of the 

AFLD-chimera. 
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Figure 2: Typical ice crystal morphologies and burst patterns produced by the AFLD (top) 

and the AFLD-chimera (Bottom). The direction of c-axis is indicated. The measurement was 

done at a protein concentration of  ~ 1 mg/mL. 
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Figure 3: The TH activity of MpAFP_RIV (hatched line) and the AFLD-chimera was 

plotted as a function of protein concentration (mg/mL). 

 

 

 

 

 

 

 

 

 

 


