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PREFACE 
The present PhD thesis is based on experimental work conducted in the laboratory of Prof. 

Hans Ramløv, at the Department of Science, Systems and Models, Roskilde University, 

Denmark. The three year project has been partly founded by The Danish Council for 

Independent Research – Technology and Production Sciences. 

The PhD thesis aimed to elucidate some basic features and properties of the novel 

antifreeze proteins of the beetle Rhagium mordax. The initial focus was to provide a 

reliable and fast protocol for obtaining pure recombinant antifreeze protein for the 

subsequent studies. The studies focused on the structure of the protein, its thermal profile 

and the effect of various site directed mutations on the activity of the protein.  

The thesis is divided into three sections. The first, introduction, describes some general 

concepts of ice and antifreeze proteins and the present understanding of the molecular 

function of these proteins. The second section concerns the present investigation and 

contains a description of the applied methods together with the outcome of the 

experiments. Here, some unpublished results of the study are presented together with a 

brief description of the published results, followed by a general conclusion and perspective 

of the work. The last section contains the papers (one published and two submitted) 

resulting from the experimental work. 

 

 

 

 

 

Dennis Friis 
Copenhagen 

February, 2014 
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SUMMARY 
Many cold living ectothermic organisms have evolved antifreeze proteins (AFPs) to avoid 

freezing of their body fluids’ at temperatures below their melting point. The antifreeze 

proteins are characterized by their ability to prevent ice from growing when an ice-

containing solution is cooled below its melting point. They thus create a freezing point 

below the equilibrium melting point called the hysteresis freezing point. The separation of 

the hysteresis freezing point and the equilibrium melting point is referred to as thermal 

hysteresis, and in regards of antifreeze proteins, their freezing point depression ability is 

called antifreeze activity. AFPs from insects show very high antifreeze activity (up to 9 °C) 

compared to those found in e.g. fish or plants, which activities lay around 0.5-2 °C.  

The unique feature of the proteins to prevent the growth of ice has made the proteins a 

subject of interest in many technological applications. Already the (less active fish) AFPs 

are being added to ice cream to retain its creamy texture. Besides functioning as a frozen-

food additive, there are also speculations in using the proteins on ice-subjected surfaces 

such as windmills or airplanes to prevent over icing or assisting in the oil recovery process 

by preventing gas hydrate formation and many more applications. Many companies want 

to be the first to exploit the AFPs and many patents on their use have already been filed. 

However, much knowledge about the antifreeze proteins is still lacking, and key aspects 

such as how the protein binds to ice and what forces that drives it are still on debate. 

The present thesis concerns basic studies of a novel AFP originating from the beetle 

Rhagium mordax. Though being basic studies, the results are also being viewed and 

discussed from a technological angle, as the interest in utilizing the AFPs in the industry is 

already prevailing. In this regard, it must be noted and declared that there is no competing 

financial interest influencing this work. The work is supported by The Danish Council for 

Independent Research – Technology and Production Sciences, grant 10-082261. 

Preceding this work, genes encoding eight isoforms of R. mordax AFPs have been 

identified and cloned into Escherichia coli. The first objective of this project was to 

improve the expression and purification protocol of the recombinant AFPs, in order to 

obtain enough pure protein for the subsequent studies. A method based on His-tag affinity 
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chromatography and tag removal by the dipeptidase DapAse was developed, and gave a 

yield of 5 mg pure AFP per liter of growth medium. Only isoform 1 of the R. mordax AFP 

is studied in the present work, and will be referred to as RmAFP1. 

Firstly, the production of pure protein enabled some basic structural studies of RmAFP1 to 

be conducted (Paper#1). These showed that the protein consisted largely of β-structure, 

which is common for insect AFPs. From the presumption that the protein was shaped as a 

β-helix as other insect AFPs, a molecular model of the RmAFP1 was proposed with the 

putative ice binding motifs stacked on one side, constituting the ice binding site. 

A study on the thermodynamic properties of RmAFP1 was conducted (Paper#2), as it was 

noted that the protein could withstand exposures to high temperatures during the 

purification protocol without losing notable antifreeze activity. Furthermore, if a protein is 

to be used in a technological process, knowledge of how well it tolerates high temperatures 

is crucial, thus the subject deemed interesting to pursue. The protein’s melting temperature 

was determined to be only 28.5 °C by circular dichroism. Through differential scanning 

calorimetry, a very high refolding capacity of the protein was observed, and only a small 

fraction of the activity was lost after repeated exposures to 70 °C. Thus, even though 

having a low thermodynamic stability, the protein could withstand high temperatures 

without losing activity, given enough time to refold. 

A mutational study aiming to improve the antifreeze activity of RmAFP1 was also 

conducted (Paper#3). The putative ice binding site of RmAFP1 contains some deviations 

from the TxT consensus motif of the ice binding sites seen in all insect AFPs. Two of these 

irregularities were removed to standardize the sequence to the consensus motif. 

Furthermore, a mutant with an extra ice binding domain was made to see if this could 

facilitate the ice binding. Both types of mutants showed an increased activity over the wild 

type at low concentrations. A threefold increase in specific activity was seen at 

intermediate concentrations, however, at high concentrations, the wild type was the most 

active. 
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SUMMARY IN DANISH 
Mange af de organismer der lever i klodens kolde egne har udviklet antifryseproteiner 

(AFP’er) for at undgå, at deres kropsvæsker fryser til is ved temperaturer under deres 

frysepunkt.  AFP’erne er karakteriseret ud fra deres evne til at hæmme isvæksten når en 

isholdig opløsning køles under dens smeltepunkt. Herved opstår et frysepunkt, der ligger 

under ekvilibrium smeltepunktet, kaldet hysterese frysepunktet. Separationen af hysterese 

frysepunktet og ekvilibrium smeltepunktet kaldes for termisk hysterese eller ofte 

antifryseaktivitet i forbindelse med AFP. AFP’er fra insekter har meget høj 

antifryseaktivitet (op til 9 °C), hvilket er en del højere end f.eks. de 0,5-2 °C, der er blevet 

målt for fiske og plante AFP’er. 

Proteinernes unikke evne til at hæmme isvækst har gjort dem til genstand for stor interesse 

i henhold til diverse teknologiske anvendelsesmuligheder, og AFP’er fra fisk bliver 

allerede nu tilsat iscreme for at bevare den cremede tekstur. Udover at kunne anvendes 

som et tilsætningsstof i frosne fødevarer, bliver der også eksempelvis spekuleret i at 

anvende proteinerne på overflader, der er udsatte for isdannelse (eksempelvis på 

vindmøller eller fly) for at forhindre overisning eller at anvende dem i olieindustrien, hvor 

proteinerne skal forhindre dannelsen af gashydrater i rørledningerne.. Mange virksomheder 

vil være de første til at udnytte det potentiale, som AFP’erne spås at have, og der er 

allerede indgivet patenter på brugen af proteinerne inden for en række industrier. Der er 

dog stadig meget der ikke vides om AFP’erne, og nøgleområder såsom hvordan bindingen 

mellem proteinerne og isen finder sted, samt hvilke kræfter der driver denne, proces 

debatteres stadig. 

Denne afhandling indeholder grundvidenskabelige studier af et nyt AFP fra billen Rhagium 

mordax. På trods af studiets grundvidenskabelige karakter bliver resultaterne også 

diskuteret ud fra en teknologisk vinkel, idet interessen for at anvende AFP i diverse 

industrielle øjemed er stor. Hertil bør det understreges, at dette værk ikke er underlagt 

nogen form for interessekonflikt. Arbejdet er støttet af Det Frie Forskningsråd – Teknologi 

og produktion, bevilling 10-082261. Forud for disse studier er otte gener, der koder for 

forskellige isoformer af R. mordax AFP’er, blevet identificeret og klonet ind i Escherichia 

coli. Studiets første delmål var at forbedre ekspressions- og oprensningsprotokollen for det 
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rekombinante AFP for at sikre nok rent protein til de efterfølgende studier. En metode 

baseret på His-tag affinitetskromatografi og kløvning af tagget med DapAse blev udviklet 

og gav et udbytte på 5 mg/ml rent AFP per liter E. coli kultur. Kun R. mordax’ AFP 

isoform nummer 1 blev anvendt i disse studier, hvilket henvises til som RmAFP1. 

Det anskaffede rene protein blev i første omgang anvendt til at udføre nogle strukturelle 

studier af RmAFP1 (Paper#1). Disse viste, at proteinet bestod af en stor del β-struktur, 

hvilket ofte ses i insekt AFP’er. Ud fra antagelsen at proteinet havde en β-helikal form – 

lige som andre insekt AFP’er – blev en teoretisk molekylær model af RmAFP1 udarbejdet 

med de formodede isbindende elementer opstillet på en af proteinets sider, som så 

udgjorde isbindingsområdet. 

Idet RmAFP1 igennem oprensningsproceduren viste sig at kunne tåle høje temperatur-

påvirkninger uden at miste sin aktivitet, blev der udført et termodynamisk studie på 

proteinet (Paper#2). Et sådan studie ville i øvrigt være relevant, hvis proteinet skal 

inkluderes i teknologiske processer, hvor temperaturpåvirkninger ofte er et tema for protein 

stabilitet. Proteinets smeltepunkt blev her bestemt til 28.5 °C via cirkulær dikroisme. En 

høj genfoldningskapacitet blev observeret via differentiel scanningskalorimetri, og kun et 

beskedent fald i antifryseaktivitet blev målt, efter at proteinet var blevet eksponering for 70 

°C gentagne gange. Så selvom proteinet havde en lav termodynamisk stabilitet, kunne det 

modstå at blive udsat for høje temperaturer, hvis det fik nok tid til at genfolde sig. 

Der blev også udført et mutationsstudie med fokus på at forøge RmAFP1’s 

antifryseaktivitet (Paper#3). I RmAFP1’s formodede isbindingsområde ses visse afvig fra 

den TxT konsensussekvens der ses i alle insekt AFP’er. To af disse afvigende aminosyrer 

blev skiftet til konsensussekvensen. Derudover blev der også designet en mutant der 

indeholdt et ekstra spiral-led (og isbindende element) for at øge aktiviteten. Begge disse 

typer mutanter gav en øget antifryseaktivitet ved lave koncentrationer hvor den specifikke 

aktivitet blev forøget med op til 300 %. Ved højere protein koncentrationer blev denne 

forskel dog gradvist udlignet og ved ekstrapolering af data til højere proteinkoncentrationer 

viste vild type proteinet sig at blive mest aktivt.   
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ABBREVIATIONS 
AFP: Antifreeze protein 

CD: Circular Dichroism  

CV: Column Volume 

H: Change in enthalpy 

DSC: Differential Scanning Calorimetry 

EDTA: Ethylenediaminetetraacetic Acid 

FPLC: Fast Protein Liquid Chromatography 

GFP: Green Fluorescent Protein 

HPLC: High-Performance Liquid Chromatography 

IEX: Ion Exchange Chromatography 

IPTG: Isopropyl β-D-1-Thiogalactopyranoside 

LB: Lysogeny Broth 

ON: Over Night 

PBS: Phosphate Buffered Saline 

PDB XXYY: Molecule identification code in the protein data bank, www.rcsb.org 

RiAFP: Rhagium inquisitor Antifreeze Protein 

RmAFP1: Rhagium mordax Antifreeze Protein isoform 1 

rpm: Rounds per minute 

SDS-PAGE: Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

TxT: Amino acid sequence (Threonine-random amino acid-threonine) 

Tm: Melting Temperature (of proteins) 

2D: Two-Dimensional 

WT: Wild Type 

BUFFERS 
R-Buffer:   50 mM NaCl, 10 mM imidazole, 25 mM tris, pH 8 

Cleavage Buffer:  20 mM NaH2PO4, 150 mM NaCl, pH 7 

KPO4 buffer:   50 mM K2HPO4/KH2PO4, pH 7 

Potassium-free PBS:  137 mM NaCl, 10 mM Na2HPO4, pH 7.4 

Tris buffer:  0.1 M tris, 0.1 M NaCl, pH 7 
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1. INTRODUCTION 

This introductory section presents some relevant basic 

knowledge for the project. This includes the properties 

and structures of AFPs and ice and the theories of their 

interaction, with emphasis on the specific AFP of this 

study. The thermal hysteresis effect and the potential 

technological uses of AFPs are also described. The 

section is ended with a hypothesis and goal of the 

project. 
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1.1 PROLOGUE 

Many ectothermic organisms inhabiting cold regions of the world are often subjected to 

temperatures below the freezing point of their body fluids. These organisms are either 

freeze tolerant or freeze avoidant. The former can survive a large fraction of its body water 

freezing to ice and can live on unaffected upon thawing. The latter must avoid freezing to 

survive. This can be done by producing solutes of low molecular mass that colligatively 

lowers the melting point of the organism. Another adaption has been to evolve AFPs that 

prevents growth of ice crystals to some extent, thus preventing lethal ice formation some 

degrees under the equilibrium melting point. 

Antifreeze activity was first observed by Ramsay in insects in 1964,
1
 but it was not until 

1969 where the effect was ascribed to the AFPs by DeVries and Wohlschlag.
2
 Since then, 

the AFPs have been found in various shapes and sizes and in various organisms, where 

they have evolved convergently. Most research have focused on fish AFPs as they were the 

first to be found and were easier to obtain, but lately the insect AFPs have taken more 

focus as these are more active. The unique ability to cause a thermal hysteresis has evoked 

commercial interest to apply them in technological use in various aspects where ice 

formation is an issue and already the AFPs are being added to ice cream. However, 

relatively little is still known about the insect AFPs and more insight into their mechanism 

is needed to know and exploit their full potential. 
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1.2 PROPERTIES OF ICE 

Ice is so to say the substrate of the AFPs, and to understand their interaction it is crucial to 

know some basic concepts and properties of ice. This section presents the important stages 

for ice formation, together with the structures of the ice crystals. The interaction between 

ice and AFPs are described in section 1.3.2. 

1.2.1 ICE FORMATION   

The melting point (and equilibrium freezing point) of a substance is defined as the 

temperature where the vapor pressure of the solid phase is equal to the vapor pressure of 

the liquid phase. For pure water this is 0 °C. At lower temperatures the vapor pressure of 

ice becomes smaller than that of water, making ice the most energetically favorable phase.
3
 

In a heterogenic system, i.e. water containing solutes, the melting point is lowered with 

1.86 °C per molal (moles of solutes per kg of water). Thus the freezing point of the 

aqueous solution is highly dependent on its composition. 

The freezing process itself does not spontaneously set in when the temperature gets below 

the freezing point. At first, nucleation has to occur – a process that has to overcome an 

energy barrier to be initiated.
4
 The further the liquid is cooled below the equilibrium 

freezing point, the smaller the energy barrier becomes and thus the chance of nucleation 

increases.
5
 Pure water can be cooled down as far as to -40 °C (in very small volumes ~10

-12
 

ml) before the chance of nucleation is so high that the nucleation seems unavoidable.
6
 

When the temperature of the liquid is below its equilibrium freezing point the liquid is said 

to be supercooled and is in a metastable phase. 

When a nucleation occurs in a supercooled liquid, the crystal will grow rapidly until the 

equilibrium between the two phases has been reestablished. The further the liquid is 

supercooled before the nucleation occurs, the larger the burst of ice growth will be. 

However, in the case of water, a latent heat of 334 joules is released per gram of water that 

is converted to ice. This energy heats the solution and thus counteracts the supercooling. 

Furthermore, as ice is formed the solutes are concentrated in the water and increase its 

molality which as mentioned lowers the freezing point and also counteracts the degree of 

supercooling.  
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1.2.2 ICE STRUCTURE 

About 15 different thermodynamic stabile ice structures are known.
7
 At atmospheric 

pressure and at temperatures down to -100 °C only the hexagonal type I structure is stable 

and is thus the ice type typically encountered.  

The hexagonal shape is characterized by the ‘vertical’ C-axis and three ‘horizontal’ A-axes 

(a1, a2 and a3). The planes from where the C-axis grows are termed the basal planes and 

the planes perpendicular to the basal planes are called prism planes.
8
 The surface exposed 

H2O molecules are arranged differently in the planes, illustrated in the Figure 1.  

1.2.3 ICE-WATER INTERFACE 

Though the ice surfaces are often illustrated as defined and structured borders, the interface 

between the ice and water is quite indistinct. The interlayer is a gradual transition where 

the structure and dynamics of the H2O molecules goes from ice like to water in a 10 Å 

thick layer.
10

  

A B 

  

Figure 1. Crystal structure of hexagonal type I ice. A) Top view of the basal plane where the corners illustrate the 

directions of the A-axes and the sides illustrate the prism planes. B) Top view of a prism plane with the top side 

being the basal plane (modified from9). The insert depicts a small ice crystal with the directions of the planes and 

axes marked. 

C
-A

xis 
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When the temperature is below the equilibrium melting point the inmost H2O molecules of 

the interface layer adsorb to the structured ice lattice. As only H2O molecules ideally will 

be incorporated into the ice lattice all other solutes will be excluded and thus concentrated 

in the non-frozen fraction as the ice grows. This increased molality lowers the melting 

point and counteracts the ice growth. Often when the ice grows in the presence of solutes, 

dendritic ice is formed
11

 and some of the solutes are incorporated into cavities of the ice 

instead of being excluded. This, among other things, leads to polycrystallization, i.e. ice 

consisting of several individual ice crystals, from where recrystallization occurs. 

1.2.4 RECRYSTALLIZATION 

Recrystallization is a rearrangement or restructuring of the crystals. In this dynamic 

process, the large ice crystals of the polycrystalline ice grow larger on the expense of the 

smaller ones.
12

 The mechanism for this lies again in the vapor pressure. The large ice 

crystals have relatively smaller surface curvatures than the small ice crystals. This implies 

that the vapor pressure of the large ice crystal is smaller than the small crystal and thus 

more stable. At the boundaries between the ice crystals there is a net movement of H2O 

molecules from the sharp curvature of the small crystals onto the surface of the larger. In 

theory, any polycrystalline ice will change into just one single crystal, given enough time 

to recrystallize. The rate of the recrystallization is faster at high (sub freezing point) 

temperatures, where the growth rate of a growing ice face can reach 0.1 mm/hour.
13

 An 

example illustrating the recrystallization is presented in Figure 2. 

0 min 7 min 14 min 21 min 28 min 

     
Figure 2. Progressing recrystallization. A fresh frozen polycrystalline sample (0 min) gradually recrystallize 

(time 7-28 min), giving fewer and larger crystals. Each frame shows a 290x390 µm section of the sample. The 

sample solution consisted of 137 mM NaCl, 10 mM Na2HPO4, pH 7.4 and was held at -5.4 °C (where 90 % of 

the solution is frozen). 
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1.3 ANTIFREEZE PROTEINS 

The existence of antifreeze proteins (AFPs) was discovered in Antarctic fish in 1969 by 

Arthur DeVries and Donald Wohlschlag
2
 when they were investigating why the blood of 

fish did not freeze although the temperature of the surrounding water was below the 

freezing point of their blood. The proteins they found could inhibit the growth of ice 

crystals to some extent, thus lowering the temperature that ice growth occurred without 

affecting the melting point more than ascribed to the proteins’ colligative effects. This 

separation of the ice growth temperature and melting point is what characterizes the AFPs 

and is termed thermal hysteresis or antifreeze activity. The antifreeze activity lowered the 

freezing point of the blood of the fish to below the water temperature, thus protecting the 

organisms from lethal ice formation. 

1.3.1 TYPES OF ANTIFREEZE PROTEINS 

Since their discovery, the AFPs have been found in a wide range of organisms including 

bacteria, insects, fungi and even plants, all living in the cold regions of the planet. They are 

found both in freeze avoiding organisms, such as the fish where ice formation would be 

lethal, and in freeze tolerant organisms where ice formation does occur, but is not lethal to 

the organism. In the latter, the role of the AFPs is to counteract the recrystallization 

process rather than to prevent freezing.
14

 Often the antifreeze activity of these AFPs is 

relatively low, as super cooling before freezing occurs can be hazardous.  

Despite of their common ice binding function, the AFPs are a quite diverse group both 

regarding size, structure and activity. The AFPs are usually found in several isoforms 

within each organism. Below, the specific features of the AFPs found in the different 

species are described with focus on the insect AFPs – the subject of these studies. 

Illustrations of the known molecular structure of the AFPs are presented in the end of this 

section (Figure 3). 

1.3.1.1 FISH AFP 

The fish AFPs are the most studied AFPs, as they were the first to be discovered and 

because it is relatively easy to extract large quantities of the proteins from the blood of the 

fish. AFPs have been found in many fish species and in many shapes and sizes. The fish 

twj
Cross-Out
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AFPs have been divided into five groups – type I-IV and antifreeze glycoproteins 

(AFGPs)
15

 which will be described shortly here. 

The type I AFPs consist of a single α-helix, weigh 3.3-16.7 kDa
16

 and are alanine rich. The 

amino acids constituting the interaction with ice are threonines aligned in the same face of 

the α-helix in repetitive sequences. In the most extensive studied type I AFP (‘HPLC-6’ 

from Pseudopleuronectes americanus), four ice interacting threonines are spaced with 

three consensus sequences of AAxAxxAAxx in between them
17

 (Figure 3H).  

The type II AFPs are globular, weigh 11-24 kDa and are alanine and cysteine rich. The 

cysteines are most likely bonded. The AFPs share some homology with the Ca
2+

 dependent 

C-type lectins which they are believed to have evolved from. Some of the type II AFPs are 

Ca
2+

 dependent.
15

 There are not yet consensus of which domain of the proteins that 

facilitates the ice binding
18,19

 (or if this at all is a common domain for all the type II AFPs). 

Type III AFPs are globular, weigh around 6.5 kDa and do not have any abnormal amino 

acid content. The putative ice binding domain contains different types of exposed amino 

acids and not only threonines
20,21

 arranged in a flat area of the protein surface. 

Type IV AFPs are the newest groups of fish AFPs, and so far no crystal structures have 

been obtained. Structural analysis points towards a helical bundle structure. The size is 

around 12 kDa and they are glutamine/glutamic acid rich.
22

 However, it has recently been 

questioned if these Type IV AFPs are functional in the fish, as they are found in such low 

concentrations that would hardly produce any antifreeze protection.
23

 

AFGPs were the first type to be discovered. The AFGPs have an extended structure and 

consists of repeating tripeptide units (of A-A-T). Their sizes range from 2.6-33 kDa (4-50 

repeating units). On each threonine a disaccharide moiety is attached.
24

 It has been 

proposed that the AFGPs antifreeze effect is related to its ability to perturb the water 

dynamics over large distances.
25

 

Despite their heterogeneity, the fish AFPs can evoke roughly the same activity of 1 °C ± 

0.5 °C. Furthermore, they cause bipyramidal hexagonal ice growth, which is further 

discussed in section 1.3.2. However, Marshall et al.
26

 reports of a fish AFP (in the same 
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species as type I AFP has been found) that evoke much higher antifreeze activity and that 

show a different ice growth pattern, thus behaving much like insect AFPs.  

1.3.1.2 INSECT AFP 

The AFPs from insects all show high antifreeze activities compared to the other groups, 

and are sometimes referred to as hyperactive AFPs. In native conditions activities of up to 

9 °C have been reported.
27

 The high activity of these AFPs makes them a popular field of 

investigation, however, obtaining the proteins from the native organisms are a lot more 

troublesome than in the case of fish AFPs. Therefore, the genes encoding for the insect 

AFPs are often isolated, transferred and expressed in another organism, e.g. E. coli, to 

increase the yield. 

So far, the crystal structures of three insect AFPs have been obtained. These are of 

probably the most studied insect AFP from the beetle Tenebrio molitor (PDB: 1EZG),
28

 the 

beetle Rhagium inquisitor (PDB: 4DT5)
29

 and of the moth Choristoneura fumiferana 

(PDB: 1EWW).
9
 These all have a β-helical structure with a flat side containing exposed 

threonines (TxT motifs) in their putative ice binding site (IBS). 

Antifreeze activity has been detected in several insect species.
30

 However, only eight of 

these (and their isoforms) are well characterized. Their sizes span between 3.5-12.8 kDa. 

Besides the three species mentioned above, AFPs has also found in the beetles Dendroides 

canadensis,
31

 Microdera punctipennis,
32

 Anatolica polita
33

 and R. mordax and in the moth 

Campaea perlata.
34

 All of these AFPs are threonine rich and are assumed to have the same 

overall β-helical structure with flat aligned TxT motifs as in the known AFP structures. 

The number of coils of the proteins varies, both among species but also among isoforms 

from the same species. In some species, only the TxT motif is a repeating unit, while in 

others more consensus is seen in the coil, e.g. the consensus sequences of each coil of T. 

molitor AFP is TCTxSxxCxxAx.
28

 

Structurally, the insect AFPs differ in two main respects – the broadness of the TxT motif 

and the extent of disulfide bonds in the protein. Most of the insect AFPs have thin TxT 

motifs (only two exposed threonines in each motif). These AFPs also contains relatively 

many disulfide bridges as each coil usually contains two cysteines creating an internal 
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disulfide bridge. However, the R. inquisitor and R. mordax have a broader ice binding 

motif (TxTxTxT) and only one disulfide bridge. Lastly, the AFP of C. perlata has the 

broadest ice binding motif (TxTxTxTxT) and no disulfide bridges. 

Though it is strongly believed that the TxT motifs are facilitating the binding to the ice the 

motifs are often inconsistent. In all insect AFPs some of the threonines in the TxT motifs 

are substituted with other amino acids. Often these are amino acids of roughly the same 

size of the threonines but sometimes the substituted amino acid is large and disrupts the 

flat surface of the protein. What the function of these irregularities is have not yet been 

clarified but could be related to functions other than antifreeze. E.g. some studies suggest 

that M. punctipennis AFPs also have a role in heat stabilization as they could improve 

growth of yeast and bacteria at high temperatures and prevented heat related loss of 

enzymes activity.
35

 

The reason for the hyperactivity of insect AFPs is believed to be founded in the two-

dimensional (2D) regular alignment of the threonines in the IBS. One dimension is created 

along the TxT motif and the other is created by aligning these in rows along one face of the 

protein (see Figure 3E,F). It is speculated that this 2D alignment enables the protein to 

recognize and bind to multiple planes of the ice crystal,
9
 described in further detail in 

section 1.3.2. Interestingly, a fish AFP have shown to have as high antifreeze activity as 

the insects’.
36

 This AFP is a dimer and consists of two large (17 kDa) anti parallel α-

helices thus extending the IBS from one to two dimensions, supporting the theory that the 

broad IBS could found the hyperactivity. 

1.3.1.3 PLANT AFP 

AFPs have been found in a wide variety of plants and in various sizes (16-67 kDa).
37

 These 

AFPs show very little antifreeze activity (usually below 0.5 °C) even at high 

concentrations.
38-40

 Their main function is thus believed to be inhibition of recrystallization 

and they therefore often go under the designation recrystallization inhibitors rather than 

AFPs. As a note, this recrystallization inhibition ability is common to all AFPs, and not 

just plant AFPs. 
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In general, the plant AFPs are not as explored as the AFPs from fish or insects, and not 

much is known about the structures. So far, only one crystal structure has been solved for 

the plant AFPs, the one of Lolium perenne (PDB: 3ULT).
41

 The protein has a flat β-helical 

structure (as those of insects, however more irregularities is seen in the IBS which could be 

the reason for the lack of antifreeze activity), and it is hypothesized that both flat sides 

interacts with ice.
42

 However, whether this structure is a common treat to all plant is not 

yet established, and neither are other characteristics such as the extent of glycosylation or 

disulfide bonds, though the former seem unimportant for the recrystallization inhibition 

ability.
43

 

1.3.1.4 AFPS FROM OTHER SPECIES 

Though the AFPs of the above mentioned groups are the most explored, AFPs have been 

found in several other organisms, well spread over many branches of the taxonomic tree. 

This includes fungi,
44

 bacteria,
45

 diatoms,
46

 spiders
47

 etc. As the AFPs from these 

organisms are not well studied and only a few reports exist within many of the groups no 

general description exists about them.  

In conclusion, the AFPs are very diverse both in structure, size and activity. Their diversity 

even among closely related species indicates that the proteins are evolutionarily a relatively 

new adaption. The only common feature of the proteins, and which defines them, is their 

ability to interact with, and bind to, the surface of ice. However, how this binding is 

facilitated is still on debate. 
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Figure 3. Known crystal structures of AFPs from various organisms. Green: β-sheet. Yellow: α-helix. Red: 

Putative ice binding amino acids proposed by the discoverers. The AFPs are from A) Bacterium (Marinomonas 

primoryensis, PDB: 3P4G), B) Moth (C. fumiferana, PDB: 1EEW), C) Fish (Type III AFP, Zoarces 

Americanus, PDB: 1MSI), D) Fish (Type II AFP, Hemitripterus americanus, PDB: 2AFP), E) Beetle (T. 

molitor, PDB: 1EZG), F) Beetle (R. inquisitor, PDB:4DT5), G) Plant (L. Perenne, PDB: 3ULT), H) Fish (Type 

I AFP, P. americanus, PDB: 1WFB), I) Fungus (Typhula ishikariensis, PDB: 3VN3). 
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1.3.2 THE ICE BINDING MECHANISM 

The AFPs are defined by their ability to bind to the surface of ice. However, studying the 

protein-ice interaction is quite troublesome. No experiments directly showing the 

interaction on the molecular level exists, and so far most of the obtained knowledge is 

based on computer simulations or on localizing the AFPs by fluorescent labeling. 

Consequently, there are conflicting theories on several areas of the subject, and especially 

two aspects have been, and still are, the focus of the debate and are presented here, 

together with the general perception of other key aspects of the ice interaction. 

One of the issues up for debate is how, or through what kind of forces, the interaction with 

ice is driven. Though it is known that AFPs adsorb to the ice surface, the relative 

contribution of the physical forces driving this has not been established. Originally, when 

the amino acid sequence of the P. americanus Type I AFP was determined, it was 

proposed that the polar threonines was regularly spaced on one side of the protein and 

facilitated a hydrogen bonding mechanism with the ice lattice on the prism planes.
17

 

However, some mutational studies where some or all of these four threonines were 

substituted with valine showed that the protein maintained its antifreeze activity raised 

some doubt about this theory, and it has been proposed that it is rather the hydrophobic and 

van der Waals forces that drives the interaction.
48-50

  

Lately, it has been proposed that the AFPs form a hydration layer on the IBS, where water 

molecules arrange in a pattern that resembles that of ice through hydrophobic forces. These 

arranged water molecules thus fit onto the surface of the ice, and facilitate the binding.
51

 

Related to this, it has also been proposed that a structural match between the AFP and the 

ice surface is important for a successful adsorption.
52

 This is supported by the fact that all 

the putative IBSs of known structures of AFPs are flat and in most cases also show a 

regular pattern or surface structure matching that of ice. 

This structural match seem to greatly influence to which ice planes the protein binds, the 

ice crystal morphology of the growing crystal and the obtained antifreeze activity. The ice 

morphology obtained in a solution containing fish AFPs is quite distinct as it forms a 

bipyramidal structure (as shown in Figure 4A). The reason for this is strongly believed to 

be that the AFPs bind to a specific plane of the ice thus inhibiting ice growth in only some 
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directions. On a molecular basis, this specific fit is related to the distance between the ice 

binding amino acids coincide with the distance between the H2O of specific planes of the 

ice lattice, i.e. there is a structural match between the ice binding surface of the AFP and 

the surface of that specific ice plane. 

The P. americanus type I AFP is commonly used to illustrate this plane-specific structural 

match. On the protein, the four threonines are aligned on one side of the helix with regular 

spacing between them. This distance coincide with the repeating pattern of a specific ice 

plane,
53

 as illustrated in Figure 4B,C. Upon cooling of dilute solutions of fish AFPs the ice 

crystal starts to grow from the other planes. During this growth the plane recognizable by 

the protein will be expressed and the protein will bind to it and inhibit further growth, 

eventually leading to the characteristic shape of the crystal (Figure 4A). Due to the 

specificity of the protein, the tips of the crystal is weak regarding ice growth inhibition, 

and it is usually from here the ice growth bursts at the hysteresis freezing point. This 

weakness of the fish AFPs is assumed to be the reason to the relative low antifreeze 

activity compared to insect AFPs.  

A    B   C 

   
Figure 4. Ice crystal structure at the presence of fish type I AFP. A) Picture of the ice bipyramidal crystal 

observed at the presence of fish AFP (here a Type I)(from9). B) Illustration of the match between the repeated 

threonines (and aspartic acid/asparagine) of a type I AFP and the (201) (or also called (2021)) plane of an ice 

crystal (modified from53). C) Illustration of the 2021 plane and the 1102 direction where the type I AFP 

adsorbs in a unit of hexagonal ice (from53). 
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The different fish AFPs often bind to different specific ice planes. The planes are given 

vector numerals that illustrate their orientation relative to the three prism plane and the 

basal plane, and can be given as either a four or a three digit number.
54

 The type I AFP 

from P. americanus mentioned above and the Pleuronectes quadritaberulatus binds to the 

(201) plane of ice,
55

 while the AFP of Myoxocephalus scorpius, also type I, binds to the 

(210) ice plane.
55,56

 The type II AFP from H. americanus and the type III AFP from 

Macrozoarces americanus are believed to bind to the (111) and (100) plane respectively.
57

  

Regarding insect AFPs, no distinct shape of the ice crystals is observed, however, some 

report of lemon-like shapes. The reason for this is likely because the hyperactive AFPs can 

recognize and bind to several ice planes. The distance between the exposed threonines in 

the IBSs of these AFPs seem to match the H2O molecules of both the basal and the prism 

plane of the ice lattice, illustrated in Figure 5. This is achieved as the spacing of the 

threonines lengthwise of the protein fit to one plane and the spacing of the threonines 

crosswise of the protein fit to the other plane.
9
 Thus, it is most likely the two-dimensional 

(2D) structure of the IBS that enables the protein to bind several planes. 

A B 

  

Figure 5. Match between ice binding motifs of insect AFPs and the basal and prism plane of ice. The AFP from 

the moth C. fumiferana have its threonines within each loop (A) spaced approximately the same distance as the 

oxygen atoms (blue circles) of the H2O molecules in the basal plane of the ice lattice. The spacing of the 

threonines between the loops (B) coincides with the spacing of the oxygen atoms arranged on the prism plane 

of the ice (modified from9). 
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The method used for directly observing and determining the specific planes of the ice the 

AFPs bind to is called etching. Firstly, deionized water is slowly frozen at around -1 °C so 

that a single ice crystal is obtained. A 2 cm cube is then cut from the ice and the orientation 

of the planes is determined using a reflecting goniometer. A hole is melted in the cube, to 

fit the cold-finger and the cube is frozen to the cold-finger in a know orientation. A freeze-

out run as described in section 2.6.2 is performed in the presence of AFP. Here the single 

crystal will slowly grow in the solution, while the AFPs will bind to the ice plane(s) they 

recognize. When the crystal has grown to 5-6 cm in diameter it is removed from the 

solution, the surface is scraped to remove AFP solution and kept at -10 °C for evaporation 

for several hours. The surface of the crystal will become clear except where the AFPs are 

bound where it will appear etched. The orientations of the etched regions are finally 

determined using a universal stage.
55

 In some cases fluorescent tags on AFPs have been 

included as a direct way to observe the AFPs as exemplified in Figure 6, where it is also 

evident that the fish AFPs (here P. americanus) bind to specific patches or planes of the ice 

crystal, while the insect AFPs (here R. inquisitor) bind throughout the surface of the 

crystal, suggesting an ability to bind to multiple planes of the ice.
29

 

 A  B 

  

Figure 6. Ice hemispheres (5-6 cm in diameter) grown in the presence of AFPs with fluorescent tags. A) Type I 

AFPs (orange patches) bind to specific areas of the ice, constituting the recognizable planes (from58). B) Beetle 

(R. inquisitor) AFPs (green) bind evenly on the ice surface, suggesting multiple recognizable planes (from29). 

Arrows indicate the direction of the C-axis of the ice crystal. 
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The other aspect up for debate is whether or not the binding between the protein and the 

ice crystal is reversible or irreversible. There is an overall agreement that the effect of 

AFPs is founded in an adsorption to the ice surface. One of the first theories put forward 

was the adsorption inhibition mechanism
59

 leaning towards an irreversible adsorption. 

However, some argue that the adsorption is reversible and thus there is some ongoing 

exchange between the bulk AFP and adsorbed AFP in the hysteresis gap.
60-62

  

A main argument for the reversible mechanism is that the antifreeze activity observed is 

concentration dependent. If the adsorption was irreversible the effect would depend on the 

total AFP in the solution as it would all eventually adsorb, given enough space on the ice 

surface. Experiments with constant AFP concentration but increasing total AFP (sample 

size), show that the hysteresis is independent of total AFP amount, but only on 

concentration
63

 thus supporting the reversible adsorption theory. 

The main argument against the reversible adsorption is that desorption of the AFP from an 

ice crystal in a supercooled liquid would inevitably lead to growth of the crystal until a 

new AFP would bind, thus leading to an ongoing growth of the ice crystal.  

One of the most convincing studies supporting the irreversible binding theory is conducted 

by Celik et. al, 2013. Here a sample containing AFPs tagged with a fluorescent tag was 

frozen and slowly warmed until a small ice crystal remained. After some of the AFPs had 

adsorbed to the ice surface, the bulk liquid was changed to a solution not containing AFPs, 

while maintaining the ice crystal in the sample. If the AFPs were reversibly bound they 

would be expected to desorb to regain protein equilibrium between the bulk solution and 

the ice surface. The measurements of the fluorescence showed that the AFPs were present 

only on the ice surface and not re-accumulation in the AFP-free bulk solution, strongly 

suggesting an irreversible ice binding.
64

 

Kristiansen and Zachariassen, 2005 have proposed a mechanism combining the conflicting 

theories. They state that at the equilibrium temperature there is equilibrium between the 

AFPs in the bulk solution and in the ice/water interface region. Thus the amount of AFPs 

in the interface region is dependent on the overall protein concentration. Upon cooling, all 

the proteins in the interface, and nothing else, irreversibly adsorbs to the growing ice front, 
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evoking the thermal hysteresis, thus explaining the coexistence of a concentration 

dependent effect and an irreversible binding.
65

 

No common mechanism has yet been accepted, and maybe the mechanism is not common 

among the AFPs. Some AFPs might desorb from the ice because they do not have enough 

ice binding sites to maintain a stable binding, e.g. the fish AFPs, while the hyperactive 

AFPs with extended binding possibilities is much more efficient in making a strong 

irreversible binding. Even though the mechanisms of binding is debated a lot, there is 

much more agreement on the matter of how the AFPs evoke the thermal hysteresis. 

1.3.3 THERMAL HYSTERESIS 

The separation of the ice growth and melting point is termed thermal hysteresis. The AFPs 

are believed to evoke this phenomenon through what is called the Kelvin effect (or Gibbs-

Thomson effect) when they adsorb to the surface. 

Normally, when the temperature is below the equilibrium melting point of an ice 

containing solution, ice formation occurs because the vapor pressure of the ice becomes 

lower than that of water.
66

 When AFPs are present, and are adsorbed to the ice surface, the 

ice growth is prevented at the point of binding, thus limiting the growth to the unoccupied 

spaced between the bound proteins. The ice will then grow as hemispheres between the 

proteins as illustrated in Figure 7A. The convexity of the hemisphere increases the vapor 

pressure of the ice,
67

 thus bringing back a local equilibrium between the ice and the bulk, 

though the bulk solution is still under cooled. This curvature-induced effect on the vapor 

pressure is known as the Kelvin effect. 

There is a limit to the extent the vapor pressure of ice can be increased. The change of the 

vapor pressure depends on the sharpness of the curvature of the convex ice. The sharper 

curvature, the higher the increase in vapor pressure. When the ice grows out between 

adsorbed AFPs on the ice surface, the sharpest possible curvature is seen then the ice 

reaches the shape of a hemisphere. At this point the diameter of the formed hemisphere 

corresponds to the distance between the AFPs it grows out between (Figure 7B). Below the 

corresponding temperature, the convexity would lead to a diameter smaller than the space 
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between the AFPs and would result in ice growth out into the solution. Therefore, this 

temperature corresponds to the hysteresis freezing point.
65

 

The closer the AFPs are adsorbed on the ice surface, the sharper the curvature will get 

before reaching the critical diameter. This also implies that the hysteresis freezing point is 

determined solely by that point on the ice crystal where the distance between the adsorbed 

AFPs is the largest, as the curvature here will reach the critical radius at the highest 

temperature. However, whether or not it is possible for free AFPs to adsorb to these soft 

spots, thus putting off the nucleation, is not clarified. In the cases where bipyramidal 

crystal growth occur, the nucleation seems to initiate at the tips,
69

 indicating that these are 

soft spots on the crystal where the AFPs are spaced furthest from each other. 

The most recognized way of measuring the antifreeze activity is on the Clifton or Otago 

nanoliter osmometers. Here the AFP-containing sample is submerged in paraffin oil while 

observed through a microscope. The temperature is controlled and used to melt out the 

solution to obtain a minute ice crystal in the sample. The temperature is then lowered until 

rapid ice growth (hysteresis freezing point) occurs. The difference between the melting 

point and the hysteresis freezing point is then noted as the antifreeze activity. This method 

is further described in section 2.1.4. 

A B 

 

 

Figure 7. Ice surface curvatures. A) Illustration of the curvature growth of the ice (blue) between adsorbed 

AFPs (red) (from68). B) Upper: convex ice growth with the same curvature at different distances between the 

adsorbed AFPs. Lower: convex ice growth at different temperatures (supercoolings) with constant AFP spacing 

(from65). 
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In some studies, the antifreeze activity is measured by other methods. In one of these the 

sample is supercooled before nucleation is induced by ultrasound.
70

 The AFPs thus have to 

interact on the rapid growing ice that forms until equilibrium is restored. Though a 

concentration effect is obtained, the results cannot be directly compared to measurements 

obtained by other methods. Another method of measuring activity is by differential 

scanning calorimetry. Here the sample is frozen, heated to just below the melting point and 

the re-cooled, as with the osmometers. The calorimetric trace of ice formations is then used 

to determine melting and freezing points.
71

 A downside of this method is that the 

equipment needs to be very precise and reliable to obtain the same crystal size among the 

measurements, which is a crucial factor for the activity obtained.
72

 

Also the sample composition greatly influences the antifreeze activity as salts, amino 

acids, sugars and polyols have showed to affect the activity of the proteins.
73

 The 

mechanism is believed to be that the additives decreases the solubility of the AFPs,
63

 as 

according to the ice binding mechanism put forward by Kristiansen and Zachariassen, 

2005 would increase the AFP concentration in the interfacial region and thus a give rise to 

a higher number of bound AFPs during cooling and thus a higher antifreeze activity
65

 as 

illustrated in Figure 8.  

 

Figure 8. The influence of protein solubility on protein ice interaction. A) At the equilibrium 

melting point (T=Tm of ice) the AFPs are in a steady state distribution between the solution and the 

interfacial region. As the temperature is lowered (T<Tm of ice) the AFPs in the interfacial region 

becomes bound to the ice surface. B) Same scenario as in A), but in a solution decreasing the 

solubility of the AFPs thus shifting the distribution in favor of the interfacial region, leading to 

more bound AFPs at T<Tm of ice, causing a higher antifreeze activity (from63). 
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Kristiansen et al., 2008 has backed up their theory by studying how different salts 

improved the antifreeze activity of the R. inquisitor AFP. Here they show that the salts’ 

potency of increasing antifreeze activity at equimolal concentrations correlates with their 

ability to ‘salt-out’, i.e. lowering the solubility of the protein.
63

 This salting-out potency, or 

ranking, is commonly referred to as the Hofmeister series. The fact that the salt-induced 

lowering of the protein solubility compares qualitatively and quantitatively with the salt-

induced enhancement of the antifreeze activity makes a good support that the protein 

interaction with ice is dependent on the protein solubility. 

Besides the crystal size and sample composition, also the cooling rate and the annealing 

time affects the antifreeze activity
74,75

 (however, the latter could be related to a 

recrystallization and unification of the ice crystal that could favor the antifreeze effect or 

be limited to the case of non-hyperactive AFPs). These will not be described further here, 

but is mentioned to stress out that there are some uncertainties associated with the 

comparison of antifreeze activities, and could be a contributing factor for some of the 

conflicting results in the literature. 
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1.3.4 INTRODUCTION TO THE RMAFP1 

R. mordax, or the blackspotted pliers support beetle, is a cerambycid beetle measuring a 

few centimeters. It is found throughout mainland Europe and the United Kingdom. R. 

mordax lives at least two years in the egg, larval and pupal stage under the bark of 

especially hardwood trees before the adults appear in the summer.  

RNA encoding eight different isoforms of AFP was identified in R. mordax larvae 

collected from a Danish forest during wintertime. The sequences were obtained by 

performing reverse transcription PCR with degenerated primers derived from the sequence 

of an ice binding motif of a R. inquisitor AFP. The sequences of the eight isoforms are 

quite similar and show at least 76 % homology.
76

 Due to the high similarity, only one of 

the RmAFP isoforms has been used in this study (RmAFP1). 

The mature RmAFP1 (excluding a 10 amino acid signal peptide) consists of 136 amino 

acids and weigh 12,414 Da. It is rich on threonines (27.9 %) alanines (22.1 %), serines 

(13.2 %) and glycines (11.8 %) and contains five positively and five negatively charged 

amino acids and is thus relatively neutral both regarding charge and the hydropathy index.  

Due to the high similarity (76.5 %) between the sequence of RiAFP (PDB: 4DT5
29

) and 

RmAFP1 their tertiary structure is believed to be the same. Thus, the structure of RmAFP1 

is believed to be that of a left handed β-helix (though with some capping structures at the 

ending coils) with one disulfide bridge at the N-Terminal. The protein has six putative ice 

binding motifs with the consensus sequence TxTxTxT aligned as parallel β-sheets on one 

flat side of the protein, as illustrated in Figure 9. The protein thus shares structural features 

of other known insects AFPs, though containing fewer disulfide bridges and have broader 

ice binding motifs than most other known AFPs. 

The antifreeze activity of RmAFP1 lies in the same order as other hyperactive insect 

antifreeze proteins, though, direct comparisons are hard to make as many experimental 

factors influence the activity as described above. 
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The activities of both RiAFP and RmAFP1 seem to follow a linear relation with the 

logarithm of the protein concentration as shown for the latter in Figure 10B. Other insect 

AFPs, however, seem to follow other patterns as they do not form a straight line in the log-

plot (Figure 10B), although it cannot be ruled out that this is a result of small variations 

among the experimental factors as the measurements were conducted by other research 

groups. 

 

 

     Turn and non- 

     repetitive region 

 TxTxTxT     

motif 

 

YSCRAVGVDASTVTDVQG –  

GPGAVASGTSVDGS –  

GSGATATSTSTGTG –  

SNAAATSNAIGQG –  

GTAAARAIGSSTTSASATEP –  

GPGAQTATAIAID –  

AS . 

TCHAKAT 

TSTATAT 

TATTTAT 

TATSTAT 

TQTKTVS 

TATTTVT 

 

Figure 9. The sequence of the RmAFP1 is displayed with the TxTxTxT motifs aligned. Red letters indicate 

irregularities of the motifs. On the right the model of RmAFP1 is presented with the solvent exposed amino 

acids in the motifs drawn as red sticks. 

 

A B 

  

Figure 10. The activity curves of three insect AFPs all measured on Clifton osmometers presented on a A) 

regular scale or B) log-transformed X-axis, to illustrate the different relations between their activities and the 

protein concentration (references: C. fumiferana77. T. molitor78). 
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1.4 AIM OF THE PROJECT 

Even though it is generally accepted that ice bound AFPs cause thermal hysteresis by the 

Kelvin effect, the mechanism of how it binds to the ice and how the different forces 

relatively contributes to this is still not clear. The AFPs are a very diverse group of proteins 

and the same mechanisms might not apply for all proteins. 

Though the mechanism is not understood, the antifreeze effect is clear and measureable, 

and has evoked the interest of several industries that wish to explore the possibilities of 

applying the proteins in their production. 

To harness the full potential of AFPs, or any other protein, it is important to know and 

understand all the aspects of their function. This basic science is indeed needed for the 

AFPs where many questions are still unanswered.  

This thesis focuses on some of the factors that are proposed to affect the interaction with 

the ice surface. These investigations were made by the means of mutagenesis with 

RmAFP1 as the subject, where the significance of the structural fit between AFP and ice 

were studied along with an attempt to deduce the relation between the solubility of the 

AFP and its activity. Furthermore, a profound investigation of the protein’s 

thermodynamic properties was conducted to get some insight into the protein stability, 

both regarding functionality but also for protein handling during the purification process. 

All the investigations of the present work are described in the following section. 
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2. PRESENT INVESTIGATION 

The work conducted on the R. mordax antifreeze 

proteins during the PhD is presented here. First a 

section describing the general methods is presented. 

This is followed by a brief presentation of the contents 

of the published (or submitted) papers including some 

additional considerations and perspectives not included 

in the papers. Lastly a section containing unpublished 

or unfinished research is presented, together with a 

final summary and concluding remarks of the 

experimental findings. 
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2.1 GENERAL METHODOLOGY 

In this section the applied methods, both from the published and unpublished studies, are 

described. The descriptions are more detailed than found in the enclosed papers and also 

contain some of the considerations that were made during the development of the 

procedures and the theory behind the method.  

The contents of the buffers and other solutions are described the first time they are 

mentioned in this section, but can also be found before the table of contents. 

2.1.1 THE GENE CONSTRUCT OF RMAFP1 

Though it is not a method or protocol, here follows a description of the plasmid construct 

that all cloning of the project was based on. The high-expression pQE-2 vector (Qiagen) 

containing a T5 promoter under the control of the lac-operon was used for expression in E. 

coli. A sequence encoding a His-tag consisting of the amino acids sequence MKHHHHHH 

was located upstream of the multiple cloning site of pQE-2. The gene encoding for 

RmAFP1 was inserted in the very 5’ end of the multiple cloning site with the restriction 

enzymes NdeI and HindIII. A lysine codon was inserted in the 5’ end of the RmAFP1 

gene. The lysine functioned as a stop amino acid for the dipeptidase DapAse (Qiagen) that 

were used to cleave off the His-tag. The translated product had the amino acid sequence; 

MK-HH-HH-HH-HM-K(RmAFP1).  

The dashes illustrate the cleavage sites of DapAse. The final product obtained after 

cleavage was thus the native RmAFP1 sequence with an N-terminal lysine attached. 

Unless stated otherwise, this extra lysine was also present in the proteins used in this study. 

The protease deficient E. coli BL21 strain was used as the expression organism in this 

project (genotype: F-, ompT, lon, hsdSB (rB-mB-), gal, dcm). 

 

 



41 
 

2.1.2 FINAL EXPRESSION AND PURIFICATION PROTOCOL 

The RmAFP1, and all the mutated derivations, were all produced and purified as follows; 

One bacterial colony was used to inoculate 250 ml LB medium containing ampicillin (100 

µg/ml) in 1 L baffled flasks. The flasks were incubated at 37 °C over night (ON) with 

rotational shaking at 120 rounds per minute (rpm). 

750 ml fresh cold lysogeny broth (LB) medium with ampicillin was added to a final 

concentration of 0.1 mg/ml and the culture was put at 4 °C for 30 minutes. The culture was 

divided into four 1 L baffled flasks and placed at 30 °C and 120 rpm. After 30 minutes 

isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM 

to induce the expression of RmAFP1. After 3 hours the cells were harvested by 

centrifugation at 4,000 g for 10 minutes at 4 °C. The pellets were resuspended in R-buffer 

(50 mM NaCl, 10 mM imidazole, 25 mM tris, pH 8) and a protease inhibitor cocktail was 

added (final concentration: 0.1 % NaN3, 5 mM benzamidine, 10 mM 

ethylenediaminetetraacetic acid (EDTA)). The cells were lysed in a French press through 

four cycles at around 700 pounds per square inch. The product was spun down at 20,000 g 

for 20 minutes at 4 °C. The supernatant was frozen down until the next day. 

The cytosol was thawed and transferred to 15 ml falcon tubes. The tubes were placed in 

60-65 °C water for 10 minutes for heat denaturation, precipitating the majority of 

concomitant proteins. The product was spun down at 10,000 g for 10 minutes and the 

supernatant was filtered through 8.0, 0.8, 0.65 and lastly 0.45 µm filters. 

The purification was performed on the Äkta-basic fast protein liquid chromatography 

(FPLC) system (Amersham Pharmacia). The cytosol was applied to a pre equilibrated (R-

buffer) nickel sepharose column ‘HisTrap’ (GE healthcare life sciences) with a column 

volume (CV) of 5 ml. A sample corresponding to maximum 1½ L of expression culture 

(around 35 ml cytosol) was applied to the column and flushed with R-buffer for 20 minutes 

before an imidazole gradient was started to elude the protein. The gradient went from 10 

mM to 200 mM in 20 minutes. All flow rates were 2 ml/min. The fraction with AFP was 

collected and dialyzed in a 1,000 molecular weight cut off membrane ON against >1,000 
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volumes of water at 4 °C. The next morning the water was changed, and after 6 more hours 

of dialysis the sample was frozen to -80 °C and freeze-dried ON.  

The lyophilized protein was dissolved in cleavage buffer (20 mM NaH2PO4, 150 mM 

NaCl, pH 7) and the concentration was determined by the bicinchoninic acid (BCA) assay. 

DapAse was activated by cysteamin for 5 min at room temperature and 25 mU per mg of 

RmAFP1 was added to the solution to cleave off the His-tag. The RmAFP1 was cleaved at 

37 °C for 30 minutes under slow shaking. The cleaved product was applied to an 

equilibrated (cleavage buffer) 1 ml HisTrap column and the flow through containing the 

untagged RmAFP1 was collected.  The protein was dialyzed as previously, frozen and 

freeze-dried. 

The protein was solubilized in a relevant buffer often determined by the experiments to be 

performed supplementary to the activity measurements. The sample where spun down at 

10,000 g for 10 minutes to remove any unsolubilized matter. Finally the protein 

concentration was measured by BCA assay before it was used for the experiments. 

2.1.3 PROTEIN QUANTIFICATION 

As the RmAFP1 had a low content of charged and hydrophobic amino acids the staining 

with coomassie brilliant blue was weak. Furthermore, the low content of aromatic amino 

acids implies a very low extinction coefficient at 280 nm, thus making the absorbance at 

this wavelength a poor estimate of the protein concentration as well.  

The assay used for protein determination of RmAFP1 was the bicinchoninic acid (BCA) 

assay. Here, BCA and Cu
+2

 ions are mixed with a protein sample. At high temperatures the 

Cu
+2

 ions reacts with the peptide bond and forms Cu
+1

. BCA and Cu
+1

 then react and form 

a compound that absorbs at 562 nm. 

In this project a commercial BCA-kit (Sigma-Aldrich) was used to determine RmAFP1 

concentrations. 1 ml BCA-solution and 20 µl Cu
+2

 (4 % W/V) per sample was mixed. 1 ml 

of the mixture was transferred to a 1.5 ml E-tube containing 50 µl of protein sample (or 

corresponding blank), and incubated at 60 °C for 15 minutes in a heating block. The 

samples were transferred to cuvettes and measured at 562 nm in a spectrophotometer. 

Often 3-4 protein dilutions were made to create a standard curve. 
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To get a reference point for the measurements, a protein sample was sent for amino acid 

analysis (Department of System Biology, DTU, Denmark). The result from this analysis 

was correlated to the absorbance measurements of the sample. An absorbance of 3.6 AU at 

562 nm of pure RmAFP1 was found to correspond to 1 mg/ml in the 50 µl protein sample 

(before being mixed with BCA solution) and was used as a standard conversion factor. 

2.1.4 ACTIVITY MEASUREMENTS 

The antifreeze activity was measured with a Clifton nanoliter osmometer (Clifton 

Technical Physics, USA). Samples of approximately 10 nl were submerged in liquid 

paraffin located in six wells in a thin aluminum plate. This plate was fixed with a heat 

transferring paste on a Peltier element enabling a fine controlling of the sample 

temperature. The samples were initially cooled to -40 °C to freeze them out. The frozen 

samples were heated to a temperature just above the expected melting point. The 

temperature was then slowly raised until one small ice crystal remained. The temperature 

was noted. The crystal was left for stabilizing for about one minute before the temperature 

was lowered with about 1 °C/min while observing the crystal through a microscope. In the 

presence of AFPs the ice crystal does not grow initially when the temperature is lowered. 

At some point during the cooling, rapid ice formation occurs; the hysteresis freezing point 

(shown in Figure 11), and the temperature is noted. The difference between the stabilizing 

temperature and the hysteresis freezing point was taken as the antifreeze activity. 

Samples for activity measurements generally consisted of dilution series often spanning 

0.075-1.2 mg/ml protein was kept at -18 °C until measured. Often 5-6 repeated 

measurements were performed on the same sample, not necessarily in the same well, 

during the activity assessment. To improve the conditions of measuring, the osmometer 

    

Figure 11. A freezing burst of a sample cooled 6.1 °C below its melting point. The arrow indicates an initial ice 

crystal just prior to bursting. The following three images are taken 40, 80 and 120 milliseconds later. 
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was positioned in a climate room where the temperature and humidity was kept low, to 

prevent condensation on the glass and sample holder. 

2.1.5 DIFFERENTIAL SCANNING CALORIMETRY 

Among many other things, differential scanning calorimetry (DSC) can be used to 

determine the melting temperature of proteins. In DSC, the transfer of heat to a sample and 

a reference is measured as a function of cell temperature and thus any differences in heat 

capacity is tracked. The sample and reference are heated at a constant rate while the heat 

flow to each cell is monitored. As it takes energy to unfold a protein, more heat needs to be 

transferred to the sample during the unfolding to maintain the heating rate, and thus the 

unfolding will cause an oscillation in the thermal profile. After a blank run has been 

subtracted from the scan, the enthalpy of unfolding (H) can be obtained by integrating the 

peak on the thermal profile and adjusting for the protein concentration in the sample. 

In the present study an N-DSC III model 6300 (TA Instruments) was used. The buffer used 

for the experiments was a potassium-free phosphate buffered saline (PBS, 137 mM NaCl, 

10 mM Na2HPO4, pH 7.4) as the potassium was found to influence on the measurements. 

Protein samples (0.25 mg/ml) and references were degassed for 10 minutes prior to 

loading. In experiments aiming at determining the refolding abilities of RmAFP1, 

successive scans were made from 1 °C to three different temperatures well above the 

melting temperature, with a scan rate of 1 °C/min. The H was calculated for each run, and 

the percentage decrease in this value, i.e. the decrease in peak size, was taken as the 

percentage of the proteins that had not refolded, likely due to protein aggregation. Between 

each run, the temperature was held at 1 °C for 45 minutes to facilitate the refolding, and 

thus bringing the protein sample in equilibrium. 

In experiments aiming for determining the melting temperature of RmAFP1, heat scans 

from 10-60 °C at different heating rates were performed. The temperature at the peak of 

the resulting thermal profiles indicated the melting temperature (Tm) of the protein. This 

value was very dependent on the scan rate, and did not reach a stable value even at very 

low scan rates, thus a valid Tm of RmAFP1 could not be obtained with this method. The Tm 

was determined through circular dichroism spectroscopy instead.  
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2.1.6 CIRCULAR DICHROISM SPECTROSCOPY 

Circular dichroism (CD) spectroscopy can be used, amongst other things, to elucidate 

characteristics of the secondary structure of proteins. In short, the proteins rotates plane 

polarized light in a manner that is dependent on the composition of their structural 

elements.  The spectrum gives a qualitative description of the protein structure and can be 

used to calculate the percentage composition of α-helix, β-structure and random coils.
79

 

In the present study the protein configuration was monitored by a Jasco J-715 circular 

dichrometer equipped with a thermostat accessory. All experiments were made with a N2 

flow rate of 5 L/min and with a scan rate of 50 nm/min. Before measurements, the CD was 

calibrated with a standard solution of 0.6 mg/ml ammonium D-10-camphorsulfonate to 

190.4 ± 1.0 mdeg at 291 nm. The protein samples were dissolved in potassium-free PBS to 

a protein concentration of 0.25 mg/ml. A quartz cuvette with a path length of 1 mm 

holding 220 µl of sample was used. The samples were scanned from 190-250 nm.  

In the enclosed Paper#1, the composition of the protein’s secondary structure elements was 

determined through CD. This was performed by A.B.Lorentzen and is not described 

further here. In Paper#2, only the raw spectra were used as only the relative structure 

changes were analyzed. Firstly, the spectra of RmAFP1 obtained at 1 °C (all proteins are in 

the folded native state) and at 50 °C (all proteins are unfolded) were obtained. The milli-

degree values (measurement of circular ellipticity) at 218 nm (mdeg218) of the two spectra 

were used as extreme vales for the determination of protein configuration. From here the 

protein melting temperature and the refolding rates were obtained by monitoring the 

spectra at different temperatures as described in Paper#2. 

To apply this method, we had to make the assumption that there is a linear relation 

between the changes in mdeg218 and the amount of protein in the folded (or unfolded) 

state. Thus if the value of mdeg218 is right between the two extreme values we presume 

that the proteins are folded (or unfolded) 50 % of the time. Some factors could interfere 

with this assumption, e.g. if the temperature itself had an effect on the circular ellipticity. 

However, the neat sigmoid curve (cf. Figure 2 in Paper#2) of mdeg218 obtained at 

different temperatures around the protein melting temperature indicates that the 

assumption, and method, was valid.  



46 
 

2.1.7 HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 

High-performance liquid chromatography (HPLC) is a high resolution method for 

separating various molecules by passing the pressurized sample through a column filled 

with a packed sorbent (stationary phase) that the molecules interact with in different 

degrees thus affecting their retentions times. 

In the present study reversed phase HPLC (RP-HPLC) was performed, i.e. separation with 

a hydrophobic stationary phase, as the method was used to quantify the relative 

hydrophobicity of different RmAFP1 mutants. 

The experiments were run at 10 °C on an Agilent series 1100 HPLC using a Purospher RP-

18 column (Merck) with a column volume of 1.6 ml. The two mobile phases used were a 

KPO4 buffer (50 mM K2HPO4/KH2PO4, pH 7) and pure methanol. The column was 

equilibrated with >10 CV of 60 % KPO4 buffer 40 % methanol before experiments with a 

flow rate of 0.5 ml/min. Before application, 60 µl of 1 mg/ml protein sample was mixed 

with 40 µl methanol. 20 µl of the sample was applied on the system in each run. After 5 

minutes of wash, a gradient from 40 % to 100 % methanol in 60 minutes was started (1 

%/min). The absorbance at 210 nm of the eluate was continuously monitored and the 

elution time (time of the maximum absorbance value) was noted. Three runs of each 

mutant were performed. The method gave quite consistent elution times (within 0.1 

minutes) among the replicates. An example of a blank-subtracted run of the untagged 

RmAFP1 is presented in Figure 12. 

 
Figure 12. An example of a HPLC run with a methanol gradient from 40-100 % with the elution time indicated 

of a sample containing purified RmAFP1. 
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2.2 IMPROVING YIELD AND PURITY OF RECOMBINANT RMAFP1 

The venture of locating the AFP genes in R. mordax and transferring them to E. coli for 

expression is relatively new. Hence, the expression and purification method was not well 

developed at the start of this project, and the yield and purity of RmAFP1 was poor. Thus, 

the first objective of this study was to improve the method used for recovery of 

recombinant RmAFP1. This work took up a large part of the project as it contained some 

trial and error but had to be completed before proceeding with the subsequent protein 

studies. Here follows a description of the development of the purification protocol. 

2.2.1 PRECEDING PURIFICATION STRATEGY 

The preceding strategy was based on a glutathion S-transferase (GST)-AFP fusion protein, 

with a cleavage site recognizable by thrombin between the proteins. The gene was inserted 

into the pGEX-2T plasmid and expressed in E. coli. This expression protocol was almost 

identical to the final protocol described in section 2.1.2. However, the purification protocol 

differs in many ways and is described here.  

After protein expression the cells were lysed in a French press. The cytosol was dialyzed 

against a tris-buffer (0.1 M tris, 0.1 M NaCl, pH 7) ON, and filtered (0.45 µm). The 

filtered cytosol was recirculated at 0.5 ml/min ON over a column containing glutathione-

sepharose, which GST binds to, then washed and the fusion protein was eluted with free 

glutathione. The product was subjected to ultrafiltration for 6 hours to increase protein 

concentration. This also caused formation of fibrous structures, probably protein polymers. 

The protein concentration was determined by the 280 nm absorbance and a theoretical 

extinction coefficient, and a specified amount of thrombin was added based on the 

concentration of the fusion protein. The cleavage ran at 4 °C ON. The cleavage was not 

complete, but a breakdown of AFP during cleavage was observed (through sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis), so prolonging the cleavage 

time would not be beneficial. The sample was filtered to remove fibrils, and applied to a 

Superdex 75 column (GE Healthcare Life Sciences) for size exclusion separation. The 

separation of AFP and GST was not optimal and contaminated samples were obtained. 
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Furthermore, the formation of polymers, the incomplete cleavage and the ongoing 

breakdown of AFP during cleavage all contributed to the low yield of the final product. 

2.2.2 DEVELOPMENT OF THE PURIFICATION PROTOCOL 

Several phases of the purification strategy were changed as many steps in the existing 

purification protocol needed optimization. The considerations and development of the new 

protocol are described here, and divided into four major groups or trials that underlie the 

progression of the purification protocol. 

Setup 1 

Major changes were made in the first design of an improved protocol. The changes and 

reasoning thereof are described here, followed by a discussion of the outcome. 

- To improve the binding affinity, the GST-tag was substituted with a 7xHistidine 

tag which is one of the most used affinity tags. At the same time the vector was 

changed to pQE-2 (Qiagen) as this vector was designed for high protein expression 

with N-terminal His-tags. The expressed protein had the sequence 

MKHHHHHHHMQ-(AFP) 

- The glutathione sepharose column was replaced with a HisTrap column to capture 

the His-tagged RmAFP. The column volume was also decreased vastly, as the 

HisTrap column had higher binding capacity. The sample was applied with 2 

ml/min once, instead of circulation ON. 

- As some impurities were seen after nickel affinity chromatography, a step with ion 

exchange chromatography was introduced. The size exclusion chromatography 

step was removed. 

- The strategy for removing the tag was changed from the slow, ineffective thrombin 

to the endonuclease DapAse. This enzyme digests two amino acids from the N-

terminal continuously until it encounters certain amino acids that cause it to stop. 

The relative unspecificity of the enzyme ensures a fast digest. 
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- To obtain a recombinant RmAFP1 without additional amino acids, a glutamine 

was introduced downstream the His-tag. This amino acid functions as a removable 

stop point for DapAse in combination with the enzymes Q-cyclase and pGAPase 

(see Qiagens TAGZyme handbook
80

 for details). 

- As the AFP contains very few aromatic amino acids, the protein quantification 

assay was changed to the more suitable BCA assay. 

- A purification step of heat denaturation was included. The closely related R. 

inquisitor AFP (RiAFP) had long been purified from the haemolymph using this 

strategy, as the AFP did not precipitate during this treatment, as most of the other 

proteins did. This method was applied to the RmAFP1. Activity measurements 

confirmed that the RmAFP1 maintained its activity after heat treatment. 

The changes described above made the purification procedure much faster than the 

previous. Furthermore, the heat denaturation purification step removed a large part of the 

contaminant proteins, though not enough to get pure RmAFP1 just by nickel affinity 

chromatography. The yield here was, however, increased substantially compared to the 

GST-AFP strategy. The RmAFP1 was hard to purify using ion exchange chromatography 

(IEX) and some protein loss was unavoidable, likely due to a neutral isoelectric point and 

the relatively few charged amino acids of the protein. Furthermore, the tag-removal 

procedure, involving three enzymes and multiple purifications steps gave rise to much 

protein loss and involved some uncertainties of over digestion by DapAse. 

Setup 2 

The changes performed for the second round of optimization were as follows; 

- To avoid the troublesome cleavage strategy a cleavage site for enterokinase was 

introduced in the N-terminal of RmAFP1. The enzyme recognizes a short amino 

acid sequence and cleaves C-terminally of this, thus leaving no extra amino acids 

on the AFP – a feature that was strived for. The amino acid sequence of the 

expressed protein was MKHHHHHHHMVGAELDDDK-(AFP) 



50 
 

- The new sequence was ordered at Genscript Inc., and the gene was codon 

optimized for E. coli at the same time. This should improve the translation process 

during protein expression and increase the yield. 

The amount of expressed protein was greatly improved by the codon optimization. The 

success using IEX were slightly improved as the cleavage site of enterokinase contained 

four aspartic acids that slightly changed the isoelectric point. However, the cleavage with 

enterokinase was inadequate, and attempts with changing the temperature and cleavage 

time did not lead to success. 

Setup 3 

As DapAse at least showed a reliable and fast cleavage, the purification strategy was 

changed back to using this enzyme. Changes from setup 1 are; 

- Glutamine was substituted with a strong DapAse stopping amino acid (lysine) 

upstream of RmAFP1. This would greatly simplify the tag removal procedure. 

However, this also implied that the obtained pure AFP would have an irremovable 

N-terminal lysine attached. 

- The IEX step was excluded as the nickel affinity purification step had been 

optimized in a degree that only a small fraction of contaminant proteins was 

obtained. However, these proteins have affinity for the nickel sepharose complex 

and are thus removed in the final purification step where the cleaved sample is 

applied to a nickel column to remove DapAse, free His-tags and any un-cleaved 

protein, thus leaving the cleaved protein pure. 

This setup is the final protocol that is used to produce the RmAFP1. The procedure is less 

time consuming than the initial procedure and the end product is much more acceptable. 

However, as a non-codon optimized gene was used in this setup, an attempt to improve the 

yield further was made by creating a codon optimized gene.  

Setup 4 

A new gene was designed which was a codon optimized variant of the construct used in 

setup 3, but was similar on the protein level. Surprisingly, this construct did not give any 
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protein yield, neither in cytosol nor in inclusion bodies. The construct was re-verified, new 

buffers were made and all equipment was sterilized to exclude the possibility of 

contamination but this did not change the outcome.  

Unfortunately, several codon optimized mutants was obtained at the same time as the wild 

type (WT), and a lot of time was spend on trying to get these expressed, before it was 

discovered that the lack of expression was implied in the codon optimization. Thereafter, 

the rest of the studies and constructions were based on the non-codonoptimized genes 

described in setup 3. 

2.2.3 DISCUSSION 

The final procedure (setup 3) that was used for expression and purification of the WT and 

mutant proteins is described in section 2.1.2.  

Several other small scale optimization experiments (with temperature, expression time and 

buffers) that are not mentioned above were also performed. The possibility of optimizing 

the yield of RmAFP1 from E. coli is still present e.g. if a codon optimized construct could 

be made. However, the obtained protocol gave plenty of AFP for the experimental studies, 

and no more time were put into the optimization of the protocol. Around 10 mg per liter of 

culture is obtained after nickel affinity chromatography. Around half of this is lost during 

the cleavage procedure. However, the AFP seems just as active with the His-tag attached, 

and depending on the application, the tag can by advantage be left on the protein. Unless 

stated otherwise, an untagged (though containing an extra lysine in the N-terminal) 

RmAFP1 is used in the studies. 

2.2.4 FUTURE ASPECTS 

If the yield of RmAFP1 were to be further improved some investigation should be made of 

making a codon optimized variant that is cleavable with DapAse. Another strategy would 

be to transfer the expression to a host organism from where the protein can be secreted to 

the growth medium. This strategy has the potential of providing much higher protein yield, 

and would be relevant if the protein production should be taken to industrial levels. 
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2.3 STRUCTURAL CHARACTERIZATION OF RMAFP1 (PAPER#1) 

The AFPs of the two closely related longhorn beetles Rhagium mordax (the center of this 

thesis) and Rhagium inquisitor have very similar amino acid sequences. These AFP are 

quite different from other known insect AFPs as they only contain one disulfide bridge and 

have a broader putative IBS, but not much is known about their structure. 

The AFPs of R. mordax are a relatively new discovery, and the genes of eight AFP 

isoforms have recently been identified (RmAFP1-8) and cloned into an E. coli strain. In 

Paper#1, the becoming of the sequences for the rmafp genes are described, as well as the 

purification of the protein and the characterization of the secondary structure on the basis 

of CD studies. Furthermore, the amino acid sequences were used to model a possible 

structure on the basis of the putative ice binding motifs, the putative structure of the RiAFP 

and the overall structure of known insect AFPs – the β-helix. 

My practical role of this study was to improve the purification protocol to provide enough 

pure protein for the CD and antifreeze activity studies. Only one of the R. mordax AFP 

isoforms (RmAFP1) was implied in the new expression protocol, purified and used for 

structural studies. 

The results of the CD confirmed that the secondary structure of the RmAFP1 and the 

RiAFP is quite similar. The proteins showed to have a high percentage of β-structure (55 

and 63 %, respectively) as seen in other insect AFPs. Furthermore, secondary structure 

prediction algorithms suggested that the six putative ice binding domains were in β-strand 

formation in accordance with our expectations. 

On the basis of the results, a model of the putative structure of RmAFP1 was constructed, 

having the flat ice binding domains stacked parallel in a β-helical protein structure as 

shown in Figure 13A. A Ramachandran plot that evaluates the rotational angles confirmed 

that the vast majority of the amino acids are folded in normal angles, thus supporting that 

the suggested structure was valid. 
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2.3.1 DISCUSSION 

After Paper#1 containing the proposed structure of RmAFP1 was published, another group 

identified the crystal structure of the RiAFP though X-ray crystallography,
29

 shown in 

Figure 13B. This revealed a slightly different structure than the proposed RmAFP1 

structure. The putative ice binding domains are the same and aligned in parallel β-stands in 

both cases. However, the way the proteins coil is different such that the two C-terminally 

ice binding domains have switched order. Because of the great similarity between the 

sequences of RiAFP and RmAFPs, the structure found via crystallography of RiAFP most 

likely also applies to RmAFPs. 

2.3.2 FUTURE ASPECTS 

As the yield and purity of RmAFP1 have been improved, it is now possible to attempt to 

determine the crystal structure of the RmAFP1. This would give a definite answer to how 

alike the AFPs of the two species are, and also if there is any differences among the 

isoforms of RmAFPs. Knowing the structure of RmAFP1 would furthermore improve the 

basis for designing good protein candidates for mutational studies. 

A 

 
B 

 
Figure 13. Backbone illustration of AFP. A) The proposed structure of RmAFP1 via modeling. B) The 

subsequently obtained crystal structure of RiAFP (PDB: 4DT5). The upper faces of the proteins are the 

putative IBSs. The C-terminal end is colored red and the N-terminal blue. 



54 
 

2.4 HEAT STABILITY OF RMAFP1 (PAPER#2) 

Intrigued by the fact that the RmAFP1 withstood the heat treatment used in the purification 

protocol, a study was made on the thermodynamic properties of the protein. Furthermore, 

such study would be of great relevance if the protein was to be used in a technological 

aspect, where high temperature exposures are often an issue. 

The key methods for the study were CD and DSC. The study can be divided in three 

subsidiary studies; determining the protein melting temperature, determining the degree of 

refolding and lastly determining the rate of refolding. 

2.4.1 PROTEIN MELTING TEMPERATURE 

The Tm was at first attempted to be determined through DSC as this is a common method 

for this purpose. However, we experienced that the apparent melting temperature was 

highly influenced by the scan rate of the DSC, and thus even the lowest scan rate would 

obtain a biased apparent Tm. The Tm was instead determined though CD, where spectra 

were obtained in a wide temperature range. From here, the transition from the folded state 

at low temperatures to an unfolded state at high temperature was observed, and the 

temperature at which half the amount of protein had unfolded was defined as the Tm. This 

value was only 28.5 °C for RmAFP1. 

2.4.2 REFOLDING ABILITIES 

With a Tm of 28.5 °C, RmAFP1 must undergo refolding as it is active after the heat 

denaturation purification step where it is exposed to 60 °C for 10 min. To determine the 

degree of refolding, RmAFP1 was subjected to repeating exposures of high temperatures, 

while measuring the H at each temperature scan. The relative drop in H between each 

scan was interpreted as the fraction of protein that did not refold after the previous heat 

exposure. The calorimetric trace of 10 exposures to 60 °C and 80 °C are depicted in Figure 

14 (scans to 70 °C were made as well but are not included here). 
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On average, only a 1.0 % decline of the original H was seen between each run to 60 °C 

and 6.5 % to 80 °C. The activity of the retrieved samples showed a drop in activity closely 

corresponding to what was expected from the observed drop in H. Hence, the protein 

refolds into an active form. Interestingly, the sample which had taken the most heat (at 80 

°C) showed a higher activity than expected, indicating that the damage obtained at this 

temperature is reversible if the protein is given more time to recover. 

2.4.3 RATE OF REFOLDING 

Through the study we observed that long equilibration times were necessary to obtain 

consistent results on the DSC. This indicated that the (un)folding kinetics of the protein 

were relatively slow. To investigate the rate of folding, a sample of RmAFP1 was heated to 

50 °C for 12 minutes (until equilibrium was obtained) on the CD, and then cooled to 1, 5, 

10, 15 or 20 °C. At these temperatures the CD spectra were measured continuously until 

the new equilibrium was obtained. Only the mdeg value obtained at 218 nm was used as to 

describe the protein configuration instead of the entire spectrum. The spectra obtained at 

10 °C at different times after cooling are depicted in Figure 15. The rate of refolding 

showed as expected to be relatively slow. Furthermore, the rate showed to be faster at 

lower temperatures in the investigated interval, which is quite uncommon and indicates an 

apparent negative activation energy or an unusual pattern in intermediate folding steps. 

 A B 

 
Figure 14. Thermal profiles of RmAFP1 heated repeatedly to A) 60 °C or B) 80 °C. The thermal profile hardly 

changes after exposures to 60 °C, indicating that the RmAFP1 almost fully refolds after the heat exposure. At 

exposures at 80 °C however, much less protein seem to refold. 
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2.4.4 DISCUSSION 

It was unexpected to find such high heat tolerance for a protein that has its function below 

0 °C. Furthermore, the heat tolerance is not restricted to RmAFP1, but is seen in many 

other insect AFPs too. However, while these AFPs cope with heat by having high melting 

temperatures, the RmAFP1 has a high refolding capacity, i.e. high colloidal stability. 

The reason for the high heat tolerance of the AFPs could be that they have other functions 

than just the antifreeze. This is supported by the fact that an expression of AFPs has been 

seen during summer time. These other functions could be related to heat induced injury as 

the protein has been observed to protect bacterial cells from heat and to maintain enzyme 

activity. 

2.4.5 FUTURE ASPECTS 

The RmAFP1 seems to be remarkable in several thermodynamic aspects. It has one of the 

lowest reported protein melting temperatures, almost all proteins refold into an active 

protein after high temperature exposures, the refolding rate is very slow and the rate seems 

to increase as the temperature is lowered. All these properties makes RmAFP1 interesting 

for further investigation to elucidate exactly what characteristics that gives the protein 

these properties. In the technological perspective the findings are very interesting, and the 

high heat tolerance is an important property if the protein is to be applied in the industrial 

process. However, deeper investigations into the stability and refolding would be relevant 

in this regard, e.g. including the effect of pH or various detergents.  

 
Figure 15. CD spectra obtained after cooling a sample of RmAFP1 down from 50 °C to 10 °C to observe the 

rate of refolding. The mdeg value at 218 nm (grey dashed line) was used for calculations of the rate constants. 
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2.5 MUTATIONAL STUDY ON RMAFP1 (PAPER#3) 

The ice interacting areas of the insect AFPs are strongly believed to be the TxT motifs. 

However, many of the AFPs, here amongst the RmAFP1, have some irregularities in these 

consensus sequences, i.e. the threonines are substituted with other amino acids. Although 

many mutational studies have been carried out on the AFPs, none of them have had focus 

on these irregularities. Contrary, most of them have been concerning an introduction of 

more irregularities in order to point out the ice binding region of the protein. In this paper, 

some of the irregularities of the TxTxTxT motifs in RmAFP1 (c.f. Figure 9) were 

substituted with threonine to investigate the significance of the natural occurring 

irregularities for the antifreeze activity.  

2.5.1 THE MUTANTS AND THEIR ACTIVITIES 

The amino acids disrupting the TxTxTxT motifs of RmAFP1 are H21, K23 and S114. In 

this paper H21 and K23 were substituted with T (both separately and together). These 

mutants are denoted ‘H’, ‘K’ and ‘H+K’, respectively. Furthermore, a mutant with an extra 

TxTxTxT motif was made by inserting an extra coil in the middle of the protein (denoted 

‘+Coil’). Additionally, a mutant with this coil removed instead of duplicated was also 

constructed, however, this showed no activity and is not presented here. Mutants with 

changes outside the IBS were functioning as controls. These mutants are from a 

hydrophobicity study, cf. section 2.6.1. All mutants were purified and dilution series were 

made. The observed activities are presented in Figure 16. 

 A B 

  
Figure 16. Activity curves of mutants with A) manipulated IBSs and B) intact IBSs (the exact mutations of 

these are described in section 2.6.1). The WT, dashed black line, is depicted in both graphs. Error bars 

illustrates the standard error (n=4-8). 
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The activity measurements revealed that all the mutants with changed IBS (H, K, H+K and 

+Coil) showed higher activity than the WT at low protein concentrations. Especially the 

H+K and +Coil mutants showed increased activity here. However, when extrapolated to 

higher concentrations, the data shows that the WT will become the most active. 

All mutants with changes outside the IBS either showed no changes in activity or a slight 

decrease in activity when compared to the WT. 

2.5.2 DISCUSSION 

At first glance, the mutational study seems to show that the antifreeze activity RmAFP1 

can be improved. However, the protein has been optimized throughout many years of 

evolution, so why should a few single amino acid substitutions lead to an improvement? 

Looking at the activity curves, the activity of the mutants is only higher than the WT at 

low concentrations. To obtain hysteresis of above 6.5 °C, the WT is still the most effective. 

In the haemolymph of R. mordax, a hysteresis of 9 °C has been measured. This value is 

well above the limit where the WT is the most effective, thus making the mutants inferior 

to the WT. Furthermore, AFPs seems to have other functions than just antifreeze. These 

functions could be related to the irregularities seen in the AFP IBSs, thus making them 

essential for the organism. 

In the attempt to improve the activity in vitro, we do not have to consider any possible 

functions the AFPs might have in the organism, other than the antifreeze, which gives us 

more possibilities when manipulating the protein. An improvement in this regard neither 

has to be an increase in maximal hysteresis. An improvement of the antifreeze activity at 

low protein concentration, without any increase in the maximal achievable activity could 

be valuable, especially regarding the technological aspects of AFPs. If the AFPs are to be 

used in an industrial aspect, the possibility to gain the same effect at lower concentrations 

is crucial, and improves the cost benefit. 
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2.5.3 FUTURE ASPECTS 

To investigate the aspects of improving the activity of RmAFP1 further, several mutations 

are still evident to investigate. Firstly, a combination of the +Coil and H+K mutants, the 

two most active mutants, would most likely improve the activity further. Secondly, the 

third irregularity in the IBS, the S114, has not been investigated yet. Substituting this 

serine with threonine, thus removing the last irregularity, could also affect the activity. The 

structure of serine resembles that of threonine, and the effect of its substitution would 

probably not be as profound as the H21T or K23T substitutions. 

It might also be possible to increase the activity further by increasing the number of coils 

of the protein, thus increasing the size of the IBS. However, an RmAFP1 mutant with two 

extra coils was also constructed for this study but showed no expression, likely due to 

protein instability. Further structural investigations of the RmAFP1 might open up for the 

possibilities of creating a stabile mutant with more coils introduced. 

 

Figure 17. Model of WT RmAFP1 with the putative ice interacting amino acids marked as sticks. The blue 

areas indicate mutated sites. The upper two blue amino acids are the H21 and K23 amino acids, and the blue 

coil in the center marks the removed or duplicated part of the protein. 
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2.6 UNPUBLISHED STUDIES 

Besides the published studies described above, some unpublished or unfinished side 

projects have been conducted during the PhD. These methods and results are described and 

discussed here. 

2.6.1 HYDROPHOBICITY AND ANTIFREEZE ACTIVITY 

Previous studies have shown that various solutes including salts, sugars and polyols 

enhance the antifreeze activity.
73,81,82

 These solutes are also known to affect the solubility 

of proteins.
83-85

 Furthermore, salts are known to increase the interfacial tension between 

protein and water at the hydrophobic parts of the protein surface,
86

 which could lead to the 

enhancing antifreeze effect.
63

 

Much point to that the salts enhance the activity of the antifreeze by their salting-out effect 

(cf. section 1.3.3). This implies that the salts decrease the solubility of the protein, which is 

hypothesized to lead to an increased AFP concentration in the ice-water interface.
65

 The 

degree the salts enhance the activity follows the Hofmeister series, i.e. their potency as 

salting-out agents, thus supporting this theory.
63

 

The hypothesis of this study was that if decreased solubility of the protein, as that evoked 

by some salts, increased the antifreeze activity, then a similar effect would be achievable 

by making the protein itself less soluble. This was attempted by creating mutants with 

hydrophobic tags at the end of the protein or by substituting hydrophilic amino acids on the 

non-ice binding face of RmAFP1 with hydrophobic ones, thus increasing the hydrophobic 

surface area. Previous studies have shown that the hydrophobicity of the protein can be 

manipulated by substitution of more or less hydrophobic amino acids.
87-89

 

Activity curves of the mutants were then to be made and compared to an obtained relative 

value of the solubility or hydrophobicity of the proteins and examined for any correlations. 

2.6.1.1 THE MUTANTS 

The hydropathy index of the amino acids, i.e. how hydrophobic or -philic they are, differs 

between studies.
90-92

 When determined via RP-HPLC often the relative retention times of 

different peptides are used as an expression for their hydrophobicity. One of these studies 
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on retention times has been performed by Kovacs et al., 2006
93

 Here, retention times were 

measured for a series of peptides consisting of nine amino acids with one differing 

acetylated amino acid (X) in the N-terminal (acX-G-A-K-G-A-G-V-G-L-amide) in 

different solutions. E.g. the order of retention times, starting with the highest value and 

thus the most hydrophobic, of the peptides dissolved in 10 M PO4, 50 mM NaCl, pH 7 

were: 

Trp > Phe > Leu > Ile > Met > Val > Pro > Cys > His > Ala/Thr/Arg > Gln > Ser > Asn > Gly > Glu > Asp > Lys 

Based on this sequence, RmAFP1 mutants were made with tags both in the hydrophobic, -

philic and central part of the spectrum. Charged tags were avoided. Four mutants were 

designed consisting of RmAFP1 with; a C-terminal leucine tag (5 amino acids), a C-

terminal glycine tag (5 amino acids), a C-terminal threonine tag (5 amino acids), an N-

terminal histidine tag (MKHHHHHHHM (this is the regular construct for expression 

before the tag is cleaved off)). These mutants were denoted ‘AFP-Leu’, ‘AFP-Gly’, ‘AFP-

Thr’ and ‘His-AFP’, respectively. 

Furthermore, a mutant was made where two amino acids on the non-ice binding face of 

AFP were substituted with leucine. However, in the β-sheet, the functional group of every 

other amino acid was exposed to the solvent while the others are buried into the core 

protein. As the structure of RmAFP1 was not known for certain, it was not known which 

amino acids that were exposed to the solvent. Thus, two mutants were made, one in each 

‘frame’, to ensure that one of them introduced solvent exposed amino acids. The two 

mutants had the substitutions A52L+S56L and T53L+T57L. These mutants are denoted 

‘AFP-FrameA’ and ‘AFP-FrameB’, respectively. For an overview, illustrations of all the 

mutants are represented in Figure 18. 
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2.6.1.2 ANTIFREEZE ACTIVITIES 

The mutants were expressed and purified as described previously. The lyophilized protein 

was dissolved in KPO4 buffer, and dilution series were made for activity assessments. To 

obtain more comparable parameters to evaluate any changes from, the antifreeze activity’s 

dependence on both the concentration and the logarithm of the concentration was 

evaluated, as presented in Figure 19. 

The low and almost non-existing activity of the AFP-FrameA mutant strongly suggests 

that the two leucines inserted here point their functional group into the protein. As leucines 

 
Figure 18. Schematic representation of the mutants. The RmAFP1s are represented with boxes with the IBS 

facing down, the N-terminal end facing left and the C-terminal end facing right. The color of the tags 

represents their hydrophobicity (red: hydrophobic, green: hydrophilic and blue: neutral). The two red dots on 

the AFP-FrameA and AFP-FrameB mutants illustrate the substituted hydrophobic leucines in the two different 

amino acid ‘frames’. 

 A  B 

  
Figure 19. Activity curves of hydrophobic or -philic tagged mutants. A) Activities of the AFPs plotted against 

the molar concentration. B) The same activities as in A) are plotted against the logarithm of the concentration 

(see Table 1 for appertaining values of slopes and intersects). The AFP-Leu mutant is slightly more active than 

the WT while the other mutants show either unchanged or impaired activity. Error bars illustrate the standard 

error (n=4-7). 
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are larger than threonine, they have probably disrupted the structure of AFP and thereby 

impairing its activity. The AFP-FrameB mutant is almost as active as the WT, indicating a 

preserved structure and thus that the functional groups are solvent exposed. 

The activity curves show that the mutations have had different effects on the protein’s 

potency. The impact seen is manifested in either a change in the slope, a change in the 

intersect with the y-axis or both. The activity of all the mutants seems to follow a linear 

relation with the logarithm of the concentration, just as the WT, despite the changed 

activities. The slopes, intersects and R
2
 values of the linear fits are presented in Table 1 

together with the results of the mutants’ retention times. 

2.6.1.3 RETENTION TIMES 

To quantify the hydrophobicity of the mutants, the proteins were subjected to RP-HPLC 

chromatography. The objective was to see if a pattern between the retention times on the 

HPLC (an expression of the hydrophobic surface area) and the relative activity of the 

mutants emerged. The method is described in section 2.1.7. Average elution profiles for all 

the mutants are presented in Figure 20. The retention times, given by the time of the peak 

value, are presented in Table 1. 

To check for any correlation between the activities and retention times, the slopes and 

intersects obtained in the activity curves (Figure 19B), were plotted against the retention 

times of the different mutants. The results are presented in Figure 21. 

No correlation was seen between the activity curves and the retention times, neither for the 

slopes nor the intersects, evident by the scattered plots in Figure 21. The vertical shift of 

the activity curves in Figure 19B is less than 0.3 °C from the WT for the His-AFP, AFP-

Leu and AFP-FrameB mutants. The mutations thus give small activity changes compared 

to salts, where e.g. the antifreeze activity is increased with around 3 °C in the presence of 

0.8 molal NaCl compared to no salts added.
63

 This apparently low effect of the mutations 

could be the reason why no clear pattern emerges. Another reason for the pour result could 

be that the RP-HPLC retention time, or the specific setup, was not at good method for 

measuring of the proteins solubility. Here the separation of the variants was very diverse 

and inconclusive.   
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Table 1. Activity and retention time of mutants 

Mutant Slope Y-Intersect R2 Retention time (min) 

WT 3.82 -2.71 0.9982 22.5 

AFP-FrameB 3.81 -2.99 0.9996 28.6 

AFP-Leu 3.80 -2.49 0.9899 22.5 

His-AFP 3.54 -2.23 0.9865 32.8 

AFP-Gly 3.27 -2.30 0.9972 21.6 

AFP-Thr 3.07 -2.34 0.9922 22.2 
 

The slopes and intersects of the activity curves are obtained from linearized plots with 

the logarithm of the protein concentration, as presented in Figure 19B. The R2 values 

are based on the average value of the activity obtained at five different concentrations.. 

The retention values are obtained from Figure 20. 
 

 

Figure 20. Segment of the elution profiles of various mutants subjected to RP-HPLC. The curves 

represent an average of three runs of each mutant. Note: The AFP-Leu and AFP curves are very 

coincident and hard to distinguish on the figure. 
 

 A  B 

  
Figure 21. Plots of retention times against the slope (A) or the intersect with the Y-axis (B) of the activity 

curves shown in Figure 19B. 
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2.6.1.4 LIQUID-LIQUID EXTRACTION 

The liquid-liquid (or aqueous two-phase) extraction system is a gentle way of separating 

biomolecules and can be used to quantify the hydrophobicity of e.g. proteins.
94,95 The 

method was only superficially tested in this project, and is only briefly described here. 

The basis of the method is a separation of compounds into two different immiscible 

liquids. The separation, or partitioning, depends on the relative hydrophobicity of the 

compound. Usually two different polymers dissolved in water are used for the separation 

(e.g. polyethylene glycol and dextran) or just one polymer and high salt concentration. 

In short, when mixing the two liquids and a compound of interest, such as a protein, two 

phases will form as the solution settles. The protein is partitioned between the two phases, 

and the more hydrophobic the protein is, the larger fraction of the protein will partition in 

e.g. polyethylene glycol (if the polyethylene glycol-dextran solutions are used). Thus, the 

partitioning coefficient of the protein, i.e. the concentration of protein in one phase divided 

by the concentration of protein in the other phase, represents the relative hydrophobicity of 

the protein. 

In the present study, a setup with polyethylene glycol-dextran mixture was made to 

partition the RmAFP1. However, the dextran inflicted with the BCA assay which was used 

for protein concentration determination. Some further investigations were made into 

alternative separation solutions, but the development of the setup was put on hold for the 

benefit of other studies. The main reason for this was that the activities of the mutants that 

these results were to be held up against (the activities of the mutants - Figure 19B) were 

almost identical, and it would thus be difficult to prove any correlations between the 

antifreeze activities and the partition coefficient. 
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2.6.1.5 SOLUBILITY AND ANTIFREEZE ACTIVITY 

The introduced mutations had different impacts on the activity. The effect of the mutation 

either shifted the slope of the curve, the intersect or both in the log-plot (Figure 19B), 

though the effect was vague. In this section it is elucidated how a change in the solubility 

of the protein could be expected to affect the activity curve. 

The relation between the antifreeze activity (here shortened TH) and the concentration of 

RmAFP1 seems to be log-linear. The equation for the activity can thus be written as; 

         ([   ])    (1) 

Where A is the slope, B is the y-intersect and [AFP] is the molar protein concentration. 

To introduce the aspect of solubility we have to define its impact regarding to the [AFP]. 

In the solubility theory of antifreeze activity, the activity is dependent on the concentration 

of AFP in the ice-water interface, [AFP]i. This is dependent on the concentration of AFP in 

the bulk solution, [AFP]b and the partition coefficient, K, between these two compartments 

(K = [AFP]i/[AFP]b). Thus, the ‘active’ amount of the AFP, [AFP]i, is the bulk 

concentration multiplied by the partition coefficient. This is inserted into equation (1); 

         ([   ]   )    (2) 

When measuring the activities, the size of the ice crystals are minute compared to the 

entire sample. Therefore only a minute fraction of the AFP will be in the interface and thus 

will the concentration in the bulk practically be the same as the sample concentration 

([AFP]b ≈ [AFP]). Thus Eq (2) can be written as; 

         ([   ]   )    (3) 

This can be rewritten to: 

         ([   ])         ( ) (4) 

Comparing this with Eq (1) we see that a section is added to the equation that is not 

dependent on AFP concentration. Thus, changing the solubility, i.e. the partitioning 

coefficient, the TH is changed with A*log(K) degrees, regardless of the protein 

concentration. In a logarithmic plot (plotting Log(x) as x) the TH can be expressed as; 
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               ( ) (5) 

From here it is clear that a decrease in solubility (an increase in K) would cause an increase 

in the intersect value but maintaining the same slope, i.e. shifting the activity curve 

upwards. E.g. if the [AFP]i/[AFP]b partition is doubled, then K is increased with a factor 

of 2 and thus Log(K) is increased with 0.3 and the slope is shifted A*0.3 °C up. This trend 

is the same qualitative effect that is observed when salts are added to AFP solutions, and 

supports the theory that the effects of salts are related to a change in the protein solubility. 

The above deduction is confined to AFPs that show a linear correlation between antifreeze 

activity and the logarithm of the concentration and is an empirical approach. A more 

theoretical explanation of the change in activity by adding salts has been put forward by 

Kristiansen et al., 2008 describing the relation by the means of protein specific intrinsic 

salting-in and salting-out constants and the molal surface tension increment of the salt in 

question.
63

 

2.6.1.6 DISCUSSION AND FUTURE ASPECTS 

This preliminary study on the correlation between activity and solubility of RmAFP1 is 

difficult to draw any conclusions from. The main problem is that the mutations did not 

change the activity significantly, and thus making it hard to deduce what the changes are 

caused by. By increasing the size of the tag e.g. fusing the AFP to another protein, could 

enhance the effect and making it easier to deduce the cause of the effect. Likewise, using 

higher concentrations of salt might also amplify the effects and make any correlation 

pattern more evident. 

The liquid-liquid extraction method is also worth a revisit. If a useable setup is developed, 

the solubility of the AFP can be quantified fast and easy. An interesting and crucial 

experiment to perform using this method would be to add different salts in the mixtures, 

and observe if they change the solubility of the protein in the same manner as they affect 

the activity. This would be a strong argument that the salt-induced activity changes are 

related to the salting-out effect, which is still under debate. 
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2.6.2 FREEZE-OUT EXPERIMENTS 

A method of purifying AFPs is to freeze the proteins out of solution.
96

 Usually proteins are 

excluded from a growing ice front, but the AFPs are incorporated into it. Thus, when 

freezing out a part of a sample containing both AFPs and other proteins, the AFPs would 

be incorporated into the ice fraction, while the rest will be concentrated in the liquid 

fraction.  This technique is here referred to as a freeze-out. 

Some freeze-out studies were conducted on RmAFP1. The method was tested as it at the 

time was troublesome to obtain pure, untagged RmAFP1 (the tag was not sufficiently 

cleaved off with enterokinase), and it was speculated if this method could be used to purify 

an RmAFP1 without any affinity tag if one such was constructed. The specific RmAFP1 

variant used for the freeze-out experiments was containing a His-tag and an enterokinase 

site in the N-terminal (cf. section 2.2.2).  

2.6.2.1 EXPERIMENTAL SETUP 

In the experiment a 500 ml beaker insulated in polystyrene was used to hold 150 ml of 

sample. The beaker was placed on a magnetic stirrer in a 4 °C fridge.  Outside the fridge a 

coolant bath was placed with a heating device was attached, enabling very fine temperature 

gradients. From the bath, cooled liquid was pumped into the fridge, through a brass cold-

finger that was placed 1 cm into the sample, controlling the freeze-out. A schematic 

presentation of the setup is shown in Figure 22. 

 
Figure 22. Setup of the freeze-out experiment. An insulated beaker with a stirred protein sample is cooled 

down at controlled rates by the cold-finger, as a temperature controlled cooling bath circulates coolant liquid 

through it. 
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2.6.2.2 METHOD 

Initially, the cold-finger was placed 2 cm into Milli-Q water with the presence of ice and 

cooled to around 0 °C. When a small layer of ice had formed on the cold-finger, it was 

transferred to the protein sample. The samples were prepared by mixing 4 ml of AFP 

containing cytosol with 4 ml R-buffer followed by heat denaturing and centrifugation. The 

supernatant was mixed with 0.1 M NaCl solution to a volume of 150 ml. A magnet ensured 

slow stirring of the solution throughout the experiment. The cold-finger was placed 1 cm 

into the diluted protein solution. The ice on the part of the cold-finger that was in the 

solution would initially melt out. However, the ice fraction above the sample surface 

would not, and this ice fraction functioned as a nucleator when the temperature was 

lowered, thus preventing supercooling. A temperature gradient of 0.005 °C/min was 

initiated, and the experiment ran for 16-18 hours. 

It is important to note that the gradient is linked to the coolant bath, and does not reflect the 

temperature in the sample precisely, because of the heat transfer between the air and the 

tubes and beaker. 

The ice and the liquid were weighed to determine the ice fraction. The ice was superficially 

rinsed with cold Milli-Q water to remove any surplus liquid sample on the ice surface. The 

ice was thawed and examined for protein content using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). An experiment was also performed 

where the ice fraction was melted out, mixed with a NaCl solution to a final concentration 

of 0.1 M, and subjected to a second run of freeze-out for 5 hours in order to improve the 

RmAFP1 purity. Again the ice and liquid fraction were examined using SDS-PAGE. 

2.6.2.3 THE PURIFICATION IN ICE 

The results of the two experiments described above are presented here. It is worth noting 

that the results are from two separate samples, and therefore the frozen samples from the 

first round of freeze out are not identical. All samples obtained from the freeze outs were 

run on a gel (presented in Figure 23), undiluted and not corrected for the different volumes 

they are obtained from. 
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When comparing lane 2 and 3 (liquid and ice fraction after approx. 50 % freeze-out) it was 

evident that a vast majority of the RmAFP1 was located in the ice fraction whereas the 

largest fraction of most of the other proteins were found in the liquid. However, the frozen 

sample was still far from pure RmAFP1. When comparing lane 3 and 4, the ice fraction of 

a freeze out for two different samples, there was also a big difference in purity. The 

difference between these two samples was the size of the ice fraction. The ice fractions 

were 47.7 % in the experiment in lane 3 and only 28.6 % in lane 4. This shows that by 

freezing out a smaller fraction, the obtained sample is more pure, however, less total 

RmAFP1 have been recovered. Comparing lane 4 and 5, the ice fraction of the first and 

second round of freeze out, an increase in purity was also observed. In this particular 

experiment only a small fraction was frozen out in the second round and a large amount of 

protein was lost in the large liquid fraction (96.6 %) as evident in lane 6. 

2.6.2.4 DISCUSSION 

The results showed that a high degree of purity of RmAFP1 could be obtained solely by 

heat denaturation and freeze-out. However, large amounts of protein are still lost in the 

unfrozen fraction and a balance between purity and total yield has to be considered. These 

experiments are very preliminary and with further optimization the yield and purity could 

most likely be improved greatly. However, the procedure will still be very time consuming 

as the slow rate of ice growth is crucial for a good result. On the other hand it is very 

 

Figure 23. Samples from freeze out 

experiments on SDS-PAGE. The 

green arrow indicates the RmAFP1 

band. 

Lane1: Molecular weight marker 

SM0431 (Fermentas) 

Lane2: Liquid fraction (52.3 %) after 

one round of freeze out 

Lane3: Ice fraction (47.7 %) after 

one round of freeze out 

 

Lane4: Ice fraction (28.6 %) after 

one round of freeze out 

Lane5: Ice fraction (3.4 %) after two 

rounds of freeze out 

Lane6: Liquid fraction (96.6 %) after 

two rounds of freeze out 

 

1        2        3        4         5        6  
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simple and cheap. Another problem with the setup was to obtain consistent amounts of ice 

fractions among the experiments probably due to small variations in room temperature, 

coolant liquid flow rate or sample compositions. These errors can be minimized by a 

further improvement of the setup. 

2.6.2.5 FUTURE ASPECTS 

The main reason why the freeze-out project was put on hold was that the construct of 

untagged variant of RmAFP1, which this purification procedure was intended for, did not 

show any protein expression. The topic about unexpressed mutants is addressed in section 

2.6.4. As only tagged proteins could be produced, which just as well could be purified by 

column affinity chromatography, the freeze-out experiments were stopped. 

The method seemed promising, and could be relevant especially if the protein production 

scale was to be increased. The method is best suited for lager sample volumes, and could 

be useful to purify AFP from the growth medium, in which proteins are often secreted into 

in large scale productions. The freeze-out could then be used as a first step of purification 

and concentration of the protein. Furthermore, the ice fraction could directly be freeze 

dried and concentrated further, as the freeze-out functions (ideally) as a dialysis step too. 

However, our preliminary results indicated some incorporation of salts into the ice during 

the freeze-out. By cooling 150 ml 100 mM NaCl with a rate of 0.005 °C/min for 18.5 

hours 27 % liquid remained unfrozen and contained 280 mM NaCl. The ice was calculated 

to contain 28 mM NaCl. Though, we observed that this value was dependent of the cooling 

rate, as expected, and thus the incorporated salt could be kept to a minimum at lower rates. 

The freeze-out method is a well known method when working with AFPs
54-57

 and has also 

been used in other aspects than to purify the proteins. When freezing out ice in the form of 

a single crystal, the growing ice fronts consist of defined ice planes. Thus, AFPs 

interacting with specific ice planes will only bind to specific areas of the crystal, as 

described in section 1.3.2. This method could also be used on RmAFP1, however, as the 

insect AFPs usually binds several ice planes no specific distribution is expected when 

using the WT RmAFP1, but the method could be useful in mutational studies attempting to 

change the ice interaction. 
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2.6.3 ROWS AND COLUMNS MUTANTS 

One of the general differences between fish and insect AFPs is the nature of their IBS. 

While most fish’ putative ice binding amino acids are placed in a line (one dimension) the 

insects’ are aligned in several parallel lines, giving a two-dimensional (2D) IBS. The 

significance of having this 2D shape is not established. It could be possible that the 

hyperactivity of insect AFPs is manifested by the 2D shape, or maybe it is related to the 

other functions of the AFPs than the antifreeze effect. Regardless, the 2D shape of the site 

implies that each threonine in the IBS will have more other neighboring threonines to 

interact with when facilitating the binding to ice, and could found the formation of a 

hydration layer that is one of the prevailing theories of the basis for the ice binding.
51

 

To investigate the significance of the 2D IBS, mutants where specific rows or columns of 

the threonines in the IBS were substituted with valine or serine were constructed. These 

two amino acids have previously been used in mutational studies of AFP
48-50

 and their 

functional groups are much like threonines thus the steric influences are minimal. It was 

hypothesized that interactions between the threonines could be elucidated by creating 

mutants that removed the possibility of the interaction with neighboring threonines. The 

mutants that were created either removed the interaction between the rows of threonines or 

between the columns, by substituting every second row or column with serine or valine. 

Furthermore, a mutant that substituted the threonines in a ‘chessboard pattern’ removed all 

interactions between the threonines. For clarity and overview, the different mutant’s IBSs 

are shown in Figure 24.  

Due to time limitations, no results of the activity or ice crystal morphology of these 

mutants are available. However, the mutants have all been cloned, and a small scale 

experiment showed expression of all mutants except the one with the two rows substituted 

with valine (bottom right in Figure 24). 
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2.6.3.1 DISCUSSION 

The intention of the mutants was to investigate the significance of the 2D structure of the 

IBS. If, for example, some patterns in the activity of the mutants emerge or some mutants 

induce the formation of bipyramidal ice crystals, hopefully some general deductions could 

possibly be made of the significance of the 2D IBS, or the ice binding of insect AFPs in 

general. As the mutations are relatively extensive, it is possible that any observed effect on 

the activity could be related to an overall structural change instead if being isolated to the 

interactions between the threonines. However, the secondary structure of the mutants could 

be assessed though a CD analysis and compared to the WT to investigate this.  

 

 

 
Figure 24. Mutated IBS with serine and valine substitutions. The six rows in each of the eight rectangles 

illustrate the sequence of the six ice binding motifs in the RmAFP1. Amino acids colored blue indicates the 

native irregularities (non-Ts) in the IBS. Red amino acids illustrate substituted amino acids, arranged in 

rows (horizontal) or columns (vertical) of the IBS or uniformly spaced (‘Chess-pattern’). The WT IBS is 

depicted in the top left corner. 
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2.6.3.2 FUTURE ASPECTS 

The future aspects of this study would greatly depend on the results of the constructed 

mutants. If none of the mutants, not even those with minor changes, are active no 

conclusions can be made. However, as the proteins are expressed and not broken down by 

the cells indicates some degree of structural stability. 

If the mutants here produced are both structurally intact and show some activity, hopefully 

something can be deduced about the significance of their 2D IBS. Most likely some 

follow-up mutants would have to be designed and tested before anything could be 

concluded, but ideally the experiments would result in some clarity of the interaction 

between specific ice planes and specific parts or properties of the AFP. Fusion of mutants 

to a GFP or other fluorescent proteins could be made to study whether the interaction with 

ice has changed and binding to specific ice planes are favored, e.g. by the single crystal 

freeze-out method as described in 2.6.2. 

2.6.4 UNEXPRESSED ANTIFREEZE PROTEINS 

Throughout the project, a lot of mutants have been constructed. Some of these did not yield 

any protein while others were expressed in large amounts, even though only minor changes 

were introduced. In this section all the constructed mutants are presented and the factors 

that seem to affect the yield are discussed. An overview of the mutants and their degree of 

expression is presented in the two tables below. Table 2 contains RmAFP1 with various 

tags added and Table 3 contains RmAFP1 with intrinsic mutations.  
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Table 2. RmAFP1 with various tags constructed in this study 

Mutant name N-terminal C-terminal Codon Opt. Yield 

Original tag MKHHHHHHHMQ - No Good 

DapAse MKHHHHHHHMK - No Good 

DapAse MKHHHHHHHMK - Yes None 

Enterokinase site MKHHHHHHHMVGAELDDDK - Yes Excellent 

Native M - Yes None 

GFP-AFP 
MKHHHHHHHMKTG-(GFP)-
VDSGGSGGSGGSGGHMK 

- Only GFP Good 

N-term Lys MKHHHHHHHMKKKKKK - Yes Low 

N-term Lys MKHHHHHHHMKKKKKK - No Good 

C-term Lys MKHHHHHHHMK KKKKK No Low 

N-term Gly MKHHHHHHHMKGGGGG - Yes None 

N-term Gly MKHHHHHHHMKGGGGG - No None 

C-term Gly MKHHHHHHHMK GGGGG No Good 

N-term Leu MKHHHHHHHMKLLLLL - Yes None 

N-term Leu MKHHHHHHHMKLLLLL - No None 

C-term Leu MKHHHHHHHMK LLLLL No Good 

N-term Thr MKHHHHHHHMKTTTT - Yes Low 

N-term Thr MKHHHHHHHMKTTTTT - No Low 

C-term Thr MKHHHHHHHMK TTTTT No Good 

N-term Trp MKHHHHHHHMKWWWWW - No None 

C-term Trp MKHHHHHHHMK WWWWW No None 

Table 3. RmAFP1 with intrinsic mutations constructed in this study 

Mutant Name Codon Opt. Yield Mutation 

Row6V Yes Low 

These mutants are presented and explained in Figure 24 in section 
2.6.3. The mutant names indicate which rows or columns of the 
RmAFP1s’ IBS is substituted (with either valine, V, or serine, S). 

Row6S Yes Low 

Row6S No Good 

Column4S Yes Low 

Column4S No Good 

Column4V No Good 

Column2+4S No Good 

Column2+4V No None 

Row2+4+6S No Good 

ChessS No Good 

AFP-FrameA No Good These mutants are used in the hydrophobicity experiment section 
2.6.1 and illustrated in Figure 18. AFP-FrameB No Good 

SevBackLeu No None 
In this mutant several leucines have been introduced on the ‘back’ 
of the RmAFP1. It was to be included in the hydrophobicity study, 
if it had given any yield during expression. 

H to T No Good 

These mutants are included in the study on improving antifreeze 
activity though mutagenesis in Paper#3 and are described in 
section 2.5.1.  

K to T No Good 

H+K to T No Good 

Coil No Good 

+Coil No Good 

+2Coils No None 
This mutant contains two extra intrinsic coils and was to be 
included in the study of improving antifreeze activity if it had 
given any yield during expression. 
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In general, the codon optimization seems to have a negative effect on the yield. The codon 

optimization (for E. coli) was initially performed by Genscript Inc. when the first mutant 

was ordered there.  

It is peculiar that the codon optimized RmAFP1 is not expressed whereas the RmAFP1 

with the native DNA sequence is expressed, as these two variants have identical amino 

acid sequence. This indicates that the low yield is not related to the antifreeze protein per 

se, but that the problem must lie in the nature of the DNA or mRNA sequence. However, 

no experiments were conducted to investigate the presence of RmAFP1 mRNA, but would 

be an obvious objective if further investigation of the expression was to be made. The fact 

that the codon optimized RmAFP1 with an enterokinase site is expressed shows that very 

little changes in the DNA sequence can be crucial to whether the protein is expressed or 

not and that it is not the codon optimization per se that causes the problem. However, for 

all other constructs, codon optimization seemed to lower the yield. 

Regarding other mutants, e.g. the mutant with two extra coils, the reason for the lack of 

expression is likely to be located at the protein level. Most likely the protein is misfolded 

and recognized and broken down by the bacterial protein degradation system. However, 

some mutants are still expressed in high levels but show no activity, e.g. the AFP-FrameA, 

which indicates a somehow stabile misfolding. As a note, only some of the mutants that 

seemingly were not expressed were investigated for presence of protein in inclusion 

bodies. This was done by dissolving cell debris in 8 M urea. None of the investigated 

mutants showed any AFP in this fraction either. 

The protein yield also seemed to be dependent on which end of the protein the tags were 

added. E.g. for the glycine tag, the yield was zero when the tag was placed N-terminally 

(after the His-tag, before the RmAFP1) but the mutant with a C-terminal glycine tag gave a 

good yield. This tendency is also seen for the threonine and leucine tag, but an opposite 

result is seen with the lysine tag. In conclusion, it seems difficult to predict whether 

various mutants will prove to be expressed or not – in the system used in these studies at 

least, thus even though many considerations were made when designing the mutants, there 

was still a large element of trial an error. 
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2.7 CONCLUDING REMARKS AND FUTURE DIRECTIONS 

There antifreeze proteins are a quite diverse group of proteins both in size, structure and 

activity, which is likely linked to their convergent evolution. For the same reason, it might 

not be by the exact same mechanisms they interact with ice. Their ability to create the 

thermal hysteresis, however, is measureable and quantifiable and this unique ability has 

captured much attention. 

Many industries seem keen on finding out if they can exploit the qualities of the AFPs and 

being the first in their field to utilize them. However, in order to exploit the full potential of 

AFPs, much more detail of their mechanism of action needs to be uncovered as some key 

aspects still lie unanswered. 

The present study on the thermal profile on RmAFP1 revealed a Tm of 28.5 °C. Despite the 

low colloidal stability, the protein was very heat tolerant as it readily refolded into its 

active form. The RmAFP1 thus seems easier to work with as a model insect AFP as other 

AFPs either are highly disulfide bridged (apparently all with a narrow TxT ice binding 

motif) which can be troublesome during the expression of recombinant protein in simple 

organisms, or are very thermo-labile (which might be correlated to a broad TxTxTxTxT ice 

binding motif). 

The diversity in the heat tolerance of AFPs is peculiar as these proteins’ main function is 

restricted to subzero temperatures. It would be interesting to address further investigations 

into this subject to see whether the thermodynamic stability is connected to other functions 

of (some of) the AFPs, or if the diversity is just a remnant of the proteins the different 

AFPs have evolved from. 

The mutational study both showed that many manipulations can be made to the RmAFP1, 

also those located in the ice binding region, without impairing the antifreeze effect, but 

also that even a minor manipulation can result in a total loss of protein yield. The latter 

could probably to some degree have been avoided if a crystal structure of RmAFP1 was 

obtained and structural stability analyses were made preceding the construction of the 

mutants. However, this will still not address the issue of non-expressed mutants seemingly 
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caused by a codon-optimization of the DNA encoding for RmAFP1. The codon 

optimization showed a good potential of increasing the yield of RmAFP1, and could be an 

issue if a large scale production were to be initiated. 

None the less, the mutational still showed that RmAFP1 could be manipulated with 

success. A valid way to obtain more pieces to the AFP puzzle is through site directed 

mutagenesis. The main issues here is, of course, to make prudent and sound mutations, and 

to find these other experiments often have to be conducted. The mutational study can then 

be a valuable tool to test arising theories and hopefully help to dismiss or confirm these. 

Eventually, site directed mutagenesis might be used to tailor the antifreeze proteins for 

specific purposes or applications. E.g. mutations could be made to make the protein fulfill 

specific demands such as low pH stability, highly hydrophilic or a defined size, and still 

maintain a high antifreeze activity. However, this scenario is not likely to take place in the 

near future, but the potential of these unique proteins seems great, and the studies in them 

will be exciting to follow.  
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Abstract: The equilibrium heat stability and the kinetic heat tolerance of a recombinant 

antifreeze protein (AFP) from the beetle Rhagium mordax (RmAFP1) are studied through 

differential scanning calorimetry and circular dichroism spectroscopy. In contrast to other 

insect AFPs studied with this respect, the RmAFP1 has only one disulfide bridge. The 

melting temperature, Tm, of the protein is determined to be 28.5 °C (pH 7.4), which is 

much lower than most of those reported for AFPs or globular proteins in general. Despite 

its low melting temperature, both biophysical and activity measurements show that the 

protein almost completely refolds into the native state after repeated exposure of 70 °C. 

RmAFP1 thus appears to be colloidally stabile even far above its melting temperature. 

Thermodynamically, the insect AFPs seem to be dividable in three groups, relating to their 

content of disulfide bridges and broadness of the ice binding motifs; high melting 

temperature AFPs (high disulfide content, TxT motifs), low melting temperature but high 

refolding capability AFPs (one disulfide bridge, TxTxTxT motifs) and irreversibly 

unfolded AFPs at low temperatures (no disulfide bridges, TxTxTxTxT motifs). The 

property of being able to cope with high temperature exposures may appear peculiar for 

proteins which strictly have their effect at subzero temperatures. Different aspects of this 

are discussed. 

 

Abbreviations: AFP: Antifreeze protein, CD: circular dichroism, DSC: differential 

scanning calorimetry, Tm: melting temperature 

  



102 
 

Introduction 

Antifreeze proteins (AFPs) are found in a wide variety of cold-tolerant ectothermic 

organisms.
1-4

 These proteins are a structurally diverse group defined by their shared ability 

to cause a separation of the melting- and freezing point of ice crystals in solution. The 

phenomenon is termed thermal hysteresis or the antifreeze activity.
5
 AFPs presumably 

serve as a protective measure against lethal internal ice formation.
6
 The first AFPs studied, 

originated from fish living in Polar Regions.
5,7

 These AFPs could lower the ice crystal 

growth temperature on the order of 1-2 °C below the melting point of the body fluids.
2
 

There has been a growing interest in these proteins since the discovery of ‘hyperactive’ 

AFPs from insects, in which haemolymph an antifreeze activity of up to 9 °C has been 

observed,
8
 both because of their unique ability and their potential technological use.  

The stability of proteins may be understood in two different ways.
9
 The thermodynamic 

stability is defined with respect to an equilibrium between the native, biologically active 

(N-) form and an ensemble of non-native conformations sometimes called the unfolded (U-

) form. Alternatively one may assess protein stability from a kinetic point of view and 

describe the rate by which the N-form is lost to an irreversibly inactivated (I-) form. As 

aggregation is one of the most common decay routes for the irreversible transition, the 

latter is frequently referred to as the colloidal stability of the protein.
10

 Lumry and Eyring
11

 

introduced an interpretation which links the two approaches and has been successfully 

used in countless later studies. In the simplest version the Lumry-Eyring model stipulates 

the reaction course 

 
  
← 

  
→  

   
→   (1) 

where k-, k+ and kag are the first order rate constants for the respective transitions. The 

consequence of Eq (1) is that the native protein must go through the reversible unfolding 

step before it is prone to irreversible inactivation. In Eq (1), the thermodynamic stability is 

defined by the equilibrium constant K=k+/k- while the colloidal stability is dependent on all 

three rate constants. At temperatures above Tm (i.e. for K>1), however, the colloidal 

stability is essentially governed by kag. 
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The present knowledge of the stability of AFPs is superficial, and to our knowledge only 

two experimental studies
12,13

 have focused specifically on this topic. However, several 

observations regarding the thermostabilities of various AFPs have been reported and are 

presented in Table I. All Tm presented are obtained at pH values between 7.0 and 8.0. In 

addition, some phenomenological findings are reported on AFP stability; The β-helical 

AFP from the beetle Microdera punctipennis (MpAFP698, 13.9 kDa, 18 cysteines) 

maintained almost all its activity after 5 minutes exposure to 100 °C,
12

 indicating a high 

melting temperature or a high degree of refolding. The β-helical AFP from the moth 

Campaea perlata (mixture of AFPs, 3.4-8.3 kDa, 0-1cysteines) lost all activity after 2 

hours at room temperature (22 °C).
14

 The β-helical AFP from the beetle Rhagium 

inquisitor (RiAFP, 12.5-12.8 kDa, 2 cysteines), a species closely related to the AFP of this 

study from Rhagium mordax, maintained activity after  5 minute exposure to 70 °C.
15

 The 

β-helical AFP from the grass Lolium perenne (LpAFP, 13.5 kDa, 0 cysteines, PDB: 3ULT) 

was active after 5 minutes exposure to 95 °C, however circular dichroism (CD) analysis 

showed that not all of the protein refolds into a native state after exposures to 60 °C (where 

complete unfolding was observed).
16

 The AFP from the springtail Hypogasttura harveyi 

consisting of stacked antiparallel helices
3
 (sfAFP, 6.5 kDa, 4 cysteines) lost activity 

(antifreeze activity was reduced from 3.5 °C to 0.2 °C) after exposure to 22 °C over night 

(supplementary materiel of 
17

). The AFP from the bacterium Flavobacterium xanthum 

(IAM12026, 59 kDa) lost activity after exposure to 60 °C for 1 hour.
18

 The stated protein 

sizes are of those used in the studies (often a recombinant protein with a small tag) and not 

that of the wild type. 

The heat tolerances of the AFPs are thus quite diverse not only overall but also among the 

fish or insect AFPs. The varying stabilities in insect AFPs are, at least in part, connected to 

the varying number of cysteines bridges in the proteins, which causes a more or less rigid 

and heat stabile structure. However, the proteins’ ability to cope with high temperatures is 

also dependent on the colloidal stability of the unfolded molecule. 

Several research groups have reported high refolding abilities of AFPs after heat 

denaturation,
13,19-22

 but only in two studies have activity measurements been carried out 

after the heat exposure to test if the protein had undergone a reverse transition into the 
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native, active form. For the P. americanus 17 kDa AFP, it was observed that the activity 

after being exposed to room temperature (22 °C) was not as high as expected on the basis 

of CD-measurement of refolding. The studied AFP was a dimer, and the loss of activity 

might have been caused by a loss of tertiary or quaternary structure.
19

 For the D. 

canadensis DAFP-4 no change in activity was observed after 5 minute exposures of up to 

100 °C, well above the Tm of 84 °C.
21

 For the M. punctipennis MpAFP698 activity was 

maintained after 5 minutes at 100 °C. However, whether the protein was unfolded at this 

temperature and subsequently refolded to an active form upon cooling was not 

established.
12

 So far only the DAFP-4 and LpAFP have been shown to maintain its activity 

after exposures above their documented melting temperatures, although the latter does not 

completely refold into its native form.
16

  

During purification processes of a novel recombinant AFP from the beetle R. mordax 

(RmAFP1), it was observed that the antifreeze activity was maintained after exposures to 

60 °C for 10 minutes. In the present study we investigated both the thermodynamic- and 

colloidal stability of this protein. The RmAFP1 differs from DAFP-4 as it contains only 

one disulfide bridge and has a broad TxTxTxT ice binding motif, contrary to the narrow 

TxT motif of DAFP-4. The Tm of RmAFP1 was determined using CD and differential 

scanning calorimetry (DSC). Through DSC the refolding capabilities of RmAFP1 were 

quantified by successive heat cycles. The refolding rate, k-, was determined in the interval 

of 1-20 °C. 

Results 

Protein melting temperature  

Apparent melting temperatures, TmApp, defined as the maximum of the calorimetric trace 

were obtained at different heating rates by DSC and are shown in Fig 1. 

The different heating rates resulted in TmApp spanning from 31.0 ºC at 0.1 ºC/min to 47.7 ºC 

at 2.0 ºC/min. This suggests a profound dependence of the observed Tm on the heating rate. 

Thus, the TmApp for heating rates typically used in DSC experiments (0.5-1 °C/min) were 

about 15 °C higher than the extrapolated value for the heating rate of zero. To circumvent 

the influence of the heating rate, the protein Tm was also determined using CD 
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spectroscopy with extensive equilibration times prior each measurement. The degree of 

unfolding calculated from average standardized mdeg218 values at different temperatures 

are shown in Fig. 2. 

The degree of unfolding showed convergence with a sigmoid course (c.f. the materials and 

methods section), with the critical interval spanning 20-40 ºC. At high temperatures (50 ºC 

and above) a small decline in the unfolded fraction was observed. This could either be 

caused by heat induced protein loss or if the CD signal had a slight temperature dependent 

drop. By data transformation and linear regression of the data points in the interval of 10 to 

39 °C (n=6, R
2
=0.996) the constants a and b in Eq. (6) were derived and Tm was calculated 

to be 28.5 ºC. This value is plotted in Fig. 1, where it lines up well with extrapolations of 

the data from the DSC to heating rates approaching 0 °C/min. 

Refolding ability  

Through DSC scans we obtained an average enthalpy of unfolding (ΔHunfold) of 266 kJ/mol 

(±SEM 9.6, n=6) for RmAFP1. To assess the refolding abilities of the protein, 10 

successive heating scans from 1 °C to 60 °C, 70 °C or 80 °C, respectively, were made with 

45 minutes of equilibration at 1 °C between each run (Fig. 3A). The resultant ΔHs were 

standardized according to the first run (Fig. 3B). 

The thermal profile showed little variation among the 1-60 °C heating scans (Fig. 3A). ΔH 

showed an average decline of 1.0% of its original value between each run, indicating a 

near complete refolding to the native state. For cycles from 1-70 °C and 1-80 °C, ΔH 

decreased on the average of 2.4% and 6.5% per run (Fig. 3B), respectively, indicating a 

moderate irreversible unfolding at these temperatures. Thus the total losses of ∆H during 

the 10 scans were 10%, 24% and 65%, for the samples heated to 60 °C, 70 °C and 80 °C, 

respectively. 

To verify a correct refolding, i.e. an active protein, the heat-treated samples were retrieved 

and the antifreeze activity measured and compared to an untreated sample. Before heat 

treatment the activity was measured to 2.325 ºC (±SEM 0.086, n=10), and after 10 cycles 

the activities were measured to 1.955 ºC (±SEM 0.066, n=10), 2.033 °C (±SEM 0.041, 

n=10) and 1.581 ºC (±SEM 0.101, n=10) for the samples heated 10 times from 1 °C to 60 
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°C, 70 °C and 80 °C, respectively. Assuming that the percentage drop in ∆H corresponds 

to the percentage loss of protein, the 10 successive heating scans to 60 °C and 70 °C had 

caused a drop in hysteresis roughly corresponding to the loss of protein, when comparing 

with an activity curve for RmAFP1 (not shown). Here the expected activities after a 

protein loss of 10% and 24% were 2.1 and 1.8 °C. However, samples from the 80 °C scans 

show an activity much higher than the expected value of 0.5 °C from the 65% protein loss. 

Refolding rate  

The refolding rates at various temperatures were assessed through CD spectroscopy. The 

samples were heated to 50 ºC for 12 minutes and cooled to 1 °C, 5 °C, 10 °C, 15 °C or 20 

ºC, respectively. Here the spectra were measured continuously until they were stable, i.e. 

where structural equilibrium had been obtained. Fig. 4A shows a subset of these spectra. 

Here the spectra at the two extreme states are shown together with spectra after 4 and 10 

minutes at 1 °C and 15 ºC, respectively. As evident from Fig. 2, virtually all protein should 

be in its folded state at equilibrium at these temperatures. From Fig. 4A it can be seen that 

the protein was almost fully refolded after only 10 minutes at 1 ºC, whereas at 15 ºC only a 

small fraction have refolded within the same time period. Thus, the refolding rate of 

RmAFP1 increased as the temperature was lowered. The measured mdeg218 were 

transformed to relative terms to reflect the fraction of unfolded protein in the sample. The 

change in the fraction of unfolded protein, Fu, over time at the five different temperatures 

is illustrated in Fig. 4B. The data points were adjusted with a time interval reflecting the 

magnitude the spectra had changed from the beginning of the cooling from 50 °C to the 

first measurement was taken at the different temperatures. 

Fig. 4B shows an inverse relation between refolding rate and temperature in the interval 

20-1 °C. These data allowed for the determination of the reaction rate of folding, k-, 

assuming that the amount of aggregated protein was zero as we observed almost total 

refolding of the protein after exposures to 60 °C (c.f. Fig. 3). Hence, the total amount of 

protein, P0, equals the sum of the unfolded (U) and folded (N) populations. The rate of 

change in concentration of the unfolded fraction may be written as 

 [ ]

  
   [ ]    [ ] (2) 
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Substituting [N] with P0 - [U] and rearranging the equation we get 

 [ ]

  
      (     )[ ] (3) 

The solution to this differential equation is  

[ ]( )

  
 

      
 (     ) 

     
 (4) 

where [U](t)/P0 corresponds to Fu, the fraction unfolded protein at time t. Values of k- and 

k+ were determined by fitting the data in Fig. 4B to Eq. (4) using nonlinear regression. All 

data sets gave R
2
 values > 0.99. Only those data points where Fu > 0.05 were included. The 

refolding rates, k-, at 1 °C, 5 °C, 10 °C, 15 °C and 20 °C were found to be 8.14, 7.64, 4.63, 

2.35 and 0.93 hour
-1

, respectively, shown in Fig. 5.  

Reliable k+ values could not be obtained by this method as the rates are very low at these 

temperatures, thus being very susceptible to the experimental noise. However, the k+ was 

determined from k+ = k-[U]/[N], where [U]/[N] was obtained from Eq. (6), on the 

assumption that [I] = 0. The k+ values corresponding to 1 °C, 5 °C, 10 °C, 15 °C and 20 °C 

were thus 0.0013, 0.0043, 0.0128, 0.0319 and 0.0617 hour
-1

, respectively. This result, i.e. 

that k- >> k+ at these temperatures, implies that unfolding may be neglected and, hence, 

that Eq. (5) may be reduced to [U](t)/P0 = e
-k-t, describing a reaction of exponential decay 

with k- being the decay constant. 

An increase in transition rate as the temperature is lowered indicates negative apparent 

activation energy. This may occur, for example, when a process relies on a complex set of 

elementary steps.
23

 One way to assess whether a simple two state unfolding step (as 

suggested in Eq. (1)) was relevant for RmAFP1 was to perform a Van’t Hoff analysis of 

the calorimetric trace
24

 and hence obtain a model-dependent value of the transition 

enthalpy. Comparisons of this and the (model independent) calorimetric value of ∆H shed 

some light whether Eq. (1) provided a realistic description of the process. In our case, 

Van’t Hoff analysis of the scans at 0.3 °C/min suggested a ∆H of approximately 340 

kJ/mol; i.e. moderately larger than the calorimetric value of 266 kJ/mol. However, as the 

transition was not fully in equilibrium even during this slow heating rate (c.f. Fig. 1) this 
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difference cannot be interpreted unequivocally with respect to possible intermediate states 

of unfolding. 

Discussion 

Low melting temperature of RmAFP1 

The Tm of RmAFP1 at pH 7.4 was determined by CD spectroscopy to be 28.5 °C. This 

method is widely used for this purpose,
20,21,25-28

 and has the advantage over DSC that it 

circumvents the question of heating rate. With DSC the TmApp was calculated to be 45.1 °C 

at 1 °C/min. This is 16.6 °C above the Tm determined by CD. Even at the lowest heating 

rate achievable on the DSC, 0.1 °C/min, we obtained a TmApp some degrees above the 28.5 

°C. This phenomenon is linked to the protein’s rate constants, and is more evident the 

lower the rate constant of unfolding. This issue has been addressed by Potekhin and 

Kovrigin
29

 who present an equation allowing for the calculation of the maximum heating 

rate, Vmax, to be used without diverging from equilibrium; 

     
   

 

  (  (  )   (  ))  
 (5) 

By extrapolating the k- values obtained at 5-20 °C to the Tm at 28.5 °C (R
2
 = 0.981, 

exponential regression) we obtain a k- and k+ of 0.00526 min
-1

. Inserting these values in 

Eq. (5) the maximum heating rate for unbiased melting temperature determination of 

RmAFP1 would be 0.03 °C/min. This value is one third of the lowest heating rate of 0.1 

°C/min achievable on the used DSC and could explain the higher obtained Tm of RmAFP1 

with DSC than with CD spectroscopy. 

Even though CD spectroscopy has the advantage of circumventing the dependence of Tm 

on the rate of heating, it still has a potentially significant downside; the sample must be 

allowed time to reach equilibrium at all measured temperatures, thus exposing the protein 

to high temperatures for extended periods of time, increasing the risk of irreversible 

transitions. However, this does not seem to occur in the case for RmAFP1 thus enabling us 

to obtain sufficient data from which to determine the Tm (Fig. 2). 
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The Tm of RmAFP1 of 28.5 °C is the lowest reported so far for insect AFPs, and is among 

the lowest reported Tm for proteins
30-33

 although it has been observed that C. perlata AFPs 

loses their activity after 2 hours at 22 °C.
14

 This is in contrast to other insect AFPs
12,21,22

 

where Tm above 60 °C are reported. These AFPs are rich in disulfide bridges (7-8), which 

is most likely the dominant contributing factor to their heat stability.
34

 RmAFP1 has only 

one disulfide bridge and the C. perlata AFP has zero.
14

 However, a type I fish AFP, with 

an α-helical structure and no cysteines, have been reported to have a Tm of only 18 °C. 

Two different “strategies” for obtaining heat tolerant insect AFPs have been observed – 

high melting temperatures or great refolding abilities. As illustrated in Eq. (1) both of these 

qualities would limit the formation of the irreversibly denatured, I, form. The high heat 

tolerance of AFPs could be related to other functions than freeze avoidance. For example, 

it has been demonstrated that some AFP isoforms of M. punctipennis are expressed in the 

summer, and that mRNA levels of these are increased upon heat exposure.
35

 Furthermore, 

these AFPs had a positive effect on the growth of bacteria upon exposures of 40 °C and on 

yeast during exposures of 50 °C, indicating some kind of protection against heat-related 

injury. Additionally, these AFPs also showed thermal protective effects at the protein level, 

as their presence gave rise to a smaller loss of activity of the enzyme lactate dehydrogenase 

upon heat exposure at 65 °C for 1 h.
35

 However, it is not expected that RmAFP1 have the 

same heat stabilizing attributes as these temperatures are above its Tm, although antifreeze 

activity have been found in R. mordax tissue during summer,
8
 though it was not established 

if this was evoked by the RmAFP1 isoform examined here. 

Refolding capabilities and refolding rates of RmAFP1 

The ΔHunfold of RmAFP1 decreases by only 1% point per heat cycle to 60 °C, indicating a 

near complete refolding of the protein. A high refolding capacity has also been observed 

for other AFPs.
13,19-22

 In two cases the activity of the protein was measured to ensure that 

the protein refolded to its native state, and only one of these showed that the protein 

(DAFP-4) had retained most of its activity. Here, we also show that the RmAFP1 has 

activity almost similar to the untreated control after subjection to 10 heat cycles to both 60 

°C and 70 °C. When the protein sample was repeatedly heated to 80 °C the ΔHunfold 

decreased by 6.5% of the initial value per run (Fig. 3). This indicates that the heat damage 
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at 80 °C is much more extensive than at 60 °C and 70 °C, though the loss is still low 

compared to other proteins in general. The sample heated repeatedly to 80 °C seemed to 

have undergone further refolding in the time period prior to the activity was measured as it 

showed a higher antifreeze activity than expected from the reduction in ∆H. A reason for 

this could be that the equilibrating time of 45 min at 1 °C between the cycles to 80 °C is 

insufficient to obtain equilibrium, maybe because of more severe damage obtained at 80 

°C. The basis of this could be that breakage of the disulfide bridge had occurred at 80 °C 

and that this bridge was not fully restored
36,37

 within the 45 minute equilibrating time, but 

have had time to undergo further refolding before the activity measurements were 

performed. Another possibility is that the exposure and binding to ice during the activity 

measurement have contributed to the refolding process. Further insight into the refolding 

process is needed to elucidate the extent to which the proteins retain the capacity to recover 

after exposures to 80 °C. 

Apparent negative activation energy for protein folding has been observed previously and 

is associated with temperature-dependent changes of either hydration or ground state 

conformation (i.e. ‘U’ in Eq. (1)).
38

 If, for example, the unfolded (U) state attains a 

(average) conformation upon heating that fold through a less favourable path, this may 

retard the process even though the kinetic energy increases. Fig. 5 shows that as the 

temperature is lowered to 1 °C, the refolding rate begins to stagnate. Thus, at temperatures 

below 1 °C the rate of refolding could decrease, i.e. show positive activation energy.   

If we consider the protein stability expressed as ∆G
0
 = -RT*ln(k+/k-) or ∆G

0
 = ∆H – T*∆S 

around 0 °C, where the AFP is biologically active, the current work suggest a ∆G
0
 of about 

20-25 kJ/mol for RmAFP1. This is quite similar to that obtained for a fish type III AFP at 0 

°C,
13

 and is in the low range compared to proteins in general.
39

 The comparably low 

stabilities of these AFPs may suggest that they retain a relatively high flexibility around 0 

°C where they exert their activity. It has been observed that AFPs from D. canadensis 

change conformation upon ice binding, despite being rather rigid due to disulfide bonds.
40

 

The ice binding motif of RmAFP1 is broader (TxTxTxT) than the motif of the highly 

disulfide bridged AFPs (TxT) and more threonines may have to fit the molecular structure 

of the ice surface upon interaction. Increased flexibility may be a means of achieving this. 
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Interestingly, the C. perlata AFP with no disulfide bridges has an even broader ice binding 

motif (TxTxTxTxT). Thus, there seems to be a correlation between the broadness of the ice 

binding motifs as the number of disulfide bonds found in the proteins, supporting the 

theory that broader ice binding motifs requires more flexibility to fit to the ice. 

Though the disulfide bridges give a higher thermal stability their presence is a distinct 

disadvantage when it comes to expressing the proteins in prokaryotes. This is often 

necessary if large quantities are to be produced, and thus a disadvantage in a technological 

point of view. The RmAFP1 is the first reported insect AFP to have both a low number of 

disulphide bridges (only one) and at the same time be tolerant to high exposures. 

Despite the insect AFPs’ similar overall tertiary structure consisting of a β-helix with a flat 

threonine-rich ice interacting side, their reported stabilities are quite diverse. However, 

most of them seem to withstand great heat exposure which is a peculiar ability considering 

their native function. This could indicate that the proteins have some additional functions, 

as observed for MpAFP.
35

 The AFP1 from R. mordax have an unusual stability profile. 

Thus, the protein is thermodynamically quite heat labile and has a remarkably low Tm of 

28.5 °C at pH 7.4. The transitions between folded and unfolded states are slow, and show 

apparent negative activation energy of refolding in the studied temperature interval of 1-20 

°C, which may reflect temperature dependent changes in the folding pathway. In contrast 

to the marginal thermodynamic stability, the protein shows a conspicuous colloidal 

stability, as the majority of the activity is regained after repeated heat cycles up to 70 °C, 

i.e. virtually all protein returns to the folded state following cooling. This almost complete 

refolding is an interesting property and makes RmAFP1 promising candidate for use in 

industrial purposes where inactivation following heat exposure could otherwise be a 

potential problem. 

Materials and Methods 

Preparation of RmAFP1  

Recombinant RmAFP1 (12,543 Da) was obtained as previously described,
41

 though 

omitting the ion exchange purification step. The lyophilized untagged RmAFP1 was 

dissolved in a potassium-free phosphate buffered saline (137 mM NaCl, 10 mM Na2HPO4, 
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pH 7.4) to a concentration of 0.25 mg/ml, divided into small aliquots and stored at -18 ºC 

until used. The protein concentration was determined using the BCA assay standardized to 

a quantitative amino acid analysis (Department of System Biology, DTU, Kgs Lyngby, 

Denmark). 

Differential scanning calorimetry analysis  

Thermal profiles of the protein were obtained using a DSC (N-DSC III model 6300, TA 

Instruments, New Castle, DE), holding 300 µl sample. The samples were degassed for 10 

minutes prior to loading and scanned at 4 atmospheres of pressure. Corresponding blanks 

were subtracted from all runs. The experimental reproducibility was improved by an initial 

heating/cooling cycle to 40 °C at 2 °C/min which was used throughout the DSC 

measurements. The exact cause for this improvement in not known, but it may rely on 

uniform thermal histories of the samples. The DSC output was processed with the software 

NanoAnalyze (TA Instruments, New Castle, DE). An average for ΔHunfold was obtained 

from six heating scans. The apparent melting temperatures of the protein, TmApp, were 

assessed by heat cycles from 10-60 ºC at different heating rates in the interval 0.1-2.0 

ºC/min. The refolding abilities of RmAFP1 were assessed by comparing ΔH of 10 

successive heat cycles from 1-60 ºC, 1-70 ºC and 1-80 ºC, respectively. A cooling rate of 

10 ºC/min was initiated once the samples reached the maximum temperature. This was 

followed by a 45 minute equilibration step at 1 ºC. Following the calorimetric 

measurements, the samples were retrieved from the DSC, and stored at -18 ºC for 

subsequent antifreeze activity measurements.  

Circular dichroism spectroscopy  

The configuration of the protein was monitored using a Jasco J-715 circular dichrometer 

equipped with a thermostat accessory. Samples were measured in the far UV spectrum 

(200-250 nm) using a 0.1 cm path-length quarts cuvette holding 220 µl of sample. All 

measurements were performed at a scan rate of 50 nm/min and a constant N2-flow. To 

assess the protein refolding rates, samples were heated to 50 ºC for 12 minutes to denature 

the protein prior to cooling to the respective measuring temperatures, where the spectra 

were continuously recorded to monitor the refolding process. 
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To determine the Tm of RmAFP1, CD spectra were obtained at 10 different temperatures in 

the interval 1-68 °C. To ensure that the protein had reached structural equilibrium, all 

samples were held at each temperature for 45 minutes prior to CD measurements. The 

measurements were taken in duplicates at each temperature. As the CD spectrum of the 

folded protein has its global minimum at 218 nm,
41

 here referred to as mdeg218, the CD 

value at this wavelength, rather than the entire spectrum, was used to monitor temperature-

induced changes in protein configuration. The recorded changes were fitted to the equation 

  ( )  
 

       
 (6) 

describing a sigmoid curve, where FU is the fraction of unfolded protein, T is the 

temperature in °C and L is the saturation value, here set to 1, as this represents complete 

unfolding of the protein. The Tm was obtained from Eq (6) as it by convention is defined as 

the temperature where half of the protein population is unfolded, i.e. where FU(T) = 0.5, 

provided that the aggregation is slow (as was the case for RmAFP1). 

Antifreeze activity measurement  
The antifreeze activity was measured using a Clifton nanoliter osmometer (Clifton 

Technical Physics, Hartford, NY), as described elsewhere.
41
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Tables: 

Table I. Melting temperature and other related physical parameters of various AFPs. 

Species Isoform/Name Structure Size (kDa) Tm (°C) Cysteines Ref 

Pseudopleuronectes 

americanus 

17kDa  

α-helix 

(Type I) 

16.7 55 0 
19

 

AFP9  

α-helix 

(Type I) 

4.3 18 0 
42

 

Macrozoarces 

americanus 

 

HPLC12  

(PDB: 1MSI) 

Globular 

(type III) 

7.4 47 0 
13

 

HPLC12  

(PDB: 1HG7) 

Globular 

(type III) 

7 50 0 
20

 

HPLC6  

Globular 

(type III) 

6.9 40 0 
25

 

rAFP (HPLC6, 

recombinant)  

Globular 

(type III) 

7.2 44 0 
25

 

Austrolycicthys 

brachycephalus 

AB1 

Globular 

(type III) 

6.8 43 0 
26

 

Dendroides canadensis  DAFP-4 β-helical 7.3 84 14 
21

 

Tenebrio Molitor  

YL-1 

(PDB: 1EZG)  

β-helical 8.4 66 16 
22

 

Rhagium mordax RmAFP1 β-helical 12.5 29 2 

Present 

work 
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Figures: 

Fig. 1. 

 

 

Fig. 2. 
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Fig. 3. 
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Fig. 5. 
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Figure legends: 

Fig. 1. Measurements of TmApp .The diamonds represents TmApp determined at different 

heating rates by DSC and the triangle represents the Tm determined by CD. 

 

Fig. 2. Fraction of unfolded RmAFP1 standardized from the extreme values at wavelength 

218 nm. Squares represent data points and the line is the best fit of Eq. (6). Tm (28.5 °C) 

illustrated with a circle, is given as the temperature where the fraction of unfolded (and 

folded) protein equals 0.5. 

 

Fig. 3. Thermal profiles of RmAFP1. A) ΔHunfold of RmAFP1 in 10 successive heat cycles 

from 1-60 °C (only heat cycle 1 (black), 4, 7 and 10 (light grey) are shown). B) The 

relative changes of ΔHunfold in 10 succeeding heat cycles of 1-60 °C (circles), 1-70 °C 

(squares) and 1-80 °C (triangles), respectively. The values are standardized to the ΔHunfold 

of the first run. 

 

Fig. 4. Refolding of RmAFP1. A) CD spectra for RmAFP1 in the unfolded state (dashed 

black line), folded state (solid black line) and 4 minutes (solid lines) and 10 minutes 

(dashed lines) after cooling from 50 to 1 °C (blue lines) or to 15 °C (orange lines), 

respectively. B) Change of the unfolded protein fraction after cooling the sample to 

different temperatures (blue: 1 °C, red: 5 °C, green: 10 °C, orange: 15 °C, black: 20 °C). 

 

Fig. 5. Rate of refolding. The refolding rates, k-, versus temperature show an inverse 

relationship which indicates negative apparent activation energy. 

 

  



121 
 

 

3.3 PAPER#3 

 

Antifreeze activity enhancement by site directed 

mutagenesis of an antifreeze protein from the 

beetle Rhagium mordax 

Dennis Friis, Erlend Kristiansen, Nicolas von Solms, Hans 

Ramløv. 

Submitted to FEBS Letters on January 30
th
 2014. 

 

 

#3 



122 
 

Title 

Antifreeze activity enhancement by site directed mutagenesis on an antifreeze protein from 

the beetle Rhagium mordax  

 

Funding Source Statement 

This work was supported by grant 10-082261 from The Danish Council for Independent 

Research – Technology and Production Sciences. The founding source had no involvement 

in the present research. 

 

Byline 

Dennis Steven Friis,*
,†
 Erlend Kristiansen,

†
 Nicolas von Solms

‡
 and Hans Ramløv

†
 

†
Department of Science, Systems and Models, Roskilde University, Universitetsvej 1, P.O. 

Box 260, Building 18.1, DK-4000 Roskilde, Denmark 

‡
Department of Chemical and Biochemical Engineering, Center for Energy Resource 

Engineering, Technical University of Denmark, Søltoftsplads, Building 229 DK-2800 Kgs. 

Lyngby, Denmark 

*Corresponding author: Address: Valby Langgade 133 3.TH DK-2500 Valby, Denmark. 

Tel.: +45 20877859. E-mail address: dsf@ruc.dk.  

 

Abbreviations 

AFP, Antifreeze protein; RmAFP1, Rhagium mordax antifreeze protein isoform 1; IBS, 

Ice binding site; IBD, Ice binding domain; WT, Wild type; CV, Column volume 

 

Keywords 

Antifreeze protein; site directed mutagenesis; thermal hysteresis 

 

Highlights 

- Antifreeze proteins contain obstructing amino acids in their ice binding sites 

- These were removed in an insect antifreeze protein by site directed mutagenesis 

- Antifreeze activity was substantially increased at low and medium concentrations 

- A change in the relation between antifreeze activity and concentration was 

observed 

  



123 
 

Abstract 

The ice binding motifs of insect antifreeze proteins (AFPs) consist of repetitive TxT motifs 

aligned on a flat face of the protein. However, these motifs often contain non-threonines 

that disrupt the TxT pattern. We substituted two such disruptive amino acids located in the 

ice binding face of an AFP from Rhagium mordax with threonine. Furthermore, a mutant 

with an extra ice facing TxT motif was constructed. These mutants showed enhanced 

antifreeze activity compared to the wild type at low concentrations. However, 

extrapolating the data indicates that the wild type will become the most active at 

concentrations above 270 µmol. 
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Introduction 

Some ectothermic species inhabiting cold regions have evolved antifreeze proteins (AFPs) 

as an adaptation to temperatures below their body fluids’ melting point. These proteins are 

characterised by their ability to lower the freezing temperature of ice without significantly 

affecting its melting temperature, a phenomenon referred to as thermal hysteresis or 

antifreeze activity. AFPs have been found in a wide variety of organisms, including fish,
1
 

spiders,
2
 bacteria,

3
 plants,

4
 fungi

5
 and insects.

6
 The most active AFPs have been found in 

insects and are often denoted hyperactive. 

Common for all AFPs is their ability to become bound to the ice surface whereby their 

antifreeze activity is founded. The ice binding sites (IBSs) within the proteins are flat and 

possess specific amino acids regularly arranged in a pattern that reflects the arrangement of 

water molecules in an ice lattice.
7
 This structural match to ice, likely together with locally 

bound water molecules in the IBS, is believed to enable the proteins to become irreversibly 

adsorbed onto the ice surface.
8
 Prevailing theory postulates that the antifreeze activity can 

be described as a linear function of the square root of the concentration.
9,10

 However, this 

relation seems only to be seen empirically for fish AFPs. The activities of insect AFPs 

seem to have different patterns, e.g. a linear relation between the antifreeze activity and the 

logarithm of the concentration is observed for AFP from Rhagium inquisitor.
11

 

All known insect AFPs have essentially the same tertiary structure, being that of a β-

helix.
12

 One side of this helix contains 4-7 ice binding domains (IBDs) consisting of flat β-

sheets that make up the IBS. Characteristically, the amino acid threonine makes up every 

other residue within the IBDs in what is known as ‘TxT’ motifs, and the stack of these 

motifs results in rows of threonines along the length of the IBS. The TxT motif of insect 

AFPs varies in width from the shortest TxT found in most known AFP producing species
13-

17
 to TxTxTxTxT found in Campaea perlata.

18
 

Although TxT is the consensus sequence of the ice binding motifs, many of these have 

occasionally a threonine substituted with another amino acid. Often this amino acid is quite 

similar in structure to threonine, such as serine or valine, but sometimes larger obstructive, 

and often charged, amino acids occur in the IBDs. Even though these irregularities are 
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abundant, their significance and influence on antifreeze activity have not yet been 

examined. Table 1 gives an overview of the sequences of the IBDs of some known insect 

AFPs. Several isoforms of the AFPs are known to be expressed in all the presented species. 

The sequences presented in the table are those of the most studied isoforms or the isoforms 

of which the tertiary structure is known.  

In the present paper we study the effect of site directed mutagenesis in the IBS of the 

antifreeze protein RmAFP1 from the beetle Rhagium mordax. This 136 amino acid protein 

consists of six TxTxTxT motifs containing a total of three non-Ts in the IBS (Table 1). We 

substituted two of the putative intrusive amino acids (H21 and K23), separately and 

combined, with threonines to obtain more consistent TxTxTxT motifs. Furthermore, a 

mutant was created with an additional coil inserted, i.e. an additional IBD, to increase the 

size of the ice binding surface area. For comparison, variants of the AFP with mutations 

outside the IBS were made. The resultant antifreeze activities of the mutants were 

examined and compared to the wild type (WT) RmAFP1. 

Materials and Methods 

Gene design and cloning. Based on the crystal structure of an AFP from R. inquisitor
19

 

(RiAFP, PDB ID: 4DT5), which is closely related to, and shows 76.5 % amino acid 

homology with, RmAFP1,
20

 the tertiary structure of RmAFP1 was deduced using the 

modelling software PyMOL (DeLano Scientific). Through the resultant model, amino 

acids comprising a complete coil were located (Figure 1B) and two genes were designed 

where the coil was either removed or duplicated in the protein. The resulting mutant AFPs 

are denoted ‘Coil’ and ‘+Coil’, respectively. From the model (Figure 1B), two apparently 

disruptive amino acids, histidine (H21) and lysine (K23), located in the IBD closest to the 

N-terminal were identified, and rmafp1 genes with the substitutions H21T, K23T or both 

were designed. These mutants are denoted ‘H’, ‘K’ and ‘H+K’, respectively. Two variants 

with mutations outside the IBD were also designed, functioning as controls. One of these 

had a C-terminal tag added, consisting of five glycines, while the other had two amino 

acids located on the non-ice facing side substituted with leucine (T53L and T57L). 

Furthermore, a variant where the N-terminal His-tag was not removed from the WT was 
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also studied. These control mutants are denoted ‘AFP-Gly’, ‘AFP-Leu’ and ‘His-AFP’, 

respectively. 

Genes, flanked by NdeI and HindIII restriction sites, encoding for the seven AFP mutants 

were inserted into the pQE-2 expression vector (Qiagen). The vector introduces an N-

terminal His-tag to the protein during expression. All variants of the rmafp1 genes were 

designed with an additional lysine codon in the 5’ end, just downstream the NdeI site. The 

lysine functioned as a stop amino acid when the His-tag was enzymatically cleaved off 

with DapAse (Qiagen). The final constructs were transformed into Escherichia coli 

BL21(DE3) competent cells. 

Expression and purification. Expression of the proteins was carried out as previously 

described.
20

 The obtained heat treated cytosol was sterile filtered and applied to a HisTrap 

FF column with a column volume (CV) of 5 ml (GE Healthcare Life Sciences), using an 

Äkta FPLC system (Amersham Pharmacia). The column was washed with 4 CV buffer (50 

mM NaCl, 10 mM imidazole, 25 mM Tris–HCl, pH 8). The bound protein was eluted by 

applying an imidazole gradient from 10-200 mM in 8 minutes. All flow rates were 2 

ml/min. The fraction containing AFP was collected and dialysed for 24 h against >1,000 x 

volumes of water (MWCO1000 Da) and subsequently lyophilised. To remove the His-tags 

the lyophilised protein was resuspended in 20 mM NaH2PO4, 150 mM NaCl, pH 7.0 and 

cleaved for 30 min at 37 °C with a His-tagged DapAse enzyme (Qiagen). The product was 

then applied onto a HisTrap FF column (CV 1 ml) in order to remove enzymatically 

released histidine, any remaining His-tagged recombinant protein and the DapAse enzyme. 

The flow-through was dialysed as described above and lyophilised. The lyophilised 

untagged RmAFP1 was dissolved in a 50 mM KH2PO4/K2HPO4-buffer pH 7.0 and dilution 

series spanning 1.2 to 0.075 mg/ml AFP were made and stored at -18 ºC until used. The 

protein concentration was determined using the BCA assay which was standardised based 

on an amino acid analysis (Department of System Biology, DTU, Denmark) previously 

made on RmAFP1. 

Antifreeze activity measurement. The antifreeze activity was measured using a Clifton 

nanolitre osmometer (Clifton Technical Physics, USA) as described elsewhere.
20
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Results 

Mutations outside the IBS. The hysteresis activity of all the non-IBS mutants (WT, AFP-

Gly, AFP-Leu and His-AFP) are plotted against the molar protein concentration in Figure 

2A. All three mutants show activity comparable to the WT. The activity of these mutants, 

and the WT, show a linear relation with the logarithm of the concentration (Figure 2B). 

The slopes of WT, His-AFP and AFP-Leu are very similar (Table 2) indicating that these 

mutations did not affect the activity. The slope of AFP-Gly is slightly lower, indicating 

that this mutation caused a small impairment of the activity. 

Mutations inside the IBS. The results of the activity measurements of the IBS mutants 

(H, K, H+K and +Coil) are presented in Figure 2D together with the WT. The mutant 

Coil showed no activity. The other mutants showed a significant larger increase in 

antifreeze activity than the WT when the concentration was initially increased. At 20 µM 

the most potent mutants (H+K and +Coil) showed twice as high activity as the WT. 

However, the activities of the mutants seemed to level off faster than the WT, hence the 

enhanced activity is less pronounced at higher concentrations. Among the mutants, the H 

variant showed the lowest activity and is only more active than the WT at concentrations 

below 65 µM. The K mutant is slightly more active than the H mutant, and only more 

active than the WT at concentrations below 105 µM. The H+K mutant is more active than 

both the H and K mutants, and showed higher activity than the WT throughout the 

measured concentrations, as did the +Coil mutant. When plotting the activity of these 

mutants against the logarithm of the concentrations we do not obtain linear relations 

(Figure 2E) as was the case with the non-IBS mutants (Figure 2B). Linear relation was, 

however, obtained when plotting the activity against the inverse logarithm of the 

concentration (Figure 2F). Here it was also seen that the H, K and H+K mutants had 

almost identical slopes (but different intersects), while the +Coil mutant had a steeper 

slope, thus showing increasingly higher activity than the other mutants with increasing 

protein concentration. The equations describing all activity curves are presented in Table 2.  

The relative amount of WT protein needed to evoke the same hysteresis as the mutants are 

presented in Figure 3. It requires close to the same concentration (100 %) of the WT to 

obtain the activities evoked by the non-IBS mutants (AFP-Leu and His-AFP depicted) in 
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the measured concentrations. The mutants H+K and +Coil, however, show an increase up 

to above 300 % of the WT concentration at the peaks around 4.0-4.5 °C. Hence, to obtain a 

hysteresis of 4 °C requires more than three times as much WT AFP than H+K mutant AFP. 

Above 4.5 °C the antifreeze activity curves decreases again, and at 6.1 °C and 6.5 °C the 

curves (for H+K and +Coil, respectively) are below 100 %. Here, a lower concentration is 

required of the WT than those of the H+K or +Coil mutants to evoke the same antifreeze 

activity. 

Discussion 

In this study we used the empirical relationship describing the antifreeze activity as a 

function of the concentration of AFP, in order to examine the importance of naturally 

occurring irregularities in the ice binding motifs of an AFP from the beetle R. mordax. 

A number of site-directed mutagenesis studies have been carried out where disruptive 

residues were introduced to elucidate the features of the IBS or its location on the protein 

surface in both fish
21-24

 and insect
7,25,26

 AFPs. In contrast, in the present study we removed 

the naturally occurring amino acids in the IBS that are presumed disrupt the binding to ice 

and observed an improvement of the antifreeze activity. In the H+K mutant, we observed a 

higher improvement of the activity than when only a single residue were replaced (H or K 

mutants), indicating that the effects of the substitutions are cumulative. No significant 

change in activity was seen for AFPs that were mutated outside the IBS. 

Within the eight known isoforms of the RmAFP,
20

 position 21 is occupied by H in four 

isoforms, N in two  isoforms and T in two isoforms, whereas position 23 is occupied by K 

in all cases. The closely related R. inquisitor expresses an AFP that is structurally very 

similar to those found in R. mordax
27

 and in this protein the H21 and K23 are also 

preserved (Table 1). Their preservation among the isoforms and species suggests that the 

apparently disruptive residues H21 and K23 are functional. The observed improved 

activity upon their replacement suggests that their functionality might be separate from that 

of the ice binding threonine residues. An alternative functionality may for instance be at 

the translocation stage of the protein, or maybe in interaction with non-AFPs. The 

transcription of six isoforms of AFPs in C. fumiferana show a developmental specific 
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expression pattern
28

 and AFPs from M. punctipennis show transcription during the 

summer
29

 which indicates that the AFPs have some other functions than antifreeze activity. 

Hence, the irregularities in the IBS, both in RmAFP1 and in general, could be related to 

these functions. 

When making alterations to a native protein there is a risk of impairing its structural 

stability. This seems to have been the case with the Coil mutant that showed no thermal 

hysteresis activity. The +Coil mutant, however, seems to have maintained its structure as it 

shows high antifreeze activity. The occurrence of different numbers of coils in the AFPs is 

also observed among isoforms in several species of insects
14,30-32

 and, where tested, the 

larger isoforms were the most active. However, there is seldom more than a few coils 

difference between the isoforms, thus there seems to be an upper limit to the number of 

coils that would benefit the AFPs. This is also supported by the results of Marshall et al.
33

 

following removal or addition of coils in the Tm4-9AFP isoform. Mutants lacking a coil 

showed strongly reduced activity, while mutants with one and, especially, two extra coils 

showed enhanced activity. Additional coils resulted in only slightly higher activity than the 

wild type. Some observations indicate that the size of the AFP itself has an effect on the 

activity, e.g. fusing green fluorescent protein to RiAFP resulted in increased activity.
19

 

Similar results have been observed for fish AFPs.
34,35

 However, when fusing two AFPs, 

hence increasing the ice binding area, the increased activity is much more pronounced.
35,36

 

Thus, the activity of the AFPs can be affected in several ways through genetic 

manipulation, and there could be a large potential for improving the antifreeze activity this 

way. 

The activity of WT RmAFP1 shows a linear relation with the logarithm of the 

concentration, as also seen in the closely related RiAFP.
11

 However, none of the activities 

of the IBS mutants showed this relation. Here we found a linear relation when plotting the 

activity against the inverse logarithm of the concentration. All mutants with intact IBS 

show the same log linear relation as the WT. Hence, the change in the activity seems to be 

related to the manipulation of the IBS, whether single amino acid substitutions or insertion 

of an entire coil. Mutations made within an AFP from the fish Pseudopleuronectes 

americanus gave similar results, as the activity of the wild type showed a linear relation 
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with the square root of the concentrations, while the mutants showed slightly curved 

relations.
37

 The reason for the changed activity curves could be a change in the binding 

pattern caused by an increased or decreased affinity for specific planes on the ice crystal. 

This is supported by the fact that many mutational studies have reported a change in ice 

crystal morphology during activity measurements.
26,38,39

 

The activity of the mutants with modified IBS showed linear relation with inverse log 

transformation of the concentration (Figure 2E). Interestingly, the slopes of H, K and H+K 

mutants are parallel while the slope of +Coil is steeper. This could be a result of two 

factors acting together – firstly, an increase in the number of ice binding threonines as the 

case for the other IBS-mutants, and secondly, an increase in protein size could increase the 

activity. The different nature of the activity curves implies that the IBS-mutants show a 

larger increase in antifreeze activity than the WT (and the non-IBS mutants) when the 

concentration is initially increased, but at high concentrations this difference will level out 

and finally the WT will show the highest activity.  

The underlying mechanism that determines the relation between the activity and the 

concentration of insect AFP seems complex. Through a theoretical deduction, the activity 

is expected to have a linear relation with the square root of the protein concentration and 

pass through the origin,
10

 which is the case for fish AFPs (Figure 4). However, why we 

observe a different relation for RmAFP1 is not yet clarified. As other insect AFPs also do 

not follow the square root relation, some of the explanation is probably related to the fact 

that the insect AFPs bind more ice planes than fish.
40

 However, varying activity 

dependence on protein concentration is seen among insect AFPs, as shown in Figure 5, 

which indicates a more complex relation. This is also evident from their different 

distribution on the ice crystal visualised by fluorescent tags.
40,41

 We speculate that the 

native purpose of these irregularities within the IBS, H21 and K23, are to prevent 

dimerisation of two AFPs at the IBS, at expense of perfect ice lattice match. Hence, the 

feature of the IBS may be a balance between a perfect ice-matching face and the 

prevention of dimerisation with other IBS. Another explanation to the changed curves 

could be that the mutant had an increased affinity for a specific ice plane, but a decreased 

affinity for others. This would mean fewer total binding sites, but a stronger or more 
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successful interaction for the recognised sites. In that case the activity would be higher at 

low concentrations, but lower at high concentrations, as we also observe. 

References 

(1) DeVries, A. L., and Wohlschlag, D. E. (1969) Freezing resistance in some Antarctic 

fishes. Science 163, 1073-1075. 

(2) Duman, J. G., Bennett, V., Sformo, T., Hochstrasser, R., and Barnes, B. M. (2004) 

Antifreeze proteins in Alaskan insects and spiders. J. Insect. Physiol. 50, 259-266. 

(3) Gilbert, J. A., Hill, P. J., Dodd, C. E. R., and Laybourn-Parry, J. (2004) Demonstration 

of antifreeze protein activity in Antarctic lake bacteria. Microbiology 150, 171-180. 

(4) Griffith, M., Ala, P., Yang, D. S. C., Hon, W. C., and Moffatt, B. A. (1992) Antifreeze 

protein produced endogenously in winter rye leaves. Plant Physiol. 100, 593-596. 

(5) Hoshino, T., Kiriaki, M., Ohgiya, S., Fujiwara, M., Kondo, H., Nishimiya, Y., Yumoto, 

I., and Tsuda, S. (2003) Antifreeze proteins from snow mold fungi. Can. J. Bot. 81, 1175-

1181. 

(6) Husby, J. A., and Zachariassen, K. E. (1980) Antifreeze agents in the body-fluid of 

winter active insects and spiders. Experientia 36, 963-964. 

(7) Graether, S. P., Kuiper, M. J., Gagne, S. M., Walker, V. K., Jia, Z. C., Sykes, B. D., 

and Davies, P. L. (2000) β-helix structure and ice-binding properties of a hyperactive 

antifreeze protein from an insect. Nature 406, 325-328. 

(8) Liou, Y. C., Tocilj, A., Davies, P. L., and Jia, Z. C. (2000) Mimicry of ice structure by 

surface hydroxyls and water of a β-helix antifreeze protein. Nature 406, 322-324. 

(9) Raymond, J. A., and Devries, A. L. (1977) Adsorption inhibition as a mechanism of 

freezing resistance in polar fishes. Proc Natl Acad Sci USA 74, 2589-2593. 

(10) Kristiansen, E., and Zachariassen, K. E. (2005) The mechanism by which fish 

antifreeze proteins cause thermal hysteresis. Cryobiology 51, 262-280. 

(11) Zachariassen, K. E., DeVries, A. L., Hunt, B., and Kristiansen, E. (2002) Effect of ice 

fraction and dilution factor on the antifreeze activity in the hemolymph of the cerambycid 

beetle Rhagium inquisitor. Cryobiology 44, 132-141. 

(12) Graether, S. P., and Sykes, B. D. (2004) Cold survival in freeze-intolerant insects: the 

structure and function of beta-helical antifreeze proteins. Eur. J. Biochem. 271, 3285-3296. 



132 
 

(13) Doucet, D., Tyshenko, M. G., Kuiper, M. J., Graether, S. P., Sykes, B. D., Daugulis, 

A. J., Davies, P. L., and Walker, V. K. (2000) Structure-function relationships in spruce 

budworm antifreeze protein revealed by isoform diversity. Eur. J. Biochem. 267, 6082-

6088. 

(14) Liou, Y. C., Thibault, P., Walker, V. K., Davies, P. L., and Graham, L. A. (1999) A 

complex family of highly heterogeneous and internally repetitive hyperactive antifreeze 

proteins from the beetle Tenebrio molitor. Biochemistry 38, 11415-11424. 

(15) Qiu, L. M., Wang, Y., Wang, J., Zhang, F. C., and Ma, J. (2010) Expression of 

biologically active recombinant antifreeze protein His-MpAFP149 from the desert beetle 

(Microdera punctipennis dzungarica) in Escherichia coli. Mol. Biol. Rep. 37, 1725-1732. 

(16) Huang, T., Nicodemus, J., Zarka, D. G., Thomashow, M. F., Wisniewski, M., and 

Duman, J. G. (2002) Expression of an insect (Dendroides canadensis) antifreeze protein in 

Arabidopsis thaliana results in a decrease in plant freezing temperature. Plant Mol. Biol. 

50, 333-344. 

(17) Mao, X. F., Liu, Z. Y., Ma, J., Pang, H., and Zhang, F. C. (2011) Characterization of a 

novel β-helix antifreeze protein from the desert beetle Anatolica polita. Cryobiology 62, 

91-99. 

(18) Lin, F. H., Davies, P. L., and Graham, L. A. (2011) The Thr- and Ala-Rich 

Hyperactive Antifreeze Protein from Inchworm Folds as a Flat Silk-like β-Helix. 

Biochemistry 50, 4467-4478. 

(19) Hakim, A., Nguyen, J. B., Basu, K., Zhu, D. F., Thakral, D., Davies, P. L., Isaacs, F. 

J., Modis, Y., and Meng, W. Y. (2013) Crystal Structure of an Insect Antifreeze Protein 

and Its Implications for Ice Binding. J. Biol. Chem. 288, 12295-12304. 

(20) Kristiansen, E., Wilkens, C., Vincents, B., Friis, D., Lorentzen, A. B., Jenssen, H., 

Løbner-Olesen, A., and Ramløv, H. (2012) Hyperactive antifreeze proteins from longhorn 

beetles: some structural insights. J. Insect Physiol. 58, 1502-1510. 

(21) Baardsnes, J., Kondejewski, L. H., Hodges, R. S., Chao, H., Kay, C., and Davies, P. 

L. (1999) New ice-binding face for type I antifreeze protein. FEBS Lett. 463, 87-91. 

(22) Chao, H., Sonnichsen, F. D., Deluca, C. I., Sykes, B. D., and Davies, P. L. (1994) 

Structure-function relationship in the globular type-III antifreeze protein - Identification of 

a cluster of surface residues required for binding to ice. Protein Sci. 3, 1760-1769. 



133 
 

(23) DeLuca, C. I., Chao, H., Sonnichsen, F. D., Sykes, B. D., and Davies, P. L. (1996) 

Effect of type III antifreeze protein dilution and mutation on the growth inhibition of ice. 

Biophys. J. 71, 2346-2355. 

(24) Loewen, M. C., Gronwald, W., Sonnichsen, F. D., Sykes, B. D., and Davies, P. L. 

(1998) The ice-binding site of sea raven antifreeze protein is distinct from the 

carbohydrate-binding site of the homologous C-type lectin. Biochemistry 37, 17745-17753. 

(25) Marshall, C. B., Daley, M. E., Graham, L. A., Sykes, B. D., and Davies, P. L. (2002) 

Identification of the ice-binding face of antifreeze protein from Tenebrio molitor. FEBS 

Lett. 529, 261-267. 

(26) Bar, M., Celik, Y., Fass, D., and Braslavsky, I. (2008) Interactions of β-helical 

antifreeze protein mutants with ice. Cryst. Growth Des. 8, 2954-2963. 

(27) Kristiansen, E., Ramlov, H., Hojrup, P., Pedersen, S. A., Hagen, L., and Zachariassen, 

K. E. (2011) Structural characteristics of a novel antifreeze protein from the longhorn 

beetle Rhagium inquisitor. Insect Biochem. Mol. Biol. 41, 109-117. 

(28) Qin, W., Doucet, D., Tyshenko, M. G., and Walker, V. K. (2007) Transcription of 

antifreeze protein genes in Choristoneura fumiferana. Insect Mol. Biol. 16, 423-434. 

(29) Qiu, L. M., Mao, X. F., Hou, F., and Ma, J. (2013) A novel function - Thermal 

protective properties of an antifreeze protein from the summer desert beetle Microdera 

punctipennis. Cryobiology 66, 60-68. 

(30) Leinala, E. K., Davies, P. L., Doucet, D., Tyshenko, M. G., Walker, V. K., and Jia, Z. 

C. (2002) A β-helical antifreeze protein isoform with increased activity - Structural and 

functional insights. The Journal of biological chemistry 277, 33349-33352. 

(31) Andorfer, C. A., and Duman, J. G. (2000) Isolation and characterization of cDNA 

clones encoding antifreeze proteins of the pyrochroid beetle Dendroides canadensis. J. 

Insect Physiol. 46, 365-372. 

(32) Ma, J., Wang, J., Mao, X. F., and Wang, Y. (2012) Differential expression of two 

antifreeze proteins in the desert beetle anatolica polita (coleoptera: tenebriondae): Seasonal 

variation and environmental effects. CryoLetters 33, 337-348. 

(33) Marshall, C. B., Daley, M. E., Sykes, B. D., and Davies, P. L. (2004) Enhancing the 

activity of a β-helical antifreeze protein by the engineered addition of coils. Biochemistry 

43, 11637-11646. 



134 
 

(34) DeLuca, C. I., Comley, R., and Davies, P. L. (1998) Antifreeze proteins bind 

independently to ice. Biophys. J. 74, 1502-1508. 

(35) Baardsnes, J., Kuiper, M. J., and Davies, P. L. (2003) Antifreeze protein dimer - 

When two ice-binding faces are better than one. J. Biol. Chem. 278, 38942-38947. 

(36) Nishimiya, Y., Ohgiya, S., and Tsuda, S. (2003) Artificial multimers of the type III 

antifreeze protein - Effects on thermal hysteresis and ice crystal morphology. J. Biol. 

Chem. 278, 32307-32312. 

(37) Wen, D. Y., and Laursen, R. A. (1992) Structure-function-relationships in an 

antifreeze polypeptide - The role of neutral, polar amino-acids. J. Biol. Chem. 267, 14102-

14108. 

(38) Nishimiya, Y., Kondo, H., Takamichi, M., Sugimoto, H., Suzuki, M., Miura, A., and 

Tsuda, S. (2008) Crystal structure and mutational analysis of Ca2+-independent type II 

antifreeze protein from longsnout poacher, Brachyopsis rostratus. J. Mol. Biol. 382, 734-

746. 

(39) Haymet, A. D. J., Ward, L. G., and Harding, M. M. (2001) Hydrophobic analogues of 

the winter flounder 'antifreeze' protein. FEBS Lett. 491, 285-288. 

(40) Pertaya, N., Marshall, C. B., Celik, Y., Davies, P. L., and Braslavsky, I. (2008) Direct 

visualization of spruce budworm antifreeze protein interacting with ice crystals: Basal 

plane affinity confers hyperactivity. Biophys. J. 95, 333-341. 

(41) Middleton, A. J., Marshall, C. B., Faucher, F., Bar-Dolev, M., Braslavsky, I., 

Campbell, R. L., Walker, V. K., and Davies, P. L. (2012) Antifreeze Protein from Freeze-

Tolerant Grass Has a Beta-Roll Fold with an Irregularly Structured Ice-Binding Site. J. 

Mol. Biol. 416, 713-724. 

(42) Scott, G. K., Davies, P. L., Shears, M. A., and Fletcher, G. L. (1987) Structural 

variations in the alanine-rich antifreeze proteins of the pleuronectinae. Eur. J. Biochem. 

168, 629-633. 

(43) Ebbinghaus, S., Meister, K., Born, B., DeVries, A. L., Gruebele, M., and Havenith, 

M. (2010) Antifreeze Glycoprotein Activity Correlates with Long-Range Protein-Water 

Dynamics. J. Am. Chem. Soc. 132, 12210-12211. 

(44) Deng, G. J., Andrews, D. W., and Laursen, R. A. (1997) Amino acid sequence of a 

new type of antifreeze protein: From the longhorn sculpin Myoxocephalus 

octodecimspinosis. FEBS Lett. 402, 17-20.  



135 
 

Tables 

Table 1. Insect species where AFPs are found and the sequences of the putative IBDs 

are known
a
 

Species Ice binding motif 

 1 2 3 4 5 6 7 

Rhagium inquisitor27 TxHxKxT   TxTxTxT   TxTxTxT   TxTxTxT   TxTxTxT   TxTxTxT  

Rhagium mordax (RmAFP1)20 TxHxKxT   TxTxTxT   TxTxTxT   TxTxTxT   TxTxTxS   TxTxTxT  

Campaea perlata (iwAFP-FL#2)18 TxTxVxTxT   TxTxTxTxT   TxTxTxRxT   TxTxTxTxT    

Tenebrio molitor (Tm4-9)14  AxT   TxT   TxT   TxT   TxT   TxT   AxT 

Choristoneura fumiferana (Cf501)13 VxT   TxT   IxT   VxT   TxT   TxT   TxT 

Microdera punctipennis (MpAFP149)15 AxT   TxT   TxT   TxT   TxT   TxT   AxT 

Dendroides canadensis (DAFP-1)16 SxT   AxT   TxT   TxT   TxT AxT  

Anatolica polita (ApAFP752)17 QxT   ExT   TxT   TxT   TxI   TxI  
a
Deviations from the TxT consensus sequences are marked with bold. 

Table 2. The equations of the activity curves of the various proteins along with the 

correlating R
2
 value

a
  

Protein Equation R
2
 

WT Y=3.82*log(x)-2.71 0.998 

H Y=-5.31*log(x)
-1

+7.17 0.994 

K Y=-5.16*log(x)
-1

+7.57 0.996 

H+K Y=-5.52*log(x)
-1

+8.47 0.998 

+Coil Y=6.70*log(x)
-1

+9.32 0.998 

AFP-Gly Y=3.27*log(x)-2.30 0.997 

AFP-Leu Y=3.53*log(x)-2.72 0.995 

His-AFP Y=3.54*log(x)-2.23 0.989 
a
All equations are based on 5 data points. Each data point is an average of 4-8 activity 

measurements. 
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Figure legends 

Figure 1. A) Sequence of RmAFP1. H21, K23 and the mutated coil are marked with bold 

blue. The putative ice binding sites are underlined. B) Model of RmAFP1 deduced from 

RiAFP. The blue amino acids in A) are also drawn blue here. Surface exposed amino acids 

in the IBS are drawn as sticks. 

Figure 2. Activity measurements of all RmAFP1 variants after different data 

transformations. Closed tags are non-IBS mutants (: WT, : AFP-Leu, : AFP-Gly, : 

His-AFP). Open tags are IBS-mutants (: H, : K, : H+K, : +Coil). The WT is 

depicted with a dashed line. A), B) and C) Activity of non-IBS mutants versus regular, log 

and inverse log transformed concentrations, respectively. D), E) and F) Activity of IBS-

mutants and the WT versus regular, log and inverse log transformed concentrations, 

respectively. Error bars in A) and D) represents standard deviations (n=4-8). 

Figure 3. Illustration of the relative amount of WT AFP required to obtain similar 

activities of the mutant protein. : +Coil, : H+K, : His-AFP, : AFP-Leu. The dashed 

line at 100 % corresponds to the WT. 

Figure 4. Linear relation is obtained between fish AFPs and the square root of the 

concentration. : TypeIII AFP (Macrozoarces americanus, data from
22

), : TypeII AFP 

(Brachyopsis rostratus, data from
38

), : Type I AFP (Pseudopleuronectes americanus, 

data from
42

), : antifreeze glycoprotein (AFGP) (Dissostichus mawsoni, data from
43

), : 

Type IV AFP (Myoxocephalus octodecimspinosis, data from
44

). 

Figure 5. Diversity in the relation between activities, all measured on a Clifton nanolitre 

osmometer, and concentrations (here plotted the logarithm of the concentration) of insect 

AFPs. : C. fumiferana Cf501AFP (data from
30

 ), : R. mordax RmAFP1, : T. molitor 

Tm4-9AFP (data from
33

).  
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Figures 

Figure 1. (single column fit) 
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Figure 2. (2-column fit) 
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Figure 3. (single column fit) 

 

Figure 4. (single column fit) 
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Figure 5. (single column fit) 
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