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Abstract

Dehydrins are intrinsically disordered proteins which are related to cold tolerance in plants.
Dehydrins show potent cryoprotective activities for freeze-sensitive enzymes such as lactate
dehydrogenase (LDH). Previous studies demonstrated that K-segments conserved in dehydrins had
cryoprotective activities and that K-segment activities depended on the hydrophobic amino acids in
the segment. However, the cryoprotective roles of hydrophobic amino acids in dehydrin itself have
not been reported. Here, we demonstrated that hydrophobic amino acids were required for the
cryoprotective activity of Arabidopsis dehydrin AtHIRD11. Cryoprotective activities were compared
between AtHIRDI11 and the corresponding mutant in which all hydrophobic residues were changed
to T (AtHIRD11®/T) by using LDH. The change strikingly reduced AtHIRDI11 activity. A
segmentation analysis indicated that the conserved K-segment (Kseg) and a previously unidentified
segment (non-K-segment 1, NK1) showed cryoprotective activities. Circular dichroism indicated
that the secondary structures of all peptides showed disorder, but only cryoprotective peptides
changed to the ordered forms by sodium dodecyl sulfate. Ultracentrifuge analysis indicated that
AtHIRDI11 and AtHIRD11®/T had similar molecular sizes in solution. These results suggest that not
only structural disorder but also hydrophobic amino acids contributed to the cryoprotective activity

of AtHIRDI11. A possible mechanism based on an extended molecular shield model is proposed.

Keywords Cold stress; Cryoprotection; Dehydrin; Hydrophobicity; Intrinsically disordered proteins;

Late embryogenesis abundant (LEA) proteins

1. Introduction
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Dehydrins are group 2 late embryogenesis abundant (LEA) proteins involved in environmental
stress responses in plants [1, 2]. The expression responded to diverse stresses such as cold, drought,
high salinity, and pathogen infection [3-5]. Although some groups of LEA proteins have been found
in kingdoms other than plants, dehydrins are likely plant-specific [6]. Since dehydrins ubiquitously
accumulate in various tissues and organelles such as cytoplasm, nucleus, plastid, mitochondrion,
endoplasmic reticulum, and plasma membrane [3, 6], dehydrin has been proposed to play
fundamental roles in the protection of cellular components. Data from circular dichroism (CD),
Fourier-transform infrared spectroscopy (FTIR), and nuclear magnetic resonance (NMR) have
shown that dehydrins are intrinsically disordered proteins [7-10]. The intrinsic disorder of dehydrins
is thought to be due to a high abundance of hydrophilic amino acids [5].

Dehydrins are identified by the presence of K-segments (typical sequence:
EKKGIMEKIKEKLPG). Y -segments (e.g., DEYGNP) and S-segments (e.g.,
LHRSGSSSSSSSEDD) are other conserved sequences, although they are not found in all dehydrins
[5, 6]. Dehydrin types have been classified using the letters K, Y, and S [11]. In addition to these
segments, ®-segments (G- and polar amino acid-rich sequences) [11], F-segments
(DRGLFDFLGKK) [12, 13], and ChP-segments [5] have been described. Extensive studies have
elucidated the functions of these segments. K-segments protected freeze-sensitive enzymes such as
lactate dehydrogenase (LDH, EC 1.1.1.27) [14, 15] and bound to phospholipids while maintaining
membrane fluidity at low temperature [10, 16, 17]. S-segments bound to Ca?" after phosphorylation
[18]. ®-Segments might be related to the intrinsically disordered nature of dehydrins, because the
segments were rich in Gs and polar amino acids [19]. F-segments had cryoprotective activities for
LDH [20]. K-rich regions including the ChP-segments were involved in DNA binding [21, 22].
H-rich sequences frequently found in dehydrins bound to transition metals [23], reduced the

generation of reactive oxygen species [24], and controled membrane binding [17].
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Although various stresses cause the gene expression of dehydrins, cold is a major cue for dehydrin
accumulation in plants [5]. Transgenic plants expressing dehydrin genes were more cold tolerant
than the corresponding wild-type plants (e.g., [25-30]), suggesting that dehydrins might prevent
cellular damage due to cold. The in vitro functions of dehydrins under cold stress have also been
investigated. Cryoprotective activities for cold-sensitive enzymes (e.g., [31-34]), membrane bindings
(e.g., [10, 16, 17, 35]), and defense against ROS (e.g., [22, 24]) have been found. Accordingly,
dehydrins have been thought to be multifunctional (moonlighting) proteins [36, 37].

Recently, intensive studies have elucidated the cryoprotective mechanism of dehydrins. The
molecular sizes of dehydrins were the primary factors in the cryoprotective activities of dehydrins,
i.e., larger dehydrins exhibited greater cryoprotective activities [14]. This finding was fit to the
molecular shield model, which can generally explain how peptides protect proteins [38]. Besides that,
studies of cryoprotective mechanisms have focused on the specific sites of dehydrin sequences.
Truncation of K-segments from dehydrins (ERD10, RecDhn5, TaDHN-5, and WZY2) reduced the
dehydrins’ full cryoprotective activities [34, 39, 40]. K-segments and F-segments had cryoprotective
activities [14, 15, 20]. Intriguingly, when the hydrophobic amino acids of K- and F-segments were
changed to polar uncharged T residues, the activities of the segments were remarkably reduced,
suggesting that the hydrophobic residues were crucial for the cryoprotective activities of K- and
F-segments [15, 20]. This implies that not only the segments but also the dehydrin itself may require
hydrophobic amino acids for cryoprotective activities. However, no study has investigated this issue.

In order to confirm the roles of hydrophobic amino acids in dehydrin, we used AtHIRDI11
(At1g54410), the SK-type dehydrin of Arabidopsis thaliana [41]. This dehydrin is short (98 amino
acids) with a simple segment composition (one K-segment and one S-segment). Previous
investigations of AtHIRDI1 showed diverse molecular functions: cryoprotective activity [42],

inhibition of ROS generation [24], and recovery of metal-inhibited enzyme activity [43]. Here we
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prepared AtHIRD11 and the mutant protein designated as AtHIRDI11®/T, in which all 11
hydrophobic residues of AtHIRDI11 were changed to T. This change greatly reduced the
cryoprotective activity of AtHIRD11. We also found a previously unidentified segment whose
cryoprotective activity was as potent as that of the K-segment of AtHIRD11. Finally, on the basis of
the molecular shield model, we propose an additional mechanism regarding the cryoprotective

activities of dehydrins.

2. Materials and methods

2.1. Chemicals and peptides

Sodium dodecyl sulfate (SDS), sodium pyruvate, and 8-anilino-1-naphthalene sulfonic acid (ANS)
were purchased from Sigma (Tokyo, Japan). Nicotine adenine dinucleotide (NADH) and
recombinant lactate dehydrogenase (LDH) from rabbit muscle were obtained from Oriental Yeast
(Tokyo, Japan). AtHIRDI1 and AtHIRD11®/T were prepared by the
9-fluorenylmethyloxycarbonyl-based long-peptide synthetic system of Biosynthesis Inc. (Lewisville,
TX, USA). N-terminal FITC-labeled AtHIRD11 (i.e., FITC-AtHIRDI11) and AtHIRD11®/T (i.e.,
FITC-AtHIRD11®/T) were prepared by the same system. The alkyl spacer of aminohexanoic acid
was used. After removing impurities, the peptides were identified by a Voyager DE-RP mass
spectrometer (Applied Biosystems, Foster City, CA, USA). The segments (i.e., NK1-6 and Kseg)
were synthesized with the automated apparatus by using the solid-phase method (Tetras, Advanced
ChemTech, Louisville, KY, USA). Each peptide was purified by reversed-phase chromatography

(UFLC-20AB, Shimadzu, Kyoto, Japan) with an Alltima C18 column (4.6 x 250 mm, Alltech
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Associates, Deerfield, IL, USA). A linear gradient of acetonitrile from 5% to 95% in 0.05%
trifluoroacetic acid solution was performed over 25 min. Mass spectrometry (LCMS-2020,
Shimadzu) was used for identification. The proteins and peptides were stored at -20°C after
lyophilization. In the following experiments, peptide concentrations were calculated from the gross

weight of lyophilized powder. Purities determined by HPLC were used for the calculation.

2.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

AtHIRD11, AtHIRD11d/T, FITC-AtHIRD11, and FITC-AtHIRD11®/T were analyzed by
SDS-PAGE (12% polyacrylamide gel) with molecular weight markers (Kaleidoscope markers,
Bio-Rad, Tokyo, Japan). AtHIRD11 and AtHIRD11®/T were stained with Coomassie Blue (BioSafe,
Bio-Rad). FITC-AtHIRD11 and FITC-AtHIRD11®/T were detected by a fluorescence imaging

system (Fusion FX, Vilber-Lourmat, Marne-la-Vallée, France).

2.3. Cryoprotective assays for LDH

Cryoinactivation, cryodenaturation, and cryoaggregation were inhibited to evaluate the
cryoprotective activities of peptides by using LDH. The procedures were according to a previous
method [15] with modifications (Supplementary Fig. 1).

Inhibition of cryoinactivation was measured as follows. In 1.5-mL plastic tubes, AtHIRD11 and
AtHIRD11®/T solutions (30 pL) at concentrations of 0, 0.0017, 0.017, 0.17, 0.83, 1.7, 3.3, 8.3, 17,
and 100 pM in 10 mM Tris-HCI buffer pH 7.5 were combined with the LDH solution (20 pL, 0.34
uM as a monomer) in the same buffer. In this step, the final concentrations of AtHIRDI11 and

AtHIRD11®/T were 0, 0.001, 0.01, 0.1, 0.5, 1, 2, 5, 10, and 60 uM, respectively. The final
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concentration of LDH as a monomer was 0.14 pM. The tubes were treated with a freezing and
thawing process (in liquid N> for 1 min and then in a water bath at 25+2°C for 3 min). This
freezing-thawing cycle was repeated in triplicate. To measure the LDH activities, the samples treated
with the freezing-thawing cycles (4 pL) were combined with reaction solutions (196 uL, 9.5 mM
Tris-HCI pH 7.5, 0.58 mM sodium pyruvate, and 60 uM NADH) in a 96-well microplate.
Absorbance at 340 nm was monitored with a microplate reader (Varioskan Flash, Thermo Fisher
Scientific, Tokyo, Japan) at 25 °C. The three freezing-thawing cycles reduced LDH activity to 15 to
20% of the initial level. After measuring the LDH activities before and after the freezing-thawing
cycles, the relative cryoinactivation of LDH (%) was determined. One-hundred percent relative
cryoinactivation means a decreased degree of LDH activity by the freezing-thawing cycles without
peptide. The inhibition of cryoinactivation was evaluated as a 50% protection dose (PDsp). If the
relative cryoinactivation was higher than 50% even when the peptide concentrations reached 60 uM
(the case with AtHIRD11®/T), PDso was represented as more than 60 pM. When segments (NK1-6
and Kseg) were used, the experimental conditions were the same as above with the following
exception: the peptide concentrations were 0, 0.033, 0.33, 3.3, 8.3, 17, 33, 83, 170, and 500 pM,
respectively.

Inhibition of cryodenaturation was determined by using ANS, which is a fluorescence probe for
hydrophobicity on the protein surface. ANS (10 pM), LDH (4 uM), and dehydrins (AtHIRD11 and
AtHIRDI11®/T) (0, 0.001, 0.01, 0.1, 1, 2, 5, 10, 20, and 35 puM) were combined in 10 mM sodium
phosphate buffer pH 7.0 in a total volume of 250 pL in 1.5-ml plastic tubes. For the segments
(NK1-6 and Kseg), different series of concentrations (0, 2, 5, 10, 20, 60, 100, and 300 uM) were
used. The three freezing-thawing cycles were performed as described above. The samples were taken
in the 96-well plates followed by fluorescence detection (Ex 350 nm and Em 470 nm, Varioskan

Flash). The increment of fluorescence promoted by the freezing-thawing treatment in the sample
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containing no dehydrin (or segment) was standardized as 100%. The inhibition of cryodenaturation
was represented as the PDso. If the relative increment of fluorescence was higher than 50% even
when the concentrations of dehydrins and segments reached 35 pM and 300 uM, respectively, PDso
was designated as more than 35 uM (dehydrins) or 300 uM (segments).

For the inhibition of cryoaggregation, sample solutions (250 pL) containing LDH (4 uM) and
dehydrins (AtHIRD11 and AtHIRD11®/T) (0, 0.001, 0.01, 0.1, 1, 2, 5, 10, 20, and 35 uM) were
prepared. The concentrations of segments (NK1-6 and Kseg) were 0, 2, 5, 10, 20, 60, 100, and 300
UM, respectively. After the three freezing-thawing cycles, 200 puL of each sample was subjected to a
96-well microplate assay (415 nm, Bio-Rad iMark). A turbidity increment induced by the
freezing-thawing treatment in the sample without dehydrin (or segment) was standardized as 100%.
The PDsp was used to show the inhibition of cryoaggregation. When the relative increment of
turbidity was higher than 50% at all concentrations of dehydrins and segments, PDso was designated

as more than 35 pM (dehydrins) and 300 uM (segments), respectively.

2.4. Circular dichroism (CD)

CD was applied to analyze the secondary structures of dehydrins and segments. Dehydrins
(AtHIRD11 and AtHIRD11®/T, 4.7 uM) or segments (NK1-6 and Kseg) were mixed with SDS (0.1,
I, and 10 mM) in 10 mM Tris-HCI buffer pH 7.5. The samples were subjected to a
spectropolarimeter (J-820, Jasco, Tokyo, Japan) under the following measurement conditions: scan
range from 190 to 250 nm, scan speed 100 nm min’!, resolution 1 nm, and cell width 2 mm. Putative
compositions  of  secondary  structures  were  obtained by K2D3  software

(http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/) [44].
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2.5. Structure prediction

Disordered structures of proteins were analyzed with IUPred (https://iupred2a.elte.hu/) [45] and
DisEMBL 1.5 (http://dis.embl.de/) [46]. PEP-FOLD3
(http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/) [47] was used to predict peptide

structures. Models with the best TM scores in the neutral solution were chosen.

2.6. Analytical ultracentrifugation

To predict the molecular sizes of dehydrins in solution, sedimentation velocity experiments were
conducted with an Optima XL-I analytical ultracentrifuge (Beckman-Coulter, Brea, CA, USA) using
an eight-hole An50Ti rotor at 20 °C. Since AtHIRD11 has little absorption at the detection range of
the analytical ultracentrifuge, N-terminal FITC-labeled dehydrins (i.e., FITC-AtHIRDI11 and
FITC-AtHIRD11®/T) were used. FITC-dehydrins (30 uM) were dissolved in 10 mM Tris-HCI
buffer (pH 7.5) containing 150 mM NaCl. The samples were centrifuged at 50,000 rpm and detected
at 494 nm. All data were collected without time intervals between scans. After obtaining the moving
boundaries and the residuals between raw and theoretically fitted data points, sedimentation
coefficients and molecular sizes were calculated by the c(s) method in SEDFIT [48]. The

ultracentrifugation experiments were performed twice.

2.7. Statistical analysis

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

3.1. Cryoprotective activity of AtHIRD11

In this study we used AtHIRD11 (At1g54410), one of the 10 Arabidopsis dehydrins. The sequence
of AtHIRDII is shown in Fig. 1A. This dehydrin is small and consists of a simple segment
composition (KS-type). The AtHIRDII gene was abundantly expressed in Arabidopsis, and the
AtHIRDI1 protein was detected in all organs of the plant, with accumulation in the cambial zone of
the stem vasculature [41]. Due to such abundant pre-accumulation, the gene and protein expression
levels in Arabidopsis were only weakly enhanced by various stresses, including cold. However, the
AtHIRDI11 orthologues, such as CAS15 of Medicago sativa [49], Dhnl3 of Hordeum vulgare [50],
and DHNI0 of Solanum species [51], were considerably induced.

A previous study reported that AtHIRDI1 showed -cryoprotective activity for malate
dehydrogenase [42]. To test whether hydrophobic amino acids were required for the cryoprotective
activity of AtHIRDI11, we used AtHIRDI11®/T in which all 11 hydrophobic amino acids of
AtHIRDI11 were changed to polar, uncharged amino acids (Ts) (Fig. 1B). Both AtHIRDI11 and
AtHIRDI11®/T were chemically synthesized and highly purified. SDS-PAGE detected AtHIRD11
and AtHIRDI11®/T as bands at approximately 17,000 and 25,000, respectively (Fig. 1C). Since the
calculated molecular weights of AtHIRDI11 and AtHIRD11®/T were 10796 and 10673, respectively,
their migrations in SDS-PAGE were shorter than expected. Moreover, the bands were faint after the
Coomassie blue staining. Such unusual behaviors in SDS-PAGE have been frequently observed in
many dehydrins (e.g., [52]). In order to clearly detect AtHIRD11 and AtHIRD11®/T in the gel, we

prepared N-terminal FITC-labeled peptides (i.e., FITC-AtHIRD11 and FITC-AtHIRD11®/T).

10
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Fluorescence imaging found apparent bands of FITC-AtHIRD11 and FITC-AtHIRD11®/T (Fig. 1D)
at the corresponding sites of AtHIRD11 and AtHIRD11®/T (Fig. 1C), respectively.

The cryoprotective activities of AtHIRD11 and AtHIRD11®/T for LDH were determined (Fig. 2).
Three items were tested: the inhibition of cryoinactivation, cryodenaturation, and cryoaggregation.
The PDsp values were used to determine the inhibition activities. The results indicated that
AtHIRDI1 apparently inhibited cryoinactivation, cryodenaturation, and cryoaggregation, whereas
AtHIRD11®/T did not inhibit them. This suggests that hydrophobic amino acids contributed to the
cryoprotective activity of AtHIRD11. Additionally, FITC-AtHIRD11 inhibited the cryoinactivation
of LDH at a degree similar to that of AtHIRD11, but FITC-AtHIRD11®/T did not inhibit it
(Supplementary Fig. 2). Thus, the N-terminal FITC-labeling might not influence the cryoprotective

activities of AtHIRD11 and AtHIRD11®/T.

3.2. Cryoprotective segments of AtHIRD11

We previously found that the K-segment of AtHIRDI11 (H4#KEGIVDKIKDKIHGss) showed
cryoprotective activity for LDH [15]. However, the cryoprotective activities of other segments were
not tested. Thus, we divided the AtHIRDI11 sequence into 7 segments, each consisting of 15 amino
acids (Fig. 3A). AtHIRD11 had the K-segment (Kseg) in the middle of the sequence. The N-terminal
half region and the C-terminal half region were separated into NK1 to NK3 and NK4 to NK6,
respectively. Here, NK means non-K-segment. The cryoprotective activities of the seven segments
were determined by measuring the inhibition of cryoinactivation, cryodenaturation, and
cryoaggregation of LDH (Fig. 3B). Not only Kseg but also NKI1 remarkably inhibited the
cryoinactivation of LDH. The activity of Kseg tended to be higher than that of NK1, although the

difference was not significant. The PDsos of the other segments (i.e., NK2 to NK6) were more than

11
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300 uM, indicating that these segments hardly inhibited the cryoinactivation of LDH. Similar results
were obtained in the inhibition of cryodenaturation and cryoaggregation. Taken together, these
results suggested that NK1 and Kseg were the cryoprotective sites of AtHIRD11. Nevertheless, it
should be noted that AtHIRDI1 itself showed more potent inhibition of cryoinactivation,

cryodenaturation, and cryoaggregation of LDH than did NK1 and Kseg.

3.3. Intrinsic disorder of AtHIRD11 and AtHIRD11 ®/T

Since protein functions are related to the protein structures, the difference in cryoprotective
activities between AtHIRDI11 and AtHIRD11®/T was thought to be attributed to their structural
distinction. Thus, we investigated the secondary structures of AtHIRD11 and AtHIRD11®/T. Since it
has been confirmed that dehydrins are intrinsically disordered proteins, we predicted the structural
disorder of AtHIRD11 and AtHIRD11®/T by using IUPred and DisEMBL. The IUPred analysis
indicated that both AtHIRD11 and AtHIRD11®/T were highly disordered over the whole sequences
(Fig. 4A). When the positions of the segments were mapped, the IUPred scores corresponding to the
regions of NK1 and Kseg were somewhat different: the scores in NK1 and Kseg of AtHIRD11 were
lower than those of AtHIRDI11®/T. Similar trends were observed in the DisEMBL analysis
(Supplementary Fig. 3). The in silico results were reconfirmed by CD. AtHIRDI1 and
AtHIRD11®/T showed strong negatives at around 200 nm (Fig. 4B, gray broken lines, arrowheads),
which are typical signals for disorder. According to the K2D3 analysis, both proteins had low
compositions of a-helix and B-strand (sums were less than 15%) (Fig. 4C, 0 mM SDS), indicating
that AtHIRD11 and AtHIRD11®/T were highly disordered in solution.

It has been repeatedly reported that secondary structures of dehydrins were transferred from

disorder to order by the addition of SDS (many papers, e.g., [16, 53]). Although it was demonstrated
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that dehydrins bound to SDS mainly by electrostatic force [54, 55], the driving factors in the
SDS-induced structural transition have not been fully confirmed. Here we conducted the CD analysis
to test whether SDS affected the secondary structures of AtHIRD11 and AtHIRD11®/T. As expected,
SDS (1 and 10 mM) altered the AtHIRD11 structure from disordered to ordered. On the contrary,
little change was detected in AtHIRD11®/T even at 10 mM of SDS (Fig. 4B, C). Subsequently, we
corrected the CD data for the seven segments (i.e., NK1 to NK6, and Kseg). All the segments were
in disordered states under the condition without SDS (Fig. 5A, gray broken lines, arrowheads).
When SDS was added, only NK1 and Kseg showed significant increases in the a-helix and p-strand
compositions (Fig. 5B). In the other segments, however, SDS caused slight or no structural changes.
The results suggested that the SDS-induced structural transition of AtHIRDI11 depended on the

hydrophobic amino acids and was related to the structural changes in NK1 and Kseg.

3.4. Sizes of AtHIRD11 and AtHIRD11®/T molecules in solution

The molecular sizes of AtHIRD11 and AtHIRD11®/T in aqueous solution were determined by the
sedimentation coefficients obtained by analytical ultracentrifugation. The averages of molecular
weights obtained from the experiments conducted twice were 14,100 (AtHIRD11) and 14,000
(AtHIRD11®/T) (Table 1). Because the calculated molecular weights were 11298
(FITC-AtHIRDI11) and 11236 (FITC-AtHIRD11®/T), both peptides were monomeric in the solution.
The data seemed contradictory to the previous results that dehydrins from Opuntia streptacantha and
Arabidopsis thaliana showed the dehydrin-dehydrin interaction in vivo [56, 57]. This might be
attributable to the difference in dehydrin types: AtHIRD11 is the KS-type but the dehydrins used in
the previous studies were SKn- and YnSKn-types. Eventually, the molecular sizes in solution were

not much different between AtHIRDI11 and AtHIRD 11®/T. Therefore, the reduction of AtHIRD11's
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cryoprotective activity was not due to the alteration of molecular size by changing the hydrophobic

amino acids to Ts

4. Discussion

The present results demonstrated that the hydrophobic residues were required for the
cryoprotective activity of AtHIRD11, which is the Arabidopsis KS-type dehydrin. We also found
that two segments of AtHIRD11 (NKI1 and Kseg) showed cryoprotective activities, but other
segments did not (Fig. 3B). Although the K-segment has been well documented as the conserved
sequence of dehydrins, the NK1 sequence has not been studied yet. According to a protein BLAST
search (https://blast.ncbi.nlm.nih.gov/Blast.cgi), KS-type dehydrins were found in angiosperms, but
not in gymnosperms, moss, or cyanobacteria. This suggested that the KS-type dehydrin genes were
generated in angiosperms after the separation of gymnosperms and angiosperms. The multiple
alignment analysis showed that not only Kseg but also NK1 were conserved in the KS-type dehydrin
orthologues (Supplementary Fig. 4). Considering that only NKI1 and Kseg had efficient
cryoprotective activities, it was supposed that during the evolution of KS-type dehydrins, both
segments were maintained as functional domains.

Here, we discuss the cryoprotective mechanisms of NK1 and Kseg. Without reference to the
cryoprotective activities, all segments (i.e., NK1-6 and Kseg) showed disordered structures in
aqueous solution (Fig. 5). However, it is noteworthy that only the cryoprotective segments (i.e., NK1
and Kseg) had multiple hydrophobic amino acids and changed their structures from disordered to
ordered by SDS. When NKI1 and Kseg sequences were analyzed by HeliQuest software

(https://heliquest.ipmce.cnrs.fr/) [58], the hydrophobic amino acids were gathered on one side of each
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wheel, whereas the charged amino acids were located on the opposite side (Supplementary Fig. 5).
This suggests that SDS induced amphipathic helices in the structures of NK1 and Kseg. Similarly,
the PEP-FOLD?3 software predicted that NK1 and Kseg might have elongated hydrophobic areas on
one side of the surface of each peptide (Supplementary Fig. 6). However, it should be noted that the
prediction tools could show one of the possible structures of the disordered peptides, and the
disorder-to-order transitions by SDS seemed artificial because the SDS concentrations were
considerably high. Nevertheless, it is undeniable that NK1 and Kseg might be in equilibrium
between disorder and order in solution, whereas disorder was excessively abundant. If so, the
transient formation of amphipathic structures may be required for the cryoprotective activities of
NK1 and Kseg. Putative correlations between the formation of hydrophobic areas and the expression
of cryoprotective activities were found also in a typical K-segment [15] and F-segments [20].
Moreover, the enzyme-protective region of Arabidopsis group 4 LEA protein (AtLEA4-5)
transiently formed an amphipathic helix [59]. Taken together, the present and previous results
indicate it is likely that the transient amphipathic structures are crucial for the activities of
cryoprotective segments of LEA proteins.

As shown in Fig. 2, hydrophobic residues were required for the cryoprotective activity of
AtHIRDII. In addition, most hydrophobic residues of AtHIRD11 were localized in NK1 and Kseg,
which were the only segments that showed cryoprotective activities (Fig. 3). This implies that NK1
and Kseg were specific sites for the cryoprotective activities of AtHIRD11. However, since the
cryoprotective activity of AtHIRD11 was remarkably higher than those of NK1 and Kseg (Fig. 3B),
AtHIRDI11's activity did not depend merely on the activities of the two segments. The size effect due
to the intrinsic disorder of AtHIRD11 seems to be related to the potent cryoprotective activity. This
is consistent with the previous data showing that size and disorder are important for the

cryoprotective effects of dehydrins [14].
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The SDS-PAGE analysis indicated that the migration of AtHIRD11 was much larger than that of
AtHIRD11®/T, indicating that AtHIRD11 was likely more compact than AtHIRD11®/T under the
SDS-PAGE conditions, because SDS promoted the structural change from disordered to ordered in
AtHIRDI11 but not in AtHIRD11®/T (Fig. 4B, C). Indeed, the SDS concentration in SDS-PAGE was
approximately 3.5 mM, a concentration that could induce the disorder-to-order transition of
AtHIRDI1 but not that of AtHIRD11®/T. This observation might suggest that, although both
AtHIRD11 and AtHIRDI1®/T were flexible in solution, only AtHIRDI11 could increase the
frequency of an ordered structure in the local hydrophobic environment. This structural alteration
might be concomitant with the formation of amphipathic structures of NK1 and Kseg. Meanwhile, it
should be acknowledged that AtHIRD11 was still rather flexible in SDS-PAGE because the size of
AtHIRDI11 was approximately 17,000, whereas the calculated molecular weight of AtHIRD11 was
10796. It cannot be denied that AtHIRD11 migrated larger than AtHIRD11®/T in SDS-PAGE
because AtHIRD11 could bind more SDS molecules than AtHIRD11®/T. In this case, the difference
of molecular sizes between AtHIRD11 and AtHIRD11®/T cannot be determined from the results of
SDS-PAGE.

It has been discussed whether dehydrins access target proteins during cryoprotection. NMR
analysis indicated that the /Vitis dehydrin did not bind to LDH [33]. Using analytical
ultracentrifugation, we also confirmed that FITC-AtHIRD11 did not bind to LDH (Supplementary
Fig. 7). It was noted that the minimum complementary area required to make a water-tight seal
between interacting proteins was estimated to be at least 600 A? [60]. If dehydrins reach the
hydrophobic area of LDH, they may not bind tightly to LDH, because the contact surface between
dehydrins and LDH is not large enough.

Finally, we predict the cryoprotective mechanism of AtHIRDI1 based on the present data

combined with previous knowledge. In solution, AtHIRDI11 was highly flexible but may have
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infrequently taken a partially ordered structure. The transient ordering might be associated with the
formation of amphipathic structures of NK1 and Kseg. At the same time, the partially ordered form
may transiently interact with the hydrophobic patches on the surface of the cold-stressed LDH [61].
The hydrophobic patches can also be generated at the connecting sites between monomers, because
LDH is a tetrameric protein (Supplementary Fig. 7) [61]. After that, LDH was restored and
AtHIRDI1 was returned to the flexible form (an entropy transfer). During this process, the
disordered region of AtHIRD11, which was still flexible, may have prevented the collision between
LDH molecules.

At this time, several models have been proposed to explain the actions of protective peptides. In
the basic molecular shield model [38], peptides may occupy the space to prevent target proteins from
colliding without binding to the proteins. An extended molecular shield model (or an entropy
transfer model) shows that protective peptides may cover and restore the misfolded proteins by
loosely associating the peptides to the target proteins [62]. An interaction model was also supposed
in which the peptides may protect the proteins by the protein-protein interaction [63]. Considering
that the transient hydrophobic interaction may be crucial for AtHIRDI11’s cryoprotective activity, its
cryoprotective mechanism is thought to fit the extended molecular shield model, whereas other
models can partially explain our results. On the other hand, inactive AtHIRD11®/T, which had no
hydrophobic amino acid, may not have taken an ordered structure. Thus, it is likely that
AtHIRDI11®/T failed to interact with the hydrophobic patches of LDH and could not perform the

entropy transfer.

5. Conclusion
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AtHIRD11 showed cryoprotective activities for LDH in a hydrophobic residue-dependent manner.
NK1 and Kseg, both of which contained hydrophobic amino acids, contributed to the cryoprotective
activity. The hydrophobic residues of AtHIRD11 are related not only to the interaction between the
dehydrins and the hydrophobic patches of LDH but also to the transient change in AtHIRDI1
between flexible and ordered forms. The transient change is likely crucial for dehydrin’s
cryoprotective activity. This work revealed that, although dehydrins are intrinsically disordered
proteins with low contents of hydrophobic amino acids, the hydrophobic residues can play important

roles in the cryoprotective activities of dehydrins.
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Figure legends

Fig. 1. AtHIRDI1 and AtHIRD11®/T used in this study. Amino acid sequences of AtHIRDI11 (A)
and AtHIRD11®/T (B). K-segment, mutated K-segment, and S-segments are shadowed. Underlines
indicate hydrophobic amino acids in AtHIRDI11, and Ts in AtHIRD11®/T correspond to the
hydrophobic amino acids in AtHIRD11. (C, D) AtHIRD11, AtHIRD11®/T, FITC-AtHIRD11, and
FITC-AtHIRD11®/T were analyzed by SDS-PAGE. (C) AtHIRDI11 and AtHIRDI11®/T were
visualized by Coomassie blue staining. Protein amounts were 2 pg (lane 1), 1 pg (lane 2), and 0.4 pg
(lane 3). (D) FITC-AtHIRD11 and FITC-AtHIRD11®/T were detected by a fluorescence imaging
system. Proteins were loaded at 5 ng (lane 1), 0.5 ng (lane 2), and 0.1 ng (lane 3). Open and closed
arrowheads represent AtHIRD11 (or FITC-AtHIRD11) and AtHIRD11®/T (or FITC-AtHIRD11®/T).

Adjustments of brightness and contrast were applied to every pixel in the original images.

Fig. 2. Cryoprotective activities of AtHIRD11 and AtHIRD11®/T. Inhibition of cryoinactivation (A),
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cryodenaturation (B), and cryoaggregation (C) is shown as PDso values. The concentration of LDH
as a monomer was 0.14 pM. Columns and bars represent means + SD (four experiments). Because
the PDsg values of AtHIRD11®/T were more than 60 uM (A) and 35 pM (B and C), the tops of the

columns appear as broken.

Fig. 3. Cryoprotective activities of AtHIRDI11 segments. (A) Corresponding sites for NK1-6 and
Kseg are shown. Hydrophobic amino acids are underlined. (B) Inhibition of cryoinactivation,
cryodenaturation, and cryoaggregation is shown as PDs values. The concentration of LDH as a
monomer was 0.14 uM. Columns and bars represent means £ SD (four experiments). Asterisks
indicate significant differences (p < 0.05) from NK1. When the PDs, values were more than 300 uM,

the tops of the columns appear as broken. In these cases, the asterisks are not labeled.

Fig. 4. Secondary structures of AtHIRD11 and AtHIRD11®/T. (A) Prediction of disorder by using
IUPred (https://iupred2a.elte.hu/) [45]. AtHIRD11 and AtHIRD11®/T are shown in solid and broken
lines, respectively. The locations of segments are represented. (B) The CD spectra for AtHIRD11 and
AtHIRDI11®/T. SDS was added at concentrations of 0 mM (gray broken lines), 0.1 mM (gray solid
lines), 1 mM (black broken lines), and 10 mM (black solid lines). The negative peaks corresponding
to random structures are indicated by arrowheads. (C) Secondary structure contents of AtHIRD11
and AtHIRD11®/T. Contents of alpha-helix (o)) and beta-strand (p) were assessed from the data in B
by using K2D3 software (http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/) [44]. Asterisks indicate

significant differences (p < 0.05) from 0 mM SDS.

Fig. 5. Secondary structures of AtHIRD11 segments. (A) The CD spectra of the segments. SDS was

added at concentrations of 0 mM (gray broken lines), 0.1 mM (gray solid lines), 1 mM (black broken
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lines), and 10 mM (black solid lines). The negative peaks corresponding to random structures are
indicated by arrowheads. (B) Secondary structure contents of segments. Contents of alpha-helix (o)
and beta-strand (B) were assessed from the data in A by using K2D3 software

(http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/) [44]. Asterisks indicate significant differences (p

<0.05) from 0 mM SDS.
AtHIRD11
K-segment
MAGL INKIGDALHIGGGNKEGEHKKEEEHKKHVDEHKSGEHKEGIVDKIKDKIHG 55

S-segment

GEGKSHDGEGKSHDGEKKKKKDKKEKKHHDDGHHSSSSDSDSD 98

AtHIRD11OQ/T
Mutated K-segment
TAGTTNKTGDATHTGGGNKEGEHKKEEEHKKHTDEHKSGEHKEGTTDKTKDKTHG 55

S-segment

GEGKSHDGEGKSHDGEKKKKKDKKEKKHHDDGHHSSSSDSDSD 98
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Fig. 1 Yokoyama et al.
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Fig. 2 Yokoyama et al.
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Table 1

Molecular weights of peptides determined by analytical ultracentrifugation.

Fig. 5 Yokoyama et al.

Molecular weight

Calculated molecular weight

#1 #2
FITC-AtHIRD11 14,000 14,200
FITC-AtHIRD11®/T 14,300 13,700

11,298

11,236

Experiments were conducted twice (#1 and #2).
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Supplementary Fig. 1. Cryoprotective tests for lactate dehydrogenase (LDH). (A) An assay scheme. Samples
containing LDH, peptides (AtHIRD11 or AtHIRD11dT), and buffer were treated with three freeze-and-thaw cycles.
Enzyme activity (cryoinactivation), 8-anilino-1-naphthalene sulfonate (ANS) fluorescence (ex 350 nm, em 470 nm)
(cryodenaturation), and turbidity (cryoaggregation) were then determined. Relative cryoinactivation of LDH (B),
relative fluorescence intensity (C), and relative turbidity (D) are shown. Values and bars represent means = SD
(four experiments).

Title: Cryoprotective activity of Arabidopsis KS-type dehydrin depends on the hydrophobic amino acids of two
active segments.

Authors: Yokoyama T, Ohkubo T, Kamiya K, Hara M*

*hara.masakazu@shizuoka.ac.jp
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30

Supplementary Fig. 2. Inhibition of cryoinactivation of lactate dehydrogenase (LDH) by fluorescein isothiocyanate
(FITC)-labeled proteins (AtHIRD11 and AtHIRD11®/T). The PDg, values and bars represent means = SD (four

experiments).

Title: Cryoprotective activity of Arabidopsis KS-type dehydrin depends on the hydrophobic amino acids of two

active segments.
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AtHIRD11

Disordered by Loops/coils definition
>none_LOOPS 10-98
maglinkigD ALHIGGGNKE GEHKKEEEHK KHVDEHKSGE HKEGIVDKIK DKIHGGEGKS HDGEGKSHDG EKKKKKDKKE KKHHDDGHHS SSSDSDSD

Disordered by Hot-loops definition
>none_HOTLOOPS 1-24, 29-98
MAGLINKIGD ALHIGGGNKE GEHKkeeeHK KHVDEHKSGE HKEGIVDKIK DKIHGGEGKS HDGEGKSHDG EKKKKKDKKE KKHHDDGHHS SSSDSDSD

Disordered by Remark-465 definition
>none_REM465 19-40, 55-98
maglinkigd alhigggnKE GEHKKEEEHK KHVDEHKSGE hkegivdkik dkihGGEGKS HDGEGKSHDG EKKKKKDKKE KKHHDDGHHS SSSDSD

AtHIRD11®/T

Disordered by Loops/coils definition
>none_LOOPS 1-98
TAGTTNKTGD ATHTGGGNKE GEHKKEEEHK KHTDEHKSGE HKEGTTDKTK DKTHGGEGKS HDGEGKSHDG EKKKKKDKKE KKHHDDGHHS SSSDSDSD

Disordered by Hot-loops definition
>none_HOTLOOPS 1-98
TAGTTNKTGD ATHTGGGNKE GEHKKEEEHK KHTDEHKSGE HKEGTTDKTK DKTHGGEGKS HDGEGKSHDG EKKKKKDKKE KKHHDDGHHS SSSDSDSD

Disordered by Remark-465 definition
>none_REM465 1-98
TAGTTNKTGD ATHTGGGNKE GEHKKEEEHK KHTDEHKSGE HKEGTTDKTK DKTHGGEGKS HDGEGKSHDG EKKKKKDKKE KKHHDDGHHS SSSDSDSD

Supplementary Fig. 3. Disordered regions of AtHIRD11 and AtHIRD11®/T were predicted by DiSEMBL Intrinsic
Protein Disorder Prediction 1.5 (http://dis.embl.de/). Three types of predictions were provided. Disordered sequences
are shown in bold.

Title: Cryoprotective activity of Arabidopsis KS-type dehydrin depends on the hydrophobic amino acids of two
active segments.

Authors: Yokoyama T, Ohkubo T, Kamiya K, Hara M*

*hara.masakazu@shizuoka.ac.jp
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NK1 Kseg

AtHIRDI1 1 oAl TG NKEGEH-KKEEEHK -~ —~K~———~——-~ HVDEHKSGE-HKEG VDK TKDKTHG| 55
CsSRC1 1 GEK|LH[[{GGPHKGEHH-DAHKGEHKGEHHD -~ - ~EHKKHEEHHGEGA ~HKEG|I MDK TKDK THG| 64
DCHIRD11 1 GEK[LHHGGPQ-~-HK-EHEKHNAEAQHH S -~ - ~GEE-HHKEGEQ-~-HKEG|I VEK TKDK THG| 57
EgDHN10 1 EET|HMGGENKEGEHKKEE - HKGE - —[T - ~HTGEGHKEGEHKGE- - NK[GJ5[F TDK TKDK T HG| 63
HaHIRD11 1 GDA[H|[T|5GNK SDDK - ~KHESDHKY D= DKK=======~ HEGDQSKSE-HKEG|I TDKTKDKTHG| 58
OsLIP5 1 EEK[ HMGGSE -~~~ HK-KEDEHKKEGEfHH-—---—---~ KKDGE----[KEG[/VERKTKDKI[Tf5| 52
PsHIRD11 1 DAL H[T{5GPKKDDEHKKVDEHKKVDEHKEGGHY GSGSHDEHKK - EGEHKEGF ME :KDKI 69
SLTI66 1 EET[LH/GGHKKEEHK-GEPHGEHKGEHKG----EQP---~- H-GE---[HKEG| VDK TKDKTHG| 57
AtHIRD1l 56 GEG--KSHDGEGKSHDGEKKKKKDKKEKKEHDDGHH-------- sssplpsp 98
CsSRC1 65 GDHHEEK--—=--—=--- CEKKKKEKKKKGEHGHKHEGGD=———=—~ sksplspsD 101
DCHIRD11 58 GEKEDKIH----—-- GREREKKEXKIGDRKPKKKKKDKKEGEHHGHGE SSSDSD 103
EgDHN10 64 GSDQHDK------- EGHEKKPKKKKK DKKHEDGHD - —= === = === - 5555DSD 98
HaHIRD11 59 EDGGSKEHSG----- EFEKKKKPKKEKKKKKEGDHEDGG= =~~~ SEsssDsSD 100
OSLIP5 53 DHGDG--—=-=--===--= GERKEKK DKKKKKEKKHGEEGY HEDGH--S[5SSSDSD) 92
PSHIRD11 70 DHKEGED-----—--- CEKKKKKKKEKKKHDDGHE - = —————=—~ SESSSDSD 103
SLTI66 58 DGHD--K--—=--—=-= CERKKKRARRKKRKEEGHDHAGH-~—~~~~ -~ 5SSSDSD) 90
| S J
ChPseg Sseg

Supplementary Fig. 4. AtHIRD11 and related KS-type dehydrins. Amino acid sequences were aligned by Genetyx
6.0. AtHIRD11, Arabidopsis thaliana (At1g54410); CsSRC1, Cucumis sativus (XP_011652200); DcHIRD11,
Dendrobium catenatum (XP_020686886); EgDHN10, Eucalyptus globulus (AER27689); HaHIRD11, Helianthus
annuus (XP_021994491); OsLIP5, Oryza sativa (BAA24979); PsHIRD11, Papaver somniferum (XP_026426999);
and SLTI66, Glycine max (ABO70349). Hydrophobic residues, positively charged residues, negatively charged
residues, and others are shown in orange, magenta, blue, and green, respectively. Sites of NK1, K-segment (Kseg),
ChP-segment (ChPseg), and S-segment (Sseg) are indicated.

Title: Cryoprotective activity of Arabidopsis KS-type dehydrin depends on the hydrophobic amino acids of two
active segments.

Authors: Yokoyama T, Ohkubo T, Kamiya K, Hara M*
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726

AtHIRD11_NK1 AtHIRD11_NK2 AtHIRD11_NK3  AtHIRD11_Kseg

Supplementary Fig. 5. Helical wheel analysis was performed by using HeliQuest software
(https://heliquest.ipme.cnrs.fr/). Seven segments were analyzed. Alpha-helix mode was chosen. Hydrophobic amino
acids are shown in yellow. Hydrophobic moments are shown by arrows.

Title: Cryoprotective activity of Arabidopsis KS-type dehydrin depends on the hydrophobic amino acids of two
active segments.
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Supplementary Fig. 6. Tertiary structures were predicted by using PEP-FOLD3 software (https://mobyle.rpbs.univ-
paris-diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD3). Seven segments were analyzed. Hydrophobic areas are
shown in yellow. Hydrophobic amino acids related to the hydrophobic areas are shown. Red circles and black Xs
represent peptides having potent and little cryoprotective activities, respectively.
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Supplementary Fig. 7. Ultracentrifuge analysis. Samples containing lactate dehydrogenase (LDH) and fluorescein
isothiocyanate (FITC)-labeled proteins (FITC-AtHIRD11 and FITC-AtHIRD11®d/T) were centrifuged at 50,000 rpm
by using Optima XL-I analytical ultracentrifuge (Beckman-Coulter). The moving boundaries and the residuals
between raw and theoretically fitted data points were obtained (A). Subsequently, the distribution of sedimentation
coefficients was calculated by the c(s) method in SEDFIT (B). Peaks corresponding to monomer (m) and tetramer (t)
were detected. FAt and FAt®OT represent FITC-AtHIRD11 and FITC-AtHIRD11®/T, respectively. Detection
wavelengths (280 nm and 494 nm) are shown. Arrowheads indicate the positions of LDH. The concentrations of
FITC-labeled proteins and LDH were 30 uM and 20 uM, respectively.
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