Chapter 4 )
Structure-Function of IBPs and Their Creck o
Interactions with Ice

Maya Bar-Dolev, Koli Basu, Ido Braslavsky, and Peter L. Davies

4.1 Introduction

One of the key factors in understanding how a protein functions is to know its three-
dimensional (3-D) structure at atomic resolution. In many cases, the protein structure
provides enough clues to deduce its mechanism of action. Yet in the case of
ice-binding proteins (IBPs), although high resolution structures of some IBPs were
experimentally determined over two decades ago, their interactions with ice, their
natural ligand, is still a matter of debate and extensive research. After the three-
dimensional structure of type I AFP from flounder was published in 1988 (Yang
et al. 1988), many experimental and theoretical studies were conducted to elucidate
its ice-binding site (IBS) and find out how it adheres to ice at the molecular level. The
publication of other AFP structures, and the discovery of AFPs in other biological
kingdoms, have increased interest in understanding the driving force for ice recog-
nition and the crucial elements involved in freezing point depression. The mystery of
protein—ice interactions results from several issues. One is the ambiguity of the
interface between ice and water, which makes the ligand difficult to define at the
molecular level (Guo et al. 2012; Vance et al. 2014). Another is that the difference
between bulk water and ice, the ligand, is only in the spatial organization of the water
molecules. These aspects make ice recognition a challenging issue to unravel.
Another complication lies in the diversity of IBPs structures and functions, making
it difficult to formulate generalized conclusions. This chapter describes the structural
diversity of IBPs with emphasis on the structures of the IBSs and their specificities
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for different planes of ice. The topics of ice shaping under different temperature
regimes, which is a consequence of IBP specificities for different ice planes, the
effects of protein size on activity, and protein engineering studies on IBPs are
presented. We discuss the opposing functions of ice-nucleating proteins (INPs)
and AFPs in the context of the structural differences between these proteins.
Furthermore, we explain the interactions of IBPs with water and ice at the molecular
level with emphasis on recent theories about the importance of the hydration shell,
the anchored clathrate water mechanism, the issue of reversible/irreversible binding,
and dynamic aspects of ice binding by different types of IBPs.

The term “ice-binding proteins” is used in this chapter to embrace all proteins that
bind ice. These include those that function as freezing point depressors (AFPs) and
others such as ice-recrystallization inhibitors, INPs, and ice adhesins.

4.2 Structural Diversity of IBPs

IBP structures are incredibly diverse considering they all share the same function of
binding to ice (Davies 2014). That their primary and tertiary structures are radically
different attests to the fact that they have evolved on many separate occasions from
different progenitors in various branches of the tree of life (Bar Dolev et al. 2016b)
(discussed in detail in Chap. 9 of Vol. 1). The structures of fish type I, II, and III
AFPs as well as some of the insect and plant IBPs have been described in detail and
extensively reviewed (Bar Dolev et al. 2016b; Davies 2014; Duman 2001; Feeney
et al. 1986; Venketesh and Dayananda 2008). Some branches (like arthropods,
plants, and bacteria) have only been sparsely surveyed for ice-binding activity, and
the likelihood of new IBP structures being found here is high. IBPs are typically
small, single-domain proteins, the majority of which are repetitive in structure.
Details of solved and convincingly modeled IBP 3-D structures are presented in
Table 4.1. These include the three types of AFPs found in fish: short (3—4 kDa)
a-helical type I AFPs that have independently arisen four times in fishes (Graham
et al. 2013), as well as a long-type I AFP dimer that folds into a four-helix bundle
(Maxi), and the globular type II and type IIT AFPs. Several types of B-solenoid IBPs
are found in insects, plants, and microorganisms, and a polyproline type II helix
bundle has been described in snow fleas (Collembola), a primitive arthropod. The
IBP DUF3494 fold, which is widely dispersed in microorganisms due to lateral gene
transfer (Raymond and Kim 2012), has a discontinuous p-solenoid with a supporting
a-helix (see Table 4.1). Additional IBPs have been modeled with high confidence
(Basu et al. 2015; Lin et al. 2011). The regularity of repeating structures might
facilitate interaction with a crystal lattice and help explain the frequent evolution of
the beta-solenoid fold in IBPs. IBPs function at O °C or lower. A few of them rely
almost entirely on hydrogen bonding for the stability of their folds (see snow flea and
type I AFPs in Table 4.1) and are easily denatured by warming to room temperature.
Some IBPs are stabilized by disulfide bridges, like type II AFP and the AFP from the
insect Tenebio molitor (TmAFP), and some by coordinating Ca** ions, like type II
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Table 4.1 Structures and main properties of IBPs

Name and structure Details

Type I AFP Organisms: Several branches of fishes: righteye flounders (Duman and
DeVries 1976; Knight et al. 1991), sculpins (Hew et al. 1985; Low et al.
2001), snailfish (Evans and Fletcher 2001), cunner (Hobbs et al. 2011).
Structure: Amphipathic a-helix with 50-65% Ala. Despite apparent
homology based on Ala-richness, type I AFPs have independently
evolved on at least four occasions (Graham et al. 2013). The helix has an
11-residue periodicity, with 3.7 aa/turn. Size: ~55 x 6 x 6 A.
Isoforms: Many, including tissue-specific. Most are 33—42 aa peptides.
IBS: Involves the indicated Thr and Ala in TxxxAxxxAxx repeats that
project on one side of the helix.

Ice planes: Flounder and plaice AFPs bind to the [2021] pyramidal plane.
Sculpin AFP binds to the [1120] secondary prism plane.

Activity: Moderate TH activity. Produce bipyramidal ice shapes with a
constant a:c axis ratio of 3.3 (Wen and Laursen 1992b).

PDB: 1wfa

Long type I AFP, Organisms: Winter flounder (Sun et al. 2014).

Maxi Structure: A four-helix bundle homodimer. Each a-helix monomer has a
hairpin fold and the two hairpins align in an antiparallel fashion. The two
helices are homologous to type I AFP but 5 times longer. Size:
~145 x 20 x 20 A.

Isoforms: (Short) type I AFP.
IBS: Ice-like waters organized by the aqueous core extend to the protein
surface between the helices.
Ice planes: Multiple including the basal plane.
Activity: Hyperactive.
Type 11 AFP Organisms: Several species of fish; sea raven (Patel and Graether 2010),

PDB: 2py2

rainbow and Japanese smelt (Yamashita et al. 2003), herring (Ewart and
Fletcher 1990) (Liu et al. 2007), longsnout poacher (Nishimiya et al.
2008).

Structure: 14-24 kDa globular protein with a C-type lectin fold. Contains
five disulfide bonds. Occurs as Ca**-dependent and -independent forms.
The protein forms a dimer in rainbow smelt (Achenbach and Ewart
2002). Size: ~30 x 30 x 40 A.

Isoforms: Many, including organ-specific (Liu et al. 2007).

IBS: 1ll-defined. In the Ca**-dependent type II AFPs the metal ion is part
of the ice-binding site (Liu et al. 2007), but neighboring regions of the
protein are also involved in ice binding (Loewen et al. 1998).

Ice planes: Non-basal.

Activity: Produces bipyramidal ice shapes and has moderate TH activity.

(continued)
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Name and structure

Details

Type III AFP
/,_
1/ -
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Organisms: Several families of fishes from one suborder; e.g., ocean pout
(Li et al. 1985) and other eelpouts (Cheng and DeVries 1989).
Structure: 7 kDa, Globular and rigid with short imperfect p-strands and a
single-helix turn (Jia et al. 1996). Size: ~30 x 20 x 20 A.

Isoforms: Numerous with 50% identity (Hew et al. 1988; Nishimiya et al.
2005).

A dimer (Wilkens et al. 2014) and a natural tandem repeat have been seen
(Wang et al. 1995).

IBS: Compound. Two adjacent ice-binding surfaces lie inclined to each
other and bind different ice planes (Garnham et al. 2010).

Ice planes: Several—including primary prism plane [1010], pyramidal
[2021], and perhaps some additional planes inclined by a small rotation

PDB: 5MSI from these planes (Antson et al. 2001).
Activity: QAE isoforms have moderate TH activity. SP isoforms shape
ice but only stop it growing in the presence of the QAE isoforms
(Nishimiya et al. 2005). Produce bypiramidal ice shapes with varying a:c
axis ratios (DeLuca et al. 1996).

AFGPs Organisms: Two distinct branches of fishes: Antarctic toothfish (DeVries
and Wohlschlag 1969) and cods (Chen et al. 1997).

.,"‘.,'T__ Structure: From 4 to 50 repeats of the TA/PA tripeptide with all hydroxyl

P e | groups of the threonines glycosylated by the disaccharide 3-O-(8-p-

~ ”__J-_ - _/) galactosyl)-(al — 3)-N-acetylgalactosamine. Produced from much

: = g larger polyproteins. Most likely fold as an amphipathic helix of the PPIL

2. v XK type (Tachibana et al. 2004)

L = P 4 Isoforms: In the rock cod (Gadus ogac) the AFGP isoforms range in size

,"_". ) from 2.6 to 24 kDa as measured by electrospray mass spectrometry

g/

L (Wu et al. 2001).

il "._7. - d IBS: unknown.

,",‘11 -/) Planes bound: Primary prism planes (Knight et al. 1993).

- p Activity: Low TH activity for the smallest isoforms; moderate activity for

the longer isoforms.

(Jia and Davies 2002)

TmAFP Organisms: Insect. Yellow mealworm (Tenebrio molitor) (Graham et al.

PDB:1EZG

1997; Liou et al. 2000), pyrochid beetle (Dendroides Canadensis)
(Duman et al. 1998).

Structure: 8-9 kDa, tight B-solenoid with a rectangular cross section. The
coils are composed of the tandem 12-aa repeat sequence
TCTXSXXCXXAX. Eight disulfide bonds cross-link the coils and
rigidify the structure that lacks a hydrophobic core (Liou et al. 2000).
Most isoforms contain a consensus N-glycosylation site near the
C-terminus (nonessential for activity and folding) (Liou et al. 1999).
Size: ~32 x 14 x 12 A.

Isoforms: Many. Most have 7 coils; a few have 8-11 coils (84-120 aa)
(Liou et al. 1999).

IBS: A flat B-sheet with regularly spaced Thr-Cys-Thr motifs (Liou et al.
2000).

Planes bound: Multiple, including basal (Bar Dolev et al. 2016b; Scotter
et al. 2006).

Activity: High TH (hyperactive). Produce lemon-shaped ice crystals.

(continued)
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Table 4.1 (continued)

Name and structure

Details

sbwAFP

PDB: IM8N

Organisms: Insect. Spruce budworm (Choristoneura fumiferana)
(Graether et al. 2000).

Structure: 9-12.5 kDa, tight B-solenoid of ~15-residue coils with a
triangular cross section and a TXT motif. 4-5 inter-stand disulfide bonds.
Size: ~36 x 20 x 18 A.

Isoforms: Several with 5 or 7 repeats, in some there are 16 or 17 aa/coil
(Doucet et al. 2000).

IBS: Flat B-sheet of TXT motifs (Graether et al. 2000).

Planes bound: Primary prism plane and basal plane (Graether et al. 2000;
Pertaya et al. 2008).

Activity: High TH (hyperactive). Produces flat-tipped, hexagonal-shaped
ice crystals (Graether et al. 2000; Pertaya et al. 2008).

RiAFP

PDB: 4DT5

Organisms: Insect. Rhagium inquisitor (Hakim et al. 2013) and longhorn
beetle Rhagium mordax (Kristiansen et al. 2011, 2012).

Structure: 13 kDa, Flat -sandwich with a rectangular cross section. The
structure consists of 7 loops of 13-20 aa making two staggered p-sheets
6 A apart, with Ser and Ala side-chains interdigitating inside, making the
tight packing similar to silk fibers, without a hydrophobic core. One S-S
bond (Hakim et al. 2013). Size: ~35 x 30 x 6 A.

Isoforms: Five isoforms with the same number of loops in the beetle
Rhagium mordax (Kristiansen et al. 2011, 2012).

IBS: Predicted to be one of the two p-sheets, which is composed of an
array of five expanded strands of the motif TXTXTXT (Hakim et al. 2013).
Planes bound: Multiple, including primary prism and basal planes (Hakim
et al. 2013)

Activity: High TH (hyperactive).

sfAFP
PDB: 2PNE

Organisms: Primitive arthropod, Collembola Hypogastrura harveyi
(snow flea) (Graham and Davies 2005).

Structure: Six antiparallel left-handed polyproline type II coils, tightly
packed in two sets of three, making flat surfaces on both sides, one
hydrophobic and one hydrophilic (Pentelute et al. 2008). Composed of
GXY repeats. In the small isoform there are two S—S bonds, and one in
the large isoform. Extremely thermolabile (Graham and Davies 2005).
Size: ~40 x 10 x 5 A.

Isoforms: One small (6.5 kDa) and one large (15.7 kDa).

IBS: putatively the hydrophobic side of the flat disk.

Planes bound: Multiple, including the basal (Mok et al. 2010).
Activity: High TH (hyperactive). Produces rice grain-shaped crystals
(Graham and Davies 2005; Mok et al. 2010).

LpIBP

PDB: 3ult

Organisms: Plant: rye grass (Lolium perenne).

Structure: 12-kDa p-solenoid with 8 coils composed of tandem repeats of
the 7-aa consensus sequence XXNXVXG, repeating twice in each coil.
The first three coils contain one more residue per loop, which make a
bulge on one side of the solenoid (Middleton et al. 2012). Size:

~33 x 20 x 10 A.

Isoforms: Several, most are linked to a N-terminal Leucine-rich repeat domain
of unknown function. One contains an extra loop (Kumble et al. 2008).
IBS: A flat B-sheet with imperfect rank of TXT motifs (~30% Thr, most
other residues are Ser, Ala, and Val) (Kumble et al. 2008).

Planes bound: Primary prism and basal planes (Middleton et al. 2012).
Activity: Low TH, high ice recrystallization inhibition. Produces flat-
tipped, hexagonal-shaped ice crystals that grow in all directions once the
freezing point is exceeded.

(continued)
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Name and structure

Details

TisAFP and LeAFP

I
N

e /
-

PDB:3UYU

Organisms: Microorganisms. Examples: snow mold fungus Typhula
ishikariensis (TisAFP) (Kondo et al. 2012); Arctic yeast Leucosporidium
sp. (LeAFP) (Lee et al. 2012). Many homologs in bacteria, fungi, algae,
and diatoms.

Structure: 23 kDa, right-hand p-solenoid with a triangular cross section
composed of 6 coils with 18 (or more) aa per coil alongside an a-helix.
The sequence is non-repetitive with no consensus motif (Kondo et al.
2012). LeAFP has a glycosylated residue and a C-terminal loop that
makes it a dimer (Lee et al. 2012). Size: ~47 x 30 x 27 A.

Isoforms: Several isoforms with poorly conserved IBSs and range of
activities from moderate to hyperactive.

IBS: A flat but irregular face on the solenoid with no repeating motif and
no conserved residues in homologs. Probed by mutagenesis in 7isAFP6
(Kondo et al. 2012)

Planes bound: Various depending on isoform studied; e.g., basal plane
and additional sixfold plane that is not primary or secondary prism for
TisAFP6 (Kondo et al. 2012).

Activity: Produces crystal shapes that can be pitted bipyramids. Most
variants have moderate TH and burst along the c-axis. At least one
homolog (TisAFP8 isoform) is hyperactive and bursts normal to the c-
axis (Kondo et al. 2012).

MpIBP-RIV

9

e

A

‘e

Organisms: Antarctic bacterium: Marinomonas primoryensis (Garnham
et al. 2011a).

Structure: The ice-binding domain MpIBP-RIV of the bacterial adhesin
is a 34 kDa, p-solenoid with 13 tandem repeats of 19-residue coils. Ca**
ions inside the coils rigidify the IBS. Size: ~70 x 27 x 17 A.
Isoforms: None detected.

‘.l. — IBS: Two parallel rows of outward projecting residues, one Thr, the other
o o Asx.
{{.. o~ e Planes bound: Multiple, including basal.
((,.; -~ =, Activity: The recombinant MpIBP-RIV is hyperactive but functions as a
o o o bacterial ice adhesin rather than an antifreeze (Bar Dolev et al. 2016a;
Guo et al. 2012).
PDB:3P4G
Midge AFP Organisms: Midge (Chironomidae) (Basu et al. 2016).
Structure: Tight left-handed solenoid composed of 8 coils of 10-residue
tandem repeats of CXGXYCXGXX. Eight disulfide bonds crosslink the
coils. The solenoid is so tight that there is no f-strand character. Size:
~40 x 20 x 15 A.
Isoforms: Four isoforms with minor sequence differences and variations
in the number of coils.
IBS: Predicted to be a row of Tyr stacked 4.5 A apart on one face of the
solenoid.
Planes bound: Pyramidal plane intermediate between basal and prism
N planes. Produces bipyramidal ice crystals.
(model) Activity: Intermediate TH activity. Burst normal to the c-axis.

Color code: alpha-helix,

red; beta-strands, yellow; coil, green; disulfide bonds, orange; Ca*, blue
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AFPs and the bacterial ice adhesin from Marinomonas primoryensis. Many of the
IBPs have multiple isoforms that vary in size and activity. In general, the larger the
isoform, the higher is its TH activity. Although there is no crystal structure for the
antifreeze glycoproteins (AFGPs), it is likely they fold as a polyproline type II helix
because this will fit the three-residue periodicity (Table 4.1) and produce an amphi-
pathic helix that seems so important to the functioning of type I AFP (Baardsnes
et al. 1999; Graham et al. 2013). Fish type IV AFPs are not listed in the table because
recent evidence suggests they do not function as IBPs in nature (Gauthier et al.
2008).

Some of the recently published IBP structures possess interesting characteristics
that have led to new questions and a broadening of the scope of the structure—
function relationship in IBPs. One example is the hyperactive IBP from winter
flounder: Maxi. This protein forms a homodimer in solution, with no stable mono-
mer form. The monomer of Maxi is like a fivefold longer version of the small type I
AFP from the same fish. One wonders how this giant version of type I AFP evolved
and whether it preceded or followed on from the small single helix (Sun et al. 2014).
What is especially puzzling in this context is that the role of the ice-binding residues
in type I AFP changes in Maxi into forming and maintaining the interior network of
400 clathrate waters that hold the four-helix bundle structure together. Another
interesting example of structure—function relationships is the IBP from the Antarctic
bacterium Marinomonas primoryensis (MpIBP). The molecular weight of MpIBP is
>1.5 MDa, consisting of ~130 domains. The structure of this protein can be broken
down into five regions, only one of which (MpIBP-RIV) binds ice. MpIBP-RIV is a
single domain that folds into a p-solenoid with a row of Ca* ions stabilizing the
helical structure (Garnham et al. 2011a). When this region was recombinantly
expressed, it had the high TH values and ice-shaping characteristics of a hyperactive
IBP (Garnham et al. 2008). However, MpIBP is an ice adhesin in its natural context
(Bar Dolev et al. 2016a), and its other regions have other specific roles (Guo et al.
2012, 2017; Vance et al. 2014). This is an unusual function for an IBP (Bar Dolev
et al. 2016a) but there is now evidence that the DUF3494 fold has been co-opted into
this adhesion function in another marine bacterium (Vance et al. 2018).

4.3 Identification and Mapping of Ice-Binding Sites

Each IBP has a surface—the IBS—that has evolved to dock the protein to ice
(Fig. 4.1). The key to experimentally defining this surface has been to produce the
IBP as a recombinant protein (Chao et al. 1993), solve its 3-D structure (Sonnichsen
et al. 1993), and then probe the extent of the IBS using site-directed mutagenesis
(Chao et al. 1994). This process is nicely illustrated by studies on type III AFP, the
first IBP for which the IBS was experimentally defined. Type III AFP is a good case
in point because the IBS of this AFP could not be initially predicted by flatness and
regularity as it had been for type I AFP (DeVries and Lin 1977) and subsequently
was for AFPs like TmAFP (Liou et al. 2000) and Rhagium inquisitor AFP (RiAFP)
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Fig. 4.1 Ice-binding sites of IBPs. IBP structures are shown in surface presentation and are to scale.
Residues of the experimentally determined or putative IBSs are colored (carbon atoms in green,
oxygen in red, and nitrogen in blue). Non-IBS residues are in gray. Stick representation of the IBS
residue side chains are overlaid on each structure. (a) Type I AFP from winter flounder. PDB 1WFA
(Sicheri and Yang 1995). (b) Type III AFP from ocean pout, isoform HPLC12. PDB 1MSI (Jia et al.
1996). (¢) Region IV of the ice adhesin from Marinomonas primoryensis (MpIBP-RIV). PDB 3P4G
(Garnham et al. 2011a). (d) Snow mold fungus IBP from Typhula ishikariensis, moderately active
isoform (TisAFP6). PDB 3VN3 (Kondo et al. 2012). (e) Tenebrio molitor AFP (TmAFP), isoform
4-9. PDB 1EZG (Liou et al. 2000). (f) Spruce budworm AFP (sbwAFP), isoform 501. PDB IM8N
(Leinala et al. 2002). (g) Rhagium inquisitor AFP (RiAFP). PDB 4DTS5 (Hakim et al. 2013). (h)
Lolium perenne AFP (LpAFP). PDB 3ULT (Middleton et al. 2012). (i) Model of midge AFP (Basu
et al. 2015)

(Hakim et al. 2013). The only other indicator for IBS function in this initial study
was the conservation of the residues that make up the IBS when aligned to a dozen
different isoforms. Conserved internal residues are probably essential for the protein
fold. But conserved surface residues, especially those that form a patch, are likely to
be involved in the function of the protein, which in this case is ice binding. The
conserved surface residues of type III AFP first targeted for mutagenesis included
T18, N14, and Q44. The initial rationale for the mutagenesis choices, when it was
still thought that IBPs bound to ice through a hydrogen-bonding network (DeVries
and Lin 1977; Wen and Laursen 1992a), was to disturb this hydrogen-bonding
pattern, as for example with the effective mutants T18N, N14S, and Q44T.

When it was realized that the IBS was the most hydrophobic surface of the IBP
(Sonnichsen et al. 1996) and the hydrophobic effect was speculated to be the binding
force for holding the IBP on ice, the success of these mutagenesis experiments was
attributed to steric hindrance to binding when replacing a small side chain with a
larger one (DeLuca et al. 1996), or to spoiling the “snug” fit when the replacement
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Fig. 4.2 Compound ice-binding site of type III AFP from ocean pout (QAEI isoform, also called
HPLCI12). (a) The ice-binding site of type III AFP showing its two adjacent subsites, each binding a
different plane or set of planes of ice. (b—c) FIPA analysis of (b) a GFP-labeled wild-type protein
and (c) a GFP-labeled A16H mutant. The single-crystal ice hemispheres were mounted with the
secondary prism plane oriented normal to the long axis of the cold finger. The large fluorescence
signal in b indicates binding to more than the primary prism plane of ice. The reduced fluorescence
in ¢ demonstrates that the mutant has reduced ice-plane activity. There is no binding on the top and
bottom of the hemispheres because the proteins do not bind the basal plane of ice. Reprinted

(adapted) with permission from (Garnham et al. 2010) Copyright (2010) American Chemical
Society

was smaller than the original residue (Baardsnes and Davies 2002). In the latter
study, a series of replacements of hydrophobic residues on the IBS of type Il AFP
with generally smaller side chains were detrimental to antifreeze activity as mea-
sured by thermal hysteresis (TH). Currently, the binding mechanism of IBPs to ice is
thought to be due to the anchored clathrate water hypothesis (Garnham et al. 2011a)
where the hydrophobic groups on the IBS are caged by water molecules that are
linked and stabilized by hydrogen bonding to nearby hydrophilic groups (discussed
in Sect. 4.10). In retrospect, changing the shape and hydrogen bonding capabilities
of residues on the IBS would also interfere with ice binding by this anchored
clathrate water mechanism.

Another complication added to the difficulty of defining the IBS of type III AFP is
that the most active isoforms have two adjacent IBSs on an angle to each other.
Together they form a compound IBS (Fig. 4.2) (Garnham et al. 2010). These QAE1
isoforms bind to both the primary prism and a pyramidal plane. However, the SP and
QAE?2 isoforms bind only to the pyramidal plane, and as such can slow the growth of
ice but not stop it. These adjacent IBSs have been defined by site-directed mutagen-
esis, and have been validated by fluorescence-based ice plane affinity (FIPA)
analysis. The proof of principle has come from an engineering study where an
inactive QAE2 isoform was converted into a fully active form by as few as four
surface mutations (Garnham et al. 2012).

What should have been a simpler study system for defining the IBS has been the
type I AFP from righteye flounders (Sicheri and Yang 1995). This single a-helix was
initially predicted to bind ice by hydrogen bonding from the regularly spaced Thr
and Asx residues (Chou 1992; Wen and Laursen 1992a). The periodicity of these
Thr and Asx places them on the same side of the helix at 11 residues apart each. The
37-residue HPLC-6 isoform of type I AFP is small enough for production in a good
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yield and at reasonable cost by solid-phase peptide synthesis. Thus, numerous
variants were made to test the binding hypothesis. Replacement of the putative
ice-binding Thr by Ser or Val proved to be informative (Chao et al. 1997; Haymet
et al. 1998, 1999; Zhang and Laursen 1998). Change of the central two Thr to Ser
caused a major loss of activity whereas the switch to Val had minimal effect (Chao
et al. 1997). This emphasized the importance of the Thr methyl groups relative to the
hydroxyls. Again, alignment of isoforms and orthologues was highly informative in
defining the IBS to be conserved Thr and Ala residues on the same side of the helix.
The role of the Ala residues was confirmed by the synthesis of steric substitutions
where Leu replaced Ala. The role of Thr and adjacent Ala in ice binding fits well
with the anchored clathrate water hypothesis. Waters around the methyl groups of
these ice-binding residues can be anchored to the Thr OH group or to the peptide
backbone that is accessible to solvent waters due to the high Ala content (65%) of the
helix. Although this clathrate water pattern was not seen in the original X-ray crystal
structure of winter flounder type I AFP because the protein was crystallized in
acetone (Sicheri and Yang 1995), this clathrate arrangement has been recently
seen in the crystal structure of Maxi, an extremely divergent isoform of type 1
AFP. Maxi can serve as a surrogate to show approximately what the anchored
clathrate waters might look like on the ice-binding residues of type I AFP (Sun
et al. 2014).

The identification and mapping of an IBS by site-directed mutagenesis has even
worked well with models of an IBP before its structure was determined by crystal-
lography or nuclear magnetic resonance (NMR). A convincing example of this
method was the systematic mutagenesis of the ice-binding domain of the giant ice
adhesin from the Antarctic bacterium Marinomonas primoryensis. Having modeled
this domain as an extended beta-solenoid, a series of outward pointing steric
mutations (and one inward pointing one) were made at intervals around the circum-
ference of the solenoid. Mutations on the outer surface that curve around the inner
row of Ca”* ions severely attenuated TH activity, whereas those elsewhere on the
surface had no significant effect. The internal mutation that tried to place an arginine
side chain into the protein interior (V93R) was also highly detrimental. Thus the
mutation study first validated the modeled protein fold by confirming the outward
and inward pointing residues, and then revealed that the IBS was composed of the
two parallel rows of Thr and Asx that run the length of the solenoid on one side
(Garnham et al. 2008).

4.4 Planes Bound by AFPs

One outcome of the structural diversity of IBPs is they can have different ice plane
binding preferences. That their IBSs have different functional residues and different
spacing between exposed chemical groups grants them specificity for particular
planes of ice in specific orientations. When an IBP molecule sticks to its energeti-
cally favored site on ice, ice growth in the vicinity slows down. Because of the
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periodicity of ice crystals, multiple IBP molecules of the same type bind to adjacent,
equivalent sites on the ice plane. Consequently, a facet is developed. This binding
specificity is remarkable because the IBP targets a specific pattern of crystalline
water molecules among many similar possibilities in a situation where the ice is
surrounded by a huge excess of liquid water in which IBPs are freely soluble. Also,
the ice surface is not directly exposed to IBPs but is coated by a thin layer of quasi-
liquid water (Hayward and Haymet 2001; Limmer 2016). The answer to how each
IBP binds to a specific plane at the molecular level is still somewhat speculative.
Ice-etching studies (see Chap. 9 of this volume for details on the method) conducted
in the early 1990s have shown that type I AFPs, which are short repetitive peptides,
from the winter flounder (Pseudopleuronectes americanus) and the closely related
Alaskan plaice (Pleuronectes quadritaberulatus) bind to the [2 0 2 1] pyramidal
planes of ice. However, type I AFP (SS-8 isoform) from shorthorn sculpin
(Myoxocephalus scorpius) adsorbs onto [2 1 10], the secondary prism planes (Knight
etal. 1991). Although these two versions of type I AFP share high sequence identity,
they are not homologues. They arose independently to form similar IBPs by a
remarkable case of convergent evolution (Graham et al. 2013). Indeed, the fact
that the flounder and sculpin type I AFPs bind to different planes of ice is an
additional argument for their independent origins. Ice etching of two type III
isoforms (AB1 isoform of A. brachycephalus and the HPLC12 isoform of
M. americanus) revealed a more complex pattern, suggesting that both proteins
bind to several ice planes including the primary prism plane [1 0 1 0], the pyramidal
plane [2 0 2 1], and some additional planes inclined by a small rotation from these
planes (Antson et al. 2001). Thus, an AFP that binds to several ice planes can still
have moderate TH activity. The compound IBS of type IIl AFP which consists of
two adjacent parts juxtaposed at an angle of 150° to each other (Fig. 4.2) clearly
demonstrates how the protein binds to more than one crystallographic plane
(Garnham et al. 2010).

A growing number of IBPs have been shown to bind the basal plane of ice. Most
of these proteins have particularly high TH activities, for which they are termed
“hyperactive.” In fact, the hyperactivity of IBPs has been linked to their ability to
adhere to the basal plane of ice in addition to other planes, and stop ice growth along
both the a and the ¢ directions (Scotter et al. 2006; Pertaya et al. 2008). Ice etching
studies of the Choristoneura fumiferana (spruce budworm) AFP (sbwAFP) showed
that it binds to the primary-prism plane and the basal plane (Graether et al. 2000).
The fluorescence-based version of the ice etching method, FIPA analysis (Basu et al.
2014), yielded an ice crystal covered from all directions when grown in TmAFP
(Basu et al. 2014) and RiAFP (Hakim et al. 2013) solutions (Fig. 4.3e and g,
respectively), as did a more potent isoform of sbwAFP, isoform 501 (Fig. 4.3f).
This suggests that these proteins can bind to multiple planes of ice. The
abovementioned three IBPs have repetitive structures with well-defined IBSs, deter-
mined from 3-D crystal structures, modeling, and, in the cases of TmAFP, by
extensive surface mutagenesis studies (Marshall et al. 2002). The IBSs of these
proteins are flat and composed of multiple arrays of outward pointing threonine
residues that presumably bind to several ice planes. This is in contrast to the IBS of
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Fig. 4.3 Comparison of ice-binding properties of IBPs. Typical morphology of IBP-bound ice
(1) within the TH gap and (ii) just after the burst. The white arrow indicates the direction of the c-
axis. (iii) FIPA analysis with the c-axis normal to the field of view. (a) Type I AFP from winter
flounder (Bar Dolev et al. 2012; Basu et al. 2014). (b) Type III AFP from ocean pout, isoform
HPLCI12 (Bar Dolev et al. 2012; Basu et al. 2014). (¢) MpIBP-RIV (Bar Dolev et al. 2012; Basu
et al. 2014). (d) Snow mold fungus IBP from Typhula ishikariensis, moderate isoform (7isAFP6)
(Kondo et al. 2012; Xiao et al. 2010). (e) TmAFP, isoform 4-9 (Bar et al. 2008a; Basu et al. 2014).
(f) sbwAFP, isoform 501 (Bar Dolev et al. 2012; Basu et al. 2014). (g) RiAFP (Hakim et al. 2013).
(h) LpAFP (Middleton et al. 2012). (i) Midge AFP (Basu et al. 2016). Images reprinted from the
above references with permission. An asterisk on the left indicates that the IBP is hyperactive. Scale
bars are 10 pm unless otherwise specified
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type III AFP, which binds different planes from distinct positions on its compound
IBS (Garnham et al. 2010). Another interesting example is the IBP from ryegrass
(LpIBP), which binds to both the basal plane and the primary prism plane (Middleton
et al. 2012), the same planes bound by sbwAFP. However, sbwAFP is hyperactive
with a TH activity that exceeds 5 °C at 1 mg/ml concentration (for the 501 isoform).
On the contrary, LpAFP has low TH activity, in the range of 0.3 °C at a concentra-
tion of 2 mg/ml. The two proteins are approximately of same size (~12 kDa), but the
ice-binding site of LpIBP is less repetitive than that of sbwAFP, and the ice
hemisphere grown in LpIBP solution (Fig. 4.3h) is less covered by protein compared
to the hemispheres grown with the insect proteins (Fig. 4.3e-g). The recently
characterized IBP from midge binds to a pyramidal-ice plane positioned intermedi-
ate between the basal and primary prism planes. This plane is different from those
observed with other moderate IBPs, and it seems to be at least partially responsible
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for the intermediate TH activity of this protein, higher than the moderately active
IBPs, but lower than that of the hyperactive proteins (Basu et al. 2016). Another
example of unusual ice binding is EfcIBP (a DUF3494-type protein) that shows
basal plane affinity without prism plane affinity and has moderate TH activity
(Kaleda et al. 2019; Mangiagalli et al. 2018). This points to the possibility of a
broader spectrum of yet undefined IBPs that have activities between moderate and
hyperactive.

4.5 Ice Shaping

The fundamental ability of IBPs to bind to ice can cause outward growth of the
bound surface to cease as dictated by the Gibbs—Thomson effect (Wilson 1993). This
growth inhibition leads to the formation of ice shapes distinct from the disk shape of
ice in pure water (Kawahara 2013). Examples of shapes induced by IBPs are shown
in Fig. 4.3(i). The same effect causes inhibition of melting, which also leads to ice
shaping (Bar Dolev et al. 2012; Liu et al. 2012; Pertaya et al. 2007a). The specificity
of IBPs for different ice planes and the ice-binding rates of each protein to each ice
plane dictate the particular ice shapes, characteristic of an IBP type. We describe ice
shaping in the presence of IBPs in three separate temperature regimes: below the
hysteresis freezing point (the “burst” pattern), above the hysteresis freezing point
(within the TH gap), and above the melting point (melting pattern).

4.5.1 Ice Shaping Below the Hysteresis Freezing Point

When a supercooled ice crystal is brought to its freezing point, sudden fast growth is
observed. This “burst” temperature defines the freezing point of the crystal and the
lower limit of the TH gap. Proteins with high TH values, such as the hyperactive
insect IBPs, can supercool for several degrees, so the burst is abrupt with a dendritic
growth pattern (Fig. 4.3(ii), ¢, e-g). Proteins with low TH can produce milder burst
forms, including just a steady increase in the size of the crystal in all dimensions, an
example of which is provided by the plant IBP, LpAFP. The direction to which the
crystal grows during the burst is dependent of the IBP-covered planes. In general,
IBPs that can bind the basal planes will direct the ice burst normal to the c-axis, while
IBPs that do not bind the basal plane induce the ice burst along the c-axis (Scotter
et al. 2006). Still, there are differences in the burst pattern among the non-basal
binding IBPs. For example, in type I and type II fish AFPs solutions the ice bursts as
a single sharp needle emerging from the tip of the crystals, while in type III AFP
solutions many small crystals emerge from the original one at the burst (Fig. 4.3(ii),
a-b). An interesting case is LpAFP, which binds to both basal and prism planes and
has low TH activity (Middleton et al. 2012). This leads to the growth of ice shaped
like a hexagonal box (Bar Dolev et al. 2012; Middleton et al. 2012) (Fig. 4.3(ii), h).
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The recently characterized midge IBP is an example of a protein that does not bind
the ice basal plane and yet causes the ice crystal to burst perpendicular to the c-axis
(Fig. 4.3(ii), i) (Basu et al. 2016). Another interesting example is type I AFP from a
righteye flounder, the barfin plaice (bpAFP), that has exceptionally high solubility
(Mahatabuddin et al. 2017). At low concentrations, bpAFP behaves as a typical type
I AFP with pyramidal plane binding, low TH activity, and directs crystal burst along
the c-axis. At high concentrations, TH values can reach 3 °C and the ice crystal
bursts perpendicular to the c-axis. In this regard, bpAFP behaves more like Maxi,
and there is indeed evidence for oligomerization. Recently, a Saturn-like shape has
been observed as the burst growth pattern of ice in efcIBP solution. This growth
pattern is consistent with the affinity of efcIBP for the basal plane of ice without
affinity for the prism plane (Kaleda et al. 2019).

4.5.2 Ice Shaping Within the TH Gap

The bipyramidal ice shapes in solutions of moderate fish AFPs are widely
documented (Bar Dolev et al. 2012). However, a careful examination showed that
below and close to the melting point, the crystals have the form of truncated
bipyramid, with some exposed basal plane. At lower temperatures, the crystals
continue to grow in the ¢ direction, and the basal planes shrink until they reach a
critical size on which new layers of water cannot be incorporated (Knight and
DeVries 2009). At this stage, the crystal is populated by IBP molecules on all
12 equivalent surfaces of the hexagonal bipyramid, which is the basis for their
ability to arrest ice growth. At lower temperatures, the critical size for ice nucleation
is smaller, so the tips continue to grow and become sharper. These tips are protected
less effectively relative to the crystal planes and the burst usually starts from them. In
the case of the hyperactive IBPs, which bind to the basal planes, the ice crystals are
covered by proteins from all directions (Pertaya et al. 2008), so they are protected
from growth (and melting) throughout the TH gap. Therefore, the growth of pyra-
midal tips is not apparent, and their shapes remain constant (Bar Dolev et al. 2012).

In the early 1990s, researchers noted that at varying low concentrations of type I
AFP from winter flounder ice crystals always grew with a constant c:a axis ratio of
3.3:1. This ratio remained constant also in a series of mutants with lower TH
activities relative to the wild type. However, the axis ratio of ice crystals in dilute
solutions of type III AFP from ocean pout (QAE1 isoform) changed as the crystal
continued to grow and changed with AFP concentration. In addition, partially
inactivated type III AFP mutants produced different axis ratios (DeLuca et al.
1996). A theory developed to explain this phenomenon suggests that the flounder
AFP, which binds only to one pyramidal plane of ice, is aligned on the pyramidal
planes without forming steps. Type III AFP binds to prismatic planes, so it was
reasoned that steps must form in order to get pyramidal shapes. The length of each
step is concentration dependent, which leads to variation in the axis ratio at different
protein concentrations (DeLuca et al. 1996). However, another type I AFP from
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sculpin adsorbs on the secondary prism planes (Knight et al. 1991), which seem to
require a step-growth mechanism to achieve a bipyramidal ice crystal shape. Later
studies showed that type III binds to more than the prismatic plane (Antson et al.
2001; Garnham et al. 2010) adding complexity to this phenomenon. A plausible
scenario to explain the changes in axis ratios due to concentration or mutagenesis is
that ice growth velocities depend on the adsorption rates of each protein to a
particular ice plane (Drori et al. 2014a; Knight and DeVries 2009).

4.5.3 Ice Shaping at Melting

Bipyramidal ice crystals in moderate IBP solutions always start to melt from their
tips, where ice coverage is less effective. The melting advances along the c-axis,
exposing more basal surface until the crystal obtains an eye shape with tips normal to
the c-axis (Bar Dolev et al. 2012). Hyperactive IBPs, which effectively bind the
basal planes, result in characteristic ice shaping during melting (see Fig. 4.3(i)—c, e,
f, and g). This is counterintuitive because the crystal is retreating. However, it was
shown that IBPs can slow down ice melting, and even completely inhibit melting,
resulting in superheated ice (Celik et al. 2010; Cziko et al. 2014; Knight and DeVries
1989). Furthermore, the methods used to observe crystal shaping include flash
freezing of the whole solution, so the melting shapes are possibly formed due to
protein trapped in the crystal. The variations in the shapes obtained with each IBP
during melting are related to differences in the melting velocities on the a and the
c axial directions. A model of ice melting that considers low melting velocity in the
¢ direction relative to the a direction successfully predicted the formation of the
lemon shape structure, characteristic of TmAFP (Liu et al. 2012).

4.6 Size and Cooperative Effects of IBP Activity
4.6.1 Size of AFP Molecule and Cooperativity

One puzzle in understanding IBP activity was the observation that TH appears only
above a certain protein concentration threshold. Below this concentration, AFPs
were sufficient to shape ice but not arrest its growth. An early model proposed that at
high protein concentrations there is a cooperative effect: protein molecules form
side-by-side interactions that create an AFP patch with several IBS aligned on the ice
surface (Wen and Laursen 1992a). To test this hypothesis, the 7-kDa type III AFP
was fused to 12-kDa or 42-kDa proteins, increasing its overall size to ~20 and
~50 kDa, respectively. It was expected that the TH activity of the fusion protein
would be lower than the TH of the wild type because the fused proteins impose a
steric intervention and disrupt any possible side-by-side AFP interactions. However,
the opposite was observed. Larger (bulkier) conjugates resulted in greater TH
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activity (DeLuca et al. 1998). These findings rule out the hypothesis of the cooper-
ative binding effect of AFP patches and they are supported by the adsorption—
inhibition model (Raymond and DeVries 1977) and the Kelvin effect (Wilson
1993). Increasing the size of AFPs reduces the distance between adjacent molecules
since each molecule covers more of the ice surface. This lowers the probability of
water addition on the ice surface and lowers the freezing point. We have tested
green-fluorescent protein (GFP) fusions of AFP type III and the hyperactive TmAFP
(9 kDa), where the GFP molecule (26 kDa) increases the overall size of the proteins
~fourfold. We observed that GFP fusions are >twofold more active than
unconjugated TmAFP on a molar basis. Another study demonstrated that addition
of low concentrations of polyclonal antibodies raised against TmAFP or its homolog
from the beetle Dendroides canadensis (DcAFP) to the antigen solution enhanced
the TH activity severalfold. The addition of secondary antibodies (goat anti-rabbit)
that bound to the primary antibodies raised the TH even more (Wu et al. 1991).
Clearly, larger IBPs lead to higher TH levels. These observations raise the question,
why did IBPs evolve to be small, highly expressed proteins? Low-level expression
of bigger proteins might have been metabolically favored. It may be that smaller
molecules have increased accessibility to other areas in the body through extrava-
sation from the circulatory system (Bar Dolev et al. 2016b). In addition, small
molecules diffuse faster than larger ones. Notably, although side-by-side interactions
between IBP molecules can be ruled out in the abovementioned examples, cooper-
ative effects are still possible in certain cases. In a study of AFP type III from
Notched-fin eelpout (nfeAFP), a significant increase in the TH activity of a barely
active isoform was observed upon addition of low concentrations of a more active
isoform. This may be due to a form of cooperativity between the two isoforms
(Nishimiya et al. 2005; Takamichi et al. 2009) that likely involves the stabilization of
binding planes for the less active isoform (Berger et al. 2019). In many fish and
insects, low-active AFP isoforms have been identified in addition to moderate and
hyperactive ones (Hew et al. 1988; Liou et al. 1999). Multiple isoforms may
cooperate to provide better overall protection from ice growth.

4.6.2 Size of IBS

The intuitive concept that IBPs with bigger IBSs will have higher antifreeze activ-
ities is consistent with both the reversible and irreversible ice-binding models
(discussed in Sect. 4.11). IBPs with a larger IBS have a better chance to bind ice
than those with a small IBS. It is also consistent with the hydration shell/anchored
clathrate hypothesis (see Sect. 4.10), since a large IBS has more positions for binding
water, which increases the likelihood of formation of a quorum of ice-like water
molecules. This eventually increases the possibility of the clathrate waters on the
IBP merging into the quasi-liquid layer at the ice—water interface and turning into
ice. The advantage of a large IBS has been observed in organisms producing IBP
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isoforms with different IBS sizes from either repetitive or non-repetitive structures,
moderate and hyperactive.

Correlations between IBP size and TH activity are described in Chap. 3 of this
volume. Here we specifically look at this relationship in isoforms of the same type
where the structure of the IBSs is the same, but their sizes are different. One
straightforward example is AFGPs. The small isoforms of AFGPs are much less
potent than the larger ones, both natural (Wu et al. 2001) and synthetic (Tachibana
et al. 2004), as shown in Fig. 3.1. Another example is the abundant 3.3 kDa a-helical
type I AFPs of the winter flounder, which consist of 3 repeats of the 11 amino acid
(aa) consensus sequence. One isoform of this protein (AFP9) has 4 repeats of the
consensus sequence and, therefore, a larger IBS surface area. This isoform had
almost double the TH activity of the 3-repeat protein, although its size is only
~30% larger (Chao et al. 1996). Consistent with this size-to-activity relationship, a
synthetic peptide consisting of only one repeating unit from the same AFP did not
show any TH activity. The peptide did, however, produced ice shaping, indicating
that it was still able to bind ice.

Two well-characterized isoforms of the hyperactive, left-handed f-helical AFP
from spruce budworm (sbwAFP) are the 9 kDa (isoform-337) (Graether et al. 2000)
and the 12 kDa (isoform 501), consisting of 5 and 7 helical loops, respectively.
Parallel TXT motifs comprise the ice-binding face of both isoforms, but in isoform
501 there are two positions where Thr are replaced: in one case by Ile, and Val in the
other. Although the overall IBS is only ~30% larger in isoform 501, its TH is three-
to fourfold higher than that of the smaller isoform (Leinala et al. 2002), as shown in
Fig. 3.7. In snow fleas, the TH of a larger isoform (15.7 kDa) is double the TH
activity of a smaller isoform (6.5 kDa) at low concentrations (<0.2 mg/ml) (Graham
and Davies 2005).

The Antarctic eelpout, Lycodichthys dearborni, produces a large type III AFP
isoform called RD3 that consists of two consecutive units of the 7-kDa protein. The
monomers are similar to each other in structure (Miura et al. 2001) and activity
(Wang et al. 1995), and they are connected by a flexible 9-amino-acid linker. NMR
studies indicated that this linker allows the simultaneous binding ice of both IBSs
(Holland et al. 2008). A comparison of the TH activity of this tandemer relative to
the monomer is presented in Chap. 3 (Fig. 3.4). At low concentrations (<0.5 mM),
the TH of the dimer reaches sixfold the activity of the monomers on a molar basis,
although the overall size increased only twofold. Cooperative effects of the two units
explained this significant enhancement (Miura et al. 2001; Wang et al. 1995).
Notably, in this case both the size of the IBP and the size/number of the IBS were
doubled. In a study of a recombinant model based on the RD3 dimer, where
mutagenesis was used to knock out one of the IBSs, the IBS area contributed 80%
of the increased TH activity, and the larger size accounted for the remaining 20%
(Baardsnes et al. 2003). Previous studies with type III AFP fusion proteins had
shown that TH activity increases with the overall size of the complex. A 20%
increase in activity on doubling protein size was consistent with the range of
increases seen with other naturally occurring isoforms (Chao et al. 1996; Leinala
et al. 2002) and fusion proteins.
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4.7 Protein Engineering of Better IBPs

IBPs have evolved on many occasions in different organisms to serve specific
functions (Davies 2014). Those that serve as AFPs to prevent fish from freezing in
icy seawater have a defined lower limit of ~1.2 °C freezing point depression to
achieve. This they accomplish with little leeway (Scotter et al. 2006), and only by
producing high concentrations (mM) of AFPs in their blood. In several fishes these
10-30 mg/ml concentrations have required massive amplification of the AFPs genes
to meet the concentration demand (Chen et al. 1997; Hew et al. 1988; Hsiao et al.
1990; Scott et al. 1988). Some terrestrial insects must overwinter at temperatures of —
30 °C without freezing. Based on in vitro assays of their AFPs it is likely that other
factors besides TH contribute to this freezing point depression. Nevertheless, insect
AFPs are considerably more potent at TH than fish AFPs. We attribute this hyper-
activity to the ability of insect AFPs to bind the basal plane of ice in addition to other
planes, as discussed in Sect. 4.4. Although there are hyperactive isoforms known for
type I AFP, in general fish AFPs appear to be underachievers by not evolving basal
plane binding. Why has evolution not made fish AFPs of greater potency, in lesser
amounts, at a reduced metabolic cost? Although nature has not worked this way,
hyperactive AFPs transgenically introduced into fish could potentially provide a
biotechnological solution to the aquaculture of salmon in seawater areas where
superchill mortality is a problem (Hew et al. 1992).

Aside from the lesson of basal plane binding, nature has provided other hints
about how to improve on antifreeze activity. When there are multiple isoforms of a
repetitive AFP, the bigger isoforms are invariably better at TH when compared on a
molar basis (see discussion above, Sect. 4.6.2). This principle was confirmed in a
protein engineering study where coils were added and subtracted from the p-solenoid
structure of TmAFP. Removal of just one coil from the seven found in the most
abundant TmAFP isoform caused a huge loss in activity; whereas the insertion of one
or two coils had the opposite effect (Marshall et al. 2004a). How can this be
rationalized when binding of an IBP to ice is necessarily irreversible? We can cite
similar arguments used to explain why TH is a function of AFP concentration.
Stopping a seed ice crystal from growing at supercooling temperatures requires
diffusion and surface binding of sufficient AFPs to harness the Gibbs—Thompson
effect. But for a productive contact that leads to binding between the IBP and ice,
there must be a good match between the “anchored” clathrate waters on the IBS and
the quasi-liquid water layer coating the ice surface. Having a larger IBS makes it
statistically more likely that a match will be found.

Artificial constructs that multimerize IBPs have produced significant increases in
antifreeze activity (Can and Holland 2011). These increases are optimally presented
by the lower concentrations needed to achieve the same TH as free IBPs. The
attachment of type I and type III AFPs to scaffolds like dendrimers demonstrates
the potential of multimerization as a protein engineering approach to antifreeze
enhancement, but it suffers from incomplete reaction (Stevens et al. 2015). A more
controlled approach has been achieved through the use of self-assembling protein
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cages (King et al. 2014; Padilla et al. 2001) to attach a fixed number of IBPs in a
defined orientation with their IBSs projecting outward (Phippen et al. 2016). When
TH activity is compared on a molar basis, a multimer displaying 12 IBPs is an order
of magnitude more active than the monomer. This increase in freezing point depres-
sion is mirrored by a similar increase in the ability of the multimers to inhibit ice
recrystallization. Following this approach there are many possibilities to form 1- 2-
and 3-D arrays of different IBPs types and mixtures thereof to design ways to control
and shape ice growth. Further details on this subject are given in Chap. 14 of this
volume.

4.8 INPs: Ice-Nucleating Proteins

Ice-nucleating agents are widely dispersed in nature and serve to raise the temper-
ature at which ice freezes by organizing an ice nucleus of sufficient size to promote
its rapid growth (Pummer et al. 2015). Of relevance to this chapter are the biological
ice-nucleating agents found on the surface of some bacteria. These INPs cluster
together as aggregates on the bacterial surface that can promote freezing at temper-
atures as high as —2 °C (Guriansherman and Lindow 1993; Kawahara 2002; Kieft
1988; Wolber and Warren 1989). The primary sequence of these >120 kDa bacterial
INPs is composed of three regions. The central region is the largest and is a series of
tandem 16-amino-acid repeats of consensus sequence GYGSTxTAxxxSxLxA,
which promote nucleation (Green et al. 1988) (Warren and Corotto 1989). This
repetitive region is flanked by shorter non-repetitive regions, the N-terminal one of
which is thought to anchor the INP to the outer membrane of the bacterium
(Kawahara 2002; Wolber and Warren 1989). Although there are no experimentally
solved structures of INPs, some structural models for the repetitive region have been
predicted (Guriansherman and Lindow 1993). Inspired by the B-helical folds of some
insect AFPs (Graether et al. 2000; Liou et al. 2000), the repetitive regions of INPs
from P. syringae (PsINP) (Graether and Jia 2001) and a close relative P. borealis,
(PbINP) (Garnham et al. 2011b) were modeled as f-solenoids. The logic of this
choice is that both IBPs and INPs have repeats of a similar length and that a solenoid
fold places repeating motifs in line on the same face of the helix. In IBPs, the
solenoid fold aligns the TXT ice-binding motifs into a two-dimensional array that
functions as the IBS. As described in Sect. 4.10 below, the anchored clathrate water
hypothesis for ice binding suggests that the IBS functions by organizing waters into
an ice-like pattern sufficient to merge with the quasi-liquid waters on ice and in turn
become ice. The fact that a solenoid fold for INP can potentially form an even longer
array of TXT motifs strongly suggests a similar mechanism of surface water
ordering. This hypothesis is strengthened by simulations of water molecules around
the TXT arrays of the PhINP model, showing that the INP could order water on this
site (Garnham et al. 2011b). In INPs, the exaggerated length of the water-organizing
region goes far beyond the six to eight coils needed for ice binding to a length where
the excess ordered water can promote ice nucleation. Models have predicted a total
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water-organizing area of 4200 A? in PsINP (for a monomer) (Graether and Jia 2001),
and 25,600 A? in PPINP (for a dimer) (Garnham et al. 2011b). Taking into account
that one INP molecule is necessary to obtain an ice nucleus at —12 °C (Govindarajan
and Lindow 1988), the overall size of the water-organizing area of the INP models is
roughly in agreement with the necessary size of ice nuclei at this temperature, which
is 20,100 A2, This calculation, together with several studies that showed INPs
aggregate to facilitate nucleation at elevated temperatures (~ —2 °C)
(Guriansherman and Lindow 1993), support the idea that INPs form ice by the
same anchored clathrate water mechanism used by AFPs to bind ice (Garnham et al.
2011a). Thus, the basic difference between AFPs and INPs is their size. The large
IBS of INPs can bind enough water molecules in an ice-like organization, sufficient
to serve as a heterogeneous ice nucleus rather than suppress ice growth. Accord-
ingly, some IBPs have slight ice nucleation activity, such as type I AFP at high
concentrations (Wilson et al. 2010). Recent studies show low ice nucleation activity
for type III AFP, TmAFP, and sfAFP that match the proteins’ small size (Bissoyi
et al. 2019; Eickhoff et al. 2019). Computational studies supported these findings
(Qiu et al. 2019). Another study showed truncated INP has antifreeze activity
(Kobashigawa et al. 2005). These results provide further support that INPs and
AFPs bind ice by the same mechanism. On an issue of semantics, we include INPs
in the group of IBPs not just because of their predicted common mechanism but
because at the instant that INPs form ice they are effectively bound to its surface.

4.9 The Molecular Basis to Protein—-Ice Interactions

The mechanism by which IBPs bind to ice at the molecular level has been an
intensely debated topic in IBP research. The interface between protein and ice in
an aqueous medium is difficult to probe experimentally and theoretically. Ice in
water does not have clear boundaries between the crystalline and liquid states that
can define a binding site at the molecular level. Instead, there is a thin zone (quasi-
liquid layer) of water that is intermediate in state between solid and liquid water and
effectively blurs the boundary between the two states (Hayward and Haymet 2001;
Limmer 2016). Moreover, it is fascinating that IBPs can actually select particular ice
surfaces, made up of only ordered water molecules, when they are surrounded by
<55 M of bulk water. Adding to these challenges is determining the IBS of many
IBPs where there are no obvious motifs to help identify it and suggest a match to the
ice. Even in the cases where the IBS are flat repetitive surfaces like TmAFP (Liou
et al. 2000) and RiAFP (Hakim et al. 2013), there are numerous different ice planes
that can be developed during growth when inhibitors such as IBPs are present. The
differences between many of these planes (energetically or sterically) may be small
enough to be practically indistinguishable.

Since the early studies of IBP mechanisms, many theories to explain the molec-
ular basis for ice recognition by IBPs have been suggested (reviewed in (Davies et al.
2002; Vrielink et al. 2016; Yeh and Feeney 1996)). An early explanation was that the
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abundant hydrophilic moieties on AFGPs immobilize water molecules in their
vicinity and reduce the amount of water available for ice formation. This idea was
disputed by NMR studies showing the amount of bound water molecules on AFGP
surfaces is small (DeVries and Price 1984). It was then suggested that AFPs bind to
ice through hydrogen bonds between protein side chains (or disaccharide moieties in
the case of AFGPs) and available water molecules on the ice surface (DeVries and
Price 1984; Knight et al. 1991). The low number of hydrogen bonds and their
weakness in comparison to covalent bonds seemed insufficient to account for
irreversible binding of IBPs to ice. An expansion of this idea based on an excellent
match between the IBS and the bound ice plane was that hydroxyl groups on the
protein surface could be incorporated into the ice lattice (Knight et al. 1993).
However, mutagenesis studies of the IBS of type I AFP (Chao et al. 1997; Haymet
etal. 1998; Zhang and Laursen 1998) and TmAFP (Bar et al. 2008b) showed that the
hydrophobic moieties on the IBS are more important than the surface hydroxyls for
maintaining TH activity. Also, theoretical works showed that there is no gain of
hydrogen bonds upon binding of type I AFP to ice (Madura et al. 2000; Wierzbicki
et al. 2007).

4.10 The Hydration Shell Theory

Molecular dynamic simulations proposed that the first hydration layer on the IBS of
type I (Yang and Sharp 2005) and type III (Smolin and Daggett 2008; Yang and
Sharp 2004) AFPs makes a considerable contribution to the binding of the proteins
to ice. These studies showed that apolar grooves in the IBSs of the proteins are filled
with water molecules that are hydrogen-bonded to the polar groups on the IBS.
These water molecules are arranged in a tetrahedral organization, similar to the
organization of water molecules in ice. The quasi-ice layer bound to the protein
facilitates merging of the protein to the quasi-liquid layer on ice in aqueous media
(Gallagher and Sharp 2003; Wierzbicki et al. 2007). One experimental verification of
this concept came from the crystal structure of ocean pout type III AFP, which was
determined by combined X-ray and neutron diffraction data. Four water molecules
arranged in an ice-like pattern were noted in the combined structure, suggesting that
they were anchored in this organization to the protein in solution. However, only
three of these water molecules were sufficiently well ordered to locate the hydrogen
atoms in the crystal structure. The fourth water molecule in this water quorum was
solved with partial occupancy (Fig. 4.4) (Howard et al. 2011).

Clearer evidence for ice-like water organization came from the crystal structure of
the ice-binding domain of MpIBP (MpIBP-RIV). An array of ~50 water molecules
arranged in an ice-like structure was present on the IBS of this protein (Fig. 4.5)
(Garnham et al. 2011a). These waters formed cages around the surface methyl
groups and this clathrate array was “anchored” to nearby hydroxyl and peptide
backbone amide groups. Although ice-like ranks of water molecules were noted
before in crystal structures of other IBPs (Liou et al. 2000), their IBSs were always
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Fig. 4.4 Ordered surface waters on the IBS of type IIl AFP. The tetrahedral water cluster
model is superimposed on the ca-weighted 2F, — F, nuclear scattering density map (contour
level = 1r.m.s.) for the tetrahedral water cluster. Note that while there are large nuclear scattering
peaks for the three water molecules 1001, 1002, and 1003, the nuclear scattering peak for water
1004 is much weaker, indicating disorder. As such, it can only be modeled as an oxygen atom.
Reprinted from (Howard et al. 2011). Copyright (2011) WILLEY

Fig. 4.5 Ordered surface waters on the IBS of MpAFP-RIV. (a) Surface representation of the IBS
of one of the protein molecules freely exposed to solvent in the unit cell. Carbon atoms are white,
nitrogen are blue, and oxygen are red. Ordered surface waters are represented as aqua spheres. (b)
Ordered surface waters showing some hydrogen bonded directly to the IBS. Structural Ca>* ions are
in green. (c—d) The organized surface waters make an excellent 3-D match to both the basal (¢) and
primary prism (d) planes of ice. The direction of the c-axis is indicated in both figures. Modified
from (Garnham et al. 2011a)
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directly opposed to the IBS of another IBP molecule, so the organization of any
remaining water could be interpreted as a crystal-induced artifact. In the structure of
MpIBP-RIV, two out of the four protein molecules in the unit cell had their IBS
exposed or partially exposed to the solvent, suggesting that the organization of
surface waters was that seen in solution (Garnham et al. 2011a). Further support
for the anchored clathrate water model has come from molecular dynamics
(MD) simulations that showed ordered water structures on the IBS of TmAFP
(Yang et al. 2003) (Liu et al. 2016), sbwAFP (Nutt and Smith 2008), and PHINP
(Garnham et al. 2011b) in solution. While other simulations find only slight
prestructuring of water molecules on the TmAFP ice-binding surface in solution,
they also support the formation of ordered water prior to the binding of AFP to ice,
suggesting the need for ice to stabilize the clathrate water on the IBP surface (Hudait
et al. 2018). In another experimental study, additional IBS-bound waters on type III
AFP were revealed by crystallizing the protein as a fusion to maltose-binding protein
that changes the orientation of the IBS toward the solvent (Sun et al. 2015). On a less
active variant of the same AFP, mutations that improved activity were associated
with a network of polypentagonal waters on the ice-binding face (Mahatabuddin
et al. 2018)

An extension of the hydration shell theory suggests a contribution of the non-ice-
binding faces of IBPs to their activity. MD simulations of the hydration shell around
the three faces of the P-helical sbwAFP showed that while the ice-binding face
facilitates the ordering of tetrahedral water structures, the other two faces disrupt
water clusters such that ice-like water are excluded from those planes. It was
concluded that the non-ice-binding faces of IBPs cooperate with the IBS by
preventing overgrowth of the protein by the ice (Knight and Wierzbicki 2001;
Nutt and Smith 2008).

Although the role of water molecules in the molecular recognition of ice by AFPs
is thought to be generic to all IBPs, some controversies need to be resolved.
Vibrational sum-frequency generation spectroscopy, which is similar to Raman
scattering but sensitive only to molecules in nonsymmetric environments such as
surfaces was used to observe the surface water molecules on the IBS of some IBPs.
A clear peak attributed to the ice-like waters bound to the protein IBS in solution was
present in the spectra of eelpout type III AFP but was absent in the spectra of an
inactive mutant of the same protein. This peak was noted also in the spectrum of the
wild-type protein taken at room temperature, although with lower intensity relative
to that seen at low temperatures, indicating the stability of the ice-like water structure
is dependent on temperatures (Meister et al. 2014). However, similar experiments
with the hyperactive DcAFP from beetles showed no such water organization. The
authors concluded that the highly ordered p-helical DcAFP does not need a water
clathrate for ice recognition (Meister et al. 2015). Further contradictory data on
TmAFP, a homolog of DcAFP, suggested the presence (Yang et al. 2003) or lack of
(Modig et al. 2010) ice-like water molecules on its IBS. Another unresolved issue
concerns the range of water molecules involved in ice recognition. An MD simula-
tion on ocean pout type III AFP predicted that the water clathrate around the IBS of
the protein consists of water molecules of the primary hydration layer but not beyond
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(Smolin and Daggett 2008). However, terahertz absorption spectroscopy conducted
to probe the long-range interactions of AFGPs (Ebbinghaus et al. 2010), type I AFPs
(Ebbinghaus et al. 2012), and the hyperactive insect DcAFP (Meister et al. 2013)
with water suggest that IBPs can retard hydrogen bond dynamics up to 20 A from the
protein surface. Although in the case of type I AFP a weakly active mutant had the
same effect on the solution as the highly active wild-type protein (Ebbinghaus et al.
2012), the authors concluded that the long-range perturbation of solution dynamics
is essential for ice recognition by IBPs. In a theoretical study of the first and second
hydration shells of type III AFP it was found that the wild-type protein and two
mutants with 10% and 54% of the wild-type activity had the same hydration
properties. In this case it was suggested that there is no correlation between the
effects of the proteins on the solvation water and the antifreeze activity (Grabowska
et al. 2016). Clearly, the discrepancies between the abovementioned studies need to
be resolved.

4.11 The Reversible-Irreversible Binding Conflict

The adsorption—inhibition theory (Raymond and DeVries 1977) suggests that IBPs
bind to the surface of an ice crystal and pin it such that the ice can grow only between
the bound protein molecules. This local pinning results in surface curvature that
increases as the ice grows, leading to reduction of the freezing point due to the
Gibbs—-Thomson effect, and subsequently to inhibition of ice growth. The observa-
tion that ice growth can be completely stopped under supercooled conditions (in the
TH interval) indicates that the IBPs bind irreversibly to the ice surface. If binding
was reversible, ice would have grown at any position where an IBP molecule
desorbed from the surface. However, this basic description does not explain the
observation that the measured TH of IBPs is a function of their concentration in
solution, typically proportional to the square root of the concentration (Wen and
Laursen 1992b). If the irreversibility assumption is dismissed, such proportionality
can be supported by assuming that the surface concentration of the IBP on ice is a
result of an equilibrium between adsorption and desorption of the IBPs. Several
equilibrium models have been suggested, where the density of IBPs on the ice
surface is a function of the concentration of the IBPs in solution. The distance
between molecules can be calculated from the surface density and is related to the
TH by the Gibbs—Thomson equation (Yeh and Feeney 1996); but in some instances,
surface density was related to TH without justification (Jorov et al. 2004; Liu and Li
2006).

The irreversibly of IBP binding to ice was tested by a series of experiments using
fluorescently labeled IBPs (Celik et al. 2013; Drori et al. 2014b, 2015; Haleva et al.
2016; Meister et al. 2018; Pertaya et al. 2007b; Zepeda et al. 2008). Fluorescence
recovery after photobleaching showed that type III AFP molecules are bound to an
ice crystal surface and do not exchange with the surrounding protein in solution
during 20 h of observation. This finding led to the estimation of the fastest IBP—ice
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20 pm
———

Fig. 4.6 Ice crystal in a microfluidic device. (a) An illustration of an ice crystal coated by
GFP-tagged IBPs in a microfluidic channel. (b—c¢) Imaging of an ice crystal coated with
GFP-labeled type III AFP in the microfluidic channel. The green color is the fluorescent signal of
the GFP-labeled protein. (b) The ice crystal is held in a solution containing protein. The crystal is
darker than the solution because it does not contain protein inside it. (c) The same crystal in b after
washing the protein solution from the microfluidic channel. The labeled protein remains bound to
the ice surface. Reprinted (adapted) with permission from (Drori et al. 2015) Copyright (2015)
American Chemical Society

off-rate being a week ' and the slowest being infinity—essentially quasi-permanent
binding (Pertaya et al. 2007b). Experiments in microfluidic devices that allow the
exchange of the solution around ice crystals provided further support for irreversible
binding. Ice crystals coated with IBPs were washed such that the solution around the
crystals was replaced with solution containing almost no protein. It was shown that
the fluorescence signal from the ice surfaces was not reduced after the washing
(Fig. 4.6) (Celik et al. 2013; Drori et al. 2014b, 2015). Further still, freezing
hysteresis by hyperactive AFP (TmAFP) was maintained even when the only pro-
teins in the system were those on the ice surface and not in the solution.

In two situations where fluorescently labeled IBPs were allowed to accumulate on
an ice crystal surface, after which ice growth was forced on the system, the
fluorescence signal was lost or reduced. With a mixture of AFGPs 4 to 6 (70%
being AFGP 6) that were labeled at the N terminus with fluorescein isothiocyanate,
the fluorescence on the ice surface vanished when a layer of ice overgrew the area
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that was exposed to the AFPs (Zepeda et al. 2008). However, with hyperactive IBPs,
although the fluorescence of their GFP tags was greatly reduced when a layer of ice
overgrew the area where the protein had accumulated, the fluorescence signal
returned when the newly formed ice layer was melted back to the point of accumu-
lation (Haleva et al. 2016). The most likely explanation for this phenomenon is that
overgrowth by ice caused enough distorting of the protein fluorophore to spoil its
fluorescence, and that when the ice melted, the structural stress in the GFP moiety
was relieved and the fluorescence was restored. It seems unlikely that this same
explanation can account for the loss of fluorescence when the tagged AFGP area was
overgrown by ice. While this experiment might suggest that the AFGPs are revers-
ible binders, it might also indicate that under the condition of ice growth used in that
experiment, the AFGPs were pushed off the ice rather than overgrown. On the
contrary, other experiments with AFGPs support their irreversible binding to ice
(Meister et al. 2018). Overall, these results offer additional support for the irrevers-
ible binding of hyperactive AFPs and hint at irreversible binding of other IBPs
as well.

Irreversible binding of IBPs to ice is the basis for ice affinity purification (Adar
et al. 2018; Garnham et al. 2010; Kuiper et al. 2003; Marshall et al. 2004b, 2016), ice
etching (Knight et al. 1991, 2001), and the FIPA modification of ice etching (Basu
et al. 2014; Garnham et al. 2010). In these methods ice is grown slowly in solutions
of IBPs, around chilled cold fingers, or on a shell of ice formed around a round-
bottomed flask (Marshall et al. 2016), or on vertical cold plate on which the solution
is flowing (Adar et al. 2018). The slowly growing ice front rejects all solutes except
IBPs that are incorporated into it. Thus, the binding of IBPs to ice allows them to
resist rejection by the growing ice layers. Overall, the experimental results indicate
that most IBPs, at least the moderate and hyperactive ones, irreversibly bind to ice
surfaces.

To reconcile the concept of irreversible ice binding with the dependence of TH on
protein solution concentration, Kristiansen and Zachariassen suggested a two-step
binding model. In the first step, the surface densities of the proteins equilibrate near
the melting point at the ice—water interface. Upon cooling, the IBPs are “locked” to
their position on the ice surface (Kristiansen and Zachariassen 2005). However, this
explanation does not have experimental support. For example, it was shown that in
addition to ice growth arrest, IBPs also inhibit ice melting (Celik et al. 2010; Cziko
et al. 2014; Knight and DeVries 1989). Therefore, supercooling is not necessary for
“locking” IBP molecules to ice surfaces, and the irreversibility model is relevant at
temperatures close to the melting point. Moreover, fluorescence measurements
showed that IBPs accumulate on the ice surface at temperatures lower than the
melting point (Drori et al. 2014a, 2015; Haleva et al. 2016; Takamichi et al. 2007;
Zepeda et al. 2008). Recent concepts suggest the coexistence of irreversible binding
and the measured dependence of TH on protein solution concentration are related to
the kinetics of IBP binding to ice surfaces, as discussed in the next session on the
binding kinetics of IBPs to ice.
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4.12 The Dynamics of Binding

If TH stems from a surface phenomenon, one should expect that the dynamics of the
adsorption process would have a crucial role (Burcham et al. 1986; Kubota 2011).
Experiments to detect accumulation of AFGPs on ice surfaces were first attempted
by ellipsometry and yielded evidence that there is a time scale of minutes for
accumulation of AFGPs to ice surfaces (Wilson 1993). Chapsky and Rubinsky
used a unidirectional capillary-based TH measurement of type I AFP to evaluate
the dynamic nature of the TH activity. In these experiments, ice propagation in
capillaries was monitored in a controlled-temperature gradient. The authors found
that in the presence of the AFPs, ice stops growing at a temperature just below the
melting point, and resumes growing at lower temperatures. This additional
supercooling needed for growth was time dependent. The TH increased over time
up to fivefold when the ice was held at sub-melting temperatures for an hour without
growth. The authors concluded that the observed time dependence is too slow to be
limited by the binding kinetics, and the increase in TH was a result of rearrangement
of the surface of the ice and the proteins that bind to it (Chapsky and Rubinsky
1997). The long incubation time of ice crystals in solutions of type III AFP in a
nanoliter osmometer was found to increase the thermal hysteresis up to 2.5-fold over
a period of 2 h if the crystal was held at high supercooling (close to the freezing
point) (Takamichi et al. 2007). Fig. 4.7a represents the course of such an experiment
using a nanoliter osmometer. A much stronger time dependence was found for
hyperactive AFPs, as shown in Fig. 4.7b (Braslavsky and Drori 2013; Drori et al.
2014a; Xiao et al. 2014). When the crystal was allowed to incubate just below the
melting point for ~ 16 h in a solution of a hyperactive AFP, TH increased 40-fold
over the value obtained after just a few seconds incubation (Drori et al. 2014a)
(Fig. 4.7b). On the contrary, moderate AFPs such as type III AFP achieved most of
their full activity even at short exposure times of a few seconds (Drori et al. 2014a;
Takamichi et al. 2007). The difference in the dynamic response between hyperactive
and moderate AFPs was shown also in sonocrystallization experiments, in which a
1-ml IBP solution was cooled to several degrees below the melting point before it
was nucleated by an acoustic pulse. After nucleation, the solution stabilized at a
temperature lower than the melting point, and the difference from the melting point
was determined as the TH. It was shown that the TH values of type III AFP were
similar when measured by a nanoliter osmometer and sonocrystallization, but
hyperactive AFP had a very small TH values in the sonocrystallization assay
compared to the nanoliter osmometer (Olijve et al. 2016).

Measurements of the fluorescence signal from labeled IBPs on ice crystals allow
determination of their accumulation rates as well as identification of the planes on
which IBPs gather (Celik et al. 2010; Drori et al. 2014a, b, 2015; Haleva et al. 2016;
Kaleda et al. 2019; Pertaya et al. 2008). It was shown that hyperactive AFPs such as
TmAFP, sbwAFP, MpIBP-RIV, and RiAFP, accumulate on the basal plane of ice
crystals, in addition to other planes. For some of the hyperactive AFPs, the accu-
mulation continues for hours, with no clear end point (Drori et al. 2014a, b; Haleva



96 M. Bar-Dolev et al.

25°C
single crystal forming | crystal incubation cooling at a
constant rate
£
2
I
& 0°C
2 .
£
] TH
end of melting e e,
and crystal 1
formation
crystal burst
‘ f— exposure time —lp
—40°C
ice nucleation experiment progress
30 T T T T .
0.8}
=3 —
254 | Y 07k Annealing Temp. = i
%) = 06k T, -0.25°C
% 204 i 'g 05
g 1 & °
215 1 { v 04
z i T 43 .
= 1 = Y°It Annealing Temp. =
£ 101 i £ ooH: T, -005°C i]
Z vl s 14|
0.5+ g2 T ',,'E 0.1 K
i - 0 LE L L 1
042 . o . ; 0.0 1.0 2.0 3.0
0.1 1 10 100 1000 Annealing Time (h)

exposure time (min)

Fig. 4.7 Time dependence of TH activity. (a) Representation of the experimental procedure
conducted using a nanoliter osmometer. (b) TH as a function of the exposure time for a solution
of 4 uM (open circles) and 8 pM (filled squares) sbwAFP annealed at —0.05 °C below the melting
point (Modified from (Drori et al. 2014a)). (¢) TH as a function of the exposure time for a solution of
100 pM of type III AFP (nfeAFP) annealed at —0.25 °C (filled circles) or —0.05 °C (open circles)
below the melting point (reprinted from (Takamichi et al. 2007). Copyright (2007) WILLEY)

et al. 2016; Pertaya et al. 2008). In order to fit the fluorescence intensity as a function

of a time scale that spans from few seconds to an hour, three exponents were

necessary (Drori et al. 2014a). In contrast, the accumulation of moderate AFPs on

non-basal planes fits a single exponent, with an on-rate constant of

Ko, = 0.008 uM ™" S™'. Using this rate constant, we can calculate for a solution

with an AFP concentration of C = 50 pM, for example, a typical time for accumu-
1

lation of the proteins as 7 = z— = 2.5 5. Thus the observed weak dependence of TH
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of type III AFP on much longer times of exposure is probably not related to the rate
of accumulation of the proteins on the ice surface (Drori et al. 2014a).

A theory developed by Knight and DeVries based on experiments on ice growth
in the presence of AFGPs gives a good explanation for the dependence of TH on the
concentration of type III AFPs (Knight and DeVries 2009). According to this theory,
the TH limit is determined by the ability of AFP to kinetically block new ice that
grows on the unprotected face of the ice crystal—typically the basal plane for
moderately active AFPs. The AFPs bind irreversibly to ice prism and pyramidal
planes, but additional AFPs are needed in solution in order to inhibit further growth
that may emerge from the basal plane. In accordance with this theory, experiments
by Drori et al. using type III AFP in microfluidic devices showed that when the
solution around protein-bound ice crystals was exchanged with a solution containing
only traces of protein, the originally bound proteins stayed on the ice (Fig. 4.6), but
the TH was somewhat reduced (Drori et al. 2015).

If the observed solution concentration dependence stems from IBP adsorption
rate and not from the density of accumulated protein on the ice surface, the observed
square root dependence of the solution concentration on TH remains an open
question. Sander and Tkachenko developed a kinetic pinning theory for the inhibi-
tion of ice growth by IBPs. They assumed that the binding is irreversible, with an
option for the proteins to be engulfed by the growing ice if the angle of contact
between the ice and the protein becomes too large. Under these assumptions, they
showed that for a certain protein concentration and supercooling, the velocity of the
ice growth comes to a halt. They obtained a square root relation between the TH and
the protein concentration (Sander and Tkachenko 2004).

The combination of the theories by Sander and Knight gives a plausible expla-
nation for the experimental findings for the moderate IBPs that do not bind to ice
basal planes. However, there is clear experimental evidence that hyperactive AFPs
bind to basal planes and inhibit their growth, as discussed in Sect. 4.4. It was also
shown that the TH of hyperactive AFPs was not diminished when there was no
protein in solution (Celik et al. 2013), as opposed to type III AFP (Drori et al. 2015).
The observation that the TH increases with longer exposure times of the ice to the
proteins (Drori et al. 2014a), the insensitivity of the TH to the protein concentration
in solution (Celik et al. 2013), as well as the long accumulation times of hyperactive
AFPs (Drori et al. 2014a; Haleva et al. 2016), led to the conclusion that there is a
direct connection between the surface protein concentration and the measured TH in
the case of AFPs that bind the basal planes in addition to prism planes. It is
interesting to note that while TH as a function of concentration of a variety of
moderate AFPs can be well matched with the kinetic pinning model, there is not a
good match for hyperactive AFPs (Chasnitsky and Braslavsky 2019; Kozuch et al.
2018). Estimation of the surface density of the proteins and the TH as a function of
time is in agreement with the basic inverse relation between TH and molecules
distance as in the Gibbs—Thomson equation. Still, TH measurements deviate from
the TH calculated using this equation. Drori et al. measured a distance of a few
nanometers between bound protein molecules on an ice surface (Drori et al. 2014b).
The calculated TH for such surface concentration is much higher. This disagreement
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was noted before and was speculated to be related to the angle of contact between the
proteins and the ice (Acker et al. 2001; Drori et al. 2014b; Higgins and Karlsson
2013; Karlsson et al. 2019; Mazur 1965). Another aspect in evaluating the relation-
ship between molecule distance separation and TH is the arbitrary assumption that
the proteins are evenly distributed on the ice surface. This assumption can be
modified to a random distribution (Hansen-Goos et al. 2014).

While the advance in the understanding of the activity of IBPs is significant,
many aspects remain to be explained. For example, what is the microscopic arrange-
ment of IBPs on a particular ice plane? Why do hyperactive AFPs continue to
accumulate on the ice surface for such a long time? What determines the recrystal-
lization inhibition limits? What is the correlation between ice recrystallization
inhibition and TH? To answer these and further questions, additional experimental
approaches with higher resolution should be implemented, along with elaborate
simulations of ice, water, and IBPs.

4.13 Conclusions

IBPs from many biological kingdoms have been characterized. New IBPs with novel
structures await discovery, and the range of their specific activities and natural
functions may yet increase. Clearly, we have not yet plumbed the complexity of
this protein class. Many theories regarding the ice-binding mechanism of various
types of IBPs have been advanced and ruled out by experiments. In this chapter, we
discussed the advances in the understanding of IBP structures and their mechanism
of ice recognition, both for specific IBP types and more generally for all IBPs. The
most plausible mechanism that explains the way IBPs interact with ice is the
“anchored clathrate water” model. Despite the dramatic differences between IBP
types, this theory can apply to all IBPs. Nevertheless, the way each IBP holds water
molecules on its ice-binding face, and the number of water molecules in the clathrate
can be type specific.
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