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Highlights

1. An intrinsically disordered dehydrin inhibited the cryoaggregation of liposomes.
2. The K-segment was the cryoprotective site of dehydrin.

3. The K-segment protected liposomes without binding them.

4. Liposomes affected the secondary structures of the K-segment.

Abstract
Dehydrin is an intrinsically disordered protein involved in the cold tolerance of plants. Although

dehydrins have been thought to protect biomembranes under cold conditions, the underlying
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protective mechanism has not been confirmed. Here we report that Arabidopsis dehydrin
AtHIRDI1 inhibited the aggregation of phospholipid liposomes after freezing and thawing.
AtHIRDI11 showed significantly greater cryoaggregation-prevention activity than cryoprotective
agents such as trehalose, proline, and polyethylene glycols. Amino acid sequence segmentation
analysis indicated that the K-segment of AtHIRDI11 inhibited the cryoaggregation of
phosphatidylcholine (PC) liposomes but other segments did not. This showed that K-segments
conserved in all dehydrins were likely to be the cryoprotective sites of dehydrins. Amino acid
replacement for a typical K-segment (TypK for short) sequence demonstrated that both
hydrophobic and charged amino acids were required for the cryoaggregation-prevention activity
of PC liposomes. The amino acid shuffling of TypK remarkably reduced cryoprotective activity.
Although TypK did not bind to PC liposomes in solution, the addition of liposomes reduced its
disordered content under crowded conditions. Together, these results suggested that dehydrins
protected biomembranes via conserved K-segments whose sequences were optimized for

cryoprotective activities.

Keywords: Cryoaggregation; Cryoprotection; Dehydrin; Intrinsically disordered proteins;

Liposome; Phosphatidylcholine

1. Introduction

Environmental temperature is a cardinal factor determining the growth and development of
organisms. Tolerance to extreme cold (i.e., freezing) influences not only the survival of individual
organisms but also the formation of ecosystems [1, 2], and cold stress affects plant production
and vegetation dynamics. The appropriate management of cold stress is important for crop

production [3], postharvest technologies [4], and seed storage [5]. Some plant species are known
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to withstand freezing after cold acclimation, and many orthodox seeds also exhibit high freezing
tolerance [6]. Freezing tolerance is based on the prevention of damage symptoms induced by
freezing and thawing (designated hereafter as F/T), such as membrane destabilization, protein
denaturation, macromolecule precipitation, and the destruction of cellular components due to ice
formation [7]. Among these symptoms, the protection of membranes has been described as the
most crucial for freezing tolerance because the plasma membrane is the initial site of freezing
injuries in plants [7, 8]. In nonacclimated plants, freezing induced the reorganization of
membranes, such as through membrane invagination and lipid aggregation, which leads to the
hexagonal II phase [8]. These lesions damage cells severely because membrane disorder
excessively enhances membrane permeability to water and solutes [9]. Molecules that prevent
damage to plant membranes have been identified. Soluble sugars, such as sucrose, trehalose, and
sorbitol, protected membranes by preventing stress-induced membrane fusion [10]. Proline and
glycine betaine protected chloroplast membranes against freezing [11, 12]. Several proteins, such
as cold-regulated proteins (e.g., COR15), osmotin-like protein, B-1,3-glucanase, lectins, and lipid
transfer proteins, are known to stabilize membranes during F/T [13]. Some late embryogenesis
abundant (LEA) proteins, particularly group 2 and group 3 LEAs, have been frequently described
as membrane-stabilizing proteins [14, 15].

LEA proteins are expressed in seeds at the late stage of embryogenesis and in stressed plants.
LEA protein expression was responsive to various stresses (e.g., cold and drought) and abiotic
stress-related hormones such as abscisic acid. Many genetic studies have indicated correlations
between LEA accumulation and both seed longevity and stress tolerance in plants [14, 16]. Group
2 LEAs, designated as dehydrins, are intrinsically disordered proteins (IDPs) that are widely
found in the plant kingdom. Dehydrins are known to consist of characteristic segments called K-
segments (e.g., EKKGIMEKIKEKLPG), S-segments (e.g., LHRSGSSSSSSSEDD), Y-segments
(e.g., DEYGNP), and ®-segments, which are rich in G and polar amino acids that connect K-, S-,

and Y-segments [17]. ChP-segments containing K and E repeats [18] and F-segments

4



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

(DRGLFDFLGKK) [19] have also been reported. Among the segments, K-segments are
conserved in all dehydrins, whereas other segments are present in some dehydrins but not in others.
Namely, dehydrins are defined by the presence of K-segments. Dehydrins were ubiquitously
found in various subcellular localizations in plants, especially near the plasma membrane [20].
Since cold is a major cue for the expression of dehydrins, the proteins have been thought to be
related to cold tolerance in plants [21]. Many transgenic studies have demonstrated that the
expression of dehydrin genes enhanced the cold tolerance of plants [22-25]. In vitro investigations
have shown that dehydrins have multiple functions, such as preventing enzyme inactivation by
freezing, binding to water and ions, and associating with anionic phospholipids and nucleic acids
[26]. Cumulatively, these functions may efficiently mitigate cellular damage due to cold.

Electrolyte leakage is a typical symptom of freeze damage in plants. It has been reported that
the expression of dehydrins reduced freeze-induced electrolyte leakage [e.g., 22], suggesting that
dehydrins may stabilize plasma membranes. From this context, the association between dehydrins
and membranes has been studied. Dehydrins bound to liposomes containing anionic
phospholipids such as phosphatidic acid (PA) [27-29], phosphatidylserine (PS) [30], and
phosphatidylglycerol (PG) [31] but showed little affinity for neutral phospholipid liposomes such
as phosphatidylcholine (PC) [27-29].

Dehydrins affected the aggregation of anionic phospholipid liposomes. A dehydrin from Vitis
riparia (K) inhibited the aggregation of PC liposomes containing PA, PG, or PS after the F/T
process [29]. Thellungiella salsuginea dehydrins TsDHN-1 and TsDHN-2 stabilized the lipid
monolayers, which consisted of lipid mixtures containing PS [32]. Arabidopsis thaliana dehydrin
Lti30 stabilized the lamellar structures of anionic phospholipids [33]. However, the mechanisms
by which dehydrins protect anionic phospholipid liposomes have not been confirmed, and the
activities by which they protect neutral phospholipid liposomes have not been studied yet.

In this paper we report that Arabidopsis dehydrin AtHIRD11 prevented the cryoaggregation of

PC liposomes via its K-segment, and we discuss the putative mechanism underlying this

5



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

cryoprotection of PC liposomes.

2. Material and methods

2.1. Chemicals

1,2-Dioleoyl-sn-glycero-3-phosphocholine (PC) and 1,2-dioleoyl-sn-glycero-3-phospho-rac-
(1-glycerol) (PG) were obtained from Tokyo Chemical Industry (Tokyo, Japan). Trehalose,
sucrose, glycine betaine, proline, and polyethylene glycol (PEG) with an average molecular
weight of 7,500 were purchased from Wako (Osaka, Japan). PEG with an average molecular

weight of 1,450 was from Sigma-Aldrich (Tokyo, Japan).

2.2. Peptides

AtHIRD11 was chemically synthesized by the 9-fluorenylmethyloxycarbonyl-based long-
peptide synthetic system (Biosynthesis, Lewisville, TX, USA). AtHIRD11 was purified and
identified by a Voyager DE-RP mass spectrometer (Applied Biosystems, Foster City, CA, USA).
AtHIRDI11 segments (i.e., NK1-6 and Kseg), a typical K-segment (TypK), and TypK-related
peptides were prepared by the solid-phase procedure (Tetras, Advanced ChemTech, Louisville,
KY, USA) and purified by reversed-phase chromatography (UFLC-20AB, Shimadzu, Kyoto,
Japan). A linear gradient (acetonitrile from 5% to 95% in 0.05% trifluoroacetic acid solution) for
25 min was conducted in the reversed-phase column (Alltima C18, 4.6 x 250 mm, Alltech
Associates, Deerfield, IL, USA). The synthesized peptides were identified by mass spectrometry
(LCMS-2020, Shimadzu) and lyophilized. When the peptides were used for experiments, the
concentrations of peptide solutions were determined from the gross weight of the lyophilized

powder.
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2.3. Liposome preparation

The phospholipids used were PC, PG, and a mixture of PC and PG at a molar ratio of 3:1
[designated below as "PC:PG (3:1)"]. Phospholipid powders were dissolved in chloroform at a
total lipid concentration of 10 mM (routinely 1-2 mL) in a glass vial. After the chloroform was
evaporated, the residue was dried under a stream of nitrogen gas. The phospholipid film was
covered with 10 mM sodium phosphate buffer pH 7.0 (designated below as "NaPi buffer") at a
concentration of 10 mM and incubated for 1 h at 45°C. The phospholipid dispersion was gently
pipetted and transferred to a 1.5-mL plastic tube. A sample (1 mL) was treated with 5 cycles of
F/T (in liquid N, for 1 min and then in a water bath at 25°C for 4 min) and then extruded 21 times
using a Mini Extruder (Avanti Polar Lipids, Alabaster, AL, USA) through 100-nm-pore-size
polycarbonate membranes (Avanti Polar Lipids). The distribution of particle sizes was checked
out by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). The liposome sample (70 uL) was transferred to a cuvette (ZEN0040, Malvern
Instruments) and analyzed under the following conditions: refractive index detector (1.450),
absorption coefficient (0.001), dispersant (water), temperature (25°C), and measurement angle

(173°). The liposome dispersion was used for the following experiments.

2.4. Cryoaggregation of liposomes

The liposome dispersions (10 mM) prepared as described above were diluted to 1.9 mM with
NaP1i buffer. The sample (500 pL) was subjected to F/T (in liquid N> for 1 min and then at 25°C
for 3 min) for 1-10 cycles. Turbidity was measured at 415 nm in 96-well microplates with a reader
(Varioskan Flash, Thermo Fisher Scientific, Tokyo, Japan) at 25 °C. The particle sizes were

monitored by the Malvern Zetasizer Nano ZS as described above.
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Inhibition of liposome cryoaggregation was measured as follows. The mixtures (320 pL with
NaPi buffer) containing test compounds (i.e., AtHIRD11, segments, and cryoprotective agents)
and liposome dispersions (1.9 mM) were prepared. The concentrations of test compounds differed
from assay to assay. The mixtures were divided into two equal portions. One portion was used as
a control (before F/T) and the other was proceeded to F/T (in liquid N> for 1 min and then at 25°C
for 3 min, 3 cycles) (after F/T). The turbidities of the samples were measured as described above.
In some cases, the values of relative cryoaggregation (RCA) were determined. Protective
compounds reduced the F/T-promoted increase in turbidity. The magnitude of the increase in
turbidity without protectant was set to 100% RCA. The concentration of the compound at which
the RCA value reached 50% was represented as ICso.

In this work, liposomes that contained only buffer were used because they were easily prepared
with high yield and uniform quality. However, it should be noted that an osmotic imbalance

between the inside and outside of a liposome may occur, depending on the additives.

2.5. Size exclusion chromatography (SEC)

SEC was applied to analyze whether TypK could bind to PC liposomes. For specific detection,
fluorescein isothiocyanate (FITC)-labeled TypK (i.e., FITC-TypK) was used. An open column
(15 mm diameter x 28 mm thickness) of Bio-Gel P-60 (Bio-Rad Laboratories, Tokyo, Japan) was
prepared. NaPi buffer was a running buffer. Samples (20 mM PC liposome and/or 50 uM FITC-
TypK, 200 pL) were loaded. The flow rate was 1 mL min™', and the fraction size was 0.2 mL. The
fractions were analyzed by fluorescence (Ex 494 nm and Em 520 nm, Varioskan Flash) for FITC-

TypK and by a PC assay kit (LabAssay™ Phospholipid, Wako, Osaka, Japan) for PC liposomes.

2.6. Circular dichroism (CD)
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The secondary structures of TypK were analyzed by CD. TypK (40 pM) with PC liposomes (0
and 0.4 mM) was prepared in NaPi buffer. Samples were applied to a spectropolarimeter (J-820,
Jasco, Tokyo, Japan) under the following analytical conditions: scan range from 195 to 250 nm,
scan speed 100 nm min!, resolution 1 nm, and cell width 2 mm. The CD data were transformed
into the contents of secondary structures using K2D3 software (http://cbdm-01.zdv.uni-

mainz.de/~andrade/k2d3/) [34].

2.7. Statistical analysis

Data for P values were analyzed by Dunnett's test at a significance level of 0.05.

3. Results

3.1. Inhibition of liposome cryoaggregation by AtHIRD11

It has been reported that phospholipid liposomes, especially those of neutral phospholipids such
as PC, were aggregated and fused when they were treated with F/T [35-37]. Cryoprotective agents
have been used to prevent liposome cryoaggregation [35, 38]. K. dehydrin from V. riparia
inhibited the increase in the particle sizes of negatively charged phospholipid liposomes after F/T
[29]. However, it has not been investigated whether dehydrins prevent the cryoaggregation of
neutral phospholipid liposomes. Here the effect of AtHIRD11 on the cryoaggregation of neutral
phospholipid liposomes was assessed.

In general, treatment of liposome dispersions with F/T promoted aggregation (Fig. 1A). The
turbidities of PC liposome dispersions increased as the number of F/T cycles increased (Fig. 1B,

circles). Transmission electron microscopy (TEM) indicated the apparent aggregation of PC
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liposomes after F/T, in which the original shapes of liposomes were visually indistinguishable
(Supplementary Fig. 1). The increase in turbidity was greater in PC liposomes than in PC:PG
(3:1) liposomes or PG liposomes (Fig. 1B). DLS indicated that the distribution of particle sizes
of the three kinds of liposomes [PC, PC:PG (3:1), and PG] was centered around 100 nm diameter
(Fig. 1 C, red lines). After three cycles of F/T, the distribution of particle sizes became broader
(Fig. 1 C, blue lines). The upsizing of particles after F/T was more remarkable in PC liposomes
than in PC:PG (3:1) and PG liposomes.

AtHIRD11, an Arabidopsis KS-type dehydrin (AGI locus code, Atlg54410), was used to
investigate dehydrin’s effect on the cryoaggregation of liposomes. AtHIRD11 is the smallest of
the 10 dehydrin genes in Arabidopsis [39]. The orthologues in Medicago sativa [40] and Hordeum
vulgare [41] were highly induced by cold stress. However, the elevation of AtHIRD11 content in
Arabidopsis due to cold stress was slight, because AtHIRD11 accumulated abundantly in the
whole plant before the cold treatment [39]. AtHIRD11 was added to the liposome dispersions,
and then the mixture was treated with three cycles of F/T. AtHIRDI11 inhibited the
cryoaggregation of all three kinds of liposomes in a dose-dependent manner (Fig. 2). The ICso
values for the aggregations of PC, PC:PG (3:1), and PG liposomes were 47.3 uM, 21.7 uM, and
12.8 uM, respectively. General cryoprotective agents, such as saccharides (trehalose and sucrose),
compatible solutes (glycine betaine and proline), and polyols (PEGs), were tested for the
inhibition of the cryoaggregation of PC, PC:PG (3:1), and PG liposomes (Fig. 3). The ICso values
were represented as mass concentrations (g L) to compare the inhibitory activities of compounds
whose molecular weights were highly different from each other. Although trehalose, sucrose,
glycine betaine, and proline apparently inhibited liposome cryoaggregation, their inhibitory
activities were lower than that of AtHIRD11. PEGs inhibited the cryoaggregation of liposomes
less than the other agents did. These results suggested that AtHIRD11 showed higher
cryoprotective activities for both neutral and negatively charged liposomes than general

cryoprotectants.

10



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

3.2. Cryoprotective activities of K-segments

Since plant membranes are composed mainly of neutral phospholipids including PC [42, 43],
PC liposomes were used for the following analysis. We determined which segments were involved
in the cryoprotection of PC liposomes. AtHIRD11 was 98 amino acids in length (Fig. 4A). Its
amino acid sequence was divided into seven segments (NK1 to 6 and Kseg), each consisting of
15 amino acids. Here, Kseg indicates a K-segment conserved in all dehydrins and NK is an
abbreviation for non-K-segment. Kseg apparently reduced the increase in turbidity of PC
liposome dispersions, but NKs did not (Fig. 4B). This was supported by DLS analysis. Only Kseg
inhibited the increase in particle diameters of PC liposome dispersions after F/T (Supplementary
Fig. 2). These results suggested that Kseg is a cryoprotective site for PC liposomes. The dose-
dependent inhibition by Kseg is shown in Fig. 4C. The ICsy value was 162 pM.

AtHIRD11’s Kseg sequence (H4KEGIVDKIKDKIHGss) is not identical to the general
sequence of the K-segment found in various plant species, which is EKKGIMEKIKEKLPG. That
general sequence was designated as a typical K-segment (TypK) [44]. To elucidate the general
cryoprotective effects of K-segments, TypK was used for the following experiments. The
preliminary results indicated that the ICso value of TypK (around 200 uM) was somewhat higher
than that of Kseg (162 uM), suggesting that TypK and Kseg had similar degrees of cryoprotective

activity for PC liposomes.

3.3. ypK did not bind to PC liposomes

Since dehydrins and K-segments have been reported not to bind to PC liposomes [27, 45], we
confirmed that TypK unbound from PC liposomes by using SEC (Fig. 5). TypK was labeled with

fluorescein isothiocyanate (FITC) at the N-terminus (FITC-TypK) for sensitive fluorescence
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detection. When the mixture of PC liposomes and FITC-TypK was subjected to SEC, they were
eluted separately. The elution fractions of PC liposomes and FITC-TypK were nearly identical to
the corresponding fractions when they were applied separately to SEC, showing that TypK did
not bind to PC liposomes. The isothermal titration calorimetry (ITC) analysis also suggested that
TypK did not interact with PC liposomes (Supplementary Fig. 3).

CD analysis indicated that the structure of TypK was highly disordered because a dominant
negative peak was observed around 200 nm (Fig. 6A, blue line). The negative peak was also
observed when PC liposomes were added (Fig. 6A, red line). This structural feature was
quantified by using K2D3 software (http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/) [34] that
predicts secondary structures of peptides from the CD data (Fig. 6B). The structure of TypK was
predominantly disordered (Fig. 6B, TypK - PC liposome), because "others" (interpreted as
disordered) accounted for approximately 90% of the composition. The addition of PC liposomes
did not change the percentage of disordered content (Fig. 6B, TypK + PC liposome). However,
when TypK and PC liposomes were more concentrated in solution, the disordered state of TypK
was reduced in the presence of liposomes (Supplementary Fig. 4).

To investigate whether TypK’s amino acid order influenced its cryoaggregation-prevention
activity, we produced 20 mutant peptides by randomly changing its sequence order. The shuffling
peptides were generated by the RAND function in Excel 2016. The results showed that all 20
mutant peptides had remarkably lower activity levels than TypK (Supplementary Fig. 5),
demonstrating that TypK’s activity depended on its amino acid sequence but not on its amino acid
composition.

TypK is known to have four hydrophobic amino acids (I5, M6, 19, and L13), three negatively
charged amino acids (E1, E7, and E11), and five positively charged amino acids (K2, K3, K8,
K10, and K12). To test whether the hydrophobic residues were related to the inhibition of PC
liposome cryoaggregation, we prepared a mutant peptide (pG_TypK @) in which the amino acids

other than hydrophobic residues were changed to G (Fig. 7). Similarly, pG_TypK E and
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pG_TypK K were produced to investigate the respective effects of negatively and positively
charged residues on the inhibitory activities. The ICso values showed that pG TypK @,
pG _TypK E, and pG_TypK K had low activity levels. pG_TypK EK, pG_TypK ®E, and
pG_TypK @K also showed low activity. However, pG_TypK ®EK exhibited potent activity.
These data demonstrated that all of the hydrophobic, negatively charged, and positively charged

residues were required for the cryoprotection of PC liposomes by TypK.

4. Discussion

Plasma membrane is the primary site of freezing injuries in plants. After F/T, phospholipid
membranes are mechanically damaged and incorrectly fused [8]. The disruption of plasma
membrane results in electrolyte leakage from cells; if the magnitude of the leakage is significant,
the plant will die. Dehydrins are IDPs that accumulate in mature seeds and plants exposed to cold
and drought stresses. Although dehydrins have been found to protect cells from stresses, the
mechanism underlying this protection has not been fully elucidated.

K>, a dehydrin from V. riparia, was shown to prevent the cryoaggregation of liposomes
containing anionic phospholipids [29]. Similar protective effects of dehydrins on anionic
phospholipid membranes have been documented elsewhere [32, 33]. In these cases, dehydrins
have been thought to protect the membranes by binding to anionic phospholipids, whereas the
details of cryoprotective mechanisms have been under discussion. Besides that, the effects of
dehydrins on the cryoaggregation of neutral phospholipid liposomes have not been reported even
though neutral phospholipids are major components of plant membranes [42, 43].

Here, we demonstrated that AtHIRD11, Kseg, and TypK inhibited the cryoaggregation of PC
liposomes. This indicated that K-segments are sites in dehydrins that inhibit liposomal
cryoaggregation. Because TypK (molecular weight: 1728) inhibited PC liposome aggregation at

an approximately 100-fold lower concentration than did PEG 1450 (average molecular weight:
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1450), the molecular weight (i.e., the hydrodynamic radius) of a cryoprotective polymer was not
the sole determinant of the polymer’s cryoprotective activity. Since TypK’s cryoprotective
activity depended heavily on its amino acid sequence (Fig. 7), the results suggest that the TypK
sequence is optimized for the cryoprotection of liposomes.

We next discuss how TypK prevented the cryoaggregation of PC liposomes. It has been well
documented that dehydrins could bind to acidic phospholipid liposomes [27, 29, 30, 32, 45]. K-
segments might bind to acidic phospholipids and sodium dodecyl sulfate [28, 29, 45, 46]. On the
other hand, dehydrins did not bind to neutral phospholipids [27, 29]. TypK also did not bind to
PC liposomes (Fig. 5 and Supplementary Fig. 3). In addition, the structure of TypK was highly
disordered, and PC liposomes did not alter the disordered state (Fig. 6). Intriguingly, however, the
strong negative peaks around 200 nm (showing disorder) in CD were reduced when TypK and PC
liposomes were highly concentrated (Supplementary Fig. 4). This suggests that TypK may change
the structure from disordered to ordered when TypK and PC liposomes are crowded together.

Combining these results, in Fig. 8 we show the putative cryoprotective mechanism of TypK for
PC liposomes. F/T treatment resulted in mechanical damage to phospholipid bilayers after the
formation of ice crystals [38] (Fig. 8A, B). The damaged sites of the membranes were associated
together via hydrophobic interactions (Fig. 8C), and then the membranes were fused and
aggregated (Fig. 8D). Indeed, TEM observation indicated that the interfaces of PC liposomes were
not clear in the fused aggregates (Supplementary Fig. 1B). TypK added to the liposome
dispersions might form an ordered structure adjacent to the membranes without binding to the
liposomes (Fig. 8E). After F/T, the hydrophobic area of the ordered TypK might facilitate the
repair of the damaged membranes by hydrophobic attractions (Fig. 8F). The cryoprotection of
lactate dehydrogenase by TypK was previously found to depend on the hydrophobic residues [44].
Thus, the importance of hydrophobic residues might be a common feature for the cryoprotective
activities of K-segments for biomembranes and enzymes. On the other hand, it is noteworthy that

AtHIRDI11’s cryoprotective activity did not depend only on the activity of Kseg, because the ICsg
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value of Kseg (162 uM) (Fig. 4) was remarkably higher than that of AtHIRD11 (47.3 uM) (Fig.
2). This suggests that dehydrin's large hydrodynamic radii, which are due to the intrinsic disorder,
may be related to the efficient prevention of collision between biomembranes. Reports that the
large hydrodynamic radii of dehydrins were crucial for the inhibition of enzyme cryoaggregation
[47, 48] support this idea.

Considering that a wheat dehydrin accumulated close to plasma membrane [20] and that
dehydrin-expressing plants showed less electrolyte leakage than wild-type plants after cold stress
[e.g., 22, 25], we can infer that dehydrins may protect plant plasma membranes by the above
mechanism in vivo. Intriguingly, AtHIRD11 potently inhibited the cryoaggregation of soybean
phospholipid liposomes (Supplementary Fig 6). In conclusion, dehydrins can be efficient
cryoprotectants in plants. Further studies will facilitate the breeding of stress-tolerant plants and

the development of cryopreservation technologies.

Funding

This work was supported by Grants-in-Aid (18H02222 and 19K22274) for Scientific Research

from the Ministry of Education, Culture, Sports, Science, and Technology of Japan.

CRediT authorship contribution statement

Y. Kimura: Experimentation and original manuscript writing. T. Ohkubeo: Experimentation.
K. Shimizu: Conceptualization and editing of the manuscript. Y. Magata: Conceptualization.
E.Y. Park: Supervision. M. Hara: Supervision, conceptualization, and writing and editing of the

manuscript.

Declaration of competing interest

15



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

All the authors declare no conflict of interest.

References

[1] B. J. Sinclair, A. Addo-Bediako, S.L.. Chown, Biol. Rev. 78 (2003) 181-195.

[2]J. Schimel, T.C. Balser, M. Wallenstein, Ecology 88 (2007) 1386-1394.

[3] G.S. Sanghera, S.H. Wani, W. Hussain, N.B. Singh, Curr. Genomics 12 (2011) 30.

[4] L. Sevillano, M. T. Sanchez-Ballesta, F. Romojaro, F.B. Flores, J. Sci. Food Agric. 89 (2009)
555-573.

[5] P. Thakur, S. Kumar, J.A. Malik, J.D. Berger, H. Nayyar, Environ. Exp. Bot. 67 (2010) 429-
443.

[6] C. Walters, P. Berjak, N. Pammenter, K. Kennedy, P. Raven, Science 339 (2013) 915-916.
[7] M.F. Thomashow, Plant Physiol. 118 (1998) 1-8.

[8] Z. Xin, J. Browse, Plant Cell Environ. 23 (2000) 893-902.

[9] P. Sharma, N. Sharma, R. Deswal, Bioessays 27 (2005) 1048-1059.

[10] D.K. Hincha, M. Hagemann, Biochem. J. 383 (2004) 277-283.

[11] S.J. Coughlan, U. Heber, Planta 156 (1982) 62-69.

[12] K.A. Santarius, Physiol. Plant. 84 (1992) 87-93.

[13] D.K. Hincha, Philos. Trans. R. Soc. Lond., B, Biol. Sci. 357 (2002) 909-916.

[14] A. Tunnacliffe, M.J. Wise, Naturwissenschaften 94 (2007) 791-812.

[15] M. Battaglia, Y. Olvera-Carrillo, A. Garciarrubio, F. Campos, A.A. Covarrubias, Plant
Physiol. 148 (2008) 6-24.

[16] M. Hundertmark, J. Buitink, O. Leprince, D.K. Hincha, Seed Sci. Res. 21 (2011) 165-173.
[17] T.J. Close, Physiol. Plant. 100 (1997) 291-296.

[18] M. Hara, Y. Shinoda, Y. Tanaka, T. Kuboi, Plant Cell Environ. 32 (2009) 532-541.

16



417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

[19] G.R. Strimbeck, Planta 245 (2017) 1061-1066.

[20] J. Danyluk, A. Perron, M. Houde, A. Limin, B. Fowler, N. Benhamou, F. Sarhan, Plant Cell
10 (1998) 623-638.

[21] S.P. Graether, K.F. Boddington, Front. Plant Sci. 5 (2014) 576.

[22] M. Hara, S. Terashima, T. Fukaya, T. Kuboi, Planta 217 (2003) 290-298.

[23] T. Puhakainen, M.W. Hess, P. Mékel4, J. Svensson, P. Heino, E.T. Palva, Plant Mol. Biol. 54
(2004) 743-753.

[24] A.E. Ochoa-Alfaro, M. Rodriguez-Kessler, M.B. Pérez-Morales, P. Delgado-Sanchez, C.L.
Cuevas-Velazquez, G. Gémez-Anduro, J.F. Jiménez-Bremont, Planta 235 (2012) 565-578.

[25] F. Bao, D. Du, Y. An, W. Yang, J. Wang, T. Cheng, Q. Zhang, Front. Plant Sci. 8 (2017) 151.
[26] M. Hara, Plant Signal. Behav. 5 (2010) 503-508.

[27] M.C. Koag, R.D. Fenton, S. Wilkens, T.J. Close, Plant Physiol. 131 (2003) 309-316.

[28] M.C. Koag, S. Wilkens, R.D. Fenton, J. Resnik, E. Vo, T.J. Close, Plant Physiol. 150 (2009)
1503-1514.

[29] M.W. Clarke, K.F. Boddington, J.M. Warnica, J. Atkinson, S. McKenna, J. Madge, C.H.
Barker, S.P. Graether, J. Biol. Chem. 290 (2015) 26900-26913.

[30] D. Kovacs, E. Kalmar, Z. Torok, P. Tompa, Plant Physiol. 147 (2008) 381-390.

[31] S. Eriksson, N. Eremina, A. Barth, J. Danielsson, P. Harryson, Plant Physiol. 171 (2016) 932-
943.

[32] L.N. Rahman, F. McKay, M. Giuliani, A. Quirk, B.A. Moffatt, G. Harauz, J.R. Dutcher,
Biochim. Biophys. Acta Biomembr. 1828 (2013) 967-980.

[33] J.M. Andersson, Q.D. Pham, H. Mateos, S. Eriksson, P. Harryson, E. Sparr, J. Lipid Res. 61
(2020) 1014-1024.

[34] C. Louis-Jeune, M.A. Andrade-Navarro, C. Perez-Iratxeta, Proteins 80 (2012) 374-381.
[35]Y. Ozer, H. Talsma, D.J. Crommelin, A.A. Hincal, Acta Pharm. Technol. 34 (1988) 129-139.

[36] L.F. Siow, T. Rades, M.H. Lim, Cryobiology 55 (2007) 210-221.

17



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

[37] S.H. Kim, L. Haimovich-Caspi, L. Omer, Y. Talmon, E.I. Franses, J. Colloid Interface Sci.
311 (2007) 217-227.

[38] J.D. Castile, K.M. Taylor, Int. J. Pharm. 188 (1999) 87-95.

[39] M. Hara, Y. Shinoda, M. Kubo, D. Kashima, I. Takahashi, T. Kato, T. Horiike, T. Kuboi, Acta
Physiol. Plant. 33 (2011) 2103-2116.

[40] A.F. Monroy, Y. Castonguay, S. Laberge, F. Sarhan, L.P. Vezina, R.S. Dhindsa, Plant Physiol.
102 (1993) 873-879.

[41] E.M. Rodriguez, J.T. Svensson, M. Malatrasi, D.W. Choi, T.J. Close, Theor. Appl. Genet.
110 (2005) 852—-858.

[42] M.X. Andersson, M.H. Stridh, K.E. Larsson, C. Liljenberg, A.S. Sandelius, FEBS Lett. 537
(2003) 128-132.

[43]Y. Wang, X. Zhang, G. Huang, F. Feng, X. Liu, R. Guo, F. Gu, X. Zhong, X. Mei, BMC Plant
Biol. 20 (2020) 1-15.

[44] M. Hara, T. Endo, K. Kamiya, A. Kameyama, J. Plant Physiol. 210 (2017) 18-23.

[45] S.K. Eriksson, M. Kutzer, J. Procek, G. Grobner, P. Harryson, Plant Cell 23 (2011) 2391-
2404.

[46] J. Atkinson, M.W. Clarke, J.M. Warnica, K.F. Boddington, S.P. Graether, Biophys. J. 111
(2016) 480-491.

[47] S.L. Hughes, V. Schart, J. Malcolmson, K.A. Hogarth, D.M. Martynowicz, E. Tralman-Baker,
S.N. Patel, S.P. Graether, Plant Physiol. 163 (2013) 1376-1386.

[48] A.C. Riley, D.A. Ashlock, S.P. Graether, PLoS One 14 (2019) e0211813.

Figure legends

Fig. 1. Turbidities of liposome dispersions after F/T. (A) Illustration of liposome cryoaggregation.

(B) Changes in turbidities of PC, PC:PG (3:1), and PG liposome dispersions during F/T cycles.
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Liposomes were dispersed in NaPi buffer at a concentration of 1.9 mM. Turbidity was monitored
at 415 nm. Circles, triangles, and squares correspond to PC, PC:PG (3:1), and PG, respectively.
Values represent means and standard deviations of three independent experiments. (C) Particle
sizes of PC, PC:PG (3:1), and PG liposomes. A DLS system (Malvern Zetasizer Nano ZS) was
used. Liposome dispersions were treated with three cycles of F/T. Measurements were done
before F/T (red lines) and after F/T (blue lines). Values shown are the means of three

measurements.

Fig. 2. AtHIRD11’s effect on the aggregation of liposomes after F/T. (A) Reduction of the
cryoaggregation of liposomes by AtHIRD11. White and gray bars represent before and after F/T,
respectively. (B) Dose-dependent inhibition of the cryoaggregation of liposomes by AtHIRDI11.
RCA and ICsg values are shown. For (A) and (B), PC, PC:PG (3:1), and PG liposomes (1.9 mM
with NaPi buffer) were used. Values shown represent the means and standard deviations of three
independent experiments. Asterisks indicate significant differences (p < 0.05) between before and

after F/T.

Fig. 3. Effects of cryoprotective agents on the cryoaggregation of liposomes. PC, PC:PG (3:1),
and PG liposomes (1.9 mM with NaPi buffer) were used. Liposome dispersions were subjected
to three cycles of F/T after the addition of different concentrations of cryoprotective agents. The
ICso values were determined. Values represent means and standard deviations of three
independent experiments. Asterisks indicate significant differences (p < 0.05) from AtHIRDI11.
For ICs values greater than 50 g L', the tops of the columns are shown as broken. In these cases,

the asterisks are not labeled.

Fig. 4. Effects of AtHIRD11 segments on PC liposome cryoaggregation. (A) Amino acid sequence

of AtHIRD11. Yellow, blue, and red residues are hydrophobic, positively charged, and negatively
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charged, respectively. (B) Effects of segments on the cryoaggregation of PC liposomes. Segments
(500 pM) and liposomes (1.9 mM) were prepared in NaPi buffer. White and black bars represent
before and after F/T, respectively. Values indicate means and standard deviations of three
independent experiments. Asterisks indicate significant differences (p < 0.05) between before F/T
and after F/T. (C) Dose-dependent inhibition of PC liposome cryoaggregation by Kseg. RCA and
ICso values are shown. Means and standard deviations of three independent experiments are

represented.

Fig. 5. SEC analysis. (A) PC liposomes and FITC-TypK were loaded separately into the column.
(B) The mixture of PC liposomes and FITC-TypK was loaded. Orange and green bars represent

approximate peaks of liposomes and FITC-TypK, respectively.

Fig. 6. Secondary structures of TypK. (A) CD spectra of TypK (40 uM) with NaPi buffer. PC
liposomes (0.4 mM) were added (TypK + PC liposome) or not (TypK — PC liposome). (B)
Secondary structures of TypK were analyzed by K2D3 software. Means and standard deviations

of three independent experiments are shown.

Fig. 7. Inhibition of cryoaggregation by TypK and its mutants. Peptides (500 uM) and PC
liposomes (1.9 mM) were mixed in NaPi buffer. Yellow, blue, and red residues are hydrophobic,
positively charged, and negatively charged, respectively. Values represent means and standard
deviations of three independent experiments. Asterisks indicate significant differences (p < 0.05)
from TypK. For ICsy values greater than 500 uM, the tops of the columns appear as broken. In

these cases, the asterisks are not labeled.

Fig. 8. A putative scheme of membrane cryoprotection by TypK. Phospholipid membrane (A)

was damaged by F/T (B). The damaged membrane was fused and aggregated (C, D). TypK formed
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521  an ordered structure (E) and protected the damaged membrane (F). Symbols @, -, and + represent
522 hydrophobic amino acids, negatively charged amino acids, and positively charged amino acids,

523  respectively.
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