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Introduction
Large areas of Earth are in permanently cold conditions. Low temperature can be
considered extremal for life as it significantly affects cellular function: biochemical
reactions and physical processes are slowed down, the fluidity of cell membranes is
decreased (De Maayer, Anderson, Cary, & Cowan, 2014). Even more dangerous is water
crystallization. Ice crystals can physically rupture cells or cause cell dehydration by pulling
water out (Bredow, Tomalty, Smith, & Walker, 2018).
Water crystallization process consists of several steps. The first step is nucleation —
formation of new ice crystal nuclei. The second step is nuclei growth. Recrystallization
(changes in size and shape of the crystals) can be delineated as the third step. Nucleation
can be significantly accelerated by the presence of solid particles or other ice crystals
that can catalyze the formation of new ice nuclei on their surface (Kiani & Sun, 2011).
The so-called psychrophilic organisms have adapted to cold environments by
employing different strategies, for example by changing the cell membranes
composition, and by synthesizing cold-shock proteins and cold-active enzymes (D’Amico,
Collins, Marx, Feller, & Gerday, 2006). Another strategy that is especially important for
organisms living in freezing conditions is the production of ice-binding proteins (IBPs).
These unique biomolecules, as their name suggests, are able to bind to ice crystals and
stop their growth.
IBPs were first found in Antarctic fish living at -1.87 ºC (DeVries & Wohlschlag, 1969).
Since then many other IBPs were discovered in a wide variety of organisms: fish, plants,
insects, snow fleas, copepods, diatoms, fungi, bacteria, and yeasts (Bar Dolev, Braslavsky,
& Davies, 2016).
IBPs exhibit three principal properties: thermal hysteresis (TH), ice recrystallization
inhibition (IRI), and ice crystal shape modification. TH is the gap between freezing and
melting points that appears in an IBP solution. IRI is the ability of IBPs to keep ice crystal
population stable and prevent their growth and recrystallization. Different proteins have
different TH, IRI and shaping activities. Moreover, TH and IRI activities are uncorrelated
(Capicciotti, Poisson, Boddy, & Ben, 2015; Luuk L C Olijve et al., 2016). Plant IBPs can have
low TH, but be very effective at inhibiting recrystallization (Capicciotti et al., 2015;
Sidebottom et al., 2000).
Ice growth and recrystallization control by IBPs can potentially be used in practical
applications.
Cryopreservation at very low temperature is used to store all kinds of biological
samples not only for research applications, but also in medicine. However, cells often do
not survive freezing and thawing process due to ice formation and recrystallization that
physically damage the cells. Cryoprotectants, such as dimethyl sulfoxide and glycerol, are
usually added to the cells to reduce cryoinjury; however, high concentrations are needed
and some cryoprotectants are toxic. IBPs use as cryoprotectants can increase cell survival
by preventing ice growth and recrystallization. In addition, IBPs can potentially avoid any
toxic effects as IBPs are active at low concentrations (H. J. Kim et al., 2017; Nishijima
et al., 2014).
In opposite to cryopreservation, some IBPs that form sharp ice crystals can be used to
cause physical damage to cancer cells during cryosurgeries (Koushafar & Rubinsky, 1997).
Ice formation on freezers, roads or aircraft is a major problem. Spraying IBPs or even
chemically immobilizing them on surfaces can be an effective anti-icing strategy (Gwak
et al., 2015).
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Introduction of IBP genes into cultivated plants or fishes, such as tomato or salmon,
that are normally susceptible to freezing damage can increase their tolerance to low
temperatures by producing endogenic IBPs (Bredow, Vanderbeld, & Walker, 2017;
R. Wang, Zhang, Gong, & Hew, 1995).
IBPs can also be used in frozen foods. Ice growth and recrystallization, accelerated by
temperature fluctuations during storage and transport, result in deterioration of frozen
food texture or damage cellular structure in meat and vegetables. Development of food
grade IBPs can potentially be very lucrative (Venketesh & Dayananda, 2008).
Some IBP commercialization has already been achieved, but on the whole, practical
application of IBPs is still limited for the reason that IBP production is expensive and
commercial sources remain highly restricted. One of the ways of increasing IBP use in
commercial products is finding new proteins that have higher activity, thus would require
a lower amount of expensive material to achieve the same effect.
A bacterial ice-binding protein was discovered in the metagenome of Antarctic ciliate
Euplotes focardii consortium and recombinantly produced. It was found that this protein,
EfcIBP, possesses high ice recrystallization inhibition activity at a very low concentration
while having moderate TH. In addition, the EfcIBP produced highly unusual ice crystal
shapes. The basis of these properties was not understood.
An international collaborative project was undertaken to better understand the
underlying reasons for this peculiar IBP behavior. The EfcIBP structure was resolved and
ice-binding sites were confirmed by computer modeling and mutagenesis. TH, IRI, and
shaping activities were assessed in the wild-type EfcIBP and its mutants; crystallographic
planes that the EfcIBP binds to were determined, and accumulation kinetics were
measured. The experimental findings deepened our understanding of how IBPs bind to
ice and clarified the importance of ice plane affinity and accumulation speed for the IBP
activity.
To better assess possibilities for practical use of IBPs, ice creams containing IBPs from
different sources were produced. The study of IBP ice cream properties, such as
microstructure and sensory properties, established that the application of IBPs in ice
creams is not straightforward. The difficulties that a commercial ice cream producer
would encounter by incorporating IBPs are demonstrated in this thesis.

10

Abbreviations
AFGP
AFP
Afp4
ColAFP
EfcIBP
FfIBP
FIPA
GFP
IBP
IBS
INP
IRI
LeIBP
LpIBP
MpAFP
NagIBP
RiAFP
sbwAFP
sfAFP
SfIBP
TH
TisAFP
TmAFP
wt

antifreeze glycoprotein
antifreeze protein
antifreeze protein from Glaciozyma antarctica PI12 (Antarctic
yeast)
Colwellia sp. SLW05 antifreeze protein (Antarctic bacterium)
Euplotes focardii consortium ice-binding protein (Antarctic
bacterium)
Flavobacterium frigoris PS1 ice-binding protein (Antarctic
bacterium)
fluorescence-based ice plane affinity
green fluorescent protein
ice-binding protein
ice-binding site
ice-nucleating protein
ice recrystallization inhibition
Leucosporidium sp. AY30 ice-binding protein (yeast)
Lolium perenne ice-binding protein (perennial ryegrass)
Marinomonas primoryensis antifreeze protein (Antarctic
bacterium)
Navicula glaciei ice-binding protein (Antarctic diatom)
Rhagium inquisitor antifreeze protein (beetle)
spruce budworm antifreeze protein (Choristoneura fumiferana)
snow flea antifreeze protein (Hypogastrura harveyi)
Shewanella frigidimarina ice-binding protein (Antarctic bacterium)
thermal hysteresis
Typhula ishikariensis antifreeze protein (snow mold)
Tenebrio molitor antifreeze protein (mealworm)
wild type
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1 Literature review
1.1 What are ice-binding proteins?
Ice-binding proteins (IBPs) are naturally occurring proteins that bind to ice. Their primary
role is to help organisms coexist with ice by inhibiting ice crystal growth and
recrystallization (Bar Dolev et al., 2016).
Pure water can remain liquid without ice formation in the range -40 ºC … 0 ºC.
Spontaneous formation of ice crystals in the absence of nucleation centers is classified
as primary nucleation. However, in case of pre-existing ice crystals water can freeze at
temperatures just below 0 ºC (Hobbs, 2010) due to secondary nucleation and existing
crystals growth (Chow, Blindt, Chivers, & Povey, 2005). IBPs attach to ice crystals, stop
their growth, and prevent secondary nucleation, thus depressing the solution freezing
point below the equilibrium melting point. This results in freezing hysteresis (Bar Dolev
et al., 2016). In addition, IBPs prevent ice melting, causing a slightly elevated melting
point (Celik et al., 2010). Thermal hysteresis is the difference between the
nonequilibrium melting and freezing points (Bar Dolev et al., 2016).
The average size of ice crystals present in a solution grows with time i.e. the large
crystals grow larger at the expense of smaller ones, which disappear (Venketesh &
Dayananda, 2008). This phenomenon is termed recrystallization and is attributed to the
differences in surface curvature (Gibbs-Thomson effect) (Zachariassen & Kristiansen,
2000). Recrystallization takes place most rapidly at temperatures just below equilibrium
freezing point and is accelerated when environmental temperatures fluctuate within the
sub-zero range (Donhowe & Hartel, 1996; Griffith & Ewart, 1995). Growing ice crystals
are likely to cause mechanical damage to tissues and cells, for example in snow-covered
overwintering plants. Low concentrations (<< 1 µM) of IBPs are effective in inhibiting
recrystallization and protecting frozen tissues from damage. In contrast, the thermal
hysteresis effect is observable at much higher concentrations (> 1 µM) (Kristiansen &
Zachariassen, 2005; S. O. Yu et al., 2010). The exact mechanism of effective IRI activity at
such low concentration is poorly understood (Capicciotti et al., 2015).
One of the first indications of the presence of an IBP even at a very low concentration
is its modification of ice crystal shape (Bar Dolev et al., 2016; C A Knight, DeVries, &
Oolman, 1984). Ice crystals have many crystal planes (Figure 1) and IBPs bind to at least
one. Ice crystals grown in pure water have a round disk-like shape (Bredow et al., 2018).
IBPs bound to specific ice planes prevent growth or melting in that direction, thus
creating facets with hexagonal symmetry (Bar-Dolev, Celik, Wettlaufer, Davies, &
Braslavsky, 2012; Strom, Liu, & Jia, 2005). Crystal shape modification can be used for
example by bacteria or algae that live in Antarctica ice waters. Excreted IBPs modify ice
growth in a way that stable brine pockets and channels are formed in the sea ice and
these brine pockets are colonized by the microorganisms (J A Raymond, Janech, &
Fritsen, 2009; James A Raymond, Fritsen, & Shen, 2007).
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Figure 1. The hexagonal unit cell of an ice crystal showing the direction of axes and the
primary prismatic, the primary pyramidal and the basal planes (Oude Vrielink, Aloi, Olijve,
& Voets, 2016).
Remarkably, it was demonstrated that some bacteria can use IBPs also as ice adhesins.
For example, a marine bacteria Marinomonas primoryensis has an ice-binding domain at
the end of a long (0.6 µm) 1.5 MDa protein that it uses to attach to ice crystals and float
closer to the water surface, where nutrients and oxygen are more readily available
(Guo et al., 2013; Guo, Garnham, Whitney, Graham, & Davies, 2012; Vance et al., 2014).
According to the primary function of the protein, IBPs are also called antifreeze
proteins (AFPs) or thermal hysteresis proteins, ice recrystallization inhibition proteins
and ice structuring proteins (Bar Dolev et al., 2016; Bredow et al., 2017; Clarke, Buckley,
& Lindner, 2002; Venketesh & Dayananda, 2008). AFPs in freeze-avoidant organisms act
as antifreeze by lowering freezing temperature (Bar Dolev et al., 2016). Ice
recrystallization inhibition proteins are employed by freeze-tolerant organisms to stop
ice recrystallization that can cause damage during freezing (Charles A. Knight & Duman,
1986). However, regardless of the primary function, most IBPs exhibit some level of all
three principal activities (Bar Dolev et al., 2016).
Typically, IBPs are excreted outside the cells, where ice crystal formation begins in the
event of freezing. In fish, IBPs are concentrated in blood (H. J. Kim et al., 2017) and in
plants are located in the apoplast, the space outside the plasma membrane (Bredow &
Walker, 2017).
Closely related to IBPs are ice-nucleating proteins (INPs) that increase freezing point
and thus trigger ice nucleation at higher temperatures. These proteins are found for
example in bacteria that live on plants, such as Pseudomonas syringae. This bacteria has
ice-nucleating proteins anchored outside the cell and by promoting ice nucleation and
subsequent freeze damage of a plant surface this bacteria gets access to nutrients from
the plant tissues (Zachariassen & Kristiansen, 2000).
Given the diversity of organisms, it is not surprising that IBPs demonstrate a diversity
of protein structures. At least 10 different structures have been described. Those include
single α-helices, single β-solenoids, four-helix bundles, polyproline type II helix bundles,
and small globular proteins. This leads to the conclusion that these proteins evolved
independently to achieve the same functionality — bind to ice (Bar Dolev et al., 2016).
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Fish antifreeze proteins have been classified into five groups. Those are antifreeze
glycoproteins (AFGPs) and antifreeze proteins types I, II, III, and IV. AFGPs consist of a
peptide backbone (repeating alanine-alanine-threonine) with a disaccharide residue
connected to the threonine and are 2.6–33 kDa in size. Type I are typically small
(3.3−4.5 kDa) alanine-rich α-helices. Type II are 11–24 kDa cysteine-rich globular
proteins. Type III are 6.5–14 kDa globular proteins with β-sandwich in secondary
structure. Type IV are 12 kDa glutamine and glutamate-rich four-helix bundles (Barrett,
2001).
Ice-binding properties have been found in other non-protein molecules, such as
safranine O, poly(vinyl alcohol), zirconium acetate, xylomannan (Drori et al., 2016; Inada
& Lu, 2003; Mizrahy, Bar-Dolev, Guy, & Braslavsky, 2013; Walters, Serianni, Sformo,
Barnes, & Duman, 2009), and also synthetical molecules have been designed (Carsten
Budke & Koop, 2006; Huang et al., 2012; Mitchell et al., 2017; Sproncken, Surís-Valls,
Cingil, Detrembleur, & Voets, 2018).

1.2 Adsorption to ice
As mentioned before, ice-binding protein structures are diverse, however, they do share
some common features. Site-specific mutagenesis shows that IBPs bind through
ice-binding sites that are generally flat, extensive and rather hydrophobic (Bar Dolev et
al., 2016). Some variety to this general rule exists, one such notable IBP is type I AFP
isoform called Maxi (Sun, Lin, Campbell, Allingham, & Davies, 2014).
The ice-binding site (IBS) is usually formed by flat arrays of threonine-x-threonine
amino acid motifs and to a smaller extent consists of other amino acids such as valine,
glycine, and alanine (Schauperl et al., 2017). Typically, ice-binding sites form a regular
pattern of grooves (Figure 2) and amino acid side chains on the IBS have a spacing similar
to water molecules in the ice lattice that is 7.35 Å along the c-axis and 4.52 Å along the
a-axis on prism plane, or 7.83 Å and 4.52 Å on the basal plane (Hakim et al., 2013;
Petrenko & Whitworth, 2002).
Mutagenesis studies of fish AFPs demonstrated that hydrophobic residues on the IBS
are important and that threonine hydroxyl groups are not the main mechanism for
binding as it was previously believed (J Baardsnes et al., 1999; Sönnichsen, DeLuca,
Davies, & Sykes, 1996).
It was proposed that IBS orders solvation waters into an ice-like quasi-liquid layer,
called anchored clathrate layer (Hudait, Odendahl, Qiu, Paesani, & Molinero, 2018;
Smolin & Daggett, 2008). These waters form cages around hydrophobic groups and are
in turn connected to the protein through hydrophilic groups (Hudait et al., 2018; Kondo
et al., 2012). The ordered waters then merge with the ice-water interface and the protein
freezes on the ice surface (Nutt & Smith, 2008). The hydration pattern on an IBS
resembles the basal and the primary prism planes of ice and consists of several layers (up
to 15 Å) of ordered water molecules (Midya & Bandyopadhyay, 2014). Formation of
polypentagonal and hexagonal water networks that fit different ice lattice structures
facilitates binding of one IBS to multiple ice planes (Mahatabuddin et al., 2018; C. Wang,
Pakhomova, Newcomer, Christner, & Luo, 2017).
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Figure 2. Ice-binding surfaces colored in blue of A) mealworm Tenebrio molitor, TmAFP,
B) marine bacteria Marinomonas primoryensis, MpAFP, C) perennial ryegrass Lolium
perenne, LpAFP, D) snow flea Hypogastrura harveyi, sfAFP, E) beetle Rhagium inquisitor,
RiAFP, F) eastern spruce budworm Choristoneura fumiferana, CfAFP. This figure was
originally published in the Journal of Biological Chemistry (Hakim et al., 2013) © the
American Society for Biochemistry and Molecular Biology.
An extreme case of water ordering is the Maxi protein. Maxi consists of a bundle of four
α-helices that expose the IBS inside a cavity that forms between the bundles. The internal
IBS organizes more than 400 water molecules that form a network of ordered waters
that extend to the outside surface and participate in ice binding (Sun et al., 2014).
As mentioned previously, ice-nucleating proteins are similar to IBPs. The mechanism
of ice nucleation is much less studied; however, limited research shows that INPs act in
the same way as IBPs, organizing anchored clathrate waters on an ice-binding site (Hudait
et al., 2018; Pandey et al., 2016). The key difference is that ice-binding sites of INPs are
larger and can be extended even further by protein aggregation. Large area acts as a
nucleation center, organizing and stabilizing significant amount of waters, thus allowing
easier formation of initial ice nucleus from which a crystal can grow (Gurian-Sherman &
Lindow, 1993).
For ice binding to occur several properties of the IBS must be in a specific range. The
residues need to be positioned at a certain distance that fits the ice lattice. Water
molecules have to form an ice-like anchored clathrate layer. For the water ordering, the
residues need to be moderately hydrophobic. Too hydrophilic surfaces induce strong
ordering of the waters, but hinder ice binding, while too hydrophobic surfaces are not
able to order the waters into ice-like structures (Cox, Kathmann, Slater, & Michaelides,
2015; Schauperl et al., 2017; Schauperl, Podewitz, Waldner, & Liedl, 2016).
The research into the binding mechanics is still ongoing, and some studies indicate
that anchored clathrate motif is not a universal requirement for ice binding (Hudait et
al., 2018). For example, AFGP8 binding occurs through the adsorption of methyl groups
to the ice surface (Mochizuki & Molinero, 2018); and the ice-like waters were not found
on an IBP from beetle Dendroides canadensis, suggesting that it binds directly through
the ordered array of threonine residues (Meister et al., 2015).
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1.3 Mechanism of thermal hysteresis
Colligative freezing point depression is a thermodynamic phenomenon and it is
proportional to the molal concentration of the solute molecule regardless of the solute
species. This also lowers the melting point, therefore, in this case, there is no difference
between the freezing and melting points. However, IBPs lower the freezing temperature
at much lower concentration, thus IBPs act non-colligatively (Y. Yeh & Feeney, 1996). For
example, mealworm Tenebrio molitor IBP (TmAFP) lowers the freezing point by 2 ºC at
1 mg mL-1, while salt at the same concentration lowers the freezing point only by 0.03 ºC
(Bar, Celik, Fass, & Braslavsky, 2008).
Surface tension energy at the ice-water interface also changes the equilibrium
freezing/melting temperature. Smaller solid particles have a lower equilibrium melting
point compared to larger ones, this is known as the Gibbs-Thomson effect (Johari, 1997).
The Gibbs-Thomson equation relates the curvature of a surface to the equilibrium phase
transition temperature (Bar Dolev et al., 2016).
The adsorption-inhibition mechanism based on the Gibbs-Thomson effect was
suggested as the explanation for the IBP activity. IBP molecules adsorb to the surface of
growing ice. This forces the ice to grow only between the adsorbed molecules, forming
curved surfaces. The convex ice shapes continue to grow until they reach a critical
curvature where further attachment of water molecules becomes energetically
unfavorable due to the Gibbs-Thomson effect. Here, ice crystal growth stops and
continues only when the temperature drops more, and the curvature of the ice cannot
increase further and circumvent the decrease in temperature. This causes the decrease
in the freezing point below the equilibrium melting point of flat ice. The temperature at
which IBP action fails and rapid ice growth (burst) starts is called the hysteresis freezing
point or the nonequilibrium freezing point (Bar Dolev et al., 2016; C A Knight, 2000).
Adsorption of IBPs also inhibits ice melting by the same Gibbs-Thomson mechanism,
except the ice between the bound molecules melts into a concave shape (Celik et al.,
2010; C A Knight & Devries, 1989; Naullage, Qiu, & Molinero, 2018). This raises the
nonequilibrium melting point above the melting point. It was shown that this melting
hysteresis can be up to 0.44 ºC for some IBPs and the superheated crystals are stable for
hours. However, melting hysteresis is always smaller than freezing hysteresis (Celik et al.,
2010).
The difference between the nonequilibrium freezing and nonequilibrium melting
points is the thermal hysteresis (TH) (Bar Dolev et al., 2016).
According to TH activity, IBPs are classified into moderate and hyperactive (Scotter et al.,
2006). Moderate IBPs typically have TH up to 1 ºC at millimolar concentrations, while
hyperactive are an order of magnitude more active at micromolar concentrations than
moderate and can even go as high as 6 ºC at millimolar concentrations (Celik et al., 2010).
A recent study established what limits the degree of thermal hysteresis (Naullage
et al., 2018). The maximum curvature that the ice can attain depends on the distance
between pinned molecules. By itself, the curvature at a given distance in case of
superheating or supercooling is a thermodynamic property that does not depend on the
nature of the molecules. However, the distribution of IBP distances on the ice surface
does depend on the IBP concentration and the binding free energy. The study showed
that the irreversible ice growth starts with the formation of an ice bridge over the pinned
molecule that joins convex ice fronts around it. The molecule is then overgrown and
remains in the ice (if it is a strong binder). In the same manner, irreversible melting occurs
when liquid channels form underneath the pinned molecule. The molecule then
16

detaches and ice melts. The size of the IBP (height and width) is the property that
determines the freezing hysteresis. The larger the molecule, the more difficult for the ice
to form a bridge over it, and the larger freezing hysteresis is (Naullage et al., 2018). This
is confirmed by other studies of large synthetic IBP constructs (Jason Baardsnes, Kuiper,
& Davies, 2003; DeLuca, Comley, & Davies, 1998; Leinala et al., 2002; Phippen et al.,
2016). Melting hysteresis depends mostly on the molecule width, as the molecule does
not protrude into the ice and stays flat on the surface. This is the reason why melting
hysteresis is smaller than freezing hysteresis. The energy barrier for nucleation of a liquid
bridge under flat part of the IBP is much smaller than the one for nucleation of an ice
bridge over the bulky IBP part. The same study also pointed out that the experimental
TH is much lower than achieved in simulations because of a distribution of distances
between IBPs on the ice surface. The ice bridging starts in the region of lower protein
density with higher ice curvature, this leads to overgrowth of proteins by ice, creating
even larger distances between surface IBPs, and a cascade of such events leads to fast
ice growth. To conclude, the degree of thermal hysteresis depends on the IBP size, its
binding energy and the longest distances in the protein distribution at the ice surface
(Naullage et al., 2018).
A fluorescent microscopy study demonstrated that the average distance between
hyperactive GFP-TmAFP (Tenebrio molitor IBP fused with green fluorescent protein, GFP)
on ice surface was 7-35 nm and that TH linearly increased (from 0.2 ºC to 0.6 ºC) as the
distance decreased. The same study showed that there is no such correlation for
moderate GFP-AFP type III (fish type III IBP fused with green fluorescent protein) because
moderate IBPs do not protect the crystal from all sides, thus the TH is limited by the
unprotected crystal side (Drori, Davies, & Braslavsky, 2015a). The significance of affinity
to different ice planes is discussed further in more detail.
Reversibility or irreversibility of IBP binding is still a point of research. The
Gibbs-Thomson mechanism implies that the binding is irreversible. This is experimentally
confirmed for GFP-AFP type III and GFP-TmAFP. Part of an ice crystal with adsorbed
GFP-AFP type III was bleached, and the crystal was kept for 20 h. The bleached part
remained the same for the whole duration of the experiment, confirming that there is
no dynamic exchange with the solution (Pertaya et al., 2007). Hyperactive GFP-TmAFP
maintained TH even after the IBP solution around the crystal was exchanged for water
(Celik et al., 2013). However, when the solution exchange experiment was performed
with moderate GFP-AFP type III, TH was diminished. This reiterates that moderate IBPs
do not protect the ice from all directions and in the case of continuing ice growth rely on
additional binding of remaining IBPs in solution (Drori, Davies, & Braslavsky, 2015b). This
irreversible binding is exploited by several IBP isolation methods called ice affinity
purification (Adar, Sirotinskaya, Bar Dolev, Friehmann, & Braslavsky, 2018; Kuiper,
Lankin, Gauthier, Walker, & Davies, 2003; Marshall, Basu, & Davies, 2016). Still, other
studies show that AFGPs bind to ice reversibly and are not incorporated into the ice
(Mochizuki & Molinero, 2018; Zepeda, Yokoyama, Uda, Katagiri, & Furukawa, 2008).
Reversible binding was also demonstrated in ice etching experiments (described further
in more details) where random lysine/alanine copolymers adsorbed to ice in specific
orientations and formed transient patterns on the ice crystal, but were not incorporated
into the growing ice (Charles A. Knight, Wierzbicki, Laursen, & Zhang, 2001).
On the whole, the exact mechanism of IBP adsorption to ice and thermal hysteresis is
still not entirely clear. Experimental and computational research shows that different
IBPs can bind reversibly or irreversibly, and the binding mechanism can proceed through
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clathrate waters or direct adsorption of amino acid residues. However, given the
multitude of IBP structures and roles the proteins fulfill in nature, this variability is not
surprising.

1.4 Crystal shapes and ice plane affinity
There are several polymorphic forms of ice, however, under normal conditions, only
hexagonal ice (Ih) is formed (Buckley & Lillford, 2009). The basic crystal unit takes on the
form of a hexameric box (Figure 1). There are three crystallographic a-axes and one c-axis
that form a crystal unit with c dimension 7.35 Å and a dimension 4.52 Å (Röttger, Endriss,
Ihringer, Doyle, & Kuhs, 1994). According to the Miller-Bravais indices system, the
crystallographic planes are defined numerically by the reciprocals of plane intersection
points with these axes. An ice crystal has many planes, but the most important ones are
the basal plane, the primary prismatic plane, the primary pyramidal plane, the secondary
prismatic, and the secondary pyramidal planes. Water molecule organization on these
planes is different, as shown in Figure 3. During ice growth, water molecules attach to
these planes at a different rate. In pure water growth is faster in the direction of the
prismatic planes than in the basal plane direction (Buckley & Lillford, 2009), this makes
ice crystals grow in a disc-like manner with flat basal planes (Bredow et al., 2018).

Figure 3. The position of water molecules on different ice crystal planes. Red indicates
oxygen, gray hydrogen atoms. Arrows indicate axes. Blue arrow shows direction of the
c-axis, while red and green define a-axes plane. A) Basal plane, B) primary prismatic
plane, C) secondary prismatic plane, D) primary pyramidal plane. Figure generated in
Avogadro 1.2 (Hanwell et al., 2012).
IBP adsorption to a crystal causes modification of its habit. Ice crystals in IBP solutions
typically develop hexagonal shapes with sharp edges and clear facets. This effect is
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apparent at very low IBP concentrations, even when TH is not observed. IBPs inhibit ice
crystal growth by adsorbing to specific (one or more) ice crystal planes. IBPs slow down
growth in their vicinity providing more of the target plane for IBP binding, thus the
protected planes during crystal growth increase in area, developing a facet, while
unprotected eventually vanish. At the end of this process, growth is arrested on the
whole crystal. Fully developed crystals stay stable in the TH gap, but when the
temperature is lowered below the hysteresis freezing point, a sudden burst-like growth
occurs (Bar Dolev et al., 2016; Bar-Dolev et al., 2012).
Adsorption to specific planes results in ice crystal shapes that are characteristic to the
IBP. For example, moderate fish AFPs of type I, II, and III produce hexagonal bipyramidal
shapes that are elongated along the c-axis (Chao, DeLuca, & Davies, 1995); while
hyperactive TmAFP produces lemon-like shape (Graham, Liou, Walker, & Davies, 1997).
Furthermore, hyperactive IBPs form shapes during melting, which is the result of
localized melting inhibition caused by adsorbed IBPs. Burst behavior below hysteresis
freezing temperature also varies. Bipyramidal crystals of moderate IBPs burst in the
direction of the c-axis (through the basal plane) and hyperactive burst in a direction. All
this behavior of ice crystals is the result of IBPs binding to specific ice planes (Bar-Dolev
et al., 2012).
Growth and burst in the c-axis direction in moderate IBPs suggest that the basal planes
of ice are left unprotected. Indeed, direct fluorescence microscopy experiments
confirmed accumulation of moderate IBPs fused with green fluorescent protein on
prismatic and/or pyramidal planes of single ice crystals. Differently from moderate IBPs,
hyperactive were shown to accumulate on the basal planes in addition to pyramidal and
prismatic (Pertaya, Marshall, Celik, Davies, & Braslavsky, 2008). Protection of an ice
crystal from all sides was proposed to be the main reason why hyperactive IBPs have
much higher TH activity, thus the basal plane affinity was previously suggested to be the
basis for hyperactive/moderate classification (Pertaya et al., 2008; Scotter et al., 2006).
Ice-binding planes can be visualized in more details using an ice etching technique.
This method involves the production of a large (few cm in diameter) axis-oriented single
ice crystal hemisphere and incubation of the crystal in an IBP solution. Then the crystal
is let to sublimate in a freezer and opaque surface patterns consisting of bound protein
appear on the otherwise transparent hemisphere. As the orientation of crystal axes is
known, the pattern can then be mapped to specific ice planes that the protein prefers to
bind to (C A Knight, Cheng, & DeVries, 1991). The technique was improved further by
using fluorescently labeled IBPs and was named fluorescence-based ice plane affinity
(FIPA). This increased sensitivity and allowed to see the differences in the amount of
accumulated protein (Basu et al., 2014). Basu et al. article discusses in detail the FIPA
method and interpretation of the results.
Some IBPs on the ice hemisphere form tilted elongated spots. This has been attributed
to the physical orientation of molecules on the ice surface. Elongated molecules of type I
helical fish AFPs would adsorb to the surface with their longer axis perpendicular to the
longer axis of the spot (C A Knight et al., 1991). Furthermore, the binding to the ice planes
is stereospecific. This makes sense, as Figure 3 shows that ice crystal planes, except the
basal, are not left-right symmetric. An elegant experiment demonstrated that a synthetic
D-isomer of a type I AFP — the mirror image of the natural L-isomer — also produces a
mirror-image pattern on the ice hemisphere (Laursen, Wen, & Knight, 1994). Such
binding orientation dependence reiterates that there exists a structural match between
the ice-binding site and the ice crystal lattice. For example, α-helical type I fish AFP from
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winter flounder has threonine residue repeats at a distance of 16.5 Å along its helix and
this spacing closely matches the 16.7 Å lattice repeats on the pyramidal ice plane this
protein binds to (C A Knight et al., 1991).
Another interesting phenomenon can be noticed in many ice crystals shaped by
different types of IBPs. The ice crystals can appear asymmetric along the c-axis (Garnham,
Nishimiya, Tsuda, & Davies, 2012; M. Kim, Gwak, Jung, & Jin, 2017; J. K. Lee et al., 2010).
In other words, pyramids of a bipyramidal crystal are rotated by some degree with
respect to each other around the c-axis and one side of the bipyramid is not a mirror
image of the other. These crystals can appear with sharp pointy ends or wide and
truncated. The geometrical name of these shapes is trapezohedron (Zhang & Laursen,
1999). Such crystal morphology can be directly linked to the ice adsorption plane of the
IBP (Wierzbicki et al., 2000). In (Garnham et al., 2012) several mutants of a type III AFP
were analyzed for their ice crystal shape and ice-binding planes using FIPA analysis. The
degree of twisting asymmetry of the crystal roughly followed the binding pattern
visualized by FIPA, which was also asymmetrically rotated around the c-axis (Garnham
et al., 2012).

1.5 Ice recrystallization inhibition
Initial ice crystals that form in a solution are not at equilibrium. There is a dynamic driving
force for all the crystals to become one single mass with a perfect structure (Buckley &
Lillford, 2009). This results in a process where large crystals grow at the expense of
smaller ones, called recrystallization. This spontaneous thermodynamic process results
in a decrease of total crystal surface area per volume, thus lowering the free energy of
the system (Oude Vrielink et al., 2016).
The most common three types of recrystallization are isomass, migratory and
accretive. Isomass recrystallization is rounding off of irregularly shaped crystals into
smoother ones. Sharp points of the crystal are less stable due to the surface curvature
(Gibbs-Thomson effect) and easily melt, thus creating a more compact structure with a
lower surface to volume ratio. Migratory recrystallization is the growth of large crystals
while smaller melt and disappear. Smaller crystals have higher curvature, thus according
to the Gibbs-Thomson effect, they melt more rapidly than bigger crystals with lower
curvature. The water from the liquid phase then deposits onto bigger crystals. When this
process happens at a constant temperature it is called Ostwald ripening; when the
temperature fluctuates in can be described as melt-refreeze recrystallization. Accretive
recrystallization is a fusion of contacting crystals through surface diffusion. This type of
recrystallization takes place at high crystal phase volume where crystals are likely to be
close to each other. After crystals fuse isomass recrystallization rounds them off. All
these mechanisms are a part of the whole recrystallization process and happen at the
same time. The outcome is an increase in average crystals size and a decline in the total
number of crystals (Buckley & Lillford, 2009; Hassas-Roudsari & Goff, 2012).
Ice-binding proteins are very effective at ice recrystallization inhibition (IRI), stopping
the process at a very low concentration (S. O. Yu et al., 2010). As it was described before,
IBP molecules adsorb to the ice surface and create ripples between the molecules. If the
temperature is lower than the equilibrium melting point of the ice crystal, convex shapes
appear. Likewise, in the case of superheating the shapes are concave. At a given
temperature in a population of crystals due to their curvature some smaller crystals are
overheated, while larger are overcooled (the Gibbs-Thomson effect). IBPs thus can
change the surface curvature of the ice crystals to compensate for the differences in their
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size. This results in a metastable state where bigger crystals stay supercooled without
growing and smaller ones are superheated without melting in a wide temperature range
and recrystallization process is halted (Naullage et al., 2018).
It was suggested that strong binding to ice is not necessary for IRI activity, unlike for
TH. Reversibly binding AFGPs are known to have moderate TH but are one of the best
recrystallization inhibitors (Mochizuki & Molinero, 2018; Luuk L C Olijve et al., 2016). This
can be possibly explained by the fact that recrystallization driving forces of tiny crystals
are very small and weak binding is enough to counteract them (Naullage et al., 2018).
A quantitative method for ice recrystallization inhibition activity assessment was
developed (C Budke, Heggemann, Koch, Sewald, & Koop, 2009). In this method, a thin
wafer of polycrystalline ice is held at a constant temperature for two hours and the
average crystal size is monitored. A 45% sucrose solution is used to establish a population
of separate ice crystals with a low total volume. At these experimental conditions
Ostwald ripening is the prevailing type of recrystallization. In this work, it was
demonstrated that the cubic mean radius of ice crystals increases linearly in time.
Measurement of crystal growth speed at different IBP concentrations can then be used
to determine the concentration at which IBP is inhibiting ice recrystallization by 50%
(C Budke et al., 2009).

1.6 Kinetics of adsorption
In a typical thermal hysteresis measurement, there is an incubation period, where a
single ice crystal is held for a certain time at a temperature just below its melting point.
This is to allow IBPs to accumulate on the crystal (Braslavsky & Drori, 2013). The
accumulation time is important because it was found that IBP thermal hysteresis activity
can significantly increase over incubation time (Kubota, 2011; Takamichi, Nishimiya,
Miura, & Tsuda, 2007; Xiao et al., 2014). For example, TH of fish type I AFP from winter
flounder increased by a factor of five and reached a plateau in 1–2 h of incubation
(Chapsky & Rubinsky, 1997). Measurements of optical changes of ice-water interfaces
using ellipsometry techniques showed that AFGPs also accumulate over time and a
plateau is reached in approximately 1 h (Wilson, Beaglehole, & Devries, 1993).
A recent study compared TH dependence on incubation time of hyperactive TmAFP
from mealworm Tenebrio molitor, hyperactive sbwAFP from spruce budworm,
hyperactive MpAFP from marine bacteria Marinomonas primoryensis, and moderate fish
type III AFP. It revealed that TH of TmAFP increased 3 to 10 times (at 40 µM or 1 µM
respectively) over 12 h and did not reach a plateau. At 8 µM sbwAFP did not have TH
activity at few seconds exposure time, however, after 2 min incubation it rose to 0.3 ºC
and after 12 h TH increased to 2.5 ºC, not showing a plateau. Differently from other two
hyperactive IBPs, MpAFP TH increased over time only at a lower concentration (2.4 µM)
with a plateau after 4 min. At a higher concentration (8 µM) there was no observed time
dependence. Thermal hysteresis of moderate AFP type III at 40 µM had only very small
dependence on incubation time. This work showed that different IBPs have different
adsorption kinetics characteristic to the protein and that moderate type III AFP
accumulates very fast, MpAFP and TmAFP are slow, and sbwAFP is extremely slow. The
binding speed was thus suggested as another property that is different between
moderate and hyperactive IBPs (Drori, Celik, Davies, & Braslavsky, 2014).
A direct visualization of IBP accumulation in time can be performed using fluorescence
microscopy. Accumulation measurements were performed for GFP-tagged AFP type III
and TmAFP. GFP-AFP type III, indeed, accumulated very fast, reaching a plateau in a few
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minutes, while the accumulation of GFP-TmAFP continued for hours. An equation
relating fluorescence intensity to the adsorption constant (Equation 1) was fitted to the
results of GFP-AFP type III.
(1)
𝐼𝐼 = 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 (1 − 𝑒𝑒 − 𝑡𝑡𝐾𝐾𝑜𝑜𝑜𝑜 𝐶𝐶 )
Here I — measured intensity, Imax — maximum measured intensity (plateau), t — time [s],
Kon — adsorption constant [µM-1 s-1], C — IBP concentration [µM]. For the GFP-TmAFP,
however, single exponent did not work, and a triple exponent was used. This suggests
that many processes with different timescales happen during accumulation (Drori et al.,
2014).

1.7 Practical applications
The results of the practical application of IBPs in cell cryopreservation are mixed. While
some studies report that addition of IBPs improves cell, tissue or organ survival, other
studies demonstrate that there is no benefit or even a harmful effect instead (Bang
et al., 2013; Brockbank, Campbell, Greene, Brockbank, & Duman, 2011).
Nevertheless, some level of commercial application of IBPs has been achieved in the
frozen food industry. Ice growth and recrystallization due to freezing, thawing, and
temperature fluctuations during storage and transportation reduce food quality. IBPs can
help protect cellular structure of frozen meat or fish and prevent drip loss (Payne,
Sandford, Harris, & Young, 1994; C.-M. Yeh, Kao, & Peng, 2009), or preserve the smooth
texture of ice cream (A Regand & Goff, 2006).
Unilever has already commercially produced some fat-free ice creams and ice
popsicles containing recombinant fish type III AFP. However, at the moment of writing,
Unilever does not use IBPs in its products. Kaneka Corporation in collaboration with
Kansai University, Ichiei Company, and Fuji Hightech Company commercially produced
IBP-containing extract from daikon radish sprouts and extract from mushroom
Flammulina velutipes containing xylomannan — an ice-binding glycolipid. These novel
products have found use in over 100 frozen Japanese foodstuffs such as sushi, udon
noodles, steamed fish paste, rolled eggs, gyoza, hamburgers and deep-fried chicken
(Kaneka Group, 2016; Kansai University, 2014). Nevertheless, the extracts remain locked
to the Japanese market and very little information is available.
Overall, literature about IBP application in ice creams is scarce and contradictive.
Recrystallization inhibition effect was proven in ice cream mixes and ice creams
(A Regand & Goff, 2006). However, it was noted that addition of IBPs induces accretion
of ice crystals and IBP ice creams have higher hardness and iciness (Byass et al., 2004;
Daniel, Hoddle, Jones, Oldroyd, & Singleton, 2004; A Regand & Goff, 2006). It was
hypothesized that iciness appears from ice crystal shape modification that is caused by
IBPs and that this effect can be avoided by adding IBPs after the bulk of ice crystals have
already been formed. However, this method requires modification of ice cream
production method and expensive redesign of equipment (Darling & Hoddle, 2001).
To summarize, the practical application of IBPs for cryopreservation or in foods is not
straightforward and requires extensive research.
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2 The aims of this dissertation
The first aim of this dissertation is to perform a functional analysis of the Euplotes focardii
consortium ice-binding protein (EfcIBP) and clarify the basis of its unusual properties. For
this purpose, the thesis:
• assesses thermal hysteresis, ice recrystallization inhibition, and ice shaping
activities of EfcIBP.
• confirms ice-binding sites using point mutagenesis and reevaluates contribution
of the ice-binding sites to the TH, IRI and shaping.
• implements a fluorescence-based ice plane affinity method to visualize EfcIBP
adsorption to the ice crystal planes and reassesses adsorption planes of EfcIBP
mutants.
• measures protein ice adsorption kinetics using fluorescence microscopy.
Furthermore, the second aim of the thesis is to evaluate the potential application of
IBPs in ice cream and study the textural and structural properties of IBP-containing ice
creams.
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3 Materials and methods
Detailed descriptions are available in the publications in the appendix. The following
sections are provided to make the materials and methods more accessible to the reader.

3.1 Materials
EfcIBP, GFP-EfcIBP, and their mutants were produced by Marco Mangiagalli as described
in Publications I, II, and III.
Cold acclimated winter rye extract and recombinant fish type III AFP that were used
in ice cream experiments were produced as described in the Publication IV (2.1–2.3).
Ice cream components are listed in the Publication IV (2.1).

3.2 Thermal hysteresis
Thermal hysteresis measurements were performed using a LabVIEW-operated (National
Instruments Corp., USA) custom-made nanoliter osmometer described previously in
detail (Braslavsky & Drori, 2013). Lyophilized protein samples were dissolved in 20 mM
ammonium bicarbonate buffer (pH 8.5) and diluted to the desired concentration in the
same buffer. Samples of approximately 10 nL were injected into oil on the microscope
cold stage. The samples were cooled as presented in Figure 4.
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Figure 4. A simplified example of a temperature profile of the thermal hysteresis
measurement experiment.
Samples were cooled until freezing (around -35 °C) and then warmed until a single ice
crystal of ~10 µm diameter remained. The melting temperature of the crystal was
recorded and then the crystal was held for 1 min slightly below the melting point. After
incubation, the temperature was lowered by 0.0025 °C per second. The temperature at
which burst-like growth commenced was determined as the hysteresis freezing point.
The difference between the melting point and the hysteresis freezing points is the TH
value. Each measurement was repeated at least three independent times.
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3.3 Ice recrystallization inhibition
Ice recrystallization inhibition activity was measured by two methods. The principal
difference between the methods is that the full method implements constant
temperature for recrystallization, while the second uses temperature fluctuation to
accelerate the recrystallization process. The full method was used for IRI measurements
of the EfcIBP and its mutants, while the accelerated method was used in ice cream mixes.
3.3.1 Full method
Publications I and II used different equipment for ice recrystallization inhibition
assessment, thus there are slight differences in the procedure described in the articles,
however, the principle is identical.
IRI was assessed using a sucrose-sandwich assay (Alejandra Regand & Goff, 2006) with
modifications (C Budke et al., 2009). Samples contained 45% sucrose, 50 mM NaCl,
10 mM Tris (pH 8.0) and up to 1 µM of protein. Samples of 1.4 µL were placed on a
sapphire sample holder and covered with a 13-mm diameter circular glass coverslip. The
sapphire was used to reduce temperature gradients. The sample was sealed with
immersion oil to avoid evaporation and mounted on the stage of a Motorized
Cryobiology System (model MDBCS196, Linkam Scientific, UK). A copper plate with a
2.5-mm diameter slit was placed on top of the sample to further reduce temperature
gradients. Immersion oil was used between the sample, the stage, and the slit to improve
thermal contact. The Linkam stage was placed on a light microscope (BX41, Olympus
America Inc., USA) and operated using a custom-built LabVIEW interface. The
temperature profile of the experiment is presented in Figure 5. The system was cooled
from room temperature to -50 °C at a rate of 130 °C min-1 and sustained at -50 °C for
1 min. The temperature was then elevated to -20 °C at a warming rate of 130 °C min-1
and then warming continued to -10 °C at a rate of 10 °C min-1. The final stage of heating
up to the annealing temperature of -7.4 °C was conducted at a slow rate of 1 °C min-1 to
avoid overheating. The sample was maintained at this temperature for 60 min. During
this period, recrystallization was recorded using an EXi Aqua Bio-Imaging camera
(QImaging, Canada) every 1 min. The experiment was carried out with different
concentrations of protein and repeated at least three times for each concentration.
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Figure 5. The temperature profile of the full ice recrystallization inhibition assessment
experiment.
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The IRI was calculated following the mathematical description derived by Budke et al.
(C Budke et al., 2009). The images were processed using Fiji (Schindelin et al., 2012) to
calculate the mean radius of the crystals and the total crystal volume. The cube of the
mean crystal radius was calculated for all images and plotted against time. The slope of
the curve obtained from time points 30–60 min (where total crystal volume Q is stable)
was taken as the recrystallization rate constant (Kd). In all experiments, Q was below 10%
(in high volume fraction the theory for IRI calculation is not legitimate).
In the Publication I a sigmoidal curve was fitted to the Kd against concentration plot.
The inflection point of the curve, termed the Ci value, represents the 50% inhibition
concentration (C Budke et al., 2009). The rate constant in the absence of protein was
determined by measuring the recrystallization rate of buffer without protein.
In the Publication II to correct the effect of different ice volume fractions between
experiments, Kd values were extrapolated to zero volume fraction (Q = 0) as described in
(C Budke et al., 2009) and marked as Kd0.
3.3.2 Accelerated method
IRI in ice cream mixes was determined by a modified sucrose sandwich assay (A Regand
& Goff, 2006). A 3 μL drop of ice cream mix (35% dry solids) containing different
concentrations of IBPs was placed between a microscope slide and 18 mm square
coverslip and sealed with silicone oil to prevent evaporation.
The sample was flash frozen in liquid nitrogen and placed onto a cold stage (Linkam
PE120, UK) mounted on a microscope (Nikon Eclipse E200-LED, Japan). A drop of cold
ethanol was placed on top of the sample to prevent condensation. Cold stage
temperature at the beginning of the experiment was ∼1 °C and it was programmed to
change the temperature in six steps, as presented in Figure 6.
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Figure 6. The temperature profile of the accelerated ice recrystallization inhibition
assessment experiment. Green camera symbols indicate the time when photos were
made.
Two photos were made at the end of steps 4 and 6, with 200 s total time in between the
photos (indicated by camera symbols in Figure 6). Photos were automatically analyzed
with a macro written for Fiji (Schindelin et al., 2012) and the mean radius of ice crystals
was calculated. At least 8000 crystals were measured in each photo.
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IRI activity was calculated as described in (C Budke et al., 2009). The mean cubic radius
of ice crystals was plotted against time and the slope of the line was taken as
recrystallization rate constant Kd. Recrystallization rates against concentration were
plotted and a sigmoidal curve was fitted. The inflection point of the curve (Ci) represents
the 50% recrystallization inhibition concentration.

3.4 Ice crystal morphology
Ice crystals were observed in the nanoliter osmometer. Crystals were produced as
described above in the thermal hysteresis method. Samples contained 3.3–50 μM of
protein in 20 mM ammonium bicarbonate buffer (pH 8.5). Single crystals of typically
30 μm diameter were obtained slightly below their melting temperature. Then the
temperature was slowly dropped, and the crystal shapes were observed during initial
growth and burst. Each experiment was repeated to observe growth from different c-axis
orientations.

3.5 Fluorescence-based ice planes affinity
Fluorescence-based ice plane affinity (FIPA) was used to determine IBP ice plane binding
preference. A modified method of (Basu et al., 2014) was used. Ice monocrystals were
grown as described by (C A Knight et al., 1991). Plastic or glass beakers were insulated
from the sides and filled with 2.5 L of degassed double distilled water. A weighted 50 mL
tube with a small hole in the cap was placed on the bottom of each beaker to reduce
pressure buildup and avoid bubble nucleation. The beakers were then left in a freezer at
-1 °C for three days, and a slab of ice approximately 6 cm thick grew on top of the water.
The ice was then examined through crossed polarizers, and large single crystals were cut
out by melting the ice with hot metal plates. The orientation of the c-axis was established
by careful observation of the birefringence color pattern that appears when looking
through crossed polarizers (Basu et al., 2014; Petrenko & Whitworth, 2002).
A small oriented single ice crystal block was mounted on a brass cold finger as
described by (C A Knight et al., 1991). A hemispherical glass cup (diameter 60 mm) was
filled with cold double distilled water, and the crystal was submerged in the water. The
cup and cold finger were enclosed within an isolated Styrofoam box. The crystal was then
allowed to grow into a ~40 mm in diameter hemisphere; then the water was replaced by
50 mL of 0.01-0.07 mg mL-1 protein solution in cold 10 mM Tris buffer. The hemisphere
was then allowed to grow at a constant temperature -4.5 °C for 3.5 h until it reached
46 mm in diameter, thus adding a layer of 3 mm of ice to the hemisphere. Cold finger
with the hemisphere was then rotated upside down, and the flat part of the sphere was
evened out by a warm metal plate. The temperature of the cold finger was then set to
+1 °C, and the hemisphere was carefully wiped by a paper tissue to remove nonspecifically bound protein (Hanada, Nishimiya, Miura, Tsuda, & Kondo, 2014) and was
put into a -18 °C freezer as soon as it detached from the cold finger. The hemisphere was
etched at least overnight and then was imaged inside the -18 °C freezer in fluorescent
light and then observed visually.
The orientation of ice crystal a-axes was determined by pit etching. Hemisphere was
covered with plastic wrap, and a small hole was made with a needle in the center of the
basal plane. The hemisphere was then put into a lyophilizer for 15–30 min until a clearly
visible hexagonal hole appeared. Sides of the hexagonal pit coincide with the primary
prism planes of the ice crystal lattice (Brumberg et al., 2017).
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3.6 Kinetics of accumulation
The fluorescence experiment between two coverslips was performed on a custom-built
LabVIEW controlled cold stage mounted on a fluorescence microscope (Ti Eclipse, Nikon,
Japan) with sCMOS camera (Neo 5.5 sCMOS, Andor, UK), described in more detail in
(Celik et al., 2013; Haleva et al., 2016). The experiment followed the method of (Celik
et al., 2013).
A sample of 1.6 μL containing GFP-EfcIBP or GFP-sbwAFP (in 10 mM Tris-HCl pH 8.0,
20 mM NaCl) in different concentrations was placed on a sapphire slide and covered with
a 16-mm diameter circular glass coverslip. The gap between the sapphire and the
coverslip was sealed by immersion oil to prevent drying of the sample. The sapphire was
placed on a copper slab with a 2-mm diameter hole to observe the fluorescence. The
combination of sapphire and a small hole was designed to minimize temperature
gradients in the sample. Oil was placed between the copper stage and the sapphire to
improve the thermal contact. The stage temperature was then lowered until the solution
froze at around -25 °C. The temperature was then raised past the melting point until only
a few crystals remained. The temperature of the stage was then slowly lowered until
crystal burst. The protein-bound ice was observed for 15 minutes in fluorescent light at
a constant temperature. Image analysis was performed using NIS Elements AR software
(Nikon, Japan). Fluorescent measurements represent the difference between the
fluorescence at a given time and the fluorescence at the time of initial crystal burst.
Basal plane fluorescence intensity profiles of GFP-EfcIBP and GFP-sbwAFP were
analyzed over time. The binding kinetics of the IBPs were then calculated by fitting
measured fluorescence intensity to the Equation 1. The accumulation rate value (Kon) of
each protein can then be calculated as the concentration is known.

3.7 Ice cream production
A low-fat dairy ice cream was used in the experiments. The recipe was adapted from
(Bramley, Gray, Turan, Spors, & Frisch, 2011). The ice cream consisted of 0.5% milk fat,
11.5% milk solids-non-fat, 29.4% carbohydrates, 0.15% emulsifier and 0.2% stabilizer.
Dry components were measured together and carefully mixed to homogeneity with a
small amount of water to avoid clumps. Remaining liquid components were added after
that. The ice cream mix was heated to 65 °C and homogenized with a two-stage
homogenizer (Gea Niro Soavi, Italy) at the homogenization pressure of 12 MPa on the
first stage and 28 MPa on the second stage according to a local ice cream manufacturer
instruction. After that, the mix was pasteurized at 85 °C and left to cool and ripen
overnight at 4 °C. IBPs were added into the mix before freezing: E. coli extract containing
type III AFP up to concentration 35 mg L-1 of AFP, and 65 mg L-1 of winter rye extract total
protein (400 mg L-1 lyophilized extract dry weight). The ice cream mixes were frozen using
a scraped surface barrel freezer (Armfield FT-25-BA, UK) at a set draw temperature -5 °C
and packed into 300 mL containers. The ice cream was hardened at -40 °C for 24 h and
afterward stored at -18 °C. Ice cream without IBP was marked as control ice cream.
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3.8 Ice cream analysis
3.8.1 Ice crystal visualization
Ice crystal aggregates were visualized using polarized light microscopy (Nikon Eclipse
E200-LED, Japan). The method was elaborated from the one used by (Ndoye & Alvarez,
2015). Sample preparation and microscopy were performed entirely in a cold chamber
at temperature -18 °C to avoid temperature fluctuations and crystal melting. Tiny ice
cream piece was resuspended in 100 μL of silicone oil (-18 °C) in a test tube and vortexed
for 10 s. A drop of suspension was pressed between a microscope slide and a coverslip.
The sample was then placed on a microscope cold stage holding the temperature
at -18 °C and a drop of ethanol was placed on top of the coverslip to prevent
condensation. Photos were analyzed with Fiji software (Schindelin et al., 2012) and
aggregate ice crystal area was measured.
3.8.2 Hardness
Type III AFP ice cream hardness was determined by a penetration test with a TA.XT2i
texture analyzer (Stable Micro Systems, United Kingdom). The procedure was elaborated
from (Varela, Pintor, & Fiszman, 2014). Each sample container (4×6×10 cm) was taken
out of the freezer (-18 °C) and tested at room temperature (21 °C) exactly after 10 min.
The samples were penetrated to a depth of 15 mm with a 3-mm diameter cylindrical
probe at a speed of 2 mm s-1. The maximum applied force (N) was used as a measure of
hardness.
3.8.3 Melting
Control and type III AFP (3 mg L-1) ice creams were cut into blocks of equal weight and
immediately transferred onto metal sieves with 1 mm opening. Generic webcameras
were placed in front of the samples and photos were made at regular intervals. The
experiment was performed at room temperature (21 °C) and samples were held for 2.5 h
to ensure complete melting. Photos were processed in Fiji software (Schindelin et al.,
2012) and the relative sample height was calculated.
3.8.4 Sensory analysis
A trained panel of seven ice cream assessors evaluated ice cream samples containing
extract from winter rye (65 mg L-1 of total protein) comparing it to the same ice cream
without rye extract. Sensory analysis was based on the (Bodyfelt, Tobias, & Trout, 1988;
Guinard et al., 1997) methods. Samples were divided as separate portions into 30 mL
plastic cups and were assessed in duplicate. The samples were coded, and their order
randomized. Ice cream samples were prepared and stored at -18 °C, before evaluation
the samples were let at room temperature for 5 min. The experts were asked to assess
the ice cream sweetness, roughness, and friability on a scale from 0 to 15, with score
fifteen for very sweet, friable or rough ice cream.

3.9 Statistical analysis
In the IRI experiment in the Publication I, a sigmoidal curve was fitted to the Kd vs
concentration data using non-linear regression with brute force in R 3.2.4 (R Foundation
for Statistical Computing, Austria) package “nls2” 0.2. A profile likelihood 95% confidence
interval for the Ci point was calculated using the “nlstools” 1.0-2 R package. IRI
measurement for each concentration point was repeated at least five times and the
averaged Kd value was used for curve fitting.
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In the Publication II, the IRI experiment was repeated at least five times for each
concentration. Statistical analysis and plotting were performed using R 3.4.3. The mean
Kd values and 95% confidence intervals at 0.02 µM and 0.1 µM protein concentration
were calculated by a nonparametric bootstrapping method from R package “Hmisc”
4.0-3 using 1000 resamples.
In the Publication IV, average recrystallization rates of at least two replicates per point
were plotted against concentration and a sigmoidal curve was fitted. Curve fitting was
performed by non-linear regression with brute force in R 3.4.0 with “nls2” 0.2 package
and 95% profile likelihood confidence interval for the Ci point was calculated using the
“nlstools” 1.0-2 R package. Mean Kd value of 5 replicates of ice cream mix without IBP
was used in curve fitting as a growth limiting rate constant for vanishing protein
concentration.
Thermal hysteresis measurements in the Publication II were repeated at least three
independent times and average TH was reported.
Fluorescence-based ice plane affinity experiments in the Publication III were
performed at least twice for each crystal orientation.
In the Publication III, the ice crystal shape experiments in the nanoliter osmometer
were repeated many times (>10) until the crystal was observed from all sides and its
shape could be undoubtedly interpreted.
In the Publication III, an equation provided by (Drori et al., 2014) was fitted for each
IBP adsorption experiment using Microsoft Excel Solver add-in. The average adsorption
constant Kon was calculated from at least three replicates.
In the Publication IV, crystal aggregate size measurement was performed in four
replicates. For each ice cream sample 40 pictures were made, from which at least 450
crystal aggregates were analyzed to determine the median Feret (maximum caliper)
diameter of the aggregates.
In the Publication IV, the ice cream hardness test was performed eight times in
different areas of the same ice cream sample and mean hardness was calculated.
In the Publication IV, the ice cream melting experiment was performed in two
replicates.
In the Publication IV, sensory analysis mean values and 95% confidence intervals were
calculated by a nonparametric bootstrapping method from R 3.4.0 package “Hmisc”
4.0-2 using 1000 resamples.
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4 Results and discussion
A summary of the findings of the Publications I–IV is presented in this section. More
detailed discussions are available in the papers.

4.1 EfcIBP
The wild-type (wt) EfcIBP, a 24 kDa bacterial ice-binding protein from ciliate Euplotes
focardii consortium, was recombinantly produced in Escherichia coli. According to
computational homology modeling and protein crystallization results, EfcIBP is a socalled IBP-1 fold type (Figure 7) that is common among other bacterial IBPs such as
ColAFP from Colwellia sp. SLW05 (Hanada et al., 2014), TisAFP (isoforms 6, 8) from
Typhula ishikariensis (Cheng, Hanada, Miura, Tsuda, & Kondo, 2016; Kondo et al., 2012),
and LeIBP from Leucosporidium sp. AY30 (J. H. Lee et al., 2012).

Figure 7. The 3D structure of EfcIBP, Protein Data Bank accession code 6EIO. A) The
location of amino acid mutations is shown with arrows (discussed further in the text).
B) The three distinct faces are shown. Figure generated with Web3DMol (Shi, Gao, &
Zhang, 2017).
More specifically, EfcIBP is folded into a right-handed β-helix with a triangular crosssection (Figure 7). The three sides are formed by parallel β-sheets named A, B, and C
faces. A single α-helix is aligned along the A face, thus screening it from the solvent. The
B face is flat and regular, while C face has two regions. The first region forms a flat
surface, but the second markedly diverges away from the protein core. Both B and C
faces are fully exposed to the solvent.

4.2 EfcIBP thermal hysteresis and ice recrystallization inhibition activity
Thermal hysteresis activity of the wt EfcIBP is 0.46 ºC at 40 µM as shown in Figure 8. This
value is in the range of moderate fish AFPs (Celik et al., 2010; Davies, 2014). As can be
seen in the plot, the activity at 50 µM is still rising and this means that at higher
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concentrations TH may be higher as well. However, in practice, TH measurements at such
high concentration are very hard to perform due to the fast melting of superheated
crystals. In other words, it is impossible to form a tiny single ice crystal that is used in TH
measurement. For comparison, moderate AFP type III produces the same TH at 300 µM
(DeLuca et al., 1998; Takamichi, Nishimiya, Miura, & Tsuda, 2009) and hyperactive TmAFP
at 40 µM with 8 min incubation time yields 1.1 ºC (Drori et al., 2014). Other IBP-1 fold
proteins were reported to have a variety of TH activities: ColAFP 1.6 ºC at 50 µM (Hanada
et al., 2014), LeIBP 0.2 ºC at 50 µM (J. H. Lee et al., 2012), TisAFP8 1.3 ºC at 50 µM (Xiao
et al., 2010), Afp4 from Glaciozyma antarctica 0.08 ºC at 200 µM (Hashim et al., 2014),
and NagIBP from Navicula glaciei 3.2 ºC at 1.6 mM (Xiao et al., 2014).
No differences in TH were detected between 1 min and 10 min incubation time,
indicating that EfcIBP binds to ice quickly within 1 min, like other moderate AFPs (Drori
et al., 2014).

Figure 8. Thermal hysteresis of the wild-type EfcIBP. Vertical bars are standard deviations
(n=3).
EfcIBP is a strong ice recrystallization inhibitor, as can be seen in Figure 9A. Addition of
as little as 0.1 µM is very effective in slowing recrystallization and only some crystals grow
and develop clear facets that are typical for IBPs. At higher concentration of 1 µM crystals
are totally stable and no changes are observed.
Quantification of the IRI activity of EfcIBP is shown in Figure 9B and compared to
moderate AFP type III and hyperactive TmAFP (Figure 9C).
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Figure 9. A) Ice crystal size during recrystallization experiment at different EfcIBP
concentrations. B, C) Quantitative measurement of recrystallization inhibition activity of
B) EfcIBP and for comparison C) fish type III AFP and TmAFP. The concentration that
inhibits recrystallization by 50% (Ci) is shown for every protein by arrows. The vertical axis
represents recrystallization speed.
The Ci or concentration that inhibits recrystallization by 50% is the inflection point of the
curve and is used for comparison between proteins. Below this concentration
recrystallization inhibition is ineffective. As can be seen in Figure 9 B, C the Ci point of
EfcIBP is 0.0025 ± 0.0006 µM (2.5 ± 0.6 nM) and it is an order of magnitude lower than
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type III AFP and TmAFP that have 0.05 ± 0.02 µM and 0.06 ± 0.01 µM respectively. In
other words, EfcIBP is an order of magnitude stronger ice recrystallization inhibitor than
type III AFP and TmAFP. It is also very high compared to other proteins and Ci values in
the nanomolar range (1 nM) were previously reported only for AFGPs (Carsten Budke
et al., 2014; Luuk L C Olijve et al., 2016).

4.3 Ice crystals in EfcIBP solution
The ice crystal shape of the wt EfcIBP at the beginning of crystal growth during cooling
appears as a wide hexagonal truncated trapezohedron (Figure 10A). A simplified model
for this shape is shown in Figure 10B. At a constant temperature the crystal is stable, but
when the temperature is gradually lowered, the growth happens in small sharp steps in
a-axis direction, in other words, crystal grows, then stops, then grows again. This
continues until a smooth biconvex or obtuse-angled bipyramidal crystal is formed (Figure
10A rightmost frame). Unlike sharp-pointed crystals that are commonly produced by
moderate fish AFPs, this crystal is shorter in the c-axis and longer in a-axis with the
c:a ratio 1:4.5. In other words, EfcIBP ice crystal grows in a-axis direction until prism
planes are eliminated, while fish AFPs grow in the c-axis direction until basal planes are
minimized. It should be noted, that the initial truncated trapezohedron has facets at a
different angle than fully grown biconvex crystal. The significance of this fact is explained
further in connection to the FIPA results.
The stepwise growth changes depending on the protein concentration. At a higher
concentration, the number of growth steps can be as little as one, while at a lower
concentration the number of steps is larger, and the growth becomes more
continuous. A similar stepwise growth behavior was observed in LpIBP from Lolium
perenne (Bar-Dolev et al., 2012). In comparison, ice crystals of hyperactive IBPs remain
stable during cooling until burst at the freezing hysteresis temperature.

Figure 10. A) Growth pattern of ice crystals in 5 µM EfcIBP solution during gradual cooling.
B) A simplified model of the ice crystals visible in the leftmost frame of (A). The direction
of the c-axis is shown.
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EfcIBP ice crystals also have a unique burst pattern that is shown in Figure 11. When the
biconvex crystal is fully formed, and the cooling is continued, the crystal bursts in a-axis
direction as a thin disc protruding around the circular edge of the crystal. When observed
from the side, the burst crystal resembles Saturn. This is most visible in Figure 11 G-H
(side view) and O-P (top view). Bursting in a-axis direction is typical for hyperactive
proteins, including EfcIBP hyperactive homolog proteins such as SfIBP from Shewanella
frigidimarina (Vance, Graham, & Davies, 2018), FfIBP from Flavobacterium frigoris PS1
(Do, Kim, Kim, & Lee, 2014), and ColAFP that all burst dendritically. The non-dendritic
bursting of the wt EfcIBP can be explained by the low degree of supercooling that is
achieved before burst (low TH), thus the ice does not grow dendritically.

Figure 11. The growth and burst pattern of ice crystals in EfcIBP solution. A-H) 5 µM EfcIBP
solution with the c-axis in the image plane. I-P) 25 µM solution of GFP-EfcIBP with the
c-axis normal to the image plane.
The shape and bursting behavior of ice crystals provided some clues for the binding plane
affinity of EfcIBP. To investigate its affinity further the EfcIBP was fused with the green
fluorescent protein (GFP) and fluorescence-based ice plane affinity (FIPA) assay and
other fluorescent microscopy methods were used. Fusion with GFP did not change ice
crystal shape and burst behavior (Figure 11 I-P).Figure 11
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4.4 EfcIBP ice plane affinity
FIPA assay of GFP-EfcIBP showed a surprisingly intricate binding pattern (Figure 12). The
protein shows an asymmetrical roughly triangular pattern with distinctive bright spots of
higher affinity. The protein covers most of the ice hemisphere, except for the curved
stripes in the direction of the c-axis and also the equatorial belt. This indicates that EfcIBP
binds to most pyramidal planes with different angles and does not bind to the prismatic
plane. Two sets of spots of higher affinity are located on different pyramidal planes. This
is confirmed by the fact that these spots have 12-fold symmetry on the whole sphere,
which is a feature of pyramidal planes (Basu et al., 2014). The first set of spots is located
at a very small angle to the basal plane and forms a small ring around the c-axis. This
pyramidal plane will be further named as near-basal. Such a close angle to the basal plane
has not been reported before. The second set of spots is much further away from the
basal plane and are located close to the secondary pyramidal plane, but not exactly on
it, as the spots are asymmetric and shifted with respect to each other around the c-axis.
A darker spot on the tip of the hemisphere surrounded by the near-basal ring suggests
that the binding directly to the basal plane is weak, however, it is difficult to make sure
as the bright spots are too close.

Figure 12. Fluorescent GFP-EfcIBP adsorbed to the ice hemisphere. Arrows indicate the
orientation of crystal axes.
Overall, the EfcIBP ice plane adsorption pattern observed by FIPA is consistent with the
ice crystal growth and burst behavior. The near-basal (and basal) binding prevents
growth in the c-axis direction, consequently, the ice crystal grows and bursts through the
unprotected prismatic plane in a-axis direction.
As was mentioned before, the wild-type EfcIBP ice crystal during initial growth has
pyramidal crystal faces at a different angle than at the end of the growth. The angle at
the beginning corresponds to the position of the second set of asymmetric higher affinity
spots. In other words, the restriction of crystal growth in these spots direction, plus in
the basal direction due to the basal and near-basal binding, is the reason why the
truncated trapezohedron shape is formed. In the absence of the basal and near-basal
affinity, this pattern would have produced a bipyramidal crystal with acute-angled apices
in the c-axis direction that is very typical to fish AFPs. Ice grows faster in a direction than
in c, therefore, when cooling is continued the EfcIBP trapezohedron ice crystal bursts in
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a-axis direction even though it is partially protected from that side by adsorption to
pyramidal angles. However, EfcIBP continues to bind to the near-basal pyramidal plane
that is at a small angle to the basal plane, forcing the growing parts of the crystal to shrink
in thickness. In the end, this creates a typical wide biconvex shape (or bipyramid with
obtuse-angled tips) with a sharp circular edge. The growth stops when the crystal has
only the near-basal planes and the prismatic and other pyramidal planes are eliminated.

4.5 EfcIBP adsorption kinetics
Adsorption kinetics of GFP-EfcIBP were assessed using fluorescent microscopy and
compared to hyperactive GFP-sbwAFP that binds to the basal plane (Pertaya et al., 2008).
When EfcIBP ice crystals are grown between two coverslips, the ice is forced into a thin
layer of 10 µM. This creates truncated crystals with long spicules that are actually ice
sheets seen in profile (Figure 13). The sheets expose large basal planes that in this
experiment show strong accumulation of GFP-EfcIBP, which is different from FIPA, where
the preferred plane is near-basal and direct basal accumulation is weaker. Fluorescence
intensity measurements show that GFP-EfcIBP accumulates on the ice crystal in
approximately one minute and then the intensity remains constant. This is compared to
GFP-sbwAFP that accumulates on the basal plane much slower, as is common in
hyperactive AFPs (Drori et al., 2014).

Figure 13. Burst ice crystals in 10 µM GFP-EfcIBP visualized by fluorescent light. Arrows
indicate the direction of c-axis.
Quantitative accumulation measurements of GFP-EfcIBP (on the basal and on pyramidal
plane) and GFP-sbwAFP (on the basal plane) are presented in Figure 14. Equation 1 was
fitted to the fluorescence intensity vs time data and the adsorption constants Kon were
calculated. The EfcIBP Kon value for the basal plane is 4 ± 1 mM-1 s-1 and on a pyramidal
plane (crystal side) 2 ± 1 mM-1 s-1. Therefore, the pyramidal binding is approximately as
fast as basal, however, the fluorescence intensity is lower. The GFP-EfcIBP adsorption
constant is close to the value reported for type III AFP with Kon = 8 ± 1 mM-1 s-1 (Drori
et al., 2014), but the difference is that AFP type III binds this fast to the prism plane.
In comparison, the basal plane adsorption constant of GFP-sbwAFP is an order of
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magnitude lower with Kon = 0.3 ± 0.1 mM-1 s-1, but the fluorescence intensity that it
achieves is much higher.

Figure 14. Adsorption kinetics of 10 μM GFP-EfcIBP on the basal plane (sheet) and
pyramidal plane (crystal side) and 7.6 μM GFP-sbwAFP on the basal plane. The adsorption
constants Kon are shown [mM-1 s-1]. Vertical bars represent standard deviation (n=3).
Previously it was reported that hyperactive IBPs accumulate slowly on the basal and
prism planes and that accumulation on the basal plane can take hours, while moderately
active IBPs bind fast to the prism plane and cannot bind to the basal plane (Drori et al.,
2014, 2015b). Affinity to the basal plane was therefore proposed to be the feature that
delineated hyperactive IBP class with high TH (Pertaya et al., 2008). However, EfcIBP is a
fast basal plane binder reaching saturation in 60 s and yet has moderate TH. This
indicates that basal plane affinity alone is not sufficient to achieve hyperactivity and that
prismatic binding is important as well.

4.6 EfcIBP mutants
Protein docking studies to the basal plane and the prism plane revealed that both B and
C faces of EfcIBP participate in ice adsorption. Therefore, these faces were considered
for further study through point amino acid mutations. Six mutants were produced. The
locations of the mutations are shown in Figure 7A. The B face mutations are T178Y,
T223Y, and T67Y; the C face mutations are S188Y, T209Y, and T247Y. The code means
that threonine (T) or serine (S) at a certain position on the protein backbone is replaced
by tyrosine (Y). As was mentioned before, threonine is often found on ice-binding sites
in T-X-T motif, including the EfcIBP, as threonine plays an important role in anchored
clathrate waters organization.
Thermal hysteresis activities of the mutants are shown in Figure 15. At 40 µM the
B face mutants T178Y, T223Y, and T67Y have TH 0.12 ºC, 0.06 ºC, and 0.04 ºC respectively.
At the same concentration TH of the C face mutants S188Y, T209Y, and T247Y is 0.22 ºC,
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0.1 ºC, and 0.02 ºC. Reduced TH activities of all mutants indicate that both B and C faces
participate in binding and no clear distinction of which face is more important for TH can
be made.

Figure 15. Thermal hysteresis activity of the EfcIBP B face (solid lines, empty markers) and
C face (dashed lines, filled markers) mutants compared to the wild type. Vertical lines
represent standard deviation (n=3).
Ice recrystallization inhibition was also measured to complement TH data and gain more
insight into the effect of mutations on binding and EfcIBP activity. The measurements
were performed at two concentration points and are presented in Figure 16. At lower
concentration of 0.02 µM, all mutants clearly show significantly reduced (or none in case
of T247Y) IRI activity, while the wt is still able to completely arrest recrystallization
process. The activity of the mutants is more pronounced at higher concentration of
0.1 µM, where even the T247Y shows some weak recrystallization inhibition. These
results support the conclusion that both B and C protein faces are important for ice
adsorption.
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Figure 16. Ice recrystallization inhibition of the EfcIBP mutants compared to the wild type.
The vertical axis represents recrystallization speed recalculated to zero ice volume.
A) Measured at 0.02 µM and B) at 0.1 µM protein concentration. Vertical lines show 95%
confidence intervals (n=5). Horizontal dashed and dotted lines represent mean and 95%
confidence interval for the buffer without IBP. Colors and shape codes are the same as in
Figure 15.
Comparison of TH and IRI data reveals (Figure 15 and Figure 16) that there is no obvious
correlation between the activities. For example, the S188Y mutant has the highest TH
activity of all the mutants, but it shows marginally higher IRI activity than the T247Y. This
is made more obvious by Figure 17, where TH and IRI relative efficacy is compared. Since
both TH and IRI activities stem from IBPs binding to ice, one would expect that reduction
of TH activity would lead to an identical reduction in IRI activity, thus creating a series of
horizontal lines on the relative activity plot. However, this is not what is observed in
Figure 17. Therefore, it is possible that TH and IRI activities depend on different features
of the binding sites or some other factors are important.

Figure 17. Comparison of relative TH at 40 µM and IRI efficacy at 0.1 µM of the wt EfcIBP
and its mutants. Here 0 is minimum observed TH and IRI efficacy and 1 is maximum.
Colors and shape codes are the same as in Figure 15.
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To further investigate the effect the mutations had on EfcIBP, ice crystal shape analysis,
FIPA, and kinetics experiments were performed.
As seen in Figure 18, all the mutants have a similar to the wt ice crystal shape with a
different degree of twisting asymmetry. All mutants grow and burst as thin discs in a-axis
direction. During cooling mutants T178Y, S188Y, and T209Y also grow in steps, like the
wt. In other mutants (T223Y, T67Y, and T247Y), however, ice crystal growth is gradual
with no steps observed. This is correlated with their TH activity, as these mutants are the
weakest.

Figure 18. Ice crystal shapes formed by the wt EfcIBP and its mutants during cooling. WT
figure is repeated here for easier comparison. The letter in parenthesis indicates the
protein face that was mutated. Concentration of T67Y, T178Y, T223Y, T209Y mutants is
10 µM; S188Y 3.3 µM; T247Y 50 µM; and wt EfcIBP 5 µM.
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The binding patterns of some weakest in TH mutants are presented in Figure 19. The
mutants produce significantly dissimilar from the wt patterns with affinity spots that are
different in shape and location. This suggests that the mutations did not completely
disable the ice-binding sites, but rather modified their affinity by rearranging anchored
clathrate water networks that are formed on the ice-binding sites.
The most striking fact is that the pattern of GFP-T67Y is completely symmetrical. This
feature is reflected in the ice crystal shape, that is a well-defined hexagonal bifrustum
(not trapezohedron) with no twisting asymmetry (Figure 18).
As can be seen in Figure 19, the mutants retain some basal or near-basal affinity with
generally weak affinity to other pyramidal planes. The GFP-223Y has no near-basal spots
with only a small spot directly on the basal plane. This suggests that the central part of
the B face is responsible for the near-basal binding (Figure 7).
Even though these mutants all have basal affinity with some generally weak pyramidal
binding, their TH activity is low. This reinforces the conclusion that basal affinity alone is
not sufficient to achieve hyperactivity when pyramidal or prism affinity is low. Therefore,
affinity strength to specific ice planes, in addition to accumulation speed, are the factors
that determine IBP activity.

Figure 19. Ice plane affinity of the wt GFP-EfcIBP and some of its mutants. Letters in
parenthesis indicate the mutated protein face. Crystal axis directions are shown by
arrows. WT figure is repeated here for easier comparison.
Attempts to investigate the binding kinetics of the GFP-EfcIBP mutants T67Y, T223Y, and
T247Y were unsuccessful. These mutants did not completely block ice growth and there
was no visible accumulation of fluorescent signal. The ice crystal shapes produced
between coverslips were generally similar to the wt (Figure 13), but with some
differences. GFP-T223Y made crystals to grow in rod-like shapes with parallel basal
planes. This shape corresponds well to the absence of near-basal binding.
Recrystallization was observed in GFP-T247Y solution, where burst crystals were rounded
off.
To summarize, EfcIBP has TH in the range of moderate IBPs and is a fast binder like
moderate IBPs, but its basal plane affinity and a-axis ice crystal burst direction classifies
EfcIBP as hyperactive. FIPA analysis demonstrated that strong prismatic and pyramidal
binding are necessary for hyperactivity, in addition to basal. Thus, a new class of
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moderate IBPs can be defined, which binds strongly to the basal plane, but weakly to the
prismatic or pyramidal.
EfcIBP high ice recrystallization inhibition and its unusual shaping activity can be
beneficial for the whole Euplotes focardii consortium. Antarctic waters are always at risk
of freezing and EfcIBP can prevent ice growth, acting at a very low concentration diluted
in the sea. Moreover, the planar crystal growth habit prevents complete freezing and can
create pockets of water between the crystal plates, thus maintaining the liquid
environment where the entire bacterial-ciliate community can survive.

4.7 IBP ice cream
Ice cream is a sensitive product that needs to be preserved under controlled conditions.
Ice crystal growth and recrystallization that are promoted by temperature fluctuations
reduce ice cream texture quality as bigger ice crystals cause a rough or crystalline
mouthfeel. Ice-binding proteins have the potential of reducing the crystal size, therefore
improving the mouthfeel, and increasing shelf life by preventing recrystallization. This
work was undertaken to assess the potential of IBPs as a novel ingredient in ice cream.
Two different sources of IBPs were used. Fish type III AFP was recombinantly produced
in Escherichia coli and a winter rye extract was prepared from cold-acclimated plants.
The IBPs were added to the ice cream mix just before the ice cream freezing process.
4.7.1 Ice recrystallization inhibition
Different from the EfcIBP recrystallization inhibition activity measurements, the ice
cream mixes were analyzed using an accelerated method. Figure 20 shows IRI activity of
AFP type III and winter rye extract. The winter rye extract activity is recalculated to the
total protein content, as the extract contains several IBPs (X. M. Yu, Griffith, & Wiseman,
2001) and their exact amount is unknown. The 50% recrystallization inhibition point (Ci)
of the winter rye extract is 0.17 ± 0.06 mg mL-1 and of AFP type III 0.10 ± 0.06 µg mL-1
(or 0.013 ± 0.008 µM). The difference between the Ci value of AFP type III measured in
an ice cream mix and the value measured in sucrose solution (0.05 ± 0.02 µM) (Figure
9C) can be explained by the fact that the ice cream mix contains stabilizers (locust bean
gum and guar gum). The increase of IRI activity by a synergistic effect between IBPs and
stabilizers was noted before (A Regand & Goff, 2006). However, a puzzling fact is that
AFP type III IRI activity was reported to be two orders of magnitude lower with
Ci 4 ± 2 µM (Luuk L. C. Olijve, Oude Vrielink, & Voets, 2016) or 5.9 µM (Luuk L C Olijve
et al., 2016). No explanation for this discrepancy can be offered at the moment.
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Figure 20. Ice recrystallization inhibition efficacy of AFP type III and winter rye extract
(shown as total protein) in the ice cream mix. Vertical lines represent standard deviation
(n=2). Dotted lines show Ci points.
For ice cream production the concentration range of AFP type III was chosen according
to Unilever patents that recommend using 5–50 mg L-1 (Daniel, Hoddle, Jones, Oldroyd,
& Singleton, 2004; Darling & Hoddle, 2001). According to Figure 20, this concentration
falls into the range of maximum IRI activity. The concentration of winter rye extract was
chosen to be 65 mg L-1 of total extract protein, which is below the 50% recrystallization
inhibition point, in other words, ice recrystallization inhibition at this concentration is
ineffective.
4.7.2 Ice cream microstructure
Ice creams containing different concentrations of AFP type III were produced and the
microstructure of these ice creams was studied to reveal the impact IBPs have on ice
cream. Figure 21 shows polarized light pictures from the control ice cream and the ice
cream containing 35 mg L-1 of AFP type III. Under polarized light crystals appear white on
a dark background, making them easier to see. In the control ice cream, the ice crystals
are large and are separate from each other due to the disruptive sample preparation
method. In the AFP type III ice cream, however, the crystals are tiny but are all joined
together into strong aggregates that cannot be completely broken by the sample
preparation. These agglomerates are smaller pieces of a big network-like continuous
structure consisting of joined ice crystals that trap ice cream matrix in channels between
the crystals. Increased ice crystal accretion was observed before also in sucrose solutions
containing winter wheat IBPs (A Regand & Goff, 2006).
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Figure 21. Representative polarized light photos of ice crystals from control ice cream and
ice cream containing 35 mg L-1 of AFP type III. The arrows point to singular ice crystals.
Formation of strong ice crystal networks can be explained by the way IBPs modify ice
crystals. Adsorption of IBPs forces the ice to grow between the bound molecules creating
convex surfaces. Due to increased curvature, these ripples are unstable and easily melt.
When such rippled surfaces of two crystals come into contact, these convex shapes due
to accretion recrystallization fuse together and thus reduce the curvature and stabilize
the system. Many crystals that come into contact fuse into large randomly organized
three-dimensional networks that consequently have a striking effect on the overall ice
cream texture.
4.7.3 Ice cream texture and melting behavior
The hardness of ice creams containing 0–25 mg L-1 of fish AFP type III was evaluated using
a texture analyzer. Figure 22A demonstrates that aggregation of crystals has a significant
effect on overall ice cream hardness. While the control ice cream hardness is 5N, the
addition of only 3 mg L-1 of AFP type III increases it fivefold. The hardness effect is
remarkably dependent on AFP concentration and shows some saturation at
concentrations higher than 10 mg L-1.
To investigate the effect IBPs have on ice cream sensory properties, ice cream
containing winter rye extract was assessed for roughness, friability, and sweetness.
Figure 22B shows that assessors could clearly differentiate between the control and the
IBP ice cream. The ice creams were graded on the scale 0 to 15, where 15 is very rough,
friable or sweet. The IBP ice cream has the same sweetness, but significantly higher
grades for roughness and friability. This means that the ice crystal aggregates are large
enough to produce a rough or crystalline feeling in the mouth and their networks are
extensive leading to ice cream breaking into pieces when bitten or scooped. The results
of sensory analysis of winter rye IBP ice cream are consistent with the hardness analysis
of AFP type III ice cream and support the microscopy evidence of ice crystal aggregation.
Other ice creams (including full fat and sorbet recipes) containing winter wheat
extract, fish AFP type I, II, and AFGPs were produced in the lab with the same result of
increased hardness and perceived crystallinity, indicating that the ice crystal aggregation
effect might be a general property of many if not all IBPs. Moreover, increased hardness
of ice cream was observed during freezing (the machine behaved differently as well),
meaning that the aggregation process starts immediately inside the freezer and not later
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during storage. Even though EfcIBP was not tested in ice cream, it is expected to behave
in the same manner.
To complete the investigation into IBP ice cream its melting behavior was studied. Ice
cream with the lowest AFP type III concentration (3 mg L-1) was selected for this test.
Figure 22C compares two equal weight pieces of the control ice cream and the AFP ice
cream after 90 min of melting at room temperature. While the control ice cream is
almost completely melted, the AFP ice cream still retains some shape, indicating that the
rigid crystal network provides inner support, prevents the flow of melted ice cream and
thus increases overall melting time. The better shape retention effect of AFP ice cream
is clearly seen in Figure 22D that compares the relative height of control and AFP ice
cream pieces during the melting experiment.

Figure 22. A) Hardness of ice creams containing AFP type III. Vertical bars represent
standard deviation (n=8). B) Sensory analysis of control ice cream and ice cream
containing 65 mg L-1 of winter rye extract total protein. The vertical axis represents mean
grades given by assessors, where 15 means the strongest feeling. Vertical bars are 95%
confidence intervals. C) Control ice cream and ice cream with 3 mg L-1 of AFP type III after
90 min of melting at room temperature. D) Relative height of ice cream pieces from (C)
during melting experiment.
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To conclude, the addition of IBPs to ice creams decreases the ice crystal size but also
causes an undesired effect of crystal aggregation into strong network-like structures that
significantly affect ice cream properties even at low concentrations. The resulting ice
cream texture is very hard and brittle, and when eaten the ice cream is perceived as
rough and crystalline. On the other hand, AFP ice cream has an enhanced shapepreserving property that can be used together with the hardening effect to produce
novel frozen desserts with elaborate shape, unusual texture and longer consumption
time.
It appears that crystal aggregation caused by IBPs is a general effect. If the suggested
mechanism of aggregation due to fusion of ice ripples between adsorbed IBPs is correct,
this effect would be observed in case of all IBPs, as the convex growth is the underlying
basis for IBP activity. It is unclear if ice aggregation also has any biological significance.
Perhaps rigid crystal structures are beneficial for maintaining stable brine pockets where
sea bacteria can live or prevent mechanical damage of frozen plant tissues due to ice
crystal movement. However, it might also be an entirely unwanted side-effect that
cannot be avoided.
It has been suggested that the increased ice cream hardness can be circumvented by
a better selection of stabilizers. Indeed, in-lab tests of IBP ice creams with different
stabilizers demonstrated increased softness and lower ice crystal aggregation degree,
however, the aggregation effect was still present, and the IBP ice cream was noticeably
harder than the control ice cream without IBPs. This is corroborated by a recent Unilever
patent that demonstrated decreased hardness of water ice confectionary containing
type II AFP and defibrillated primary plant cell wall material compared to the
confectionary only with the AFP, nevertheless, the hardness was still twofold higher
compared to the confectionary with the stabilizer only (Farr et al., 2017).
The major implication of this study is that the simple addition of ice-binding proteins
to ice creams does not immediately provide an improvement in smoothness, which is
typically a most desired ice cream property. It is possible that further research into ice
cream formulation and processing conditions will overcome the ice aggregation effect
and create an ice cream with a soft texture, long shelf life, and slow melting. But at the
moment it seems the use of IBPs is probably more advantageous in other frozen products
that are melted before consumption, following the commercial applications of Kaneka
Corporation’s IBP products in Japan.
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5 Conclusions
In this work, a bacterial ice-binding protein from Euplotes focardii consortium (EfcIBP)
was functionally analyzed. In addition, the suitability of IBPs (on the example of fish AFP
type III and winter rye extract) for application in ice creams was assessed.
The EfcIBP has moderate thermal hysteresis (0.46 °C at 40 μM), but exceptionally high
ice recrystallization inhibition (50% inhibition at 2.5 nM).
Fluorescence-based ice planes affinity assay demonstrated that EfcIBP has a unique
asymmetric binding pattern, covering relatively weakly basal and most of pyramidal
crystal planes with increased affinity on pyramidal near-basal planes and close to the
secondary pyramidal planes.
EfcIBP accumulates fast on the basal plane. The Kon value for the basal plane of
GFP-EfcIBP was found to be 4 ± 1 mM-1 s-1. This is comparable to the rapid binding of
moderate fish AFP type III, previously determined to be 8 ± 1 mM-1 s-1, and is an order of
magnitude higher than the basal plane accumulation of hyperactive GFP-sbwAFP
(0.3 ± 0.1 mM-1 s-1).
The basal and near-basal affinity and fast accumulation kinetics explain the unique
Saturn-like ice crystal shape produced by EfcIBP.
The EfcIBP tertiary structure consists of a right-handed β-helix with three faces (A, B,
and C), which conforms to the IBP-1 fold found in other bacterial IBPs. Mutational studies
indicate that singular amino acid changes on the B and C faces heavily affect thermal
hysteresis and ice recrystallization inhibition activities of EfcIBP, indicating that both
faces participate in binding. In addition, TH and IRI activities appear to be uncoupled.
Fluorescence-based ice planes affinity analysis of the mutants showed that the mutations
did not destroy the binding sites, but rather modified them, which resulted in changes in
the ice crystal plane binding specificity.
EfcIBP has low thermal hysteresis and fast binding dynamics like moderate IBPs, but it
has a basal plane affinity, not attributed before to this class of IBPs. Here, a new
moderate IBP subclass is defined, which binds to the basal plane, but not to the prism.
To assess the practical application of IBPs, ice creams containing AFP type III and
winter rye extract were produced. An accelerated ice recrystallization inhibition
assessment method was developed, and it confirmed that IBPs are inhibiting
recrystallization in ice cream mixes. Moreover, IBPs have a synergistic effect with
stabilizers increasing the activity. However, textural analysis of ice creams demonstrated
that IBP ice cream is significantly harder, and feels more brittle, crystalline and rough
when eaten. A microscopy method for visualizing ice cream microstructure was devised.
It showed that while in the presence of IBPs ice crystals within the ice cream are smaller,
the crystals are aggregated into a rigid three-dimensional network. This effect is
associated with both tested IBP types. IBP modifies ice crystal surface, it renders the
convex crystal area between IBP molecules thermodynamically unstable, resulting in
fusion of adjacent crystals. This effect makes IBPs problematic to use in ice creams when
a soft and smooth texture is desired. On the other hand, IBPs improve ice cream shapepreserving capability enabling longer consumption time; IBPs also allow production of
more elaborately shaped products or novel frozen desserts where a harder texture is a
feature of the product.
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Abstract
Functional Analysis of Ice-Binding Proteins and Practical
Application in Ice Cream
Ice-binding proteins (IBPs) are unique natural molecules that can adsorb to ice. The
binding forces the ice to grow in between the bound molecules, creating rippled surfaces
that according to the Gibbs-Thomson effect make further growth unfavorable.
Consequently, the macroscopic growth of ice crystals is arrested in a temperature gap
called thermal hysteresis that appears between melting and freezing points. In addition,
ice recrystallization is also prevented. These effects are used by many organisms to
survive in cold environments.
A bacterial ice-binding protein was found in the metagenome of an Antarctic ciliate
Euplotes focardii consortium (EfcIBP) and recombinantly produced in Escherichia coli.
The first aim of this work was to functionally characterize this protein.
Thermal hysteresis (TH) and ice recrystallization inhibition (IRI) activity measurements
demonstrated that the protein has moderate TH (0.46 ºC at 40 µM), but extremely good
IRI activity (50% recrystallization inhibition point at 2.5 nM). EfcIBP also creates ice
crystals with an unusually wide truncated trapezohedron shape that burst into even
wider Saturn-like shape with a thin “ring” around it. Bursting in this direction was
typically attributed to hyperactive, but not moderate IBPs. To inquire into this peculiar
behavior a fluorescence-based ice plane affinity method was applied to reveal that EfcIBP
binds to most pyramidal ice crystal planes, weakly to the basal plane and doesn’t bind to
the prismatic plane. EfcIBP also has higher affinity on two specific planes. First is located
close to the secondary pyramidal plane, but the other is a pyramidal plane at a very small
angle to the basal. This low angle near-basal plane has not been demonstrated in other
IBPs before. Even though the protein showed lower affinity to the basal plane, in
fluorescent microscopy between two coverslips the crystals demonstrated a high affinity
to the basal plane enabling accumulation kinetics measurements. These measurements
showed that EfcIBP is a very fast basal binder, accumulating on ice in approximately one
minute. The basal plane adsorption constant is 4 ± 1 mM-1 s-1, which is close to the
adsorption constant measured in fish type III AFP (antifreeze protein, a subclass of IBP).
The difference, however, is that this moderate fish IBP accumulates on the prism plane.
In comparison, hyperactive IBPs were shown to accumulate on the basal plane for hours
with the adsorption constant order of magnitude lower. Following the results of docking
and protein structure studies, a series of EfcIBP mutants was designed. TH and IRI
measurements showed a significant decrease in activity and confirmed that the protein
binds through two of its faces.
These results helped to explain the unusual combination of TH, IRI, and shaping
activities. In addition, a new class of moderate IBPs is defined, which has basal ice plane
affinity, but no prismatic.
The second aim of this work was to assess the practical application of IBPs in ice cream.
Ice cream is a sensitive product that needs to be maintained at a constant freezing
temperature, otherwise, ice crystals might grow, thus reducing texture quality of ice
cream. IBPs can potentially improve texture by reducing ice crystal size and lengthen
shelf life by preventing recrystallization.
AFP type III was recombinantly produced and winter rye extract containing IBPs was
made from cold-acclimated leaves. Low-fat ice creams containing AFP type III and winter
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rye extract were prepared. Microscopical studies showed that both IBPs can stop ice
recrystallization in the ice cream mixes; however, they also cause an additional effect of
ice crystal aggregation into rigid networks. The aggregation causes significant changes in
the ice cream texture, as evidenced by increased hardness and friability. Addition of only
3 mg L-1 of AFP type III increased hardness from 5 N (control ice cream) to 24 N. On the
other hand, this internal crystal network helps to preserve ice cream shape during
melting.
Overall, the inclusion of IBPs into ice cream as a novel ingredient is not
straightforward. It causes a mostly undesired effect of texture hardening, but this effect
can be potentially employed in new types of frozen desserts which instead can have a
harder texture in combination with a longer consumption time.

61

Lühikokkuvõte
Jääga seonduvate valkude funktsionaalne analüüs ja
kasutamine jäätises
Jääga seonduvad valgud (IBP) on ainulaadsed looduslikud molekulid, millel on võime
adsorbeeruda jääle. IBP adsorbeerumine sunnib jääd IBP molekulide vahel kasvama,
tekitades kumeraid pindu ja takistades vastavalt Gibbs-Thomsoni efektile jää edasist
kasvu. Selle tulemusena peatub ka jääkristallide makroskoopiline kasv sulamis- ja
külmumistemperatuuri vahele jäävas temperatuuri vahemikus (termiline hüsterees).
Lisaks takistavad IBPd ka jää rekristallisatsiooni. Selliseid omadusi kasutavad mitmed
organismid külmas keskkonnas ellu jäämiseks.
Nii on leitud Antarktika ripslooma Euplotes focardii konsortsiumi metagenoomis
bakteriaalne jääd siduv valk (EfcIBP), mida on võimalik rekombinantselt toota Escherichia
coli abil. Käesoleva töö esimene eesmärk oligi selle valgu funktsionaalne
iseloomustamine.
Vastavalt termilise hüstereesi (TH) ja jää rekristalliseerimise inhibeerimise (IRI)
aktiivsuse mõõtmiskatsetele leiti, et valk on mõõduka TH aktiivsusega (0,46 ºC 40 µM
juures), kuid väga hea IRI aktiivsusega (2,5 nM vähendab jää rekristalliseerumist 50%).
EfcIBP põhjustab ebatavalise laia kärbitud trapetsoeedri kujuga jääkristallide teket, mis
järgneval jahutamisel kasvavad veelgi laiemaks õhukese rõngaga ümbritsetud Saturnikujulisteks kristallideks. Sellises suunas toimuvat jää kasvu seostati varasemalt peamiselt
hüperaktiivsete, mitte aga mõõdukate IBP-dega. Selle omapärase käitumise mõistmiseks
viidi läbi fluorestsentsil põhinev jää kristalltasandite afiinsuse katse, mis näitas, et EfcIBP
seondub peamiselt püramiidsete jääkristallide tasanditega, nõrgalt basaaltasandiga ja ei
seondu prismaatilise tasandiga. EfcIBP-l on ka kõrgem afiinsus kahel kindlal tasapinnal.
Esimene asub sekundaarse püramiidtasandi lähedal, teine on aga püramiidi tasand, mis
asub basaaltasandist väga väikese nurga all. Sellist madala nurgaga püramiidtasandit ei
ole varasemalt teiste IBP-dega seostatud. Kuigi valgul leiti esmalt madalam afiinsus
basaaltasandil, näitas fluorestsentsmikroskoopia EfcIBP kõrgemat afiinsust
basaaltasandil, võimaldades mõõta akumuleerimiskineetikat. Need mõõtmised näitasid,
et EfcIBP adsorbeerub basaaltasandile väga kiiresti, umbes ühe minuti jooksul.
Basaaltasandi adsorptsiooni konstant on 4 ± 1 mM-1 s-1, mis on lähedane tüüp III kala AFP
(antifriisvalk, IBP alamklass) mõõdetud adsorptsioonikonstandile. Erinevus seisneb aga
selles, et see mõõdukas kala AFP akumuleerub prismatasandile. Võrdlusena uuriti
hüperaktiivseid IBP-d, mille akumuleerumine basaaltasandile toimus tundide jooksul
ning mille adsorptsioonikonstant oli suurusjärgu võrra väiksem. Lähtudes
arvutisimulatsioonide ja valgu struktuuriuuringute tulemustest, loodi mitu EfcIBP
mutanti. Nende TH ja IRI mõõtmistulemused näitasid märkimisväärset aktiivsuse
vähenemist ja kinnitasid, et valk seondub jää pinnaga oma kahe külje kaudu.
Töö tulemused aitasid selgitada TH, IRI ja kuju ebatavalist kombinatsiooni. Lisaks
defineeriti uus mõõdukate IBP-de klass, millel on afiinsus basaaltasandile, kuid mitte
prismatasandile.
Käesoleva töö teine eesmärk oli hinnata IBP-de sobivust jäätises. Jäätis on külmutatud
magustoit, mis on tundlik temperatuuri kõikumistele. Sellised temperatuuri kõikumised
põhjustavad jäätises jääkristallide kasvu, alandades jäätise tekstuurset kvaliteeti. Kuna
IBP-del on omadus takistada jääkristallide kasvu ja rekristalliseerumist, võimaldaks
nende lisamine jäätisesse parandada jäätise tekstuuri ja pikendada säilivusaega.
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Sobivuse uurimiseks valmistati rekombinantne AFP tüüp III ning IBP sisaldav talirukki
ekstrakt, mis lisati madala rasvasisaldusega jäätistesse.
Mikroskoopilised uuringud näitasid, et mõlemad IBPd võimaldavad peatada jäätise
segudes jää rekristalliseerumist, kuid lisaks põhjustavad nad jääkristallide agregeerumise
jäikades kristallvõrgustikeks. Agregeerumine põhjustab jäätise tekstuuri olulisi muutusi,
suureneb kõvadus ja rabedus. Vaid 3 mg L-1 AFP tüüp III lisamine suurendas kõvadust
5 N-lt (kontrolljäätis) 24 N-ni. Teisest küljest aitab see sisemine kristallvõrgustik jäätise
sulatamisel säilitada kuju.
Seega IBP-de lisamine jäätisesse uudse koostisosana põhjustab ebasoovitavat
tekstuuri kõvenemist, samas on võimalik seda kasutada uut tüüpi külmutatud
magustoitude väljatöötamisel, mis võivad olla kõvema tekstuuriga ja pikema
tarbimisajaga.
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Appendix 1

Publication I
Mangiagalli, M., Bar‐Dolev, M., Tedesco, P., Natalello, A., Kaleda, A., Brocca, S., Pascale,
D., Pucciarelli, S., Miceli, C., Braslavsky, I., Lotti, M. (2017), Cryo‐protective effect of an
ice‐binding protein derived from Antarctic bacteria. FEBS J, 284: 163-177.
doi:10.1111/febs.13965
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Appendix 2

Publication II
Mangiagalli, M., Sarusi, G., Kaleda, A., Bar Dolev, M., Nardone, V., Vena, V. F., Braslavsky,
I., Lotti, M., Nardini, M. (2018), Structure of a bacterial ice binding protein with two faces
of interaction with ice. FEBS J, 285: 1653-1666. doi:10.1111/febs.14434
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Appendix 3

Publication III
Kaleda, A., Haleva, L., Sarusi, G., Pinsky, T., Mangiagalli, M., Bar-Dolev, M., Lotti, M.,
Nardini, M., Braslavsky, I. (2018), Saturn-shaped ice burst pattern and fast basal binding
of an ice-binding protein from an Antarctic bacterial consortium. Langmuir.
doi:10.1021/acs.langmuir.8b01914
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Appendix 4

Publication IV
Kaleda, A., Tsanev, R., Klesment, T., Vilu, R., Laos, K. (2018). Ice cream structure
modification by ice-binding proteins. Food Chemistry, 246, 164−171.
doi:10.1016/j.foodchem.2017.10.152
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