F-segments of Arabidopsis dehydrins show
cryoprotective activities for lactate
dehydrogenase depending on the hydrophobic
residues
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Abstract

Although dehydrins show cryoprotective activities for freeze-sensitive enzymes, the underlying
mechanism is still under investigation. Here, we report that F-segments conserved in some dehydrins
cryoprotected lactate dehydrogenase (LDH) as well as K-segments, which were previously identified

as cryoprotective segments of dehydrins. The cryoprotective activity levels of four F-segments of
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Arabidopsis dehydrins were similar to that of a typical K-segment. Amino acid substitution
experiments indicated that the activity of the F-segment of Arabidopsis COR47 (designated as Fseg)
depended on the hydrophobic residues (L, F, and V). Intriguingly, when all the amino acids other
than the hydrophobic residues were changed to glycine, the cryoprotective activity did not change,
suggesting that the hydrophobic amino acids were sufficient for Fseg activity. Circular dichroism
analysis indicated that Fseg was mainly disordered in aqueous solution as well as Fseg ®/T, in
which the hydrophobic residues of Fseg were changed to T. This suggested that the hydrophobic

interaction might be related to the cryoprotective activities of Fseg.

Keywords Arabidopsis thaliana (Brassicaceae); protein function; late embryogenesis abundant

(LEA) proteins; dehydrins

1. Introduction

When plants are exposed to stresses, a series of late embryogenesis abundant (LEA) proteins are
expressed (Hundertmark and Hincha, 2008; Hand et al., 2011). Expression of dehydrins, which are
group 2 LEA proteins, is a major response to abiotic stresses such as cold, drought, and high salinity
(Eriksson and Harryson, 2011; Graether and Boddington, 2014; Banerjee and Roychoudhury, 2016)
as well as to biotic stresses (Hanin et al., 2011). Because the amino acid sequences of dehydrins are
dissimilar to those of any previously identified proteins, functional studies of them are still under
way; nevertheless it has been believed that dehydrins may function as protectants for stressed plants
according to the results of transgenic studies (Banerjee and Roychoudhury, 2016). Dehydrins are
detected in various tissues and subcellular compartments, such as cytoplasm, nucleus, plastid,
mitochondrion, endoplasmic reticulum, and plasma membrane (reviews cited above). The ubiquitous
distribution of dehydrins indicates that they protect whole cells from damage caused by stresses.
Dehydrins are classified as intrinsically disordered proteins, since the proportion of hydrophilic
residues is far greater than that of hydrophobic residues in the sequences. The flexibility of
dehydrins has been observed with various analytical methods such as circular dichroism (CD),
Fourier-transform infrared spectroscopy (FTIR), and nuclear magnetic resonance (NMR) (Findlater
and Graether, 2009; Rahman et al., 2011; Agoston et al., 2011; Clarke et al., 2015). Dehydrins have
conserved sequences, e.g., K-, Y-, and S-segments (Close, 1997). K-segments (e.g.,

EKKGIMEKIKEKLPG) are essential for identifying dehydrins. Y-segments (e.g., DEYGNP) and
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S-segments (e.g., LHRSGSSSSSSSEDD) are frequently found in some dehydrins. By using the
shorthand notation of K, Y, and S, dehydrins are conventionally classified as SKn, FSKn, KnS, Kn,
YnSKn, YnKn, etc. Besides them, ®-segments, which are rich in G and polar amino acids (Close,
1997), PK (polylysine)-segments (Hara et al., 2009), and F-segments (DRGLFDFLGKK or extended
ones) (Strimbeck, 2017; Wei et al., 2019) have been proposed. Many studies have reported that such
segments had corresponding functions in vitro. K-segments showed cryoprotective activities for
freeze-sensitive enzymes such as lactate dehydrogenase (LDH, EC 1.1.1.27) (Hughes et al., 2013;
Hara et al., 2017). K-segments are also involved in the binding to negatively charged lipids (Koag et
al., 2009). The membrane binding of dehydrins might maintain the fluidity of membranes at low
temperature (Eriksson et al., 2011; Clarke et al. 2015). S-segments are likely Ca®" binding sites of
dehydrins when the segments are phosphorylated (Alsheikh et al., 2003). The polar ®-segments
might be involved in the great flexibility of dehydrins. The PK-segment and K-rich area of dehydrins
are related to the DNA binding (Hara et al., 2009; Boddington and Graether, 2019). Although
specific segments have not been identified, the H residues and H-rich regions were proposed to bind
to transition metals (Hara et al., 2005), reduce the generation of reactive oxygen species (Hara et al.,
2013), and regulate the lipid binding of dehydrins (Eriksson et al., 2011). However, the functions of
F-segments, which are well conserved in cold-responsive FSKn dehydrins, are still unknown.

Since cold is a general environmental cue for dehydrin expression in plants, the physiological
roles of dehydrins in cold-stressed plants have been intensively studied. Although diverse transgenic
experiments revealed that the high expression levels of dehydrin genes enhanced the cold tolerance
of plants (e.g., Hara et al., 2003; Puhakainen et al., 2004; Peng et al., 2008; Xing et al., 2011;
Ochoa-Alfaro et al., 2012; Zhang et al., 2018), how dehydrins act during the establishment of cold
tolerance in planta has not been confirmed but is now under investigation. Many studies have
investigated the cryoprotection of freeze-sensitive enzymes by dehydrins (e.g., Hara et al., 2001;
Bravo et al., 2003; Hughes and Graether, 2011; Drira et al., 2013). It was demonstrated that size is
one of the most important factors in the cryoprotective activities of dehydrins (Hughes et al. 2013).
In addition, truncation experiments indicated that K-segments of ERD10, ReDhn5, TaDHN-5, and
WZY?2 were necessary to exhibit the full inhibitory activities of the dehydrins for the cold
denaturation of LDH (Reyes et al., 2008; Drira et al., 2013; Yang et al., 2015). As described above,
K-segments even alone inhibited freezing damage to LDH, suggesting that K-segments might be
related to the cryoprotective activities of dehydrins. However, no cryoprotective sites other than
K-segments have been determined in dehydrins.

Recently, it was reported that when the hydrophobic amino acids of a K-segment were changed to
polar uncharged Ts, the cryoprotective activity of the K-segment was remarkably reduced (Hara et
al., 2017). In this case, at least three hydrophobic residues were needed for the cryoprotective

activity. This supported the idea that the segments containing multiple hydrophobic residues might
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show cryoprotective activities. From this point of view, we predicted that F-segments may have
cryoprotective activities like K-segments, because F-segments possessed hydrophobic core regions
(e.g., LFDFL) in their sequences. Here we found that four F-segments of Arabidopsis FSKn
dehydrins showed potent cryoprotective activities for LDH and that the segment’s hydrophobic
amino acids were necessary for the activities. The putative cryoprotective mechanisms of

F-segments were discussed on the basis of hydrophobic interaction.

2. Results

2.1. Cryoprotective activities of F-segments

F-segments are conserved in FSKn dehydrins. Arabidopsis possesses four FSKn dehydrin genes,
i.e., At1g20440 (COR47, FSK3), Atlg20450 (ERDI10, FSK3), Atig76180 (ERDI14, FSK2), and
At4g38410 (FSK2), all of which are expressed by cold stress (Supplemental Fig. 1). There was one
F-segment per FSKn dehydrin (Strimbeck, 2017). Four F-segments, COR47Fseg, ERDI10Fseg,
ERD14Fseg, and At4g38410Fseg, were tested (Fig. 1A). The sequence lengths were adjusted to 15
amino acids because we compared their cryoprotective activities to the positive standard: the typical
K-segment (TypK) possessing 15 amino acids (Hara et al., 2017).

To estimate the cryoprotective activities, we measured the inhibition of both cryoinactivation and
cryodenaturation for LDH (Fig. 1B, C). LDH has been widely used as a model enzyme for
cryoprotection studies because it is sensitive to low temperature. Cryoinactivation was determined
by the enzymatic activities of LDH before and after the freeze and thaw treatments (Supplemental
Fig. 2A, B). Cryodenaturation was analyzed by monitoring the hydrophobicity of LDH during the
freeze and thaw cycles by 8-anilino-1-naphthalene sulfonic acid (ANS), which is a detector of the
surface hydrophobicity of proteins (Supplemental Fig. 2C). The F-segment peptides effectively
inhibited the cryoinactivation and cryodenaturation of LDH by the same magnitude as TypK (Fig.
1B, C). The activity levels were similar to each other. This demonstrated that the F-segment peptides
had efficient cryoprotective activities for LDH. The following experiments were performed by using
COR47Fseg because its sequence was identical to that of the F-segment defined in the previous

report (Strimbeck, 2017). COR47Fseg is designated simply as Fseg in the text below.

2.2. Role of hydrophobic residues

We previously reported that the cryoprotective activity of TypK for LDH depended on the
hydrophobic residues in the TypK sequence (Hara et al., 2017). This implies that, also in the case of
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Fseg, hydrophobic residues may be crucial for cryoprotective activity. To test this, we examined a
series of Fseg-altered peptides with various amino acid substitutions (Fig. 2). A hydrophobic
residues-to-T substitution peptide (Fseg ®/T), a negatively charged residues-to-T substitution
peptide (Fseg DE/T), and a positively charged residues-to-T substitution peptide (Fseg KR/T) were
prepared. The cryoprotective analyses indicated that Fseg ®/T totally lost its inhibition of LDH
cryoinactivation and cryodenaturation, but Fseg DE/T and Fseg KR/T still efficiently inhibited
cryoinactivation and cryodenaturation, to the same degree as Fseg. When hydrophobic residues were
changed to E (Fseg ®/E) and K (FSeg_ ®@/K), their inhibition activities diminished. These results
suggested that the hydrophobic residues played an important role in the cryoprotective activity of
Fseg.

Since it was revealed that hydrophobic residues of Fseg were necessary for cryoprotective activity,
we changed the other amino acids to G (pG_Fseg @) in order to clarify whether the hydrophobic
residues were sufficient for the activity (Fig. 3). Surprisingly, the pG_Fseg ® peptide showed
similar activity to Fseg in the inhibition of both LDH cryoinactivation and cryodenaturation. In
addition, the pG Fseg ®-related peptides, which contained negatively charged residues
(pG_Fseg_ ®DE) or positively charged residues (pG_Fseg ®KR), also showed apparent activities.
On the other hand, altered peptides in which G was substituted for amino acids other than charged
residues (pG_Fseg DE, pG Fseg KR, and pG_Fseg DEKR) showed lower activity levels. The
present results demonstrated that the hydrophobic residues were necessary and sufficient to exhibit

the cryoprotective activity of Fseg.

2.3. Structural features of Fseg

In order to elucidate the mode of action underlying the cryoprotective activity of Fseg, we
compared the secondary structures between Fseg (the active peptide) and Fseg ®/T (the inactive
one) by using CD. We collected CD data on the solutions of Fseg and Fseg ®/T in 10 mM Tris
buffer pH 7.5 (Fig. 4A). Both peptides showed typical disordered states, which are expressed by
very negative values around 200 nm, whereas the sign of disorder in Fseg was weaker than that in
Fseg @/T.

It has been documented that K-segments in solution showed a disorder-to-helix transition by the
addition of sodium dodecyl sulfate (SDS), and this transition may be related to the molecular
function of dehydrins (Koag et al., 2009). When we added SDS to the Fseg and Fseg ®T solutions,
little transition was observed except that the a-helix and B-strand in Fseg were increased slightly but
significantly by the addition of a high concentration of SDS (10 mM) (Fig. 4A, B). This suggested
that the cryoprotective activity of Fseg was not correlated with the capability of a structural

transition induced by SDS. Moreover, it is likely that Fseg did not interact with the membrane.
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We obtained more information on the structural difference between Fseg and Fseg ®T by using
the de mnovo structure prediction system PEP-FOLD3 (Lamiable et al.,, 2016)
(http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/). Because this system was designed
for the structured peptides, we have to consider that the images represented one of the structures that
the peptides could have. The results showed that the 3D structures were clearly different between
Fseg and Fseg_®T. Fseg had a hydrophobic space in the middle of the structure (Supplemental Fig.
3A). The four hydrophobic amino acids (L, Fs, F7, and Lsg) each formed a hydrophobic area that was
exposed to the solvent. On the other hand, Fseg ®T did not have any hydrophobic area and the
whole structure was disordered for the most part (Supplemental Fig. 3B). We also built predictive
structures of other cryoprotective peptides used in this study, i.e., three F-segments (ERD10Fseg,
ERD14Fseg, and At4g38410Fseg), pG Fseg @, and TypK (Supplemental Fig. 3C), and found that
all of them possessed hydrophobic spaces as Fseg did. Intriguingly, their hydrophobic areas were
made by four hydrophobic amino acids and were exposed to the solvent, even though their amino

acid sequences were different.

3. Discussion

Although the cryoprotective activities of K-segments have been well documented, it has not been
investigated whether other segments also show such activities. Previous studies have reported that
FSKn-type dehydrin COR47 was related to the cold tolerance of Arabidopsis. The COR47 gene was
expressed and the protein was accumulated in the whole Arabidopsis plant with a specific response
to cold stress (Nylander et al., 2001). Overexpression of the COR47 gene enhanced the freezing
tolerance of Arabidopsis by coexpression with the RAB18 gene (Puhakainen et al., 2004).
OpsDHNI1, a cold-responsive FSKn-type dehydrin of Opuntia streptacantha (Ochoa-Alfaro et al.,
2012), effectively protected LDH during the freeze and thaw process (Hernandez-Sanchez et al.,
2014). Recently, FSKn-type-specific conserved segments, i.e., F-segments, have been identified
(Strimbeck, 2017; Wei et al., 2019). The sequence conservation of F-segments was higher than that
of K-segments in the COR47 orthologues from angiosperms (Supplemental Fig. 4), implying that
F-segments have been conserved during evolution, probably due to their important functions. Here
we report that the F-segments of four FSKn-type dehydrins showed the LDH cryoprotective activity
of the same potency as K-segments (Fig. 1).

A previous report demonstrated that the cryoprotective activity of a K-segment depended on the
hydrophobic residues of the peptide (Hara et al., 2017). Therefore, we tested whether the
hydrophobic residues of Fseg contributed to the cryoprotective activities. The experiments with

amino acid substitutions indicated that hydrophobic amino acids were the determining factors for the
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cryoprotective activity of Fseg. Since the changes in positively charged amino acids to T somewhat
but significantly reduced cryoprotective activities (Fig. 2B, C), the positively charged amino acids
might be partially related to those activities.

It was confirmed that amino acid length is a major determinant of the cryoprotective activities of
dehydrins (Hughes et al. 2013). Moreover, the altered dehydrins, whose sequences were scrambled,
exhibited considerable activities (Palmer et al. 2019). On the other hand, K-segments alone showed
apparent cryoprotective activities and hydrophobic amino acids of K-segments were related to those
activities. Taken together these findings indicate that, although the size of the disordered region is
essentially important for cryoprotective activity, the amino acid sequences of segments may also be
responsible for the activities of dehydrins.

Here, the discussion moves to the mechanism underlying the LDH cryoprotective activities of
F-segments. In general, a molecular shield model (many reviews, e.g., Chakrabortee et al., 2012) has
been proposed to explain how dehydrins show cryoprotective activity (Hughes et al., 2013). The
aggregation of target proteins can be inhibited by the molecular shields of dehydrins with large
hydrodynamic radii due to the intrinsically disordered nature of those dehydrins. F-segments might
also function as molecular shields, because Fseg was in the disordered state determined by CD.
However, it is still unknown why hydrophobic amino acids were necessary for the cryoprotective
activity of Fseg. As shown in Supplemental Fig. 3, Fseg was postulated to have a hydrophobic area
that was exposed to the solvent. Similar hydrophobic areas were found in not only other F-segments
but also pG_Fseg @ and TypK, all of which showed cryoprotective activities, suggesting that such
hydrophobic areas might be crucial for cryoprotective peptides. In line with this idea, a scheme
describing the cryoprotective mechanism of Fseg is shown in Fig. 5. During the freeze and thaw
process, freeze-sensitive enzymes such as LDH lose their activities by aggregating together through
the hydrophobic patches on protein surfaces (Zhang et al., 2011) (Fig. SA). The hydrophobic area of
Fseg might intervene in the hydrophobic interaction between target proteins. Since the hydrophobic
area of Fseg was not structurally complemented with the hydrophobic patches of proteins, the
interference by hydrophobic interaction could be transient. While Fseg inhibited aggregation,
hydrophobic hydration (Davis et al., 2012) might cover the patches of protein surfaces. Thus, LDH
is successfully kept active after the freeze and thaw process (Fig. 5B). It has been hypothesized that
group 4 LEA proteins and chaperones might interact with the target proteins (Cuevas-Velazquez et al.
2017; Tompa and Csermely, 2004), suggesting that the transient hydrophobic interactions might
function also in the case of the group 4 LEA proteins and the chaperones. On the other hand,
Fseg ®/T, which does not possess a hydrophobic area, cannot efficiently intervene in the
hydrophobic interaction between the proteins. As a result, Fseg ®/T might be excluded from the
hydrophobic space, after which the proteins would be aggregated due to the formation of water-tight
seals between the proteins (Fig. 5C).
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Since the hydrophobic areas of F-segments consisted of L(M)FDFL, the sequences were certainly
thought to be the cores of the cryoprotective activities. It is noteworthy that the sequence of
L(M)FDFL was similar to the FXF motifs (e.g., the FNFL segment) related to the hydrophobic
interaction between mitogen-activated protein kinases and their partner proteins (Mace et al., 2013;
Liu et al., 2016). This implies that L(M)FDFL can affect the hydrophobic interactions between
proteins. Moreover, it is interesting that the configurations of hydrophobic areas were similar among
the cryoprotective peptides (Supplemental Fig. 3). In the case of F-segments, two Fs were positioned
like spreading arms and two Ls (or an L and an M) were located between the F arms. This formed
horizontally long hydrophobic areas. On the other hand, TypK was postulated to form a helix-like
structure. The four hydrophobic amino acids that were located on one side of the helix made a long
horizontal hydrophobic region, as did the F-segments. Moreover, exposure of the hydrophobic areas
to the solvent may enhance accessibility to hydrophobic patches on the surface of proteins. This may
facilitate the transient intervention for the hydrophobic interaction between proteins. It is suggested
that if the peptides were all the same size, the cryoprotective activities were determined mainly by
the configurations of the hydrophobic areas rather than by the primary and secondary structures of
the peptides.

In conclusion, we found that F-segments had cryoprotective activities as much as K-segments did.
This indicates that K-segments and F-segments may contribute to the cryoprotective activities of
cold-responsive FSKn-type dehydrins. Although dehydrins possess small amounts of hydrophobic
amino acids, the hydrophobic residues were key factors in the unique functions of dehydrins such as
protein cryoprotection. Further studies on the functions of dehydrins may provide useful information
on the physiological mechanisms underlying cold tolerance in plants and for the development of

high-performance cryoprotective agents.

4. Experimental

4.1. Chemicals

Rabbit muscle LDH (recombinant) and nicotine adenine dinucleotide (NADH) were purchased from
Oriental Yeast (Tokyo, Japan). ANS was obtained from Sigma (Tokyo, Japan). Peptides were
prepared by using an automated solid phase peptide synthesizer (Tetras, Advanced ChemTech,
Louisville, KY, USA). The peptides were purified by chromatography (UFLC-20AB, Shimadzu,
Kyoto, Japan) using a C18 reversed-phase column (AlltimaTM 4.6 x 250 mm) with a linear gradient
of acetonitrile (from 5% to 95%) in 0.05% trifluoroacetic acid solution over 25 min. After
identification by mass spectrometry (LCMS-2020, Shimadzu), the peptides were lyophilized for

storage.
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4.2. Cryoprotective tests for LDH

The cryoprotective activities of peptides for LDH were estimated by the inhibition of
cryoinactivation and cryodenaturation. The methods were described previously (Hara et al., 2017)
with slight modifications.

For the cryoinactivation test, 30 pL of each peptide solution (0, 0.033, 0.33, 3.3, 8.3, 17, 33, 83,
170, and 500 pM) in 10 mM Tris-HCI buffer pH 7.5 was mixed with 20 pL of LDH solution (0.34
UM as a monomer) in 1.5-mL plastic tubes. The tubes were frozen in liquid N> for 1 min and then
transferred to a water bath at 25+2°C for 3 min to thaw the ice. These freeze-thaw cycles were done
three times. The LDH activities of the thawed samples were measured. The LDH reaction was
initiated by adding peptide-containing LDH solution (4 pL) to a reaction solution (196 uL, 9.5 mM
Tris-HCI1 pH 7.5, 0.58 mM sodium pyruvate, and 60 uM NADH). The reaction was monitored by
measuring absorbance at 340 nm in a microplate reader (Varioskan Flash, Thermo Fisher Scientific,
Tokyo, Japan) at 25 °C. Usually, the three freeze-thaw cycles reduced the LDH activity to 15 to 20%
of the initial activity. One-hundred-percent cryoinactivation means a decreased degree of LDH
activity by the freeze and thaw process. The inhibition activities of peptides for cryoinactivation
were evaluated as a 50% protection dose (PDso). In order to calculate PDsg, we routinely used the
data of relative cryoinactivation at 100 uM for the maximal protection if two requirements were
fulfilled: 1) the relative cryoinactivation at 100 uM was less than 20% and 2) the relative
cryoinactivation at 100 uM ranged from 50% to 100% of the value at 50 pM. When the relative
cryoinactivation was higher than 50% even at 300 uM, PDso was represented as more than 300 pM.

The cryodenaturation of LDH was analyzed by using the fluorescence of ANS, which can detect
hydrophobic regions on a protein surface. Samples (250 pL) containing ANS (10 uM), LDH (4 uM),
and peptides (0, 2, 5, 10, 20, 60, and 100 pM) in 10 mM sodium phosphate buffer pH 7.0 were
prepared in 1.5-ml plastic tubes. After the three freeze-thaw cycles as described above, fluorescence
at Ex 350 nm/Em 470 nm was determined (Varioskan Flash). The samples with no peptide (0 pM)
showed remarkable fluorescence after the three freeze-thaw cycles. The increment of fluorescence in
the sample without peptide was 100%. A 50% protection dose (PDsp) was used to represent the
inhibition of cryodenaturation. When the relative cryodenaturation at 100 pM was less than 20% and
the relative cryodenaturation at 100 M ranged from 50% to 100% of the value at 50 uM, the value
at 100 uM was used for the maximal protection. If the relative cryodenaturation was higher than

50% even at 60 uM, PDsg was represented as more than 60 pM.

4.3. Circular dichroism (CD)
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Secondary structures of peptides (Fseg and Fseg ®/T) were analyzed by CD. Samples containing
the peptides (60 uM), SDS (0.1, 1, and 10 mM) and Tris-HCI buffer pH 7.5 (10 mM) were subjected
to a spectropolarimeter (J-820, Jasco, Tokyo, Japan). The measurement conditions were as follows:
scan range from 195 to 250 nm, scan speed 100 nm min™', resolution 1 nm, and cell width 2 mm.

4.4. Peptide structures

Predicted structures of peptides were produced by using the online server PEP-FOLD3
(http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/) (Lamiable et al., 2016). The
structures were built as in the neutral solution. The most relevant model with the best TM score was
chosen. The results are shown in Supplemental Fig. 3.

4.5. Statistical analysis

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

Fig. 1. Cryoprotective activities of typical K-segment (TypK) and Arabidopsis F-segments. (A)
Peptide names, corresponding dehydrins, and amino acid sequences are shown. Inhibition of
cryoinactivation (B) and that of cryodenaturation (C) of lactate dehydrogenase (LDH) by the
peptides are shown as PDsg. Values shown are the means of three experiments. Columns and bars

represent means + SD. No significant difference (p < 0.05) from TypK.

Fig. 2. Cryoprotective activities of Fseg and its related peptides (amino acid substitutions). (A)
Amino acid sequences of the peptides. Fseg means COR47Fseg in Fig. 1. @, +, and - represent
hydrophobic, positively charged, and negatively charged amino acids, respectively. Letters of
hydrophobic amino acids are shaded. Inhibition of cryoinactivation (B) and that of cryodenaturation
(C) were evaluated as PDsg. Values shown are the means of three experiments. Columns and bars
represent means + SD. Asterisks indicate significant differences (p < 0.05) from Fseg. When the
PDs values were more than 300 pM in B and 60 uM in C, the tops of the columns were shredded. In

these cases, asterisks are not labeled.

Fig. 3. Cryoprotective activities of Fseg and its related peptides (G substitutions). (A) Amino acid
sequences of the peptides. Fseg means COR47Fseg in Fig. 1. @, +, and - represent hydrophobic,
positively charged, and negatively charged amino acids, respectively. Letters of hydrophobic amino
acids are shaded. Inhibition of cryoinactivation (B) and that of cryodenaturation (C) were evaluated
as PDso. Values shown are the means of three experiments. Columns and bars represent means + SD.
Asterisks indicate significant differences (p < 0.05) from Fseg. When the PDso values were more
than 300 uM in B and 60 puM in C, the tops of the columns are shredded. In these cases, asterisks are

not labeled.

Fig. 4. Analyses of secondary structures of Fseg and Fseg ®/T. (A) Circular dichroism analysis for
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Fseg and Fseg @/T. Effects of sodium dodecyl sulfate (SDS) on their secondary structures are
shown. Gray broken lines, gray solid lines, black broken lines, and black solid lines represent 0, 0.1,
1, and 10 mM SDS, respectively. (B) Predictive quantification of the secondary structure
compositions in Fseg and Fseg ®/T by using K2D2
(http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d2/). The CD data in A were used. Black, gray, and
white columns show a-helix, B-strand, and others (random structures), respectively. Values shown
are the means of three experiments. Bars represent SD. An asterisk indicates a significant difference

(p <0.05) from the control sample (0 mM SDS).

Fig. 5. Putative mechanisms for cryoprotective activity of Fseg. When target proteins (e.g., LDH)
are frozen and thawed, hydrophobic patches appear on the surface of the proteins, and then
hydrophobic interaction is generated between the patches (A). Fseg intervenes in the hydrophobic
interaction via its hydrophobic area. While Fseg inhibits hydrophobic binding, hydrophobic
hydration may cover the patches. Finally, the native state of proteins was maintained (B). Besides
that, Fseg ®/T cannot intervene in the hydrophobic interaction because it does not have a
hydrophobic area. A water-tight seal forms between the hydrophobic patches of the target proteins

after exclusion of Fseg_®/T. As a result, the proteins are aggregated (C).

Supplemental Figure legends

Supplemental Fig. 1. Arabidopsis FSKn dehydrins. (A) Amino acid sequences of four Arabidopsis
FSKn dehydrins. F-segments are highlighted in green. Red letters indicate K-segments. (B)
Information on the four FSKn dehydrins. Cold-responsive expressions were determined according to

the data from the Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi).

Supplemental Fig. 2. Cryoprotective tests for lactate dehydrogenase (LDH). (A) Scheme of the
assay. Samples containing LDH, peptides, and buffer were treated with three freeze and thaw cycles,
after which enzyme activities and denaturation levels were determined. For peptides, Fseg
(CORA47Fseg) and Fseg ®/T (COR47Fseg_®/T) were used. (B) Relative cryoinactivation of LDH
(%). Values and bars represent means + SD (three experiments). (C) Relative cryodenaturaion of

LDH (%). The denaturation levels were monitored by fluorescence (ex 350 nm, em 470 nm) from
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8-anilino-1-naphthalene sulfonic acid (ANS). Values and bars represent means + SD (three

experiments).

Supplemental Fig. 3A, B. Predicted peptide structures of F-segments. The structures were built
using PEP-FOLD3 (http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/). Structures of
Fseg (A) and Fseg ®/T (B) are shown. Hydrophobic areas are indicated by yellow elliptical
shadows. N and C refer to the N- and C-termini, respectively. Single-letter codes with numbers are

positions of amino acid residues in the peptides.

Supplemental Fig. 3C. Predicted peptide structures of F-segments. The structures were built by
PEP-FOLD3  (http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/).  Structures  of
ERD10Fseg, ERD14Fseg, At4g38410Fseg, pG_Fseg @, and TypK are shown. Hydrophobic areas
are indicated by yellow elliptical shadows. N and C refer to the N- and C-termini, respectively.

Single-letter codes with numbers are positions of amino acid residues in the peptides.

Supplemental Fig. 4. An alignment of amino acid sequences of Arabidopsis COR47 and the
orthologues from other plant species. All five dehydrins are classified as FSK3 types. Arabidopsis,
Rhododendron, Malus, Nicotiana, and Theobroma represent COR47 from Arabidopsis, dehydrin 2
(AGI36547) from Rhododendron catawbiense, dehydrin COR47-like (NP_001315732) from Malus
domestica, dehydrin (BAD13499) from Nicotiana tabacum, and dehydrin 2 (EOY15190) from
Theobroma cacao, respectively. Asterisks are identical amino acids between species. Black, gray,

and white columns represent F-, S-, and K-segments, respectively.
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Name Dehydrin Amino acid sequence
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CORA47Fseg COR47 D3;RGLFDFLGKKEEEV ;5
ERD10Fseg ERD10 E20RGMFEDFLKKKEEVK,3
ERD14Fseg ERD14 Vs TDRGLEDFLGKKKD3q
At4g38410Fseg At4g38410 G,0CGMFDFLKKKPEDV;,
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Fig. 1 Ohkubo et al.
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®At1g20440 COR47 (FSK3)

MAEEYKNNVPEHETPTVATEESPATTTEV T DRGEEDEEGKKEEEVK PQET T TLESEFDHKAQISEPEL
AAEHEEVKENKITLLEELQEKTEEDEENKPSV IEKLHRSNSSSSSSSDEEGEEKKEKKKKIVEGEEDKKG
LVEKIKEKLPGHHDKTAEDDVPVSTTIPVPVSESVVEHDHPEEEKK GLVEKIKEKL PGHHDEKAEDSPA
VTSTPLVVTEHPVEPTTELPVEHPEEKKGILEKIKEKLPGYHAKTTEEEVKKEKESDD

®At1g20450 ERD10 (FSK3)

MAEEYKNTVPEQETPKVATEESSAPEIK ERGMEDEERKKEEVKPQET T TLASEFEHKTQISEPESFVAK
HEEEEHKPTLLEQLHQKHEEEEENKPSLLDKLHRSNSSSSSSSDEEGEDGEKKKKEKKKKIVEGDHVK
TVEEENQGVNMDRIKEKFPLGEKPGGDDVPVVTTMPAPHSVEDHK PEEEEKKGFMDKIKEKLPGHSKK
PEDSQVVNTTPLVETATPIADIPEEKKGF MDKIKEKLPGYHAKTT GEEEKKEKVSD

®At1g76180 ERD14 (FSK2)

MAEEIKNVPEQEVPKVAT EESSAENIDREEEDEEGKKKDE TK PEETPIASEF EQK VHISEPEPEVKHESL
LEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPT TEVEVKEEEKKGF MEKLK EKLPGHKKPEDGSA
VAAAPVVVPPPVEEAHPV EKKGIL EKIKEKLPGYHPKTT VEEEKKDKE

®At4g38410 (FSK2)

MADHPRSTEQREADAAASK GECENMEDEERKKPEDYHSSENARV TK EPK EEEK PSLAERFHLSDSSSSD
EEAGENGEKKEKKKKKKKNEVAEDQCET EEKIPAGIGHEDGKEK GFMEKIKDKL PGGHNGK PEAEPH
NDKAKEKGFMEKIKEKLPGHTNDEKKKET

Dehydrin Dehydrin type Size (amino acids)

CORA47 At1g20440 FSK3 Cold
ERD10 At1g20450 FSK3 260 Cold
ERD14 Atlg76180 FSK2 185 Cold
At4g38410 At4g38410 FSK2 163 Cold

Supplemental Fig. 1. Arabidopsis FSKn dehydrins. (A) Amino acid sequences of four Arabidopsis FSKn
dehydrins. F-segments are highlighted in green. Red letters indicate K-segments. (B) Information on the four FSKn
dehydrins. Cold-responsive expressions were determined according to the data from the Arabidopsis eFP Browser
(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi).

Title: F-segments of Arabidopsis dehydrins show cryoprotective activities for lactate dehydrogenase depending on
the hydrophobic residues.

Authors: Ohkubo T, Kameyama A, Kamiya K, Kondo M, Hara M*

*hara.masakazu@shizuoka.ac.jp
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Supplemental Fig. 2. Cryoprotective tests for lactate dehydrogenase (LDH). (A) Scheme of the assay. Samples
containing LDH, peptides, and buffer were treated with three freeze and thaw cycles, after which enzyme activities
and denaturation levels were determined. For peptides, Fseg (COR47Fseg) and Fseg ®/T (COR47Fseg ®/T) were
used. (B) Relative cryoinactivation of LDH (%). Values and bars represent means = SD (three experiments). (C)
Relative cryodenaturaion of LDH (%). The denaturation levels were monitored by fluorescence (ex 350 nm, em 470
nm) from 8-anilino-1-naphthalene sulfonic acid (ANS). Values and bars represent means == SD (three experiments).

Title: F-segments of Arabidopsis dehydrins show cryoprotective activities for lactate dehydrogenase depending on
the hydrophobic residues.

Authors: Ohkubo T, Kameyama A, Kamiya K, Kondo M, Hara M*

*hara.masakazu@shizuoka.ac.jp
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Supplemental Fig. 3A, B. Predicted peptide structures of F-segments. The structures were built using PEP-FOLD3
(http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/). Structures of Fseg (A) and Fseg ®/T (B) are shown.
Hydrophobic areas are indicated by yellow elliptical shadows. N and C refer to the N- and C-termini, respectively.
Single-letter codes with numbers are positions of amino acid residues in the peptides.

Title: F-segments of Arabidopsis dehydrins show cryoprotective activities for lactate dehydrogenase depending on
the hydrophobic residues.

Authors: Ohkubo T, Kameyama A, Kamiya K, Kondo M, Hara M*

*hara.masakazu@shizuoka.ac.jp
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ERD14Fseg At4938410Fseg

pG_Fseg ®

Supplemental Fig. 3C. Predicted peptide structures of F-segments. The structures were built by PEP-FOLD3
(http://bioserv.rpbs.univ-paris-diderot.fr/servicesPEP-FOLD3/).  Structures of ERD10Fsegq, ERD14Fseg,
At4g38410Fseg, pG_Fseg_®, and TypK are shown. Hydrophobic areas are indicated by yellow elliptical shadows.
N and C refer to the N- and C-termini, respectively. Single-letter codes with numbers are positions of amino acid
residues in the peptides.

Title: F-segments of Arabidopsis dehydrins show cryoprotective activities for lactate dehydrogenase depending on
the hydrophobic residues.

Authors: Ohkubo T, Kameyama A, Kamiya K, Kondo M, Hara M*
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Supplemental Fig. 4. An alignment of amino acid sequences of Arabidopsis COR47 and the orthologues from
other plant species. All five dehydrins are classified as FSK3 types. Arabidopsis, Rhododendron, Malus, Nicotiana,
and Theobroma represent COR47 from Arabidopsis, dehydrin 2 (AGI36547) from Rhododendron catawbiense,
dehydrin CORA47-like (NP_001315732) from Malus domestica, dehydrin (BAD13499) from Nicotiana tabacum,
and dehydrin 2 (EOY15190) from Theobroma cacao, respectively. Asterisks are identical amino acids between
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MRWPPVAPAETKDRGLFDFLGKKEEEETVVPAKEDKSKDQYGEVDEVAPVAPAGTKDRGL
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W
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A-—————EEYKNNVPEHETP———— TVATEESPATTTEVTDRGLFDFLGKKEEEVKP——

FDFLGKKEEEETAVPAKENKSKDQYGEVDEVAPVAPGETKDRGLFDFLGKKEEEEHKKPQ

A-——————EEYNKKSDE--HE--YERKTGDYEEGSGAGE TKDRGLFDFLGKKEEEKPTPYQ

A DQYE KKVEEGSANVEATDRGLFDFLGKKEEEKPTHAQ

A-—————EEHHSKAP—————————- ECESNVAGEGAVETKDRGLFDFLGKKEEKKPQ——
* skkkioklokokkolok
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QETTTLESEFDHKAQISEPELAAEHEEVKENKI TLLEELQEKTEEDEENKPSVIEKLHRS

DEEEVIVTEFEK-VKVSEPETKEF KEEEKKDGLL-—-TK-

QGDQVNVAEFDEKVK I SDHHDQHASSY—————————- NKVEEEEDKEKKHETLLQKLHRS

E-EHAISSEFVEKVKVSEEVAEYK: E-—EEKKEEHNKEEKKLHRS

E-EVVIATEFDEKVKIEETKVEEE-—--—————-—————-HKKEAGEEKKHSLLEKLHRS
*ok

e s |

NSSSSSSSDEEGEEKKEKKKK 1VEGEEDKKGLVEK IKEK-LPGHHDKTAE————————
SSSSSSSSE--EGEGG—————- EKKKKKKGLNEK IEEIKTAGDREEEQEAKIDKQEEKD
ESSSSSSSDEEEDEE—————- KKKKRKEKKGL TDK IKEK-1SGDEHKEEG-———YHKEED
SSSSSSSSDEEEE I GEDGQK-——IKKKKKKGLKDK IKDK- 1 SGEHKEEEK—————— AGED

DSSSSSSSDEEEGEGEEKKKKKKKEKKEKKGLKEK I EEK-LEGEKKEEEM—————— KHED
sofoflofotok Hoolok ok *
—————
DDVPVSTT——— [PVPVSES——- VVEHDHPEEEKKGLVEK IKEKLPGHHDEKAEDS
KLVPVEEYEEVYE—————————- EAAVTTPPAEEKKGFLEKTKQKLPGKNKKTEEVP
TAVPVEKVYEEEHHHPAPAPAPVVHYHEEPTDSPTEEKKGFLEKIKEKLPGHKKTEEVPV
TAVPVEKY————-————————————EE—— TEEKKGFLDKIKEKLPGGGQKKTEEV
TSVPVEKC————————————— DEPVVQAEPEKKGFLEKIKEKLPGQYKKAEEVP
sofok sololk sfolok sfofolok
——
PAVTSTPLVVTEHPVEP—-TTELPVEHPEEKKGILEKIKEKLPGYHAKTTEEEVKKEKE
PPST—————— PP——PPS-DVEYVEPEPKEKKGILEKIKEKIPGHKTEEEKQRGKE—S
GAASHEQHSDDKHAAEPPVAASYEAGEEPKEKKG I LEK IKEKLPGYHSKPEEDHKDIKEK
APPP—————— PPAAE-—————| HEAEGKEKKGFLDKIKEKLPGYHSKTEEKKKKK——
PPPP—————— PPPAECVAAEPHEGAEAKEKKGILEKIKEKLPGYHSKTEEEKEKEKES
sookok K oklokok ok

SDD--— 265

TPN——— 303

EKDTPSY 277

————— 208

ASH-——- 234

species. Black, gray, and white columns represent F-, S-, and K-segments, respectively.

Title: F-segments of Arabidopsis dehydrins show cryoprotective activities for lactate dehydrogenase depending on
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