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Chapter 1: General introduction



1.1. Organisms in cold environments

Approximately 70% of a surface area of earth is occupied by waters. Most of biosphere of
the earth, approximately 80% of biosphere, exposed to temperature below 5°C [1,2]. Organism
living with water needs to overcome the problems caused by winter temperature like nutrient
limitation, low fluidity of lipid membrane and high osmotic pressure. In such cold environment,
water exists as a frozen state seasonally or constantly. Examples are as follows: sea ice, freshwater
ice, snow cover, glaciers, ice sheets and soli ice [3]. Ice formation or complete freezing is known
to cause damages to biological system, which leads to disrupt cell structure and denature proteins
of organisms. Nevertheless, some organisms are known to tolerate such cold environment [4]. As
a molecular adaptation, cold adapted organisms are known to produce some cryoprotectants like
salts, glycerol, polyalcohols, sugars, fatty acid, and ice-binding proteins [5—7]. In this study, we

focused on ice-binding protein.

1.2. Ice-binding proteins (IBPs)

Ice-binding proteins (IBPs), also called as antifreeze proteins (AFPs) or thermal hysteresis
proteins (THPs), are extraordinary macromolecules produced by cold-adapted organisms [4,8].
IBPs inhibit single ice crystal growth through their adsorbing on ice surface, leading to depress
the freezing point of water. IBP was first discovered from the blood of Antarctic Notothenioid
fishes in 1969 as antifreeze glycoprotein (AFGP) [9]. Until now, other IBPs have been found from
various organisms including fish, insects, plants and microorganisms that survive cold
environment [4]. IBPs are divided into several types consisting of different amino acid sequence
and tertiary structure. IBPs are characterized by ice-binding properties reflecting unique structure
(i.e., IBP bound ice planes, ice crystal morphologies, thermal hysteresis activity and ice

recrystallization inhibition activity).



1.3. Water freezing

To understand the basic of water freezing is indispensable to consider the function of IBP.
When we cooled water, it is not frozen at 0°C or subzero temperature (Figure 1.1.A). Below 0°C,
single ice crystals are thought to be generated in water [10,11]. The lower temperature induces
more generation of'ice crystals and make their size larger. This phenomenon is called supercooling,
where the supercooled water seems to undergo no change under photomicroscope. When they
reach supersaturation state with further temperature lowering, supercooled water is frozen and
general ice crystals are observed. The transition temperature from supercooled water to frozen
state (ice) is defined as a freezing point (7t°C). Since a uniform nucleation needs to be occurred
in pure water, water does not freeze until at approximately —40°C. A heterogeneous nucleation
occurs in water in the presence of microparticles, substances, dust and fluff, resulting in water
freezing at 0°C. General water freezes at 0°C due to the presence of such various ice nuclei
around us. IBPs inhibit growth of the single ice crystals generated in supercooled water so that
they depress freezing point of water (Figure 1.1.B). IBPs are thought to play a role to stabilize

supercooled state.

1.4. Ice crystal

The ligand of IBPs is a single ice crystal. General ice is composed of assembly of single
ice crystals. In the unit structure of a single ice crystal, water molecules are systematically
organized into a hexagonal arrangement under one atmospheric pressure (Figure 1.2.A). The
hexagonal ice (denoted Iy) is created by three equivalent a-axes (ai;—as3) perpendicular to the c-
axis [12]. The single ice crystal is composed of several ice planes constructed by differently
aligned water molecules [13]. Each ice plane is identified by using the Miller-Bravais indices

[14,15]. The basal plane lies perpendicular to the c-axis and parallel to the a-axis (Figure 1.2.B),
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Figure 1.1. Schematic diagram of water freezing.

(A) Illustration of water freezing process in the absence of IBPs. A right column shows image of
water freezing (left column) in molecular level. When water (a) is cooled below 0°C, embryo ice
crystals are generated in there (b). Embryo ice crystals are more generated and increasing in size
depending on cooling (c). When the ice crystals become supersaturated state, water freezing and
general ice formation occur (d). Transition temperature from supersaturation state to ice is defined
as a freezing point (7°C). The state of (b) and (c) is called supercooling state. (B) Illustration of
water freezing in the presence of IBP. IBPs (green spheres) bind to embryo ice crystals (b) and
inhibit their growth (b’). IBPs are thought to stabilize supercooling state of water through

maintaining the state (b’), which inhibits the transition from (b’) to (d).
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Figure 1.2. Unit structure of a single ice crystal.

(A) Hexagonal unit of single ice crystal (In) under one atmospheric pressure. Spheres show
oxygen atoms of water molecules. Oxygen atom distances on basal plane (top box) and primary
prism plane (bottom box). There are differences of oxygen atom distances on each ice plane. (B)
Positions of each ice planes in I and whose oxygen atom arrangements are shown in boxes.
Illustration indicates basal plane (red), primary prism plane (orange), secondary prism plane
(green) and pyramidal plane (blue). The bottom illustrations show oxygen atoms characterized in

each ice plane. All structures are created by PyMOL.
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which looks like honeycomb structure when viewed from the top. The prism planes lie parallel
and perpendicular to the a-axes, respectively. The side planes of the hexagonal ice are primary
prism plane, also called as first prism plane along the c-axis. The diagonal plane is secondary
prism plane along the c-axis. Other inclined planes between the basal and prism planes are defined

as pyramidal planes. A snowflake is an example of a hexagonal single ice crystal.

1.5. Determination of IBP-bound ice planes

IBPs are thought to recognize the spacing between the different oxygen atoms of waters to
bind to ice crystal. A handling technique for single ice crystals was first developed by Knight,
C.A. et al. and denoted ice-etching technique in 1991 [16], which allows us to confirm to which
ice planes IBP binds. Recently, the modified method utilizing fluorescence-labeled IBP is
developed [17], whose protocol is called fluorescence-based ice plane affinity (FIPA) analysis.
For the FIPA analysis, a single ice crystal hemisphere in 3—4 cm diameter is created by utilizing
a polyvinyl chloride (PVC) pipe and a cooling bath. We can determine the a- and c-axes of the
single ice crystal using a polarizer, where its earth-axis corresponds to the c-axis of In. Such an
ice hemisphere is mounted on a cold finger with desired orientation (Figure 1.3.A). The single ice
hemisphere is soaked into the fluorescence-labeled IBP solution to induce crystal growth (Figure
1.3.B). A FIPA pattern of the IBP appears on the surface of ice hemisphere under ultraviolet (UV)
light (Figure 1.3.C) [18]. Based on the illuminated area on the single ice hemisphere, one can
correlate the FIPA patterns and the ice planes constructing the hexagonal single ice crystal (Figure
1.3.D). For example, the FIPA pattern observed at the polar region of a single ice crystal
hemisphere implies the basal-plane binding of an IBP. When illumination was observed entirely,
it suggests whole-plane binding. Since each IBP recognize different ice planes, there are various

FIPA patterns [19].
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Figure 1.3. Analysis of fluorescence-based ice plane affinity (FIPA).

(A) Photographs of a single ice hemisphere attached onto cold finger. (B) The single ice
hemisphere soaked into fluorescent-labelled IBP solution to induce crystal growth. (C) FIPA
pattern observed under UV light. (D) Correlation between the FIPA patterns (color patches) and
IBP-bound ice planes constructing the hexagonal single ice crystal. When illuminations are
observed in polar region of ice hemisphere, it suggests that the IBP binds to basal plane (red).
FIPA patterns of six patches indicate that the IBP binds to prism plane (primary prism plane:
orange, secondary prism plane: green). The illuminations between polar region and equator

regions indicate that the IBP binds to pyramidal plane (blue).
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1.6. Ice-shaping properties of IBPs

IBPs modify single ice crystal in shape through its binding. A schematic diagram shows
ice-shaping process in absence or presence of IBP (Figure 1.4.A). The single ice crystal is
generated in supercooled water, it shows round disk shape under photomicroscope. The reason
why the shape is not hexagonal is thought due to energetically stable. The single ice crystal grows
approximately 100 times faster toward the a-axis than that toward the c-axis (basal plane) [20].
Thus, the basal plane of single ice crystal grows after the prism planes growing, piled up in the
direction of c-axis. In the presence of IBP, it is reported that varieties of single ice crystal
morphologies are observed in supercooled water under photomicroscope (Figure 1.4.B)
[18,21,22]. IBP modifies ice crystal into a unique shape through its binding to specific ice planes.
Upper illustration shows that specific binding type of IBP inhibit only growth from prism plane
or pyramidal plane of single ice crystal. When IBPs bind to ice crystal, hexagonal disk-shaped ice
crystal is generated. A new disk is formed perpendicular to the c-axis by further binding of IBP to
ice plate [23]. IBP constantly modified new disk into a hexagon during cycles that ice crystal
grows and new disk generates. As a consequence, bipyramidal ice crystal is constructed in
supercooled water [21]. When IBP binds to multiple ice planes including basal plane (Figure 1.4.B,

bottom illustration), it shaped into more round lemon-like ice crystal [22].

1.7. Function of IBPs
1.7.1. Thermal hysteresis

IBPs adsorb onto ice plane, leading to depress freezing point of water. In the absence of
IBP, the ice crystal grows along with lowing temperature (Figure 1.5.). Their freeing point (7%)
and melting point (7) is same temperature. IBPs control ice crystal growth by an adsorption-

inhibition mechanism (Figure 1.6.) [8]. When IBPs adsorbed onto ice crystal surface, the interface

13
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Figure 1.4. Schematic diagram of shaping of single ice crystal.

(A) The ice crystal forms a round disk shape in absence of IBPs under photomicroscope. The
single ice crystal first grows toward the a-axis and next do toward the c-axis. (B) Illustration of
process of ice-shaping in the presence of IBP. A green sphere shows an IBP. Moderately active
IBP binds to prism planes or pyramidal planes (top), and modified ice crystal into hexagonal.
Further additions of IBPs generate a new disk on hexagonal plate. Moderately active IBP
generates bipyramidal shaped ice crystal. Hyperactive IBP from insect IBP adsorbs onto whole

plane including basal plane and shapes ice crystal into lemon-like morphology (bottom).
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Figure 1.5. Schematic diagram of thermal hysteresis (TH).

Illustrations show one ice crystal created in supercooled solution under photomicroscope with or
without IBP. Disk shaped ice crystal grows soon by cooling. The freezing temperature (77) and
melting temperature (7,) are same value. Green spheres indicate an IBP molecule. In the presence
of moderately active IBP, the IBP-bound ice crystal shows bipyramidal shape and does not grow
in the rage of approximately 2°C. IBP depress the Tt of the solution, which gives the difference
between the 7t and T called as a TH. Below T, IBP bound ice crystal grows drastically called as
a burst. Moderately active IBP often cannot bind to basal plane so that ice crystal grows from
direction of c-axis. Hyperactive IBP is known to depress 7r more, whose value is from 2°C to 7°C
at micromolar concentration. For example, insect IBP modified ice crystal into lemon shape

during TH gap. Hyperactive IBP burst in six directions expanding in a dendritic pattern.
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Figure 1.6. Schematic diagram of an adsorption-inhibition mechanism.

IBPs (green spheres) adsorb onto ice at the T, where ice-water interface between different IBP
molecules is thought to be flat (top). During cooling state, the further ice growth is inhibited
depending on radius (7) between IBP molecules, resulting in a depression of the 7t of the solution
(middle). This is called as a Gibbs-Thomson effect. When the radius of curvature reaches less

than half distance between two IBP molecules, the ice crystal bursting occurs (bottom).
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between two adsorbed IBP molecules protrudes in the front and form micro curvature [24]. The
water molecules incorporated into the ice-crystal because of local growth being energetically
unfavorable (Kelvin effect) [25]. As the growth of ice crystal, the curvature between IBP
molecules increases, resulting in a depression of the freezing point (7%) of the solution (Gibbs-
Thomson effect) [16,26,27]. The rapid growth of ice (bursting) occurs when the radius of
curvature is less than half distance between two IBPs. This busting temperature of ice crystal is
defined Tt. IBP depress noncolligatively freezing point of the solution and slightly elevate the
melting point [22,28,29]. Thermal hysteresis (TH) was the difference between 7; and 7Tm. TH
activity is commonly used as index of antifreeze activity of IBPs [22,28,30,31].

IBPs are classified into two groups, moderately active IBP and hyperactive IBP, depending
on its TH activity (Figure 1.5.) [22]. Moderately active IBP is known to bind to only specific ice
planes and inhibit growth of ice crystal with modifying into hexagonal bipyramid shaped [18].
Moderately active IBPs show less than 2°C of TH at millimolar concentration, which is identified
from fish and plant. Hyperactive IBP is reported to bind to multiple ice planes including basal
plane and shape ice crystal into, for example, lemon-like morphology [22]. Hyperactive IBPs,
usually identified from insect and microorganism, exhibit TH activity of 2-7°C at micromolar

concentration.

1.7.2. Ice recrystallization inhibition (IRI)

The ice is an aggregation of many single ice crystal with uneven size. With passage of time,
large ice crystals form at the expense of smaller ones by a mechanism known as LSW theory or
Ostward ripening (Figure 1.7.) [32,33]. Ice recrystallization is the expansion of the ice grains and
their uniting process with keeping total amount of ice. Boundaries between ice grains have a

tendency to be strained and unstable [34]. A considerable amount of liquid around the ice grains

17



act to recrystallize of ice at high subzero temperature, which results in a less total surface area of
ice and an energetically favorable state. Ice recrystallizations occur when the temperature
fluctuates diurnally and during the freeze-thaw circle in frozen food or cryopreservation.

IBP exhibit ice recrystallization inhibition (IRI) activity at very low, micromolar
concentration (Figure 1.7.). IRI activity of IBP was first reported using splat cooling assay in 1984
by Knight, C.A. et al. [35]. The splat cooling method is an aliquot of a solution is dropped onto
cold metal to form an ice disk that consist of numerous fine-grained single ice crystals [36]. The
time-dependent recrystallization is analyzed by time-lapse photography at —8°C. The modified
method has been developed, for example, the sucrose-sandwich-splat assay [37] and glass
capillary technique [38], which evaluate IBP concentration enough to exhibit completely IRI (IRI
endpoint). Although IBPs are thought to bind to the surface of ice grains to inhibit their growth

and uniting, the mechanism of IRI remain unclear.

1.8. Physiological function

IBPs are thought to protect their host from freezing damage. Types of organisms produced
IBP are classified into freezing avoidant and freezing tolerant depending on their strategies [39—
41]. Cold-adapted organisms such as fish and insects produce IBPs to depress noncolligatively
freezing point in blood and hemolymph, respectively (Figure 1.8.A,B) [9,42,43]. Marine fish
produced IBPs whose TH activity of approximately 1°C, to fill the gap between the freezing point
of fish blood (—1°C) and sea water (—1.8°C). One of freeze avoidant insect, Tenebrio molitor,
produce hyperactive IBP to adapt to environment where sands become lower than —5°C in the
night [44]. Freezing avoidant is not able to recover after freezing. IBPs from freezing avoidant

organism are usually called as antifreeze proteins (AFPs).

18
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Figure 1.7. Schematic diagram of ice recrystallization inhibition (IRI).

Illustrations show the ice recrystallization process observed under photomicroscope with or
without IBP. The ice grains at high subzero temperature fuse together and grow depending on
time. In the presence of IBP, the fusion and growth process of ice grains are prevented by IBPs,

leading to inhibiting ice recrystallization.
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Figure 1.8. Schematic diagram of biological function of IBPs.

IBPs (green spheres) play a role to protect their host organisms from freezing injuries. (A) Fish
produce IBPs in their blood and depress the freezing point of it. (B) Insects produce hyperactive
IBPs in the hemolymph and avoid freezing. (C) Plant IBPs existing in apoplast inhibit ice
recrystallization. (D) Some bacteria use IBP to attach to surface of ice floating via a long linker-
proteins. (E) Many cold tolerant microorganisms (bacteria, fungi, diatoms, nematodes, copepod

and ciliate) secrete IBPs with high IRI activity in extracellular space to keep their living liquid

space.
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Plants and microorganism are difficult to move and live in environment with high subzero
temperature fluctuations, leading to inescapable freezing. Thus, they have been developed
strategy of freezing tolerant [45-47]. Freeze tolerant organisms are thought to inhibit ice
recrystallization and minimize freezing damage through producing IBPs with high IRI activity.
Plants are known to face extreme environments like ice-laden environments and produce IBPs in
intercellular spaces (apoplast) to protect their tissues from frost damage through its high IRI
activity (Figure 1.8.C) [41,48,49]. Two bacteria use IBPs to anchor them to ice floating via a long
linker-proteins from lipid bilayer of the cell, which gives them to gain access oxygen and nutrients
(Figure 1.8.D) [50,51]. Most of microorganism is known to secrete IBPs extracellular space
(Figure 1.8.E). Microorganism lived in sea maintain liquid environment using the secreted IBPs

to keep brine channels open within sea ice [29,48,52-55].

1.9. Structures of IBPs

IBPs can commonly exhibit ice-binding ability in spite of varieties of amino acid sequence
and structural characteristic. IBPs are classified into several group depending on their secondary
structure and amino acid sequence.

1.9.1. Fish IBPs

Fish IBPs are divided into five types: AFGP, type L, 11, III and IV IBP.

AFGP was first discovered from the blood serum of Antarctic Notothenioids [9]. AFGP
consist of three repeating units of Ala-Ala-Thr, where CPB of Thr is glycosylated with the
disaccharide B—D galactosyl—(1—3)—a—N-acetyl-D—galactosamine. Depending on a number of
repeating units (n), 8 isoforms of this protein are known in molecular weight from 2.6 kDa (n=4)
to 33.7 kDa (n=50) [56—58]. AFGP1 and 8 are largest and smallest molecules, respectively. AFGP

is a left-handed helix that made a round every three residues and similar to poly-proline type 11
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helix (PPII) [59,60]. The sugar chains align in one side and form highly hydrophilic region. In
opposite of them, hydrophobic residue like Ala occupied. AFGP are thought that sugar chain at
regular interval interact with ice crystal by hydrogen bonding.

Type 1 IBP was first identified in 1976 from winter flounder Pseudopleuronectes
americanus that lived in the western coastal waters of the North Atlantic [61]. The crystal
structure of isoform 6 of wfIBP was determined in 1995 (Figure 1.9.A) [62,63]. IBP I is an alanine-
rich amphipathic a-helix composed of three repeating of the 11-residue consensus sequence (Thr-
Ala-Ala-X-Ala-X-X-Ala-Ala-X-X: X is mostly Ala) (Mw=3.3-4.5kDa) [64]. The four Thr
residues apart on one side of the helix at equal space of 16.5A, similar to the 16.7A oxygen atom
spacing in the pyramidal plane (20-21) [16]. Another type I IBP (Maxi) was discovered from the
plasma of winter flounder Pseudopleuronectes americanus (Figure 1.9.D) [65]. Maxi is classified
in hyperactive IBP to exhibit TH of 2°C. The X-ray crystal structure showed a dimeric four helix
bundle [66].

Type II IBP was first discovered in 1981 from sea raven Hemitripterus americanus [67].
Type II IBP is a cysteine-rich globular protein (10 Cys residues) containing five disulfide bonds
(Mw=14-24 kDa) and similar structure to C-type (Ca?*-dependent) lectin (Figure 1.9.B) [68-71].
Type II IBP was categorized into Ca**-dependent type [68,69] and Ca?**-independent type [70],
which has highly identity of sequence and crystal structure. Ca?*-dependent type II IBP binds to
the primary prism plane through the residues Asp, Thr, and Glu of the Ca**-binding loop and 1
mol Ca?" ion [72]. Ca**-independent type II IBP is thought to adsorb onto ice crystal through
water molecules on flat hydrophobic surface surrounded by a similar loop region [70,71].

Type III IBP was first isolated in 1985 from Ocean pout Macrozoarces americanus, an
inhabitant of the Newfoundland coastal waters [73]. Type III IBP is globular protein containing

twisted loops folded into triple-strand B-sheets (Mw=6.5-7.0 kDa) (Figure 1.9.C) [74-77]. Type

22



Figure 1.9. X-ray crystal structure of fish IBPs.

(A) Type I IBP from winter flounder (Protein Data Bank (PDB) code: 1WFA). (B) Type II IBP
from longsnout poacher (PDB code: 2ZIB). (C) Type I IBP from ocean pout (PDB code: 1HG7).
(D) Hyperactive type I IBP from winter flounder: Maxi (PDB code: 4KE2). All structures are

represented in cartoon model and created by PyMOL.
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IIT IBP is categorized into QAE-Sephadex- and SP-Sephadex-binding groups [73,78]. The former
group is further divided into subgroups: QAE1 and QAE2 isoforms. QAE1 isoforms can inhibit
ice crystal growth but SP and QAE2 isoforms only retards ice growth and exhibit no TH activity.
Type III IBP possess a flat hydrophobic ice-binding site (IBS) that composed of two adjacent
planar surfaces inclined at an angle 150°, where target plane is primary prism plane and pyramidal
plane each planar surface [74,76,77,17].

Type IV IBP is assumed to form four-helix bundle [79]. Although type IV IBP was
discovered in the longhorn sculpin, the concentration in the blood is known to be low thus

predicted not to function as antifreeze agent [80].

1.9.2. Arthropod IBPs

Insect IBPs are known as hyperactive IBP to survive their host in habitat environments that
harsh cold air temperature (< —30°C) [81]. Insect IBP was first identified in 1997 from yellow
mealworm Tenebrio molitor [82]. TmIBP from beetle comprises of a right-handed [B-helix
structure (Mw=8.4 kDa), which contained seven or eight tandem repeats of a 12-residue
consensus sequence (TCTxSxxCxxAx) (Figure 1.10.A) [83,84]. TmIBP displays the Thr-Cys-Thr
(T-C-T) pattern as the ice-binding site due to each B-strand exist on one side of the helix.

A moth, spruce budworm Choristoneura fumiferana produces IBP (CfIBP) that contain
Thr- and Cys-rich (Mw=9 kDa) (Figure 1.10.B) [42]. CfIBP is left-handed B-helix structure and
has T-X-T motif on their IBS similar to 7mIBP, which contained loop consisted of a 15-residue a
tandemly.

A longhorn beetle Rhagium inquisitor that habitat of the winter season of Siberia produces
a one 13-kDa IBP (RiIBP) [85,86]. RilBP is flat and silk-like B-helical (solenoid) structure based

on X-ray crystallography (Figure 1.10.C) [87]. The ice-binding site of RiIBP is tight, two-layered
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Figure 1.10. X-ray crystal structure of arthropod IBPs.

(A) TmIBP from the beetle Tenebrio molitor (PDB code: 1EZG). (B) C/IBP from the moth, spruce
budworm Choristoneura fumiferane (PDB code: 1M8N). (C) RiIBP from the longhorn beetle
Rhagium inquisitor (PDB code: 4DT5). (D) SIBP from the snow flea Hypogastrura harveyi (PDB

code: 2PNE). All structures are represented in cartoon model and created by PyMOL.
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B-sandwich, which compose of four arrays of Thr residues and comprise the TXTXTXT motifs.
RiIBP exhibit TH of around 6.5°C, which is one of highest activity among all IBP categories.

An inchworm, larvae of the pale beauty moth Campaea perlata, produce two Thr-Ala rich
IBP (iwlBP) isoforms with high TH of 6.4°C (Mw=3.5 or 8.3 kDa). The 8.3-kDa isoform of iwIBP
is predicted to fold into a flat silk-like -helical structure [88].

Snow flea Hypogastrura harveyi produces two isoforms (s/IBP) containing glycine-rich
(Mw=6.5 or 15.7 kDa) [89]. The X-ray crystal structure of 6.5-kDa isoform showed the protein
made up of six antiparallel left-handed PPII-like helices (Figure 1.10.D) [90]. This stacked in two
sets of three to form compact brick-like structure with hydrophilic and hydrophobic faces on the
opposite sides. The structure of 15.7-kDa isoform is predicted similar to the small isoform [91].

Recently, it was reported that a springtail (Collembola) Granisotoma rainieri collected
from snow in Hokkaido, Japan, also produce glycine-rich IBP (GrIBP) [92]. The X-ray crystal
structure showed a PPII helical bundle, which is similar to the structure of sfIBP with six-helix

while the number of helices is different (nine-helix).

1.9.3. Plant IBPs

The antifreeze activity in plant was first confirmed in 1992 [93]. IBP was found from
overwintering plant, which possess weaker TH but higher IRI activity to minimize the damage
caused by ice recrystallization. Plant IBPs were thought to not only support to tolerate freezing
state but also provide protection against psychrophilic pathogens.

A forage grass, perennial ryegrass Lolium perenne, produce a heat-stable IBP (LpIBP) that
exhibit high IRI but low TH activity (Mw=11 kDa) [49]. The crystal structure of LpIBP was
determined, which showed a left-handed B-roll structure with eight 14- and 15-residue coils

(Figure 1.11.A) [94]. LpIBP has very similar structure to insect IBP but no regularity in amino-
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Figure 1.11. X-ray crystal structure of plant IBPs.
(A) LpIBP from the forage grass, perennial ryegrass Lolium perenne (PDB code: 3ULT). (B)
DcIBP from the carrot Daucus carota (PDB code: 6W78). All structures are represented in cartoon

model and created by PyMOL.
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acid sequence of ice-binding site.

A common vegetable, carrot Daucus carota, produce an N-glycosylated Leu-rich IBP
(DcIBP or DIBP) with molecular weight of 36-kDa [37,46]. DcIBP composed of 24-amino acid
tandem repeats. The crystal structure of DcIBP determined in 2020 shows a curved solenoid
structure homologously to plant polygalacturonase-inhibiting protein (Figure 1.11.B) [95]. The
IBS of DcIBP was determined on the convex surface of the solenoid but not flat surface likely to

other IBPs. DcIBP was reported to exhibit extremely IRI activity at nanomolar concentration.

1.9.4. Microbial IBPs

Antifreeze activity was first confirmed in bacteria and fungi in 1993 [45]. The structure of
microbial IBP was determined in 2012 (Figure 1.12.A,B) [96,97]. IBPs have been discovered
from most microorganism including bacteria [98], yeast [99], fungi [100], diatoms [101], and
copepods [102], which shares a common B-helical fold unlike IBPs from fish, insects and plants.
These IBP are called as domain of unknown function (DUF) 3494 IBP (Figure 1.12.A-C) [103].
Microbial IBPs consisted of many [-helix regardless of no repetitive amino acid sequence, whose
B-helix is irregularly stacked along with a a-helix. They have common three-dimensional
structure while do not have common ice-binding motif. IBPv contains two consecutive DUF3494
domains, from which the Flavobacteriaceae strain 3519-10 expresses in nature (Figure 1.12.D)
[104,105]. A 17-residue linker connects two DUF3494 domains.

The structure of bacterial IBP from arctic bacterium Marinomonas primoryensis was
reported different from that of DUF3494 IBPs. MpIBP is large B-solenoid structure including
linearly aligned internal Ca?* ions (Figure 1.12.E) [106]. Although Ca?" ions are not involved in

ice-binding, it is thought to be important to stabilize the structure because antifreeze activity is
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Figure 1.12. X-ray crystal structure of microbial IBPs.

(A) LelBP from the Arctic yeast, Leucosporidium sp. AY30 (PDB code: 3UYU). (B) 7isIBP from
the snow mold fungus Typhula ishikariensis (PDB code: 3VN3). (C) Co/IBP from the Antarctic
sea ice bacterium, Colwellia sp. Strain SLWO05 (PDB code: 3WP9). (D) IBPv from a bacterium
within the family Flavobacteriaccae (isolate 3519-10) in the Vostok Ice Core (PDB code: SUYT).
(E) MpIBP from an Antarctic bacterium, Marinomonas primoryensis (PDB code: 3P4G). All

structures are represented in cartoon model and created by PyMOL.
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confirmed only in the presence of the ion. MpIBP is known to possess unique ice-binding motif

(Thr-X-Asx) on its IBS.

1.10. Ice-binding mechanism of IBPs

Hydration waters of proteins are generally crucial for its structure and function. IBPs have
been examined the relationship between hydration waters and the ice-binding function. IBPs
possess one or two IBSs consisted of many hydrophobic residues making a flat surface, whose
IBS organize hydration waters in an ice-like geometry on its surface [106]. Most of studies
suggested that hydration waters on IBSs completely matching water arrangement of ice lattice.

Several IBPs are reported to observe “cage” like bound waters consisted of polygonal
structure of hydration waters on IBSs. Single ice crystal is hexagonal but the caged water
molecules exhibit a pentagonal arrangement and therefore are called “ice-like” water molecules.
These ice-like water molecules are assumed to merge with water molecules (quasi-liquid layer)
constructing ice-water interface of an ice crystal, which anchor IBP to an ice crystal surface. Thus,
this is known as anchored clathrate water (ACW) mechanism. The polygonally arranged water
molecules on IBS has recently been found in MpIBP, fish hyperactive type I (Maxi) and type 111
IBPs and so on [66, 107-109]. For example, type III IBP possess water arrangement matching
prism and pyramidal plane in polygonal waters networks [109]. Some IBPs organize polygonal
waters while other IBPs are not confirmed them in the structure [22,29,42,81,84]. Such hydration
waters are partly observed in crystal structure because IBPs locate in face to face in crystal
packing structure due to hydrophobic interaction between hydrophobic IBSs. This packing cause
to force out bound waters on IBSs, leading not to understand original water positions [110]. Thus,
the ice-binding mechanism still not completely understand and is assumed there are unique ice-

binding manner for each IBP.
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1.11. Purpose and scope of this dissertation

A cold-tolerant ascomycete Antarctomyces psychrotrophicus, which is isolated from several
substances of Antarctica such as soils [111], waters in lakes [112], marine macroalgae [113], are
known to secrete IBP (4npIBP) in extracellular space [114]. AnpIBP with a molecular weight of
less than 28 kDa belongs to moderately active IBP depending on their TH activity (~0.7°C at the
concentration of 300 uM). In contrast, AnpIBP modified ice crystal generated in supercooled
water into a lemon-like shape that is usually observed in hyperactive IBP [115]. Ice-binding
properties of AnpIBP are thought to reflect the unique structural properties. Microbial IBP do not
contain consensus sequence in IBS so that many researchers are interested how they recognize
specific ice planes. The study of AnpIBP will hence give us a significant clue to understand unique
ice-binding mechanism of microbial IBPs.

The temperature become subzero (< 0°C) in not only polar region such as Antarctica but
also winter season in Japan. There are many cold-adapted organisms in Japan, among which
overwinter insects are well-known. Beetles are reported to be dominant among overwinter insects
found from tree in winter of Hokkaido [116]. However, it has not been progressed IBP research
on such Japanese insects. Also, in worldwide, IBPs have been examined only in four beetles
belonging to the superfamily Tenebrionoidea [82,117—-119]. Japanese stag beetle Dorcus hopei
binodulosus (Dhb) is a-long life overwintering insect, whose larva is known to be able to alive in
tree root stock at —5°C [116,120,121]. Dhb is easily available insect to purchase adult and larvae
from the shop, of which the breeding methods have been established. DAb beetle belongs to a
superfamily Scarabaeoidea, which is different to former superfamily Zenebrionoidea. Thus, a
study of IBP using Dhb leads to understanding the role and function of IBP in Japanese

overwintering insect and the origin of hyperactive insect IBP.
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In this study, we analyzed the structure-function relationship of moderately active microbial
IBP and hyperactive insect IBP. To examine ice-binding properties of IBPs, we employed further

methods including molecular biology and structural biology.
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Chapter 2: Elucidation of ice-binding

mechanism of microbial AnpIBP
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Preface: This chapter was published in Biomolecules: Yamauchi, A., Arai, T., Kondo, H., Sasaki,
Y.C. and Tsuda, S. (2020) An ice-binding protein from an Antarctic ascomycete is fine-tuned to

bind to specific water molecules located in the ice prism planes.

2.1. Abstract

Many microbes that survive in cold environments are known to secrete ice-binding proteins
(IBPs). The structure-function relationship of these proteins remains unclear. A microbial IBP
denoted AnpIBP was recently isolated from a cold-adapted fungus, Antarctomyces
psychrotrophicus. The present study identified an orbital illumination (prism ring) observed on a
globular single ice crystal hemisphere when soaked in a solution of fluorescent AnpIBP,
suggesting that AnpIBP binds to specific water molecules constructing the ice prism planes. In
order to examine this unique ice-binding mechanism, we carried out X-ray structural analysis and
mutational experiments. It appeared that AnpIBP is made of 6-ladder (-helices with a triangular
cross section that accompanies an "ice-like" water network on the ice-binding site. The network,
however, does not exist in a defective mutant. 4npIBP has a row of four unique hollows on the
IBS, where the distance between the hollows (14.7 A) is complementary to the oxygen atom
spacing of the prism ring. These results suggest the structure of AnpIBP is fine-tuned to merge
with the ice-water interface of an ice crystal through its polygonal water network and is then
bound to a specific set of water molecules constructing the prism ring to effectively halt the

growth of ice.
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2.2. Introduction

Proteins bind to their ligands to perform specific functions. Hydration water molecules in
a protein play a significant role in ligand binding and also have roles in dissolving proteins in
water and maintaining their tertiary structures [122,123]. Some hydration water molecules
located on an ice-binding protein (IBP) are known to be arranged polygonally, similar to the
hexagonally latticed waters of ice crystals formed under atmospheric pressure [9,106]. The
presence of regularly arrayed troughs, which trap the hydration water molecules at regular
intervals, has also been reported in some IBPs [22,29,42,81,84]. These water molecules are
arranged in an ice-like geometry and are thus called “ice-like waters”. A role for these molecules
in anchoring the host protein to ice crystal surfaces has been postulated.

The IBPs isolated from cold-adapted organisms such as fish, insects, plants, and
microorganisms [4] are known to inhibit ice growth through binding to the water molecules
constructing the crystal surface. Such ice, a ligand of IBP, is a solid state of water in which the
water molecules are systematically organized into a hexagonal arrangement. This arrangement is
the principle feature of the single ice crystal created at one atom defined by three equivalent a-
axes (a1—asz) perpendicular to the c-axis [12]. The hexagonal ice (denoted Iy,) has six primary prism
planes and six secondary prism planes along the c-axis. These prism planes lie parallel and
perpendicular to the a-axes, respectively. The basal plane lies perpendicular to the c-axis and
parallel to the a-axis. Other inclined planes between the basal and prism planes are defined as
pyramidal planes. It has been demonstrated that the growth speed of the prism planes toward
the a-axis is approximately 100 times faster than that of the basal planes toward the c-axis [20].
A snowflake is an example of a hexagonal single ice crystal, though its preparation is very difficult.
An alternative handling technique for single ice crystals was recently developed [17], in which a

single ice crystal hemisphere 3—4 cm in diameter is created by utilizing a plastic pipe and a cooling
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bath. We can determine the a- and c-axes of this golf-ball-size single ice crystal using a polarizer,
where its earth-axis corresponds to the c-axis of I. When such an ice hemisphere is mounted on
a frosty probe with the desired orientation, and soaked in a solution of fluorescence-labeled IBP,
a pattern appears on the globular ice surface under ultraviolet (UV) light. This is called the pattern
of fluorescence-based ice plane affinity (FIPA) of an IBP species, as presented in [18]. Variations
of the FIPA pattern have recently been reported [19]. From these data, one can correlate the ice
planes constructing the hexagonal single ice crystal and the FIPA patterns created on the globular
single ice crystal. For example, the FIPA pattern observed at the polar area of a globular single
ice crystal implies the basal-plane binding of an IBP.

In addition to the FIPA pattern, IBP’s ice-binding ability can be detected by the observation
of morphological change in an ice crystal and thermal hysteresis (TH) activity. Both observations
require a photomicroscope system equipped with a cooling stage, whose temperature needs to be
lowered to deep freezing temperatures, such as —40°C. IBP changes the photomicroscope image
of'asingle ice crystal into a hexagonal bipyramid, a hexagonal trapezohedron [18,19], or a lemon-
like shape [22], depending upon the type and number of ice planes growth terminated by an IBP
species [29]. TH is the difference between the melting and freezing temperatures (7w and 7%) of a
single ice crystal prepared in an IBP solution; TH = | T\, — T4 [8,18,28,30]. The two temperatures
are equal for normal solutions, and the presence of IBPs decreases 77 and slightly raises 7 to
generate the TH, which can be evaluated with a photomicroscope system as described earlier [ 31].
IBP from fish and plants generally exhibit 0.5—1.5°C of TH activity at millimolar concentrations,
and they are called “moderately active IBP”. In contrast, insect and microbial IBPs that exhibit
2-6°C of TH activity even at micromolar concentrations are called “hyperactive IBPs” [22].

IBPs have been used to elucidate the relationship between hydration water molecules and

the ice-binding function. IBPs have one or two ice-binding sites (IBSs), which consist of many
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hydrophobic residues making a flat surface in which several polar residues are inserted at regular
intervals or dispersively [29]. For several IBP species, “caged” hydration water molecules were
observed on the hydrophobic IBS with some hydrogen bonding to the polar residues. The caged
water molecules are not hexagonally organized but exhibit a pentagonal arrangement and
therefore are called “ice-like” water molecules [66,106,108,109]. For example, IBP
from Marinomonas primoryensis (MpIBP) has pentagonally arranged water molecules on its IBS
[106]. These molecules exist in the vicinity of CH3 groups of Thr side chains and are stabilized
on the IBS through hydrogen bonding to the main-chain nitrogen and side-chain hydroxyl groups
of Thr, as well as to the side-chain oxygen atom of Asp. The ice-like water molecules are thought
to play a significant role in facilitating IBP binding to ice crystals and are known as anchored
clathrate water (ACW). Polygonally arranged water molecules have been observed for moderately
active type Il and III IBPs [108,109], as well as hyperactive type I IBP (Maxi) [66,107], but not
for insect IBPs [22,29,42,81,84]. Instead, surface water molecules are trapped in regularly
arrayed troughs on insect IBPs, which are made of two rows of Thr residues, and the spacing of
the oxygen atom of the trapped water molecules matches the distance between water molecules
in both basal and prism planes of a single ice crystal. Such troughs are created by the repetitive
nature of the amino acid sequence of IBPs from Tenebrio molitor (TmIBP) and Dendroides
canadensis (DIBP), which consists of a 12-residue consensus sequence TCTxSxNCxxAx
repeated tandemly, where T, C, S, N, and A are Thr, Cys, Ser, Asn, and Ala, respectively, and x
represents any residue [84,124]. AnpIBP does not have any tandem repeat sequences [115], and
it is not clear what structure it forms or how it binds to ice crystals.

IBPs from microorganisms including bacteria [106], fungi [97], diatoms [53], and
copepods [102] share a common structure, denoted the domain of unknown function (DUF) 3494

[103]. This domain is constructed of approximately 230 amino acids (~25 kDa) and speculated
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to be widespread, having been passed many times between prokaryotic and eukaryotic
microorganisms by horizontal gene transfer [102,115]. The DUF3494 domain is characterized by
a uniquely formed B-helical structure, which is also assumed to exist in AnpIBP. IBP from the
Antarctic bacterium Colwellia sp. SLW05 (Col/IBP) and that from Arctic yeast (LeIBP) are both
contain the DUF3494 domain. The former exhibits high TH activity (~4°C) at 140 uM [125],
whereas the activity of LeIBP is much lower (0.35°C), even at 370 uM [96]. The AnpIBP
exhibited TH activity (~0.7°C) at 300 pM, which was the same level as that of the moderately
active fish IBP. An ability to modify ice crystals into a lemon shape is regarded as a typical sign
of high TH activity. AnpIBP was reported to generate such a lemon-shaped crystal, although it is
only moderately active [115]. The present study used the FIPA experiments and X-ray crystal
structure determination of a recombinant protein of AnpIBP and a mutant version for which an
extraordinary ice-binding property has been suggested. Here we present new structural data for
an IBP identified from a cold-tolerant fungus, Antarctomyces psychrotrophicus (AnpIBP).
AnpIBP showed a unique ability to bind to the equator region of a single ice crystal when we

prepared it in a globular form, a phenomenon that we called a “prism ring”.
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2.3. Materials and methods
2.3.1. Expression and purification of recombinant AnpIBP and its mutants

Wild-type AnpIBP and its mutant version were prepared as described previously,
using Pichia pastoris as the host organism [115]. Briefly, a DNA encoding His-tag (His x 6) plus
the Alal-Val216 sequence of AnpIBP was inserted downstream of an a-factor signal sequence in
the expression vector pPICZa.. The vector was transformed into P. pastoris after linearization by
a restriction enzyme. The transformant was precultured in buffered glycerol complex medium,
followed by 96—120 h incubation in methanol-containing medium, to express AnpIBP. The culture
was then centrifuged to collect the medium containing AnpIBP. The protein was purified by a
series of ion-exchange chromatography passes (High S and High Q, Bio-Rad, Hercules, CA,
USA) and further purified by size-exclusion chromatography (Superdex 200, GE Healthcare,
Chicago, IL, USA). The mutant proteins were prepared using the same procedure. The purity of
these samples was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). We have previously  reported that A. psychrotrophicus secretes
glycosylated AnpIBP at the Asn55 position [115]. The AnpIBP under investigation here,
expressed in P. pastoris, was also thought to be glycosylated, because it showed multiple or smear
bands in SDS-PAGE. We found that the substitution of Asn55 with aspartic acid produced a non-
glycosylated form of AnpIBP, and the N55D mutant of AnpIBP is defined as AnpIBP hereafter.
Further amino acid replacements were made in this AnpIBP. The S153 of AnpIBP was replaced
with Tyr, for example, and is called the S153Y mutant in this article. These samples were
dissolved in water or 20 mM Tris—HCI at pH 8.0, and concentrated by ultrafiltration (Mw cutoff
= 3 kDa) (Merck Millipore, Burlington, MA, USA). Their final concentration was determined
using UV absorbance at 280 nm with a coefficient calculated on the basis of the amino acid

sequence.
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2.3.2. Thermal hysteresis measurements and ice crystal morphology

The TH activity of AnpIBP and its mutants was measured by observation of a single ice
crystal prepared in an IBP solution, using a photomicroscope equipped with a temperature-
controlled stage and a Charge Coupled Device (CCD) camera, as described previously [31]
(Figure 2.1.). A 1-uL sample solution in a glass capillary tube was flash frozen to approximately
—25°C and slowly warmed to near 0°C to observe a single ice crystal. For this crystal, we initially
measured the melting point (7;,) while increasing the stage temperature. We then prepared another
single ice crystal, and lowered the temperature with a cooling rate of 0.1°C /min. An ice crystal
does not start to grow when the temperature is higher than the lower limit of TH, and it shows
bursting growth when this limit is exceeded, which is determined to be the freezing point (7%).
The difference between the two temperatures (7 — T7) is defined as the TH value [8,18,28,30].
The TH was measured at least three times, and an averaged value was plotted at concentrations

between 30 and 500 uM.

2.3.3. FIPA analysis

In order to identify the IBP-bound plane of a single ice crystal, the FIPA pattern was
observed for our samples using the procedure described in [ 18]. A single ice crystal was prepared
in a polyvinyl chloride (PVC) pipe (@ = 30 mm and height = 30 mm) with a tiny notch (1 mm x
2 mm) placed on the aluminum tray (Figure 2.2.). Degassed water was poured into the tray to 5
mm in depth and cooled to —0.5°C. Ice growth was initiated by adding a small piece of ice to the
supercooled water, which was propagated into the PVC pipe though the notch, acting as a seed to
generate a single ice crystal. When the inside of the pipe started freezing, degassed water was
carefully added into the PVC pipe. After further incubation at —1.8°C for 3 days, a single

cylindrical shaped ice crystal was created in the pipe. The crystallographic c- and a—a3-axes of
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Figure 2.1. Experimental setup for TH measurement of an IBP solution.

(A) A photomicroscope equipped with a temperature-controlled stage, a CCD camera and liquid
nitrogen (LN2). The stage temperature can be changed to the desired temperature set by the
temperature controller, regulating with LN2. A display shows the observed crystal and stage
temperature. (B) Sample in a capillary tube. About 1-uL sample solution was added in a glass
capillary tube. A mineral oil (0.5-uL) was placed on both ends of capillary as a lid. (C) The
capillary tube (sample) set in a capillary holder made of copper. (D) Sample set on the

temperature-controlled stage to measure TH.
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Figure 2.2. Preparation of a single ice crystal for FIPA analysis.
(A) PVC pipe (width & height: 4 cm) with a notch at the bottom. (B) The PVC pipes placed on
the aluminum tray put in a cooled water bath. A small piece of ice was added to the supercooled
water (—0.5°C) to initiate ice growth. (C) Illustration shows a state of the added ice crystal
propagating into the PVC pipe through the notch. The needle shaped ice acts to generate a single
ice crystal in the pipe. Degassed water was further added into the PVC pipe after water freezing
inside of it. After 3 days-incubation at —1.8°C, a single cylindrical shaped ice crystal was obtained.
(D) The single cylindrical ice crystal put on polarizers to check the crystallographic c- and a1—as-
axes. (E) The crystallographic c-axis (basal plane) was identified when the cylindrical ice crystal
showed iridescence on polarizers. (F) Single cylindrical ice crystal cut into halves with a saw.
Half single ice crystals were used for observation of (G) the prism-plane binding and (H) the
basal-plane binding of IBPs. The half crystal was mounted on a copper rod with a desired

orientation and modified into a hemispherical shape.
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this cylindrical ice crystal were checked using polarizers. The crystal was modified into a
hemispherical shape (@ = 30 mm) with a heated stick and was mounted on a chilled copper rod
with a desired orientation. The single ice crystal hemisphere mounted on the rod was soaked in a
40-mL solution of fluorescence-labeled IBP so as to face down the curved front of the crystal.
The fluorescence dye used was tetra-methyl-rhodamine (5 (6)-TAMRA-X, SE: Thermo Fisher
Scientific, Waltham, MA, USA). The single ice hemisphere was held in the solution for 4-5 h at
—5°C. When it became golf ball sized (0 = 5 cm), it was detached from the copper rod to observe

the FIPA pattern under UV light in a cold room (—1°C).

2.3.4. Crystallization and X-ray structure determination of AnpIBP and its mutants

The AnpIBP and its S153Y mutant prepared without His-tag were crystallized using the
hanging drop vapor diffusion method [126]. A 1-pL solution of each solution, with the
concentration adjusted to 20 mg/mL was mixed with an equal volume of a crystallization solution
at 20°C. Large crystals of wild-type AnpIBP were obtained when they were dissolved with 0.1 M
HEPES-NaOH pH 8.6, 0.95 M ammonium sulfate, and 0.1 M lithium sulfate. The S153Y mutant
was crystallized with 0.1 M Bis-Tris pH 7.0 and 4.0 M ammonium acetate. The experiments using
synchrotron radiation were performed with the approval of the Photon Factory Program Advisory
Committee (proposal number 2018G105). Diffraction data for AnpIBP and the S153Y mutant
were collected at the beam line BL-17A [127] at the Photon Factory KEK, Japan, and were
processed using XDS [128] and the CCP4 [129] program suit. The crystal structure of AnpIBP
was determined using the molecular replacement method using Phenix [130] with a coordinate
file of Col/IBP (PDB code: 3WP9) [125] as a search model. In this model, a 21-residue segment
between Pro38 and Leu74 of the original Co/IBP coordinate was removed, because the

corresponding segment does not exist in AnpIBP. The initial model structure of AnpIBP was
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further refined using the software packages Phenix, Refmac5 [131], and Coot [132]. The structure
of the S153Y mutant was also determined using the molecular replacement method with the
coordinate file of AnpIBP. The statistics for data collection and refinement [133] are summarized
in Table 2.1. The crystal packings of wild-type AnpIBP and S153Y mutants are shown in Figure
2.4. The coordinates were deposited in the Protein Data Bank (PDB) under code 7BWX

for AnpIBP and 7BWY for the S153Y mutant.
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2.4. Results and Discussion
2.4.1. FIPA of AnpIBP showed a novel prism-ring pattern

Figure 2.3.A,B shows the FIPA patterns observed for AnpIBP, for which illustrated
interpretations are presented in Figure 2.3.C,D, respectively. The contiguous illumination ring
was observed at the rim of the hemisphere, when it was soaked into the IBP solution to direct
its c-axis downward (Figure 2.3.A,C). On a different ice hemisphere whose a3-axis was directed
downward, the fluorescence from ice-bound AnpIBP was observed in the area between the
equator and a middle latitude but not in the polar region (Figure 2.3.B,D). The ring area is centered
at the equator, implying that it is made of the water molecules that participate in both the primary
prism and the secondary prism planes. For simplicity, we named this orbital FIPA pattern (Figure
2.3.A) a prism ring; AnpIBP binds to the water molecules constructing the prism ring. Note that
a faint yellow circle observed at the center of hemisphere is an artifact arising from the hole left
by the metal rod used to hold and cool the ice crystal [18].

It has been shown that the FIPA pattern is sometimes changed with increases in the
concentration of IBP [134,135]. For example, the pattern was observed in a limited area for a
0.01-mg/mL solution of fish type I IBP from barfin plaice, and it was overcast by the entire
illumination when the protein concentration was increased to 0.1 mg/mL. This observation was
interpreted as indicating that this IBP binds only to the pyramidal plane at 0.01 mg/mL, whereas
it covers the whole ice crystal, including the basal plane, when its concentration is 10 times higher
[134]. A similar change was observed for type II IBP from longsnout poacher (LpIBP) [135]. We
performed a concentration dependence experiment for AnpIBP between 0.01 and 0.15 mg/mL.
The FIPA pattern did not change with increasing concentration; AnpIBP binds to the prism ring
but not to the basal plane, even at the highest concentration (data not shown). AnpIBP is a member

of the microbial IBPs containing the DUF3494 domain. The FIPA pattern reported for the known
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“Prism Ring”

Single ice crystal
hemisphere

Figure 2.3. Observation of fluorescence-based ice plane affinity (FIPA) of AnpIBP.

(A) A ring-like FIPA pattern of AnpIBP (denoted a “prism ring”). The ice hemisphere was
mounted on a frosty copper rod to align its c-axis with the rod as illustrated in (C), and then
soaked in 0.1 mg/mL protein solution to direct the c-axis downward. The prism ring was observed
at the rim of the hemisphere, suggesting that AnpIBP binds to the water molecules that participate
in both the primary prism and secondary prism planes. (B) The FIPA pattern of AnpIBP observed
on a different ice hemisphere whose a3-axis is normal to the paper as illustrated in (D). The pattern

shows that the prism ring observed in (A) is spread from the equator to a higher latitude.
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DUF3494-characterized IBPs, such as Co/IBP [125], TisIBP [136], SAIBP [137], and FfIBP
[138], showed that they are all capable of binding to the basal plane. This observation implies
that AnpIBP is exceptional, and its manner of binding to the prism ring is controlled by a unique

structural property.

2.4.2. AnpIBP folds as an irregular B-helical structure

To clarify the manner of ice binding, the X-ray crystal structure of AnpIBP was determined
at 1.9 A resolution using a molecular replacement method utilizing Co/IBP (PDB code: 3WP9)
as a structural template [125]. An asymmetric unit contains six AnpIBP molecules (Figure 2.4.).
The final model of AnpIBP shows the structural coordinates of 203 out of 216 amino acid residues.
Statistics of the data collection and the parameter values used in the refinement process are
summarized in Table 2.1. The structure of 4npIBP consists of a 45-A-long B-helical fold with a
triangular cross section (Figure 2.5.A). The main constituents are 6-ladder B-helical loops, which
are supported by a long a-helix located along the B-helical axis. The B1 loop following the N-
terminal segment (blue) was aligned next to the 36 loop following the C-terminus (red), and they
are assembled in a “head-to-tail” manner. As a consequence, the six B-helical loops are irregularly
assembled in the order f1-f6—f5—p4—P3—P2.

Such an irregularly ordered B-helical arrangement has been found in other microbial IBPs
containing the DUF3494 domain, such as Co/IBP [125], TisIBP [136], and EfcIBP [139]. The B-
helical loops of AnpIBP are different in length: B1, G12-G29 (18); p6, A184—Q201 (18); BS,
N166-G183 (18); B4, N145-G165 (21); B3, S117-A144 (28); and B2, A93—A116 (23). The
lengths of the f2—, 3—, and B4—loops are 3- to 10-residues longer than those of the others (f1—,
B5—, and B6-loops). The three surfaces of the triangular B-helical domain are named the A-, B-,

and C-faces (Figure 2.5.B). The A-face is partially covered by the long a-helix, whereas the other
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two surfaces are exposed to solvent. As with other microbial IBPs [97,105], there are two
hydrophobic cores in AnpIBP. One comprises the central area of the B-helical domain, which is
contributed by aliphatic residues originated from the f1—-6—35—f34 region and aromatic residues
from the f2—p3—p4 region. A segment from D30 to 152 stacked on the B1-loop does not satisty
the property of B-folds and was assigned as a loop region, protruding aliphatic side chains toward
the inner core of the B-helical domain and acting as a capping structure to stabilize the overall
structure. Another hydrophobic core is formed at the interface between the A-face and a long o-
helix.

The crystal structure shows that D55, whose original residue is N55 modified with a glycan,
is located at the C-terminal end of the long a-helix and is far distant from the B-face containing
the IBS. The TH activity of N55D is identical to that of the wild-type, confirming the previous
indications that the glycan is not involved in ice binding [115]. The C-terminal region (A204—
V216) is longer than that of other microbial IBPs. In the crystal structure of AnpIBP, the C-
terminal region was not identified because of the weak electron density, suggesting that it is
flexible. Similar additional segments at the N- or C-terminal end have sometimes been identified
in the DUF3494 microbial IBPs, though their functions are not clear. The C-terminal segment
of AnpIBP contains basic residues (K206, R209, K212, and K215) at equal intervals, which
sandwich several hydrophobic residues. The role of this C-terminal segment is unknown. The
overall structural motif of AnpIBP is highly similar to that of other IBPs from bacteria, despite
their phylogenetic distance. This finding is in good agreement with the previous indications that

Antarctic ascomycetes acquired AnpIBP from bacteria through horizontal gene transfer [115].
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Table 2.1. Data collection and refinement statistics for wild-type AnpIBP and S153Y.

Crystal

AnpIBP (7BWX.pdb)

AnplIBP_S153Y
(7BWY.pdb)

Data collection

Beam line

Wavelength (A)

Space group

Unit-cell parameters (A)
Resolution range (A) 2

Photon Factory BL-17A
0.9800

P2:2,2
a=86.43, b=208.28, c=100.78
47.62-1.90 (2.01-1.90)

P3:21
a=b=92.31, c=22.67
46.10-2.02 (2.06-2.02)

Rimerge P 0.107 (0.467) 0.083 (1.654)
Observed reflections 944254 1442200
Independent reflections 141990 72989
Completeness (%) @ 99.9 (99.6) 99.9 (99.8)
Multiplicity 2 6.7 (6.6) 19.8 (19.6)
<l/lo(l)>? 12.9 (4.2) 21.1(2.2)
Refinement

Resolution range (A) 2
R factor ¢

Free R factor ¢¢
R.M.S bond lengths (A)
R.M.S bond angles (°)

47.62-1.90 (1.95-1.90)
0.135 (0.194)

0.164 (0.216)

0.013

1.695

45.72-2.02 (2.07-2.02)
0.179 (0.424)

0.216 (0.418)

0.011

2.081

“ Values in parentheses are for the highest resolution shell.

b Rmerge = sz|(1(h)) — I(h)jl / 22 {I(h)), where (I(h)) is the mean intensity of a set of

equivalent reflections.

¢ R factor = X||Fops(M)| = |Feaic(R)1| / Z1Fops(R)|, where Fops and Feqe are the observed

and calculated structure factors, respectively.

4 Randomly chosen 5.0% of the reflection data were used to calculate free R factor (Brunger AT,

1992, Nature 355, 472-475 [133]).
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Figure 2.4. Crystal packings of wild-type AnpIBP and its mutant (S153Y).

Figure 2.4.A shows the molecular packing in wild-type AnpIBP crystal, which were crystallized
in space group P2,2,2. Six monomers of AnpIBP in the asymmetric unit of the cell are drawn with
color. IBS residues are colored blue. Neighboring molecules which are related by the
crystallographic symmetry operations are drawn with gray. A unit cell is represented by black
lines. Figure 2.4.B shows the molecular packing for the S153Y mutant in the space group of
P3,21. Three molecules in the asymmetric unit and neighboring molecules are drawn with the
same color scheme as for the wild-type. For both wild-type AnpIBP and S153Y mutant, IBS
residues are almost free from the molecular contacts and exposed toward the solvent. The figures

were generated by PyMOL.
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Figure 2.5. The crystal structure of AnpIBP (7TBWX.pdb).

(A) Overall structure of AnpIBP represented with ribbon model colored in gradation from blue
(N-terminus) to red (C-terminus). The six -helical loops are irregularly aligned in the order 1-
B6—B5—p4—p3—p2. (B) Structural view of AnpIBP along the B-helical axis, showing that the -
helical fold is a triangular shape on which the A-, B-, and C-faces are defined. A large hydrophobic
region is present at the center of the triangle. The long a-helix is stabilized on the A-face through

additional hydrophobic cores.
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2.4.3. The IBS of AnpIBP located on the B-face

To identify the IBS location of AnpIBP, we prepared a mutant protein in which the T58 on
the A-face (Figure 2.6.A) was replaced with tyrosine (denoted T58Y) and examined its TH activity.
The S153 and T156 on the B-face were also replaced with tyrosine, and the TH value was
measured. The Y131 on the B-face was further replaced with threonine. Figure 2.6.B shows the
TH activity of AnpIBP (wild-type) and its four mutant proteins: T58Y, Y131T, S153Y, and T156Y.
They showed a typical linear dependence of TH on the square root of concentration. The wild-
type had 0.63°C of maximal TH activity at a concentration of 250 uM. The T58Y that mutated on
the A-face exhibited a similar dependence to the wild-type. Mutations in S153Y and T156Y on
the B-face resulted in a decrease in activity to 17% of the wild-type. These results suggest that
the IBS of AnpIBP is on the B-face. The Tyr131 located on the B-face protrudes a bulky side
chain, which may cause steric hindrance when the B-face binds to an ice crystal. Hence, we
expected TH to be increased for Y131T, because threonine is a typical ice-binding residue for
most IBPs. However, the mutation affected neither TH nor the ice-shaping abilities, indicating
that Y131 is located in such a way as to maintain the ice-binding ability. To confirm that there
was no significant influence of these mutations on protein folding, we performed circular
dichroism (CD) measurements (Figure 2.7.). The wild-type (AnpIBP) exhibited minimum
ellipticity at 217 nm and maximum ellipticity at 197 nm on the CD spectra, suggesting a 3-helical
structure. The same profile was reported for other microbial IBPs [125,136]. All AnpIBP mutants
exhibited highly similar CD profiles to the wild-type, suggesting that defective mutations did not
affect the overall structure but collapsed a structure needed for ice binding on the B-face.

To further investigate the ice-binding properties of the defective mutants, we observed their
ice-shaping ability and FIPA pattern (Figure 2.6.C,D). It has been demonstrated that the

morphology of a single ice crystal showed a lemon shape in hyperactive IBPs exhibiting 5-6°C
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Figure 2.6. Effect of amino acid replacement on the ice-binding ability of AnpIBP.

(A) Mutation sites on the crystal structure of AnpIBP. The side chains of the wild-type residues
are shown as spheres. T58 is located on the A-face and the others on the B-face. (B) Thermal
hysteresis activities (°C) of AnpIBP and its mutants plotted against the square root of each
concentration. (C) Morphologies of a single ice crystal observed for AnpIBP and its mutant
solutions. Illustrations show a lemon-shape ice crystal (a) observed for hyperactive IBPs and a
bipyramidal ice crystal (b) observed for moderately active IBPs. The wild-type AnpIBP showed
a lemon-shaped ice crystal (c), whereas the defective mutants (S153Y and T156Y) showed crystal
bipyramids (d and e). (D) Comparison of FIPA patterns between the S153Y and T156Y mutants
of AnpIBP. The orientation of these ice crystal hemispheres are the same as in Figure 2.3.B,D.

These mutants lost the ability to bind to the prism ring.
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Figure 2.7. CD spectra of wild-type AnpIBP and its mutants (S153Y and T156Y).

Circular dichroism (CD) spectra of AnpIBP wild-type and its mutants (S153Y and T156Y). The
CD spectra were measured by with a J-720 spectropolarimeter (Jasco, Tokyo, Japan) with a quartz
cuvette of 0.1 cm optical path length. AnpIBP and its mutants were dissolved in 10 mM sodium
phosphate buffer (pH 7.4). Spectral data were collected from 190 and 260 nm at room temperature.

We repeated the scans four times, and the averaged values were plotted.
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of TH activity, such as insect-derived IBPs (Figure 2.6.Ca). In contrast, a hexagonal bipyramid is
created in moderately active IBPs exhibiting approximately 1°C of maximal TH, such as fish-
derived IBPs (Figure 2.6.Cb). AnpIBP is categorized as a moderately active IBP based on its TH
value (Figure 2.6.B). However, a single ice crystal in AnpIBP solution represented a lemon-like
shape (Figure 2.6.Cc) as observed previously [115], suggesting that AnpIBP can also bind to
multiple ice planes although its manner will not be perfectly the same as the hyperactive IBPs. In
contrast, the defective mutant S153Y generated a hexagonal bipyramid, as produced by fish IBPs
(Figure 2.6.Cd). Another mutant, T156Y, also produced a hexagonal bipyramid, although it is not
clearly faceted (Figure 2.6.Ce). In FIPA analysis, the illumination of S153Y was observed in six
patches at the middle latitude of the ice hemisphere (Figure 2.6.Da). This result indicates that the
S153Y mutant loses the binding affinity to the prism ring, as it occupies the equator. The
illumination area of T156Y was further reduced (Figure 2.6.Db) in comparison with that of the
S153Y mutant, suggesting a significant loss of binding ability. These results suggest that Ser153
and Thr156 on the B-face are the residues necessary to bind to the water molecules constructing

the prism ring of a single ice crystal hemisphere.

2.4.4. Ice-like polygonal water networks were observed on the IBS of AnpIBP

The data presented here indicate that the IBS of AnpIBP is constructed on the B-face,
similar to other microbial IBPs [103]. On the basis of the known IBS construction, its location
in AnpIBP was hypothesized to be in the area surrounded by a blue line in Figure 2.8.A. The size
of this IBS—the solvent-accessible area—is approximately 1,418 A2, slightly larger than the 921
A? estimated for IBS on TisIBP [97]. The amino acid residues that participate in the IBS are also
shown in Figure2.8.A. The Thr and Ser are indicated in yellow, and the charged residues are in

green. A four-residue segment stacked on the B1-loop and six-residue segments of six-stranded
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parallel B-sheets are the candidate ice-binding residues: T36-S-1-T39 (loop region), Q17-G-V-A-
N-A22 (B1), S189-A-V-T-L-D194 (B6), A171-L-I-A-A-Q176 (BS), S153-S-A-T-L-G158 (B4),
T126-T-L-V-T-Y131 (B3), and S100-A-V-G-L-D105 (B2). For each B-loop, the side chains of four
residues are directed outward, whereas two residues are directed inward, leading to an out—out—
in—out—in—out pattern similar to that identified in 7isIBP6 and Co/IBP [97,125].

Some of the DUF3494 IBPs are composed of repetitive amino acid sequences. For
example, FfIBP, a hyperactive IBP, has repetitions of the consensus sequence —T-A/G—X-T/N
[138]. A slightly different EfcIBP also contains the repetitive sequence —T—X—T or T-X-D and is
categorized as a moderately active IBP [139]. In the IBS amino acid sequence of AnpIBP, there
is no such repetitive sequence. The outward-pointing residues on the IBS of AnpIBP contain
relatively small hydrophobic side chains, such as alanine, glycine, serine, and threonine, which
share 70% of the total IBS. The residues shown in columns 1, 2, and 4 (Figure 2.8.A, right) are
hydrophobic residues, whereas column 6, at the edge, contains charged groups. A hydrophobic
surface containing spaced hydroxyl groups is a typical feature of IBS and is thought to be key to
locating the ice-like clathrate water molecules on that site.

It has been shown that hydration water molecules on an IBP are relevant to its ice-binding
function. We examined such water molecules located on the crystal structures of AnpIBP and the
S153Y mutants. In crystals of AnpIBP and S153Y, the asymmetric unit contained six molecules
and three molecules, respectively (Figure 2.4.). Among the six AnpIBPs, half of the IBSs were
covered by another protein, whereas the other half was exposed to the solvent. This is due to the
hydrophobic nature of IBSs, which tend to align face to face in an asymmetric unit [ 140]. We
found that approximately 150 water molecules are located beside three molecules of AnpIBP that
are closely assembled in the crystal. These water molecules mostly form pentagonal or hexagonal

structures. These structures are called “semi-clathrate water networks” and are initially found in
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Figure 2.8. Surface models of the present determined structures of AnpIBP (7BWX.pdb)
and its mutant (7BWY.pdb).

(A) An ice-binding site (IBS) constructed on the B-face of AnpIBP (wild-type) whose area is
indicated by a blue line. The capitals in columns 1, 2, 4, and 6 represent the outward-pointing
residues, mostly Thr and Ser (yellow). The small characters in columns 3 and 5 are inward-
pointing residues, mostly hydrophobic residues. The polar residues are aligned in column 6
(green). (B) Surface model of wild-type AnpIBP in the same orientation as (A), where gray, red,
and blue show the hydrophobic, positively charged, and negatively charged residues, respectively.
The black rods connect the oxygen atoms of the hydration waters (cyan) proximal to each other
within 3.5 A, the maximum allowed distance for a hydrogen bond [140,141]. Many hydration
water molecules are circled and organized into polygonal geometry on the IBS. (C) Surface model
of the crystal structure of the S153Y mutant whose ice-binding ability was lowered. The

polygonally arranged water molecules were not detected on the IBS.
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a hyperactive fish type I IBP called Maxi [66,107]. In Maxi, approximately 400 water molecules
participate in the water networks, which extend from a core region to the outside of the four-helix
bundle structure. When we identified the water molecules whose oxygen atoms are proximal to
each other within 3.5 A to be connected with a hydrogen bond [141,142], a total of 88 water
molecules were displayed on the solvent-exposed IBS (Figure 2.8.B). The molecules are mainly
organized into polygonal arrangements similarly to those observed in Maxi, which extend over
the left and right sides of the IBS in AnpIBP. There are at least 13 polygons on the IBS of AnpIBP,
which are mainly located around S153 and T156. Such ice-like polygonally arranged water
molecules were not identified on the solvent-exposed IBS of a mutant, S153Y (Figure 2.8.C),
whose TH activity and ice-binding ability were lowered (Figure 2.6.C,D). Molecular dynamics
calculations of ice growth kinetics suggest that the growth front of an ice crystal forms a unique
layer composed of semi-clathrate waters that change between liquid and solid intermediate states
[143,144]. This growth front is named a “quasi-liquid layer” and is assumed to be an initial target
of IBP when making an IBP—ice complex. The polygonal water networks of 4npIBP are assumed
to merge with this quasi-liquid layer, leading to the location of the host (4npIBP) on the surface
of an ice crystal. This mechanism facilitates rapid association of IBP to ice crystals and has been

proposed for several other IBPs that accompany the polygonal water networks.

2.4.5. Ice-binding mechanism of AnpIBP

Figure 2.9.A,B shows a single ice crystal hemisphere formed in a solution and its
constituent water molecules organized into hexagonal arrangement, respectively. Figure 2.9.A
illustrates the location of the prism ring as observed for AnpIBP, as well as the basal plane. The
basal plane is the polar area of the spherical ice corresponding to the top surface of the hexagonal

ice (Figure 2.9.B). The location of the primary and secondary prism planes (white squares) and
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the oxygen atom spacing of the basal, primary prism and secondary prism planes (expanded
views) are indicated in Figure 2.9.B.

It has been shown that several IBPs have regular arrays of hollows on their surface [29].
They are sometimes vacant in the crystal structure due to crystal packing. They are thought to trap
the hydration water molecules so that they are located at regular intervals [42,84]. For such
arrayed water molecules, an anchoring role to bind the host protein (IBP) to ice crystal plane(s)
has been hypothesized. For example, an insect-derived 7mIBP has six arrayed hollows on its IBS
to trap water molecules (Figure 2.9.C). This IBP consists of tandem repeats of 12 consensus
sequences containing a tripeptide “TCT”, where T is Thr and C is Cys. In this motif, two ranks of
six Thr residues are exposed outside and Cys residues are oriented inside. This out—in—out
arrangement of TCT is stacked on the B-helical domain, leading to the formation of hollows in
which to locate six regularly arrayed water molecules (Figure 2.9.C). An original ice-binding
model of 7mIBP was that the two ranks of Thr function in ice binding, because the two-
dimensional spacing between their side-chain hydroxyl groups shows complementary matches to
the oxygen atom spacings of the primary prism and basal planes [84]. TmIBP, however, binds to
all of the ice planes besides the primary prism and basal planes. Figure 2.9.C shows that the
hollows are present at 4.6- and 13.8-A intervals, closely matching the oxygen atom spacings of
the basal plane (Figure 2.9.B). This observation is consistent with 7mIBP binding to the basal
plane. Because the oxygen atom distance of 4.6 =+ 1.0 A has been identified for all planes of a
single ice crystal, the presence of surface-trapped oxygen atoms separated by 4.6 A might be key
to binding to the oxygen atoms constructing many ice planes.

The presence of four regularly arrayed hollows was identified in the IBS of AnpIBP (Figure
2.9.D). Unlike 7mIBP, these hollows are not flanked by ranks of Thr, as the IBS of AnpIBP does

not consist of a tandem repeat sequence. The segments organized into out—out—in—out—in—out
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arrangement stacked on the B-helical domain create these hollows with regular intervals. The
distance between the first and second hollows and between the third and fourth hollows is 4.6 A,
and that between the first and third hollows and between the second and fourth hollows is 14.7 A
(Figure 2.9.D). These intervals perfectly match the oxygen atom distance in the primary and
secondary prism planes (4.6 and 14.7 A) as well as that comprising the prism ring. The 4.6 A
atom spacing is common for many ice planes, whereas 14.7 A is only specific to the prism planes.
We assume that such a rigorous water atom spacing is located on the prism planes but not on the
basal plane. Figure 2.9.E shows an additional surface model of a microbial IBP denoted 7isIBP6
[97]. This is also composed of a B-helical domain that includes the out—out—in—out-in—out
segments and exhibits the ability to bind to whole ice crystal planes. The hollows on this IBP are
separated by 4.6 A, and the 14.7 A interval does not exist between these water molecules.

The AnpIBP has the polygonally arranged ice-like water molecules on its IBS (Figure
2.8.B), which are assumed to have an anchoring role by merging with the quasi-liquid layer
constructing an ice crystal surface, which is more ordered than bulk water molecules, but less
ordered than those in the hexagonal ice lattice [145,146]. The polygonally arranged water
molecules are assumed to assist the AnpIBP in immersing into the quasi-liquid layer, which may
locate the IBS in close proximity to the water molecules of the solid ice lattice. This structure
facilitates subsequent AnpIBP binding to the latticed water molecules separated by 14.7 A that
are specifically involved in the prism ring. A similar, but not identical arrangement of water
molecules was observed on a fish type III IBP (nfelBP6 and its mutant) [109]. This IBP also has
polygonally arranged water molecules but does not exhibit hollows on that surface. Instead,
several water molecules that participate in the polygonal water network exhibit a perfect position
match to their target ice planes (primary and pyramidal ice planes). The insect-derived IBPs, such

as TmIBP, have regularly arrayed hollows, but they do not accompany a polygonally arranged

60



water network [84]. The other IBPs that have polygonal water networks do not have arrayed
hollows on their surface [106,108]. Therefore, AnpIBP is the first example to both have
polygonally arranged water molecules and have hollows to tightly trap the surface water
molecules at regular intervals, allowing the binding of this IBP only to water molecules separated
by 14.7 A, which form the prism ring. The fish type III IBP also accompanies the surface-bound
waters [ 109], which are not linearly aligned but are two-dimensionally organized. This may cause
its specific binding to only the primary prism plane and a pyramidal plane. The growth speed of
the prism planes is approximately 100 times faster than that of the basal plane [20]. AnpIBP
binding to the prism planes effectively inhibits this fast growth, which protects the host organism
(A. psychrotrophicus) from ice injuries.

To summarize, the present study determined the target ice planes and X-ray crystal
structures of the wild-type and a defective mutant of 4npIBP. The AnpIBP uniquely binds to the
water molecules that participate in the primary and secondary prism planes, which were detected
as a prism ring in the FIPA experiment. Both the ice-like polygonally arranged water molecules
and a row of four hollows to trap the surface water molecules exist on the IBS of 4npIBP and
perfectly match the oxygen atom spacings (4.6 and 14.7 A) of the prism ring. The presence of
oxygen atoms separated by 14.7 A should be key to recognizing the prism ring, whereas four
trapped water molecules will bind AnpIBP tightly onto the prism ring. These results suggest
that AnpIBP is fine-tuned to merge with the ice—water interface of an ice crystal through
polygonally arranged water molecules and then bind to specific water molecules constructing the

prism ring through the water molecules trapped in the four hollows.
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Figure 2.9. Oxygen atom spacings of a single ice crystal and IBPs.

(A) Mlustration of the prism ring, indicating the AnpIBP-bound area on a single ice crystal
hemisphere. (B) Hexagonally arranged water molecules that are the constituents of the single ice
crystal hemisphere. Only the oxygen atoms are only indicated. The basal plane is the top surface
of (A,B). The oxygen atoms separated by 4.6 and 14.7 A are unique constituents of the primary
and secondary prism planes as well as the prism ring. (C) IBS of 7mIBP has six hollows to trap
the water molecules (cyan) at regular intervals. They show a close match to the O-atom distances
of the basal plane (4.6 and 13.8 A). (D) Four linearly arrayed hollows observed on the IBS
of AnpIBP to trap the water molecules. Their intervals perfectly match the distance between the
oxygen atoms comprising the prism ring (4.6 and 14.7 A). (E) Hollows with 4.6-A intervals

observed on 7isIBP6, which possesses the ability to bind to multiple ice planes.
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Chapter 3: Discovery of hyperactive IBP

from Dorcus hopei binodulosus
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Preface: This chapter was published in International Journal of Molecular Science: Arai, T.*,
Yamauchi, A.*, Miura, A., Kondo, H., Nishimiya, Y., Sasaki, Y.C. and Tsuda, S. (2021) Discovery
of hyperactive antifreeze protein from phylogenetically distant beetles questions its evolutionary

origin. * Two authors are equally contributed to this study.

3.1. Abstract

Beetle hyperactive ice-binding protein (IBP) has a unique ability to maintain a supercooling
state of their body fluids, however, less is known about its origination. Here we found that a
popular stag beetle Dorcus hopei binodulosus (Dhb) synthesizes at least 6 isoforms of hyperactive
IBP (DhbIBP). Cold-acclimated Dhb larvae tolerated —5°C chilled storage for 24 hours and fully
recovered after warming, suggesting that DAbIBP facilitates overwintering of this beetle. A
DhbIBP isoform (~10 kDa) appeared to consist of 6—8 tandem repeats of a 12-residue consensus
sequence (TCTxSxNCxxAx), which exhibited 3°C of high freezing point depression and the
ability of binding to an entire surface of a single ice crystal. Significantly, these properties as well
as DNA sequences including untranslated region, signal peptide region, and an IBP-encoding
region of Dhb are highly similar to those identified for a known hyperactive IBP (7TmIBP) from
the beetle Tenebrio molitor (Tm). Progenitor of Dhb and Tm was branched off approximately 300
million years ago, so no known evolution mechanism hardly explains the retainment of the DNA
sequence for such a long divergence period. Existence of unrevealed gene transfer mechanism
will be hypothesized between these two phylogenetically distant beetles to acquire this type of

hyperactive IBP.
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3.2. Introduction

Stag beetles include approximately 1,200 species of insects belonging to the family
Lucanidae, characterized by a pair of long horns, which resemble antlers of a stag, protruding
from the mandibles of the male (Figure 3.1.A) [120,147]. The stag beetles established immense
popularity in Japan [148,149] as evidenced by cartoons, trading card games, fan websites, or the
Japanese Samurai helmet in the 1500s, which was decorated with an ornament called “Kuwagata”
designed after the stag beetle (Figure 3.2.). Among them, Dorcus hopei binodulosus (Dhb) (Figure
3.1.A,B) is especially popular because of its stout large body [121]. The DAb beetle is found in
northeastern China, Korea, and Japan that has an icy winter season, while it uniquely possesses a
long-life overwintering nature; larvae live for 1-2 years until pupation in a rotten tree or
underground, and the adult lives for 3—5 years on the ground [120,121]. Because hyperactive ice-
binding protein (IBP) discovered in fishes, insects, and bacteria is known to facilitate their cold-
survival [22], we speculated whether the DAb beetle produces this protein in its body fluids. Since
only four beetles, namely Tenebrio molitor, Dendroides canadensis, Anatolica polita, and
Microdera punctipennis, are known to synthesize hyperactive IBP composed of a consensus
sequence [82,117—-119] and all of them belong to the same superfamily Tenebrionoidea, less is
known about the origins of this protein, while the Dhb beetle belongs to a different superfamily
Scarabaeoidea [120]. Therefore, if Dhb contains hyperactive IBP, the discovery provides a first
clue to understanding the origin of this protein as well as new resources (i.e., stag beetles) to
explore more new species of hyperactive IBP.

Aqueous solutions that remain in liquid phase by lowering the temperature below the
melting point are called supercooled solutions, in which numerous “embryo” ice crystals are
present dispersively [39,150]. When the temperature is further lowered and thermal movement of

embryo ice crystals decreases, they aggregate rapidly to form a large cluster to nucleate numerous
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ice particles, thereby changing the water molecules into a multi-crystalline state, which is the
general ice crystal structure. Note that a substance other than water molecules sometimes
catalyzed the aggregation process [39]. The overwintering, cold-adapted insects have long been
known for their ability to stabilize such a supercooled state of their body fluids at subzero
temperatures, leading to protection from freezing [151]. The supercooled state, or semi-frozen
state, is also stabilized with low molecular weight solutes in the body fluids, such as polyhydroxy
alcohol (ex. glycerol), sugars (ex. treharose), amino acids (ex. proline), and/or glycolipids. Insects
that equip such cold-survival mechanisms are called freeze-avoidance species, which cannot
recover once their body fluids is frozen entirely. In contrast, freeze-tolerant species can recover
from the freezing of their body fluids, though usually only extracellular fluids are thought to be
frozen by secreting proteinaceous ice nucleators that protects inside of cells from freezing [ 151].
The hyperactive IBP synthesized in the freeze-avoidance insects strongly arrests the growth of
embryonic single ice crystals generated in supercooled water [82]. This mechanism indeed
prevents aqueous solutions from freezing down to approximately —5°C. This protein is therefore
regarded as a novel cryoprotectant to realize quality preservation of vaccines, cells, and organs
around —5°C without formation of ice blocks [13]. Note that the IBP’s ability to stabilize the
supercooling state is evaluated by a difference between freezing and melting points of the IBP
solution, which is called thermal hysteresis (TH) [29].

The hyperactive IBP, TmIBP, was first identified in 1997 from the hemolymph of the beetle
T molitor (Tm), which exhibited a significant TH activity (~5°C) [82]. 7mIBP is a mixture of nine
isoforms (MW = 8.4-12 kDa), consisting of 7—11 tandem repeats of a 12-residue consensus
sequence, namely TCTxSxNCxxAx, where x is any amino acid residue [83]. A homologous IBP
isoform (DcIBP), containing the “TCT sequence,” was identified from another beetle D.

canadensis that shares 46%—66% sequence identity with 7TmIBP isoforms, and is composed of the
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same 12-residue sequence repeats with occasional insertions of additional amino acids [151]. This
12-residue sequence is not identified in neither fish-, plant-, fungi-, nor bacteria-derived IBP. The
spruce budworm Choristoneura fumiferona is not a beetle, but synthesizes IBP (SbwIBP, Mw =
9 kDa) composed of the TxT sequence (x is variable) and exhibits a high TH activity (5°C) [42].
Extensions of TxT, such as TxTxTxT, were identified for other hyperactive IBPs from the
longhorn beetle Rhagium inquisitor (RiIBP, Mw = 12.8 kDa) [85] and the inchworm of the
geometer moth Campaea perlata (iwIBP, Mw = 3.5-8.3 kDa) [88]. Hence, TxT is considered a
key structural motif for significant TH activity. The IBP from snow flea Hypogastrura harveyi
Folsom (sfIBP, Mw = 6.5-15.7 kDa) [89], a primitive arthropod with six legs and no wings, is an
exception. It consists of a repetitive glycine-rich sequence instead of TxT, which also exhibits
high TH activity (5.8°C).

We repeatedly bred Dhb beetle for years to obtain the final (3") instar larvae, which were
used for cold-survival experiments and detection of hyperactive IBP synthesis in their hemolymph.
We found that DAb larvae tolerate —5°C -chilled preservation for 24 hours and synthesize at least
six isoforms of hyperactive IBP (D4bIBPs), for which we performed mitochondrial DNA & amino
acid sequence analysis, recombinant-protein preparation, TH activity measurement, structural
modeling, and phylogenetic analysis. Significantly, all the data obtained for DAbIBP exhibited
significant similarity to those identified for a known hyperactive IBP from a phylogenetically

distant beetle, the 7. molitor (TmIBP).
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Figure 3.1. A stag beetle Dorcus hopei binodulosus (Dhb) and a bursting ice-crystal growth
observed for its hemolymph at the freezing point.

(A) An adult form of DAb and (B) its final instar larva. The adult is uniquely equipped with a pair
of antlers like a stag. (C) A photomicroscope image of a single ice crystal in ordinary supercooled
water (—0.1°C), which shows a rounded disk-like morphology. (D—E) The disk expanded when
the temperature was held, implying that there is no antifreeze substance. (F) A photomicroscope
image of a single ice crystal prepared in larval hemolymph, which kept unchanged even if the
temperature was changed between —5.0°C and 0°C because of the ice-binding of hyperactive IBPs.
The hyperactive IBP-bound ice crystal is uniquely modified into a lemon-like shape. (G) Bursting
ice growth occurred from a tip of the lemon crystal when it further lowered the temperature to
freezing point (—5.1°C). (H) The bursting ice growth continues to show a vein-like pattern, which

is also a known phenomenon for hyperactive IBPs.
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Ookuwagata
Dorcus hopei binodulosus

Figure 3.2. Popularity of the stag beetle in Japan.

(A) A photograph of the stag beetle Dorcus hopei binodulosus (3), “Ookuwagata” in Japanese,
where “Oo0” means giant. (B) An example of an armor protection suit for the Japanese warrior
“Samurai” in the 1,500s, illustrated by Tsuda. The helmet is decorated with a pair of antlers called
“Kuwagata,” which was designed after the stag beetle to symbolize the toughness and power of
the samurai wearing the suit. (C) A photograph of a replica of the samurai helmet decorated with

Kuwagata, owned by an author (Miura).
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3.3. Materials and methods
3.3.1. Construction of cDNA library from Dhb larva

A final instar larva of the stag beetle Dorcus hopei binodulosus (Dhb) acclimated at 10°C
was flash frozen with liquid nitrogen and homogenized with a mortar and pestle. The homogenate
suspension (200 mg) was prepared using TRI reagent (2 mL, MERCK, Darmstadt, Germany) and
QIAshredder (QIAGEN, Hilden, Germany). After removing the insoluble fraction from the
suspension by centrifugation at 11,000 x g for 20 min, chloroform (400 pL) was added to the
supernatant to precipitate unwanted proteins and DNA. All RNAs, denoted “total RNA,” of the
beetle was obtained in the aqueous phase. Total RNA was precipitated by adding 2-propanol (1
mL) and recovered with DEPC-treated water, which prevents RNA degradation. The Oligotex-
dT30 mRNA Purification kit (TaKaRa, Shiga, Japan) was used to extract mRNAs from total RNA.
Then, reverse transcription was performed using oligo (dT) primers and obtained mRNAs for 60
min at 42°C. This primer selectively binds the poly adenine (A) region of mRNAs, leading to the
generation of single strand cDNAs (ss-cDNAs) that are complementary to mRNA sequences. The
obtained ss-cDNAs were then reacted with RNase H and DNA polymerase I for 2.5 h at 16°C to
form double strand cDNAs. We utilized the ZAP-cDNA synthesis kit (TOYOBO, Osaka, Japan)
for these experiments. We did not know which cDNAs encode isoforms of DAbIBP at this stage.
To identify them in the next step, a DNA segment called “Adaptor,” whose nucleotide sequence
is mentioned in the kit, was specifically ligated to 5'- and 3’-ends of each cDNA by T4 DNA ligase

overnight at 8°C.

3.3.2. Sequence determination of cDNA encoding DhbIBP
The ¢cDNA sequence that encodes an isoform of DAbIBP is described as follows: (I) 5'-

Adap—-UTR1-Met-signal sequence—DA1bIBP—stop codon—-UTR2—poly (A)-Adap-3’, where Adap,
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UTR 1&2, and Met denote the Adaptor, untranslated region 1 & 2, and methionine, respectively.
DNA —protein translation is initiated from Met. A mature DibIBP is produced by the removal of
a signal sequence located upstream (left-hand side) of the DAbIBP sequence. On the basis of
known DNA sequences that encode hyperactive IBPs from beetles Tenebrio molitor and
Dendroides canadensis (TmIBP and DcIBP) [83,117], we initially prepared the following primer:
(a) 5'-TGYACTGGDGSTCYGAYTGYMVHDSKTGYAC-3' (forward primer). This primer (a)
should bind to “DAbIBP” in the sequence (I), if it is a correct nucleotide sequence that can encode
a protein whom cDNA exhibits high sequence similarity to that encoding 7mIBP and/or DcIBP.
We next prepared primer (b), which was designed to bind to the segment composed of “poly (A)—
Adap” region in the sequence (I). (b) 5'-GAGAGAACTAGTCTCGAGTTT-3' (reverse primer).
Polymerase chain reaction (PCR) was performed with primers (a) and (b) and the cDNA library
(see previous paragraph) using Ex taq DNA polymerase (TaKaRa Bio Inc, Tokyo, Japan) on our
PCR instrument (GeneAmp PCR system 9700, Applied Biosystems, Foster city, USA). The
following reaction cycle was used: 94°C (1 min)—{94°C (1 min)-50°C (1 min)-72°C (1 min)} x
30-72°C (5 min)—4°C (hold). Various cDNAs amplified with these primers, which are the
promising candidates for cDNAs encoding DAbIBP isoforms, were obtained using agarose gel
electrophoresis (a similar example shown in Figure 3.3.G). The obtained cDNAs were ligated to
the pGEM-T Easy vector (Promega, Madison, USA) using the Mighty TA-cloning Kit (TaKaRa).
The resultant plasmid, including a ¢cDNA candidate, was then transformed into competent
Escherichia coli IM109. Following colony PCR with universal M13RV and M13M4 primers on
the agarose gel, the plasmid was collected from positive clones using the QIAprep Spin Miniprep
Kit (QIAGEN). We then determined their nucleotide sequence by employing BigDyeTM
Terminator v3.1 Cycle Sequencing Kit and ABI 3130x] Genetic Analyzer (Applied Biosystems,

Foster City, CA). We found that cDNAs collected at this stage contained partial sequences,
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composed of half-way portion to the stop codon—-UTR2 segment, but did not include the signal
sequence described in (I).

On the basis of the partial sequence of cDNA candidates that encode D#bIBP isoforms, we
prepared the following primers: (¢) 5'-TCGGGAATTCGGCACGAGG-3' (forward primer), (d)
5'-ATAGCGGCCGCGGATCCTTAATGTCCGGGACATCCTG-3" (reverse primer). Primer (c)
was designed to bind to the upstream “5’-Adap” region in the cDNA sequence (I). Primer (d)
binds to a region including the “stop codon—UTR2”. With these two primers, PCR performed
using the cDNA library according to the procedures described in the previous paragraph. A
problem in this experiment was that the primer (c¢) binds not only to “5’-Adap,” but also to the
“Adap-3"’ region of the sequence (I), leading to the amplification of a large number of cDNAs.
Hence, the amplified DNA fragments in the size range of 500—700 bp were purified using agarose
gel electrophoresis, which was the estimated size of the cDNA encoding DibIBP isoforms.
Sequence analysis of our obtained samples in this time gave us revealed information, including
the signal sequence, of cDNAs.

Because we could obtain information about the cDNA candidates, including the signal
sequence, encoding DAbIBP isoforms, we prepared the following primer: (e) 5'-
GGAACATATGGCATTCAAAACGTGTGCT-3' (forward primer). This primer was designed to
bind to the signal sequence of cDNAs encoding DAbIBP isoforms, whose start codon is indicated
with underlined text. Hence, final PCR was performed against the cDNA library with primers ()
and (b). The original reaction cycle was slightly modified to 94°C (1 min)-{94°C (1 min)-56°C
(1 min)-72°C (1 min)} x 30°C-72°C (5 min)-4°C (hold). We obtained 650 bp PCR products in
this final PCR. By employing the sequence determination procedures described in the last half of
the 1st paragraph of this section, we could determine at least six nucleotide sequences encoding

DhbIBP isoforms, which were translated into amino acid sequences shown in Figure 3.5. and 3.6.
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3.3.3. Expression and purification of rDAbIBP2 isoform

A codon optimized DNA sequence encoding DAbIBP2 isoforms (Figure 3.5.) tagged with
thioredoxin (Trx) plus six consecutive histidines (His) (rDAbIBP2) was synthesized to include
Ndel and Notl cleavage sites at 5" and 3’ sites, respectively. Coexpression with the Trx-tag is
known to facilitate expression of the beetle IBP from Anatolica polita [172]. We used this strategy
to prepare rDAbLIBP2 in a similar manner. Histidine residues enabled affinity chromatography
with the Ni-NTA column. Following the digestion of the two cleavage sites, the obtained DNA
fragment encoding rDAbPIBP2 was inserted into the pET20b vector. This vector was then
transformed into E. coli BL21 (DE3). Transformants selected on antibiotic plates were inoculated
into 20 mL LB medium containing kanamycin and cultured at 37°C for 16 h. Harvested cells were
transferred into LB medium (1 L) containing kanamycin and cultured at 37°C for 2—3 h. When
its OD600 value reached 0.4—0.8, the expression of rDAbIBP2 was induced by isopropyl-b-D-
thiogalactopyranoside (0.5 mM). The obtained cells were further cultivated at 15°C for 24 h,
collected by centrifugation, resuspended in Tris-HCl buffer (0.1 M, pH 8.0) containing NaCl (0.1
M), and disrupted by sonication for 45 min. A soluble fraction of the cell lysate was obtained by
centrifugation and loaded into the Ni-NTA column (QIAGEN) equilibrated with Tris-HCI (20
mM) containing NaCl (0.5 M). The rDAbIBP2 was eluted by the same buffer containing 250 mM
imidazole. The collected fraction was dialyzed against Tris-HCI buffer (20 mM, pH 8.0) overnight
and purified using anion-exchange High-Q (Bio-Rad) column chromatography. The column-
bound protein was eluted using a linear gradient of NaCl (0—300 mM). The active fraction
obtained from this anion-exchange chromatography was dialyzed against and purified by gel-
filtration Superdex 200 (GE-Healthcare, Amersham, UK) chromatography. The purity of the

protein was confirmed by sodium-dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
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PAGE) (Figure 3.7.C). Purified DhbIBP was dialyzed against Tris-HCI buffer (20 mM, pH 8.0)

and stored at —20°C until use.

3.3.4. Thermal hysteresis (TH) measurement for rD/41b1BP2

The procedure to evaluate TH activity was described previously [31]. Briefly, hemolymph
(0.8 uL) was placed in the middle of a HIRSCHMANN minicaps DE-M 18 glass capillary (@ =
0.92 mm) (HIRSCHMANN, Eberstadt, Germany). It was then soaked into a house-made capillary
holder to set into a Linkam 10002L temperature-controlled photomicroscope stage (Linkam
Science, London, UK). and observed under a Leica DMLB 100 photomicroscope system (Leica
Microsystems AG, Wetzlar, Germany). The sample was flash frozen once to form a
polycrystalline state of ice crystals by temperature reduction to —25°C, and then warming to
obtain a single ice crystal in that solution. Following 3-min incubation, this ice crystal was cooled
again at the rate of —0.1°C min™! until bursting ice-crystal growth occurred, whose temperature
was determined as the non-equilibrium freezing point [13]. The measurement was performed at

least three times and averaged values were evaluated with error bars.

3.3.5. Fluorescence-based ice plane affinity (FIPA) measurement for rDAbIBP2

The FIPA analysis was performed according the published procedures [ 18]. Briefly, a single
ice crystal (@ = 3cm) was prepared with a cylindrical mold. After determining its c-axis using a
polarizer, a half-cut of the cylindrical ice crystal was mounted on a hollow copper tube (@ = 15
mm), in which —0.8°C coolant was circulated by a refrigerant pump (Hitachi AMS-007, Hitachi,
Japan). The “ice pitting method” [18] generated a six-sided star mark on the polar region of the
single ice-crystal hemisphere, which indicates the a;—a;3 directions of the hexagonal ice unit under

atmospheric pressure [12]. The hemisphere with known orientation is then mounted onto the
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—0.8°C chilled probe to face down the desired ice plane. Following 1-2 h incubation with a 0.1
mg/mL solution of a fluorescence-labeled IBP sample, the FIPA pattern illuminated on the ice-
crystal hemisphere was observed under UV light. The fluorescence dye used was
tetramethylrhodamine (5(6)-TAMRA-X, SE) (Thermo Fisher Scientific, Waltham, USA), which

attaches to a lysine residue (K!%%) of the rDAbIBP2 isoform.
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3.4. Results and Discussion
3.4.1. Hemolymph of Dorcus hopei binodulosus (Dhb) exhibits antifreeze activity

The stag beetle examined in this study (Figure 3.1.A) was originally named Dorcus
curvidens binodulosus [152] that was classified based on morphology, ecology, and karyology.
Re-evaluating its detailed morphology and genome-based classification based on mitochondrial
DNA (mtDNA) suggested that this beetle should be named Dorcus hopei binodulosus [120]. This
new classification received a consensus from the scientific community and has been adopted
[120,153]. Here, we extracted mtDNA from an adult sample (Figure 3.3.) and determined its 16S
ribosomal RNA (16S rRNA) sequence, which comprises 981 base pairs. This sequence exhibited
99.2% identity with the 16S rRNA sequence of Dorcus curvidens binodulosus (GenBank
accession no. AB178292.1) [152] and was therefore designated Dorcus hopei binodulosus.

IBP secretion was examined in 0.8 pL hemolymph extracted from the final instar larvae of
Dhb, which were raised according to the procedures shown in Figure 3.4. Of these, 40 were cold-
acclimated at 4°C or 10°C in the last 2 months of breeding, and 11 were non-cold-acclimated at
25°C during the last 2 months. The hemolymph droplet was flash frozen on the Linkam 10002L
photomicroscope stage to form an assembly of numerous single ice crystals, from which we
reduced to one single ice crystal by manipulation of the stage temperature near 0°C [154]. We
then applied slow temperature lowering (—0.1°C min™') on this ice crystal, which modified it into
a lemon-like morphology (Figure 3.1.F) and caused a vein-like bursting growth (Figure 3.1.G,H).
These are typical observations for a solution containing hyperactive IBP [22]. Notably, such
changes were detected for 4°C- and 10°C-acclimated larvae, while not for 25°C-incubated larvae,
indicating that Dhb does not synthesize IBP without cold-acclimation. The temperature at which
the bursting ice growth occurred was evaluated as the freezing point. The melting point of the

lemon-like single ice crystal was also evaluated by increasing stage temperature, which allowed
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TH evaluation [154]. The TH values of the hemolymph were variable according to a development
stage and a larval size, and maximal values of 1.7°C £ 0.3°C and 4.4°C £ 0.2°C were determined
for 4°C- and 10°C-acclimated final instar larvae, respectively. No significant TH value (0°C) was
detected for the hemolymph of non-cold-acclimated larvae. Graham et al. (1977) reported a
detection of comparable TH activity (~5°C) for the TmIBP-containing hemolymph [82]. The
present observations hence suggest that Dib preferably synthesizes hyperactive IBP (DAbIBP) by
10°C-cold acclimation. The 7. molitor larvae maximize 7mIBP synthesis when acclimated at 4°C
[155], whereas 4°C-acclimated Dhb larvae exhibited poor activity. We speculate that the Dhb
larva finds it challenging to maintain its metabolic rate at 4°C because of its large body (~20 g)
compared with the 7. molitor larva (< 0.2 g), which leads to decreasing D4bIBP production at

lower temperatures.

3.4.2. Dhb larvae tolerate —5°C preservation for 24 hours

To examine cold survivability of final instar DAb larvae acclimated at 10°C, we performed
chilled preservation of Dhb larvae at —5°C and —10°C for 24 h. A dry plastic box (15 cm x 10 cm
x 5 cm) containing naked larvae was placed in an incubator (model LTI-601SD, EYELA, Tokyo,
JPN) preset at the required temperature (Figure 3.4.). We took out the chilled vessel after the 24
h preservation period to evaluate larval recovery after warming them to room temperature (24°C).
All 10 larvae remained unfrozen by maintaining the supercooled state during the —5°C-
preservation and fully recovered after warming (Video SI1; available online at
https://www.mdpi.com/article/10.3390/ijms22073637/s1.). By contrast, at —10°C, all 10 larvae
froze and did not recover. We next performed the —5°C-experiment with water droplets attached
to larval skin. This droplet seeds ice crystals on the larval body and freezes them. The ice-seeding

froze all 3 larvae during the 24-h preservation at —5°C, and the frozen larvae never recovered.
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E

Primers to obtain
16S ribosomal RNA (rRNA)

Forward 5'-CCG GTT TGAACT CAGATCATG T- 3
Reverse 5'-TAATTTATT GTACCT TGT GTATCA G- 3'

Hosoya et al. (2001) Entomol Sci 4 (3), 335-344.

G
DNA size Reaction mixture Reaction cycle
(bp) MiliQ 10u || gre  1sec
5xbuffer 3ul e
: DMSO 1Tl sec
5,000 Primer (6.4 pmol) 2 ul 50C 30 sec }x n
- PCRproduct  60ng|| [60C 4 min
BigDye terminator 2 ul £C hold

K NNNNNNNNNNGNCTTACCTNNNNNGCTCCTACACCAAAAGTTCATTTTAATCCNNCATCGAGGTCGNNNNNNNNNNNNNNNNNNNAA
CTCTCCAAATTAATTACGCTGTTATCCCTAAGGTAATTTAATCTTGTAATCGTCCTAAACGGATCAAATATACACAAATCAGTGAAAAA
CCTTTAAAAAAAGTTTATTAAATTTTTCCATCACCCCAACAAAATAAATCCCCCGAAATCACATCAATCAACCTAAAAATACAATCTAA
AAAAATCTATAAAATTCTATAGGGTCTTCTCGTCCCTTAAAAATATTTTAGCCTTCTTACTAAAAAATAAAATTCTAGGACCATTTAAT
TGAGACAGCTATTTTCTTGTAAGACCGTTCATACCAGCTTTCAATTAAAAAACTAATGATTATGCTACCTTTGCACGGTMARAGTACCG
CGGCCATTAAATCCTAATCATTGGGCAGGCCAGACCTTAAATTATTCCCAAAAGGCCATGTTTTTAATAAACAGGCAGAAAATAAATTT
GCCGAATTACTTAATTAAACCTATCATTCATAAATTCCATGAACAAAAACATATACTTATTTCATCATTATTACTCAAAAATCCCAATT
ATATTCAACACTCTAATAAAAAACCTAAAAATAATTAAATCACTTCAATAAAAATCTTGCTATAAAACACAACAAARAAGTGAAAACTTC
TATTCCTATTCAATTTTTAATAATCACAAACTTATAGAAATTTACCCAAAAGCTTATCCCCTTGAGTATTACTTAACTCTAGAACCAAT
TATTCAAATAAATAATTCCTAGAATTAGCTTAATTAAATTAATTTCTTAGAGAACTAGATATATTTAAATCCGACTAACGTCTAATTCC
AATAATATATTATAAATGTTATTCAACATTAATATATATATACTATTAGCTCCTATAAATTCGAGAAAACTCAAATCCTGAACATCNNN
NNNNC 982

Figure 3.3. Taxonomic identification of the stag beetle Dorcus hopei binodulosus.

(A) The adult sample (J3) to identify the DNA sequence encoding its 16S ribosomal RNA (16S
rRNA). After chilling its body on ice for anesthesia, we cut out the chest (red ellipse). (B) The
chest muscle (25 mg) was collected using tweezers. (C) Muscle homogenized with 200 uL lysis
buffer provided in the DNeasy blood & tissue kit (QIAGEN, Hilden, Germany). Following the
kit protocol, (C) was incubated with a proteinase provided by the kit at 56°C for 2 d to obtain
crude extracts. (D) DNA pool obtained from the crude extract by using detergents in the kit. (E)
Two primers synthesized according to Hosoya, T. et a/ [ref. 152 in the text]. to obtain DNA
encoding 16S rRNA. (F) Our PCR instrument (GeneAmp PCR system 9700, Applied Biosystems,
Foster city, USA). The reaction cycle of 94°C (2 min)—{94°C (40 sec)—47.3°C (50 sec)-70°C (7
min)} x 35°C-72°C (7 min)—4°C (hold) was performed using the DNA pool and primers (E) and
the reaction mixture in the kit. (G) Agarose gel electrophoretogram to examine PCR products. A
major band was observed at approximately 1,000 base pairs (bp), which is the estimated size for
DNA encoding 16S rRNA. (H) A portion of the gel with our target DNA excised out from (G).

Approximately 300 ng DNA was obtained from the gel by using QIAquick gel extraction kit 250
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(QIAGEN, Hilden, Germany). (I) Reaction mixture and (J) PCR cycle to amplify our DNA.
Forward and reverse PCRs were performed separately and repetitively (n = 25-50) with
modifications to the program indicated in green (ex. 30 — 20 sec, 50 — 47°C). (K) The 982-bp
DNA sequence encoding 16S rRNA of our beetle determined with a sequence analyzer (3500
Series Genetic Analyzer, Thermo Fisher Scientific, Waltham, USA). This final sequence, except
45 “N”s (unidentified nucleotides), shares 99.2% identity with Dorcus curvidens binodulosus
(NCBI GenBank accession NO. AB178292.1), which was later revised to Dorcus hopei

binodulosus.
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Figure 3.4. Preparation of Dorcus hopei binodulosus larvae.

(A) An acryl case (37 x 22 x 25 cm) to breed the adult Dhb pair, where 1/2 the case was filled
with commercial leaf mold (KBSP5.0, Four-Seasons, Sapporo, Japan). (B) A rotten piece of wood
(Quercus serrata, @ =12 cm, [ =23 cm) was immersed into the mold. Db eggs were laid within
this wood. (C) Male (&) and (D) female () Dhb bred to obtain larvae examined in this study.
(E) A Dhb egg extracted from rotten wood. A total of 51 eggs were collected until the end of the
summer of 2019. Each egg was separately moved into a cup (80 mL) filled with the same mold
and incubated at 25°C. The infant larva (1% instar) hatched 1 month later. (F) The 2"¢ instar larva
grew to ~2.5 cm in that summer. (G) A bottle (800 mL) filled with Quercus sawdust, in which the
larva (F) was bred until it grew to 3" (final) instar after incubation for 2 months at 25°C. Lignin-
degraded nutrients in the sawdust are thought to accelerate larval growth. (H) A low-temperature
incubator (model LTI-601SD, EYELA, Tokyo, JPN) to induce cold-acclimation of the 3™ instar
larvae. Following the 2-month incubation at 25°C, they were cold-acclimated for an additional 2

months. Forty larvae were divided into two groups for cold-acclimation at either 4°C or 10°C.
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The remaining eleven were bred at 25°C for reference. (I) A plastic vessel containing a 10°C-
acclimated larva was placed in a freezer for 24-h chilled preservation at —5°C. (J) A Dhb larva,
out of the freezer after 24 h of chilled preservation. A movie showing the recovery of this larva
from the —5°C-chilled preservation is shown as Video S1 (https://www.mdpi.com/article/10

.3390/ijms22073637/s1.).
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Note that reproducibility of these data was verified by using additional final instar larvae raised
from different male-female pairs of Dhb captured in Osaka Japan. Asahina & Ohyama (1969)
reported that larvae of some Japanese stag beetles overwinter within a small space of rotten wood,
whose temperature was evaluated at —7°C, whereas outside air was chilled to approximately
—15°C in the middle of winter [116]. They reported that beetle larvae remained unfrozen, whereas
larvae of moths, namely Arctiidae and Noctuidae, froze in the same space. Although data on
ambient temperatures of the DAb larval habitat in the middle of winter are non-existent, the results
suggest that Dhb tolerating up to —5°C can be categorized as a freeze-avoiding species, where

cold-protective substances of the hemolymph, including IBP, prevents freezing for cold-survival.

3.4.3. DhbIBP and Tenebrio molitor IBP show significant similarities

We constructed a cDNA library of Dhb according to the procedures described in Materials
and method. We synthesized primers based on the DNA sequences encoding 7mIBP and DcIBP
[83,117]. Partial sequence determination of the DNA amplified using the forward- and reverse-
primers and extension of that sequence using an improved version of the primers enabled us to
identify at least 6 isoforms of IBP in the final instar larva of Dhb (Figure 3.5.). Alignment of the
amino acid sequence with known beetle IBP isoforms is shown in Figure 3.6. The data revealed
that Dhb synthesizes six isoforms of DAbIBP, which are thought to exist as a mixture in the
hemolymph, similar to 7 molitor and D. canadensis. Many organisms, including fish, plants, and
fungi, also synthesize multiple isoforms of IBP, a mix of which exhibits higher TH activity than
any single isoform [31,156]. The first 28 residues of all DAbIBP isoforms were designated as the
signal peptide, similar to 7mIBP, suggesting that DhbIBP isoforms are secreted into an
extracellular space. Notably, this 28-residue signal peptide was also conserved in 7mIBP, but not

in DcIBP. The nucleotide sequence of DAhbIBP1 encoding the signal peptide especially shares
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98.8% identity with the 7TmIBP isoform Tq (accession no. DQ229126.1.) [157] and their amino
acid sequences are 100% identical. DAbIBP isoforms are composed of repetitive peptides from
the 12-residue consensus sequence TCTxSxNCxxAx (x is any amino acid residue) (Figure 3.5.B),
which differentiates the number of  repetitions. A BLAST search
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed that the top 20 polypeptides whose nucleotide
sequences shared significant similarity with DAbIBP isoforms were TmIBP isoforms, of which
DhbIBP6 exhibited highest identity (90%) with the TmIBP isoform Tq. DNA sequence similarity
between the 6 DhLIBP isoforms and 25 TmIBP isoforms was 82% + 5% on average, whereas that
between the 6 DAbIBP isoforms and 10 DcIBP isoforms was 67% + 2%; DhbIBP isoforms are
similar to 7mIBP isoforms. The Blast search using DNA sequence of DAbIBP3 against the T
molitor genome (GCA_014282415.1) further showed that 3'-untranslated region (UTR) of these
two DNAs exhibited 81.9% of high sequence identity (122/149 base). The other 5' and 3'-UTR
sequences of DhbIBP also exhibited 80%—-85% of high sequence identity with those identified in
the TmIBP genome. It should be noted that intron does not exist in the 7mIBP genome sequence
[158].

The 108-residue isoform DAbIBP1 is composed of eight tandem repeats of the 12-residue
consensus sequence (Figure 3.5.A). Moreover, it possesses the highest isoelectric point of all six
isoforms (pl = 8.51, Figure 3.5.C) due to the presence of five arginine residues, which may
increase its activity with an activity enhancer [159]. DAbIBP2 and DhbIBP3 are composed of
seven repeats of the consensus sequence. DAbIBP?2 is the largest isoform (11.2 kDa) and contains
109 residues. The C-terminus of DAbIBP2 contains the 12-residue segment VLLLSKIIEHDD,
which deviates from the repetition rule and does not exist in other IBPs. A highly similar sequence,
namely VLLLSKIIKHDY, is also located in the C-terminus of the DAbIBP4 isoform. The

presence of this sequence in only two isoforms indicates that it does not play a crucial role in ice-
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binding and works as a capping structure to stabilize the tertiary fold of these isoforms. In the 6th
and 7th repeat of DhbIBP3, the conserved tripeptide sequence -Thr-Cys-Thr- (TCT) is replaced
with -Thr-Cys-Ile- (TCI), which is not found in other 7mIBP isoforms. DAbIBP 5 and 6 are
composed of six repeats of the consensus sequence. DAHIBP5 exhibited 79% similarity to the 84-
residue 7mIBP isoform denoted 4-9 [83], which is the most abundant isoform (~50%) in T.
molitor. The smallest isoform DAbIBP6 (8.2 kDa) shares the highest similarity (80%) with another
TmIBP isoform denoted 2—14. Another feature of DAbIBP isoforms is that the N-glycosylation
site composed of the tripeptide NxT/S (x is any residue) exists within the last repeat of all DA,IBP
isoforms (Figure 3.5.A, highlighted in green). More glycosylation sites exist in the N-terminal
region of DhbIBP1 and 6th repeat of both DAAIBP1 and DihbIBP3. The glycans do not cause steric
interference during ice-binding in the other IBP species [83]. No significant effect of glycan on
TH activity was verified for our recombinant isoform of DAbIBP2 that contains no glycan, as it

was prepared with Escherichia coli expression system (Figure 3.7.).

3.4.4. A DhbIBP isoform equips the properties of hyperactive IBP

The production of a small protein (<10 kDa) is often difficult; however, tagging it with
thioredoxin (Trx) sometimes improved yield, since the resultant fusion protein tends to become
more stable and soluble [160]. Here, recombinant DAbIBP2 (rDhbIBP2) was prepared as a 26
kDa fusion protein with a Trx-tag (Figure 3.7.A). The “His-tag,” consisting of six consecutive
histidine residues, was inserted between Trx and DhbIBP2. The His-tag binds rDhbIBP2
selectively to a Ni-NTA column, enabling its elution with imidazole buffer.

A soluble fraction containing rDhbIBP2 was obtained using the Ni-NTA column and
dialyzed against Tris-HCI buffer (20mM, pH 8.0) at 25°C overnight. Notably, the solution

exhibited no sign of TH activity before dialysis, but it was detected after dialysis (Figure 3.1.C-E).
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Figure 3.5. Amino acid sequence of Dorcus hopei binodulosus (Dhb)IBP.

(A) Sequence comparison between the six DAhbIBP isoforms. Each consists of 6—8 tandem repeats
of a 12-residue consensus sequence, in which “TCT” locating the 3 ranks of ice-like waters are
highlighted with cyan. N-glycosylation sites (NxT/S, x is any residue) are highlighted with green.
(B) The WEBLOGO plot (http://weblogo.berkeley.edu/) showing the consensus amino acid
sequence based on the alignment of all DAbIBP sequences. The 12-residue consensus sequence
TCTxSxNCxxAx was deduced from this plot. (C) Biochemical properties of the six DAbIBP
isoforms. Number of tandem repeats, estimated molecular weights, and isoelectric points were

evaluated for each isoform.
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Figure 3.6. Alignment of the amino acid sequence of beetle IBPs.

Amino acid sequence alignment was performed for beetle hyperactive IBPs composed of tandem
repeats of the 12-residue consensus sequence TCTxSxNCxxAx using the MUSCLE algorithm in
the MEGA7 software (https://www.megasoftware.net/). This figure compares the amino acid
sequence of Dorcus hopei binodulosus (Dhb) IBP isoforms with those of known beetle IBP
isoforms exhibiting similar repetitive sequences extracted from the NCBI database
(https://www.ncbi.nlm.nih.gov/). The accession code (ex. AB264317.1) of the mRNA sequence
in the NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) is indicated for each DAbIBP
isoform (ex. DhbIBP1). The N-terminal segment (N-segment) of all DADIBP isoforms starts with
QCT:- located next to the signal peptide sequence (signal sequence) and then tandem repeats of
the 12-residue consensus sequence (R1-R8). The residues marked with an asterisk (*) are
perfectly conserved in all IBP isoforms. Color indications for amino acids are as follows; neutral:
green, positively charged: cyan, negatively charged: red, hydrophobic: orange, Cys: yellow, Gly:
purple, and Tyr: light-green.
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This indicates that during dialysis, the 18 cysteines of DAbIBP2 were oxidized to generate
disulfide bonds, leading to a properly folded protein. Such refolding was also observed when the
recombinant 7mIBP isoform was dialyzed [161], which depends on both the dialysis period and
incubation temperature. Following dialysis, the active solution was applied to a High-Q anion-
exchange column, which eluted three peaks shown in Figure 3.7.B using an NaCl gradient (0-300
mM). The second peak exhibited TH activity and was applied to the Superdex 200 gel-filtration
column. This gave us a fraction containing purified rDAbIBP2, which was verified as a single
band on 15% tricine SDS-PAGE (Figure 3.7.C). Notably, a position mismatch on SDS-PAGE was
reported for recombinant 7mIBP [161]. Purified rDADIBP2 exhibited hyperbolic TH-dependence
on protein concentration, which has been reported for all IBP species [150]. A TH value of
approximately 3°C was evaluated at 150 uM (Figure 3.7.D), which is consistent with that obtained
for a hyperactive isoform of 7TmIBP (3°C at 200 uM) [161]. A single ice crystal modified into
lemon-like morphology within this hysteresis gap and exhibited a vein-like bursting growth
pattern, similar to those observed for the Dhb hemolymph (Figure 3.1.F—H). Again, they are
typical observations for hyperactive IBPs. Furthermore, the target ice plane of rDAbIBP2 was
examined by observing its binding onto a single ice-crystal hemisphere of a golf-ball size (0 =
30 mm), which was prepared by using a plastic pipe and refrigerant circulator [18]. This ice-
crystal hemisphere was immersed in rD4bIBP2 (0.1 mM) labeled with the fluorescent detergent
tetramethylrhodamine and held at —0.8°C for 2 h. Then, the ice hemisphere was pulled and
photographed under ultraviolet (UV) light. The illumination was observed entirely on the single
ice-crystal hemisphere (Figure 3.7.E), indicating that rDAbIBP2 can bind to multiple ice planes,
including prism, pyramidal, and basal planes, similar to known hyperactive IBPs [18]. The
rDhbIBP2 was hence identified as a hyperactive IBP regardless of the Trx-tagging and removal

of the glycosylation ability.
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Figure 3.7. Preparation of a recombinant Dorcus hopei binodulosus (Dhb)IBP2 isoform as a
fusion protein.

(A) A schematic representation of rDAbIBP2 composed of thioredoxin (Trx), histidine tag (His),
and the 109-residue DAbIBP2 isoform connected in tandem. (B) The UV absorbance (280 nm)
profile of rDAbIBP2 obtained with High-Q anion-exchange chromatography using an NaCl
gradient (0-70 p S cm™). The lemon-like ice crystal and thermal hysteresis (TH) were detected
for the “active” peak. (C) SDS-PAGE of the rDAbIBP2 sample purified with Ni-column
chromatography. (D) Concentration dependence of TH values of rDAhbIBP2. The measurement
was performed in triplicate to draw error bars representing standard deviation. (E) A photograph
of a single ice-crystal hemisphere, on which fluorescent (orange) rDAbIBP2 adsorbs entirely to

illuminate the whole surface under UV light.
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Davies et al. determined a 1.4-A resolution crystal structure of 7mIBP isoform 2—14 (PDB
code: 1EZQG) that appeared to form an extremely regular right-handed pB-helix (Figure 3.8.A) [84].
Each coil consists of the 12-residue consensus sequence T''CTxSxNCxxAx!'?", of which side-
chain OH-groups of T's* and T3 are aligned with another string of waters trapped in a trough,
leading to the construction of three ranks of oxygen atoms along the B-helical axis [81]. This
enabled us to construct the model structure of DAbIBP6 (Figure 3.8.B,C) because it shares 80%
sequence similarity with 7mIBP isoform 2-14 [83] (Figure 3.6.). By using the structural
coordinates of 7TmIBP (PDB code: 1EZG) as a template, the model structure of this DAbIBP6
isoform was constructed using the software MODELLER (http://salilab.org/modeller/). PyMOL
and CHIMERA (http://www.cgl.ucsf.edu/chimera/) were also used for visualizing and drawing
the model. As shown in Figure 3.8.B and 3.8.C, a rounded rectangular-shaped molecule composed
of 6-turns right-handed B-helices was readily modeled for Di#bIBP6, on which the location of the
3 ranks of oxygen atoms were speculated to be similar to 7mIBP, though their atom positions were
not finely postulated. Formation of the 8 disulfide bonds (C?-C!'3, C'5-C?!, C?’-C*, C¥*-C*%,
C31-C%, CB—C%, and C75-C8"), which are thought to stabilize B-helical formation were also
assumed for DAbIBP6 (Figure 3.8.B,C), on which sidechains of the consensus sequence are
thought to be oriented toward ‘“out's-in-out-out-in-out-out-in-out-out-in-out'?*” directions
(Figure 3.8.C). Among them, inner pointing residues C?", S50 C8h and A!'" comprised a core
region together with six disulfide bonds between C>'¢ and C¥". The two-dimensional array of
oxygen atoms on 7mIBP (Figure 3.8.A) exhibited a perfect position match to the water’s oxygen
atoms, constructing multiple ice-crystal planes [84], which can also be speculated for DA2bIBP6.
These structural features were adopted for the larger D2HIBP isoforms (Figure 3.5.), as the 7TmIBP
structure is artificially elongated by the addition of more coils. Marshall et al. (2004) observed

TH activity for a series of artificially prepared B-helical IBPs consisting of 6—11 tandem repeats
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Figure 3.8. A model structure of Dorcus hopei binodulosus (Dhb)IBP6.

(A) The X-ray crystal structure of an insect IBP from the beetle Tenebrio molitor (TmIBP, PDB
code = 1EZQG) determined by Graham et a/. [82]. Tandem repeats of TCT-containing sequence
locate 3 ranks of oxygen atoms on side-chains T'' and T>™ as well as surface-bound waters (BWs)
trapped in a trough. (B) A structural model of the DAbIBP6 isoform constructed using the 7TmIBP
structure as a template. DhbIBP6 and TmIBP share 80% sequence identity. (C) A structural view
down the model of DhbIBP6 from N- to C-terminus. The inner core is assumed to form six
disulfide bonds between C?>"d and C¥" and organize the 3 ranks of oxygen atoms on the TCT

sequence.
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and reported a 10—-100-fold gain in activity upon going from 6 to 9 repeats [162]. The activity
however decreased for 10 and 11 repeats, ascribed to imperfections of the position match between

the ice-binding site and ice lattice, which occurs upon addition of too many coils.

3.4.5. Unrevealed gene transfer mechanism may exist between Dhb and Tm

The hyperactive IBPs with the TCTxSxNCxxAx sequence have been identified for four
beetle species: T. molitor, D. canadensis, A. polita, and M. punctipennis [82,117-119]. The
present examined D/b should be a new member. In addition, our preliminary results suggest that
another stag beetle Dorcus rectus rectus (Drr) synthesizes at least 14 isoforms of hyperactive IBP
(Figure 3.9.), which also exhibit the same repetitive property to DAbIBP. Notably, Dib and Drr
belong to the Scarabaeoidea superfamily, whereas the above four beetles with the 12-residue
consensus sequence belong to Temnebrionoidea (Figure 3.10.). To investigate hypothetical
evolutionary relationship among these beetles, we prepared a maximum likelihood phylogenetic
tree (Figure 3.10.A) based on a total of 29 mRNA sequences of their IBP isoforms registered in
the National Center for Biotechnology Information (NCBI) GenBank. In Figure 3.10.A,
Scrabaeoidea Dhb (6 red dots) is the closest to Tenebriodae T. molitor (11 cyan squares), which
is consistent with the present identified similarities between DAbIBP and TmIBP. However, such
hypothetical relationship is not supported by the most updated version of the fossil-calibration-
based beetle phylogenetic tree (Figure 3.10.B) [163]. The Figure 3.10.B shows that superfamilies
Scarabaeoidea and Tenebrionoidea belong to distant lineages, which branched off 250-300
million years ago which corresponds to the Permian glaciation period in the geological time scale
[164]. One may speculate that IBPs predate speciation 300 million years ago and that most of the
diverged beetles contain IBP genes. However, no DhbIBP-like sequence exists in the genome of

another Scarabaeoidea beetle, Trypoxylus dichotomus, for example (NCBI Genbank code:
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DrMBP1  QlCTGSPDCTSCTTACTDCGNCPNAQTCTNSONCVSAQTCTNSGNCVNAQTCTASTNCNRAT
(LC598940) TCTSSKDCFAAATCTTSTNCYTAATCTDSTNCYAATACTNSSGCPNPSIKFF 113

DrriBP2  QlCTGSPDCTSCTTACTDCGNCPNAQTCTNSONCVSAQTCTNSGNCVNAQTCTASTNCNRAT
(LCS98941) TCTSSKDCFAAATCTTSTNCYTATTCTDSTNCYAATACTNSSGCPNPSIKFF 113

DrMBP3  QlCTGSPDCTSCTTACTDCGNCPNAQTCTNSONCVSAQTCTNSGDCVNAQTCTASTNCNRAT
(LC598942) TCTSSKDCFAAATCTTSTNCYTAATCTDSTNCYAATACTNSSGCPNPSIKFF 113

DriBP4 QlCTGGSDCSRCTAACTGCGNCPNAHTCTNSRNCINALTCTDSTNCRRARTCTSSKDCLAAT
(LC598943) TCTTSTNCNRAKTCTNSTNCYAARTCTNSTNCYSATTCTNSTGCPRR 108

DriBP5 QlCTGGADCTSCTSTCTGCANCPNAQTCTNSGNCVNAQ-——————————— ACTASRNCNKAT
(LC598944) TCTNSQDCFAATSCTTSTNCYTATTCINSTNCHAATTCINSSGCPGS %6

DrBP6  QlCTGGADCTSCTSTCTGCANCPNAQTCTNSGNCVNAQ-———————————— ACTASRNCNKAT
(LC598945) TCANSQDCFAATSCTTSTNCYTATTCINSTNCHAATTCINSSGCPGS %

DriBP7 QlCTGGADCTSCTSTCTGCANCPNAQTCTNSGNCVNAQ-——————————— ACTASRNCNKAT
(LC598946) TCTKSQDCFAATSCTTSTNCYTATTCINSTNCHAATTCINSSGCPGS %

DrriBP8 QlCTGGPDCTSCTAACTGCGNCPNAQTCTNSENCINAQ-——————————— TCTSSTNCNRAT
(LC598947) TCTSSKDCFAATTCTSSTNCYTATTCTDSTNCYAATTCTNSTGCPNPSIKFV 101

DriBP9 QlCTGGTDCTSCTVACTGCGNCPNAVTCTNSGNCVNAV-——————————— TCTASTNCNRAT
(LC598948) TCTTSKDCFEAVTCTGSTNCYKATTCTDSTNCYGATTACTNSTGCPGT 96

DrriBP10 QlCTGGTDCTSCTAACTGCGNCPNAQTCTNSGNCINAV-——————m——m— TCTTSTNCNRAT
(LC598949) TCTSSTNCYIAA———————— e TCTDSTNCYAATACTNSTGCPGYQVLFL 89

DriBP11 QlCTGGTDCTSCTAACTGCGNCPNAVTCTNSGNCINAV-——————————— TCTTSTNCNRAT
(LC598950) TCTSSTNCYIAA———————————— TCTDSTNCYAATACTNSTGCPGYQVLFL 89

DrriBP12 QlCTGGSDCTSCTVACTGCGNCPNAVTCTNSGNCINAV-——————————— TCTSSTNCNKAT
(LC598951) TCTSSKDCFAAT———————————— TCTDSTNCYAATTCTNSSGCPGS 84

DrBP13 QlCTGGSNCSSCTAACTGCGNCPNTHTCTNSRNCVSAR-——————————— TCTGSTNCKKAR
(LC598952) TCTGSTNCYAARTCTNSTNCYSAT ———m—mm e e e e TCTNSTGCPRH 84

DriBP14 QlCTGGSNCSSCTAACTSCGYCPNAHTCTNSRNCGNAR-——————————— TCTSSTNCKKAR
(LC598953) TCTSSTNCYAAKTCTSSTNCYSAT ————m e m e e e TCINSTGCPRH 8¢

Figure 3.9. Preliminary determination of primary sequences of hyperactive IBP isoforms of
the stag beetle Dorcus rectus rectus (Drr).

All 14 isoforms of hyperactive IBP of Drr (DrrIBP) 1-14 contain 6—8 tandem repeats of the 12-
residue consensus sequence TCTxSxNCxxAx, similar to Dorcus hope binodulosus. The accession
code (ex. LC598940) of the mRNA sequence in DDBJ (DNA Data bank of Japan)
(https://www.ddbj.nig.ac.jp/ddbj/index-e.html) is indicated for each DrrIBP isoform (ex.
DrrIBP1). Determination of amino acid sequence was performed according to the procedures
described in Methods (pages 8-10), where the forward primer (e¢) was modified to 5'-
GGAACATATGGCGTTCAAAACGTGTGCT-3' to determine the DrrIBP sequence. The lemon-
shaped ice crystal and its vein-like bursting crystal growth pattern (Figure 3.1.) was also observed
for the hemolymph of this beetle, indicating that IBP isoforms listed in this figure exhibit a strong

antifreeze activity similar to Dorcus hopei binodulosus (Dhb) IBP isoforms.
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Figure 3.10. Phylogenetic relationship between the beetles synthesizing the hyperactive
IBP composed of the consensus sequence TCTxSxNCxxAx.

(A) Maximum likelihood phylogram showing a hypothetical relationship among the beetles based
on analysis of a mRNA sequence alignment. The tree was created with MEGA7 software
(http://www.megasoftware.net/) based on the HKY + G model. It used 29 mRNA sequences of
beetle hyperactive IBP isoforms whose NCBI accession codes are AB264317.1 — AB264322.1
(D. h. binodulosus), AF1591144.1 — AF160497.1 (T. molitor), GU358703.1 — GU358704.1 (4.
polita), AY821792.1 — AY821793.1 (M. puctipennis), and AF179408.1 — AF179416.1 (D.

canadensis). The bootstrap values for 500 replications (< 30 are not shown) was shown at the
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nodes. (B) The fossil-calibration-based phylogenetic relationship between beetle superfamilies
presented in Emmanuel, F. A. et al. (2017) [163]. The T. molitor, D. canadensis, A. polita, and M.
punctipennis [82,117—119] belong to Tenebrionoidea. The ones examined in this study, namely
D. h. binodulosus (Dhb) and D. r. rectus (Drr), belong to the phylogenetically distant superfamily
Scrabaeoidea. Note that another beetle consisting of extensions of the TxT sequence, Rhagium

inquisitor, belong to Chrysomeleoidea.
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BNES01000010.1). Again, this type of hyperactive IBP was only identified for 4 beetle species
in the past decades [82,117—119]. DNA analysis further questions the evolutionary origin of
DhbIBP and TmIBP. Namely, the DNA sequence of Dhb including untranslated region, signal
peptide region, and a DhbIBP-encoding region exhibited a significant similarity to those
identified for 7TmIBP (Figure 3.6.).

Such similarity of the DNA sequences does not support the ordinary vertical evolution,
since the sequences should not be retained in each superfamily for an ultimately long divergence
period of approximately 300 million years. Indeed, no sign of sequence identity was detected for
non-coding region of DNA in two different Collembola species, which were speculated to have
diverged in the Permian glaciation period [165].

It has been shown that different lineages of organisms sometime synthesize similar genes
through “convergent evolution”, which occurs when similar traits are acquired under selective
pressure [166]. An example is the antifreeze glycoprotein (AFGP) discovered in two unrelated
polar fishes, Antarctic notothenioid and Arctic cod. In Antarctic notothenioid fish, AFGP appears
to be derived from a small fragment of a pancreatic trypsinogen gene, whereas in the Arctic cod,
the DNA sequence is different [167,168]. Thus, the DNA sequences in two different organisms
were also not retained in convergent evolution.

A remaining possibility to explain the DNA and protein similarities between the two
phylogenetically distant beetles will be an unrevealed kind of horizontal gene transfer, the
movement of genetic material between unicellular and/or multicellular organisms [169]. Recent
studies based on genome sequencing revealed the presence of foreign DNA sequences in the
genetic material of several species of Lepidoptra [170]. Indeed, pro- and eukaryotic genes that
moved through the horizontal gene transfer are expressed in such insect genomes [171]. Hence,

it might be speculated that progenitors of Dhb and T. molitor have acquired foreign DNA encoding
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hyperactive IBP through unrevealed gene transfer mechanism mediated by an organism, despite
Blast searches does not show any sign of hyperactive IBP synthesis in plants, fungi, nor bacteria
DNA. One way to advance this study would be to discover more IBP-containing beetles and to
clarify DNA sequence encoding their IBPs. Examples of the stag beetles that are popular and their
breeding techniques are established include Dorcus titanus, Dorcus rebrofemoratus, Lucanus
maculifemoratus, and Prosopocoilus inclinatus.

The present study revealed that the popular stag beetle Dorcus hopei binodulosus (Dhb)
synthesizes hyperactive IBP. Cold-acclimated Dhb larvae were not frozen after —5°C-chilled
preservation for 24 hours and recovered after warming, thus the survival strategy of Dhb is freeze-
avoidance. The larvae synthesize at least 6 hyperactive IBP isoforms (DAbIBPs), which are
tandem repeat peptides of a 12-residue consensus sequence. The DAbIBPs exhibited significant
similarities to a known hyperactive IBP from 7. molitor (TmIBP), where progenitors of DAb and
Tm have diverged approximately 300 million years ago. Hence, any known evolution mechanism
hardly explains the retainment the DNA sequence, suggesting the existence of a recent gene

transfer between these two beetles to share the hyperactive IBP.
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Chapter 4: General discussion
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4.1. Summary in this study

IBPs have been found from cold-adapted organism including fish, insects, plants and
microorganism [4]. IBPs are thought to have been evolved in structure to bind to ice crystal and
to protect its hosts from freezing damage. The ice-binding properties are largely different between
each IBP. The structure-function relationship of IBP is one of the topics attracting the scientist’s
interest in this research field. In this study, the author has been examined ice-binding mechanisms
of moderate active microbial IBP and hyperactive insect IBP.

The author’s laboratory found that 4.psychrotrophicus secretes IBP and has examined its
antifreeze activities, DNA sequences, amino acid sequences and evolutional history [114,115].
Previous study showed that AnpIBP shaped ice crystal into a lemon-like morphology as found in
hyperactive IBP [115]. The present study first shows that the ice-binding property is observed for
moderately active IBP, for which its molecular mechanism was not clarified. To elucidate such a
unique ice-binding mechanism, the author determined the target ice planes and X-ray crystal
structures of AnpIBP in Chapter 2. The present study also showed that AnpIBP has both polygonal
water networks and unique linearly aligned hollows on its IBS. It was speculated that AnpIBP is
fine-tuned to merge with the ice—water interface of an ice crystal through the polygonally arranged
water molecules and then bind to specific water molecules constructing the prism ring through
the hydration water molecules trapped in the linearly aligned four hollows.

Hyperactive insect IBPs with a 12-residue consensus sequence (TCTxSxNCxxAx) have
been found from four beetles belonging to same superfamily Tenebrionoidea [82,117-119]. The
evolutionally origin of this protein is little understanded. Also, IBP research has not been
examined on Japanese overwintering insects. The author discovered new insect producing IBP
habitat in Japan, Japanese stag beetle Dourcus hopei binodulosus. The Dhb belongs to

superfamily Scarabaeoidea that is different from former species (Tenebrionoidea). The present
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study identified that Dhb cold tolerance, gene structures, amino acid sequence, ice-binding
properties, and evolutional insight of DAbIBP in Chapter 3. The author assume that DhbIBP
possesses highly organized waters on its IBS, whose 3 columns of linearly aligned waters and
two-dimensional array of the oxygen atoms perfect match the position of the water’s oxygen
atoms constructing multiple ice planes. Db were thought to acquire the gene coding hyperactive

IBP by horizontal gene transfer (HGT). The summary in this study is shown in Figure 4.1.

4.2. Ice-binding mechanism of moderately active AnpIBP vs hyperactive DhbIBP

Some researchers reported that existence of ice-like waters with polygonal arrangement
accompanying on its hydrophobic IBS of IBP [66, 106—109]. This caged ice-like waters are
assumed to play a role in anchoring IBP to ice-water interface, thus this mechanism is called as
the anchored clathrate water (ACW) mechanism [106]. The author assumes that the AnpIBP’
polygonal water networks observed on its IBS also play such role.

Microbial IBPs usually construct many hollows on their IBS. These hollows play a crucial
role in forming pentagonally organized waters [136,137,173,174]. The hollows are formed by
hydrophobic residues that exist in ridge regions sandwiched by many convex. The side chains of
hydrophobic residues occupy the hollows and several amide groups or carboxyl groups also exist
near the hollow. Such amido groups and carboxyl groups bind to a part of polygonal waters by
hydrogen bond, which stabilized polygonal water on IBS of IBP. When one residue was mutated
on IBS of AnpIBP, polygonal water networks were not identified in defective mutant (S153Y).
Based on the results, it was speculated that the polygonal waters are constructed with a perfect
balance. The polygonal water networks are usually observed in microbial IBP. The positions of
polygonal waters match the positions of the two-dimensional array of water’s oxygen atoms

constructing each ice plane [106,174]. The polygonal waters on fish IBP III are also two-
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dimensionally organized, which complementary match the two-dimensional oxygen spacings of
the primary prism plane or pyramidal planes [109]. AnpIBP accompanies polygonal water
networks on its IBS while they do not arrange the waters with two-dimensional array that match
the target ice plane, unlikely to other IBPs. Instead, AnpIBP possesses four linearly aligned
hollows to recognize the oxygen atoms spacing of waters of prism planes. On IBS of AnpIBP, the
intervals of linearly aligned bound waters on the four hollows (4.6 and 14.7 A) perfectly match
the water distance in the prism planes. The oxygen atoms of water located in the same interval
(4.6 and 14.7 A) exist in both the 1%t and 2" prism planes. In other words, AnpIBP accompanies
the ice-like waters organized in line to match both 1 and 2™ prism planes. It is therefore assumed
that only four hydration waters of AnpIBP control its ice-binding specificity.

In the IBS of insect IBP, 15 Thr-2" Cys-3" Thr were aligned on same B-sheet by tandem
repeat [84]. This results in 3 columns of linearly aligned waters existed on its IBS, where 2
column (Cys) generates linearly hollows and traps hydration waters arranged in an ice-like
geometry. For both 4npIBP and insect IBP, the bound waters trapped in hollows is seemed to be
deciding factor of its ice-binding specificity. IBP possess the unique structure to hold ice-like
waters on its IBS as matching oxygen atom arrangements of ice lattice.

Microbial IBPs organize polygonal waters while for insect IBPs they have not been
confirmed in their structure. One possible reason is that insect IBP does not construct a molecular
surface so as to accompany the polygonal waters. Another possibility is an influence of crystal
packing, where hydrophobic IBS tends to face to face and hide original structure of bound waters
[110]. Given that polygonal water helps bind IBP to ice crystal surfaces, insect IBPs may also
have polygonal waters on its IBS. In the future, there is a possibility to find insect IBP
accompanying polygonal water. To understand how insect IBPs approach ice-water interface,

further studies are needed.
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4.3. Difference of antifreeze activities of AnpIBP and DhbIBP

AnpIBP generated lemon like shaped ice crystals in supercooled water although it exhibits
moderate TH activity [115]. The present data demonstrates that AnpIBP binds to contiguous
multiple prism planes (i.e., 1% and 2™ prism planes) and to the mid-latitude area around the prism
planes (i.e., pyramidal planes), which should result in the formation of a lemon-shaped ice crystal.
AnplIBP can bind to multiple ice planes although its manner will not be perfectly the same as the
hyperactive IBPs. Most of the microorganisms secrete IBP around them to inhibit the ice growth
in their living space [29,48,52—55]. The growth speed of the prism planes toward the a-axis is
approximately 100 times faster than that of the basal plane [20]. Thus, AnpIBP effectively inhibits
this fast growth through its binding to the prism planes. The author assumes that A.
psychrotrophicus protect themselves from ice injuries and become dominant in living
environment by using such ice-binding properties.

Insect IBP is known to possess very high TH activity among IBPs [22]. In the present study,
DhbIBP is assumed to locate existence of highly organized ice-like water molecules that are
capable of binding to multiple ice planes, leading to high TH activity (~5°C). The host (DAb) is
reported to live in —5°C-tree root stock [116]. TH value of DAbIBP corresponds to the temperature
of the host (Dhb) living environment. The author assumed that Dhb produces DAbIBP and
stabilizes supercooling state of the hemolymph, leading to tolerate such subzero temperature
environment. Both IBPs examined in this study are closely related in survival strategies of their

host organism.

4.4. Evolutionary mechanism of AnpIBP and DhbIBP
Horizontal gene transfer (HGT) is exchanging of a gene between two different organisms

[175], which has been reported in many microorganism producing IBPs [102,115,176—179]. The
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ice cause physical damage against microorganism lived in icy environment, which leads to cell
rapture. In such environment, extracellular DNA and salts are more concentrated than that in
under ice ocean, which results in increasing the probability of HGT. Ice poses a strong selection
pressure on microorganisms [102]. It is thought that microorganisms acquire adaptability to the
new environment by obtaining foreign genes through HGT [180]. Previous study showed that the
two different IBP genes possessing low sequence similarity were identified in A.psychrotrophicus,
which suggests the importance of the gene acquisition [115]. In this study, we examined ice-
binding properties of AnpIBP1a. The further studies of ice-binding properties of AnpIBP2 are also
interesting and it will give more understanding about survival strategy of A.psychrotrophicus.

In the case of insect IBP, there is possibility of HGT. The most updated version of the fossil-
calibration-based beetle phylogenetic tree showed that superfamilies Scarabaeoidea (Dhb) and
Tenebrionoidea (Tm) belong to distant lineages, which branched off 250-300 million years ago
and corresponds to the Permian glaciation period in the geological time scale [164]. In such period,
it is predicted to exert strong selection pressure like microorganism. One may speculate that HGT
occurs frequently in not only microorganism but also insect and the others living in freezing
environment, which suggests the importance of IBP gene for organisms to tolerate such

circumstance.
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Figure 4.1. Structure-function relationship of two IBPs examined in this study.

(A) The moderately active AnpIBP binds to specific water molecules constructing the prism
planes through linearly aligned water molecules trapped in four hollows (Chapter 2). (B) The
hyperactive DhbIBP possess three columns of linearly aligned oxygen atoms capable of binding
to whole ice planes (Chapter 3). The hyperactive IBP was suggested to have highly organized ice
-like waters on its IBS. (C) Illustration shows schematic diagram of ice-binding mechanism of
IBP. IBP possess the unique structure to hold ice-like waters (red spheres) on its IBS as matching
arrangement of waters (oxygen atoms) of ice lattice. The ice-like surface-bound waters of IBP are
assumed to merge with water molecules constructing ice-water interface (quasi-liquid layer) of
an ice crystal, leading to a connection of the IBP to an ice crystal surface (a). When ice-like waters

attach onto the ice lattice, they are included in the ice crystal (b).
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4.5. Conclusions

To conclude, the present study shows that microorganism-derived IBP and insect-derived
IBP are both finely designed to make a complementary binding to single ice crystals for freeze
tolerance, although these two organisms are very different. IBPs are expected various uses for
medical and industrial field, where it is desirable to design new antifreeze molecules. This

research provides the foundation for it.
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