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Dehydrins are group II Late Embryogenesis Abundant proteins that accumulate in plants during
seed development and in response to abiotic stresses. The biological function of dehydrins remain
elusive, as they are multi-functional in vitro. The contribution of sequence and charge to the
cryoprotective behaviour of dehydrins was analyzed using synthetic variants of the Vitis riparia
YSK2 and K2 proteins: ScYSK2, a scrambled version of YSK2; and AntiK2, a charge-reversed
version of K2. Circular dichroism (CD) spectroscopy analysis revealed that dehydrin-induced
changes in the structure of YFH1 was dependent on sequence and independent of residue charge.
An LDH cryoprotection assay showed that the efficiency of YSK2 was unrelated to its sequence,
whereas the efficiency of K2 depended on its residue charge type. CD spectroscopy analysis also
suggested that the mechanism of protein stabilization by dehydrins may be more like glycerol than
polyethylene glycol. Identifying functionally important residues in dehydrins would provide
insight into the potential mechanism(s) of their protective behaviour.
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Chapter 1: Introduction
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1. General Introduction

Plants, being sessile organisms, are continuously exposed to environmental stresses which
can be detrimental to crop productivity, growth and development, sometimes even causing death1,2.
Dehydration stress induced by salt, drought or low temperatures causes changes in turgor pressure,
loss in cell integrity, and mechanical damage1. These also challenge biological processes,
biomolecule stability, and alter the balance between radical oxidative species production and
elimination3. In response, some plants have developed systems which allow them to acclimate to
the physiological and morphological changes via stress avoidance and stress tolerance3,4. Stress
avoidance can involve freeze prevention of sensitive tissues or the accumulation of heat during the
day for slow dissipation through the night5. This also includes super-cooling, where ice nucleators
prevent endogenous ice nucleation via a highly viscous, liquid-glass state in winter hardy cells.
Cells are desensitized osmotically, thermally and mechanically, allowing for survivial5. Stress
tolerance can involve the redirection of metabolism to increase the concentration of proteins and
compounds with cryoprotective properties such as soluble sugars (e.g. trehalose) and low
molecular weight nitrogen compounds (e.g. proline), to stabilize and maintain protein hydrophobic
interactions, prevent cell disruption, maintain fluidity and scavenge radical oxidative species to
reduce oxidative stress. Other such compounds include cold regulated (COR) proteins, as well as
a group of hydrophilic proteins known as Late Embryogenesis Abundant (LEA) proteins5.
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1.1. LEA Proteins

LEA proteins are small, thermostable proteins which are produced in significant quantities
in plants under cold and dehydration stress6,7. LEAs were discovered by Dure et al.8 in the
embryonal tissue of cottonseed during late embryogenesis, a time at which natural dehydration
occurs. In seed embryos, LEA proteins are uniformly distributed amongst different embryonic cell
types, where their molar concentration often exceeds that of enzyme substrates, constituting 2-4%
of the seeds’ total protein9–11. During abiotic stress, LEA proteins accumulate in the vegetative
tissues of mature desiccation-tolerant plants, which are able to survive or recover from significant
losses in cellular water12. LEA proteins are found ubiquitously in various plant species including
angiosperms, gymnosperms and some non-vascular plants13. LEA proteins have been found
upregulated in desiccation tolerant invertebrates (e.g. the chironomid Polypedilum vanderplanki
and brine shrimp Artemia)14,15, and some yeast species (e.g. Saccharomyces cerevisiae)16. The
expression of LEA proteins or the presence of LEA mRNA has been consistently related to stress
tolerance in transgenic, dehydration and gene knockout studies16–19. LEAs are categorized into
seven groups based on sequence similarity; groups 1, 2, and 3 have been the most studied13. Of
interest to this thesis are the group 2 dehydration proteins (dehydrins), which specifically
accumulate upon stresses due to high soil salinity, drought (low water content), low temperature
(lack of free water), and from exogenous abscisic acid (ABA).
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1.2 Dehydrin Properties

Dehydrins range from about 9.6-70 kDa in size and are characterized by the presence of
three sequence motifs20. By definition, all dehydrins must contain at least one K-segment, which
is a 15-residue motif rich in lysine residues21. In a recent analysis of multiple genomes by Malik
et al. (2017), Lys residues were found to be highly conserved at positions 2, 8, 10 and 12, while
positions 7 and 11 have the acidic residues Asp and/or Glu. Other conserved properties include a
Pro at position 14; hydrophobic residues residing at positions 5, 9 and 13, and Gly at position 4
and 15. A consensus sequence could therefore be written as [XKXGXX(D/E)KIK(D/E)KXPG],
where X represents a variable amino acid type and property22 (Figure 1.1). The Y-segment21 is
named after the Tyr in the motif, although His or Phe may be present instead. Other important
features include: an Asp residue at position 1; Asp or Glu at position 2; as well as Gly, Asn and
Pro at positions 4, 5 and 6, respectively, which provides the consensus sequence
[D(D/E)(Y/H/F)GNPX]22, where the X in this case is almost always hydrophobic. The S-segment
is a 16-residue motif which consists of a poly-serine “stutter” of 4-6 Ser residues23. This segment
often starts with a Leu and two positively charged residues, and ends with four negatively charged
residues, providing the consensus sequence [LHR(S/T)GS4-6(S/D/E)(D/E)3]21,22,24–27. Sequences
that reside outside of the aforementioned segments are denoted as the phi (ϕ) segments, which are
rich in Gly, Thr and Glu residues. Other ϕ-segment amino acids include Ala, His and Gln, while
Trp, Cys and Phe occur at a frequency of less than 1.1%22.
Dehydrin sequences can be described using the YSK nomenclature, where each letter
represents the previously mentioned segment names. The Y-segment is located near the N-
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Figure 1.1 Malik et al. (2017) LOGO representation for the conservation of the K-segment. Amino
acids are colour-coded by their group type. Blue-positively charged residues (Lys, Arg, His); rednegatively charged (Asp, Glu); black- hydrophobic (Ala, Val, Leu, Ile, Pro, Phe, Met); green- polar
(Gly, Ser, Thr, Tyr, Cys); purple- neutral (Asn, Gln). The heights of the amino acids correspond
to their conservation at that position22.
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terminus in 0-3 tandem copies, followed by the S-segment, which may be present once or not at
all. At the C-terminus, the K-segment occurs in 1-11 copies, where 1 or 2 repeats are most
common25,28. The ϕ-segments, though not included in the naming system, reside between the Y-,
S-, and K-segments (Figure 1.2). The combination of segments therefore gives rise to five
architectures, known as Kn, SKn, KnS, YnKn and YnSKn25, where n represents the number of
occurrences for each segment. Although the pattern is not absolute, certain archetypes of some
barley and wheat dehydrins were found to be upregulated under a particular abiotic stress; the SKn
and YnKn types were found to be upregulated by low temperatures, while the Kn and YnSKn types
are commonly expressed under drought, frost, and high salinity stress29.
The biological functions of dehydrins are not yet fully established. Many biochemical and
structural analyses have been carried out to assess the possible functions and their mechanism of
action, which are discussed in more detail below. Briefly, the K-segment has often been shown to
form a partial amphipathic α-helix upon dehydration as well as in the presence of artificial
membranes30–32. The S-segment is presumed to promote dehydrin “activation” via the
phosphorylation of Ser residues; the phosphorylation patterns of the S-segment of durum wheat
dehydrin DHN5 were found to be different between two wheat varieties, which displayed
differences in salt and drought tolerance33. In addition, phosphorylation of the S-segment in
soybean (Glycine max) dehydrin GmERD14 allowed the binding of more calcium ions than their
non-phosphorylated counterpart34. The abundance of negatively charges residues (Asp and Glu)
preceding the stretch of lysine residues in the K-segments of dehydrins Cor47 and Lti29 show
sequence similarity with the animal chaperone HSP90 (Heat Shock Protein 9026. For the Ysegment, others have found that it shares sequence similarity with the nucleotide binding
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Figure 1.2 Structure of Maize seed dehydrin YSK2 (Close, 1996)25
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site of plant and bacterial chaperones25,35. However, Boddington et al. (unpublished results) have
suggested that this may not be the case: via NMR analysis, there were no differences between the
chemical shifts of YSK2 in the presence and absence of ATP, which contains an adenine ring found
in some nucleotides.

1.3 Dehydrin Expression

Dehydrins are expressed during acclimation, in which a gradual adjustment to the
environmental conditions allows the organism to combat or tolerate periods of dehydration. It is
important to note that dehydration is a loose term used to describe several abiotic stresses: water
deficit, when water lost by evapotranspiration exceeds the amount of water that is taken up by
roots; low temperatures, when ice forms on plant surfaces or in the soil, water moves from
protoplasm and across the plasma membrane towards the ice formation on the plant surface; soil
salinity, where the increase in osmotic pressure around roots creates a lower chemical potential
outside the cells than inside the cell, causing dehydration by osmosis25. Some plants can acclimate
extensively, some acclimate only a little, while others do not acclimate at all (usually resulting in
death). Thus, since a higher expression of dehydrins are found in stress-tolerant plants, they are
thought to provide protection against dehydration-induced damage35. Dehydrins have been
localized using quantitative RT-PCR of plant organs and tissues27,36,37, protein SDS-PAGE
(polyacrylamide gel electrophoresis)38,39 as well as in immunoblots of plant extracts, using
antibodies raised against the K-segment18,38,40,41.
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1.4 Subcellular Localization of Dehydrins

Dehydrins appear to have no preferences in subcellular localization since they are found to
accumulate in various cell compartments. They have been found in the cytosol, nucleus, vacuoles,
chloroplasts, and mitochondria, where in some cases, dehydrins were dually localized14,39,42–44.
Szabala et al. (2014) assessed the accumulation of DHN24 in the phloem cells of cold and drought
stressed Solanaceae plants; immunogold microscopy localized dehydrins in the nuclei along the
outer mitochondrial membrane and in the cytoplasm45. This was supported by immunoblotting of
the

subcellular

fractions

of

the

cytosolic,

nuclear

and

microsomal

fractions45.

Immunohistochemical studies conducted by Rinne and colleagues on birch found Rab16 dehydrin
upon cold treatment located in nuclei, storage protein bodies, amyloplasts and along the plasma
membrane41. Wisniewski et al. (1999) used silver-enhanced immunogold microscopy to locate
peach dehydrin PCA60 in the cortical and xylem parenchyma cells of plant shoots, specifically
within the nuclei and cytosol40. In addition, dehydrins from mature Parana pine (Araucaria
angustifolia) embryos were found associated with chromatin in the nuclei as well as the matrix of
protein bodies and some microbodies43. The multi-subcellular localization of dehydrins therefore
suggest that they may have multifunctional roles in the dehydrative response.

1.5 Plant Stress Tolerance & Dehydrins

Since the expression of LEA proteins is tightly linked to stress tolerance, transgenic and
gene-mutation studies have been used to identify genes correlated with stress tolerance and better
understand the molecular basis of stress adaptation13,16,17,46,47. When Kumar et al. (2014)
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overexpressed the drought-inducible dehydrin OsDhn1 in rice, the water content after a 12-hour
drought stress was reduced to 87%, compared to 74% in its wild-type. Overexpression OsDhn1
lines retained 30% more water than the control plants after six days of salt stress treatment. After
the leaves were treated with drought and salt stress, the overexpressing OsDhn1 lines had
significantly lower reactive oxygen species than the wild-type46.
Similarly, Thalhammer and colleagues compared the temperature at which 50% damage
occurs (T50) between Arabidopsis plants with the LEA protein COR15A and COR15B
overexpressed or knocked-down, which was indicated by the decrease in chlorophyll content as
visualized by chlorophyll fluorescence imaging of Arabidopsis leaves. The wild-type T50 values of
cold acclimated plant leaves were 4°C lower than non-acclimated plant leaves. Cold temperature
damage was reduced by up to 40% in the leaves of silenced dehydrins and also caused significant
electrolyte leakage, while the freezing tolerance of non-acclimated over-expressing lines were
higher than that of the wild-type lines48. Houde and colleagues (2004) over-expressed wheat
dehydrin WCor410 in transgenic strawberries and subsequently measured the electrolyte leakage
and freezing tolerance of their leaves. The electrolyte leakage of the wild-type plant was 60%,
which dropped to 20% in transgenic leaves expressing WCor410. The wild-type leaves were only
able to withstand down to -12°C temperatures, lower temperatures caused irreversible damage as
indicated by dark leaves due to necrosis. Transgenic leaves withstood -15°C temperatures, where
at -17°C, minimal signs of damage were observed17.
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1.6 Intrinsic Disorder of Dehydrins

Like all LEA proteins, dehydrins are extremely hydrophilic, contain a high amount of
glycine (6% to 25% by number)10,13,49, and have a high density of uncompensated charged amino
acids, causing intra-residue repulsion that creates a flexible, extended conformation. Dehydrins
are able to remain unfolded because they predominantly consist of disorder-promoting residues
(T, A, G, R, D, H, S, E, Q and K), which discourages fold and compaction, and by preventing the
formation of a hydrophobic core by the sparse number of hydrophobic resides (W, F, Y, I, M, L,
V, N, C, T and A)50. Dehydrins therefore lack a well-defined 3-D structure and possess a large
hydrodynamic radius51, giving freedom for numerous intermolecular interactions as they have little
to no intra-residue structure. As a result, they are floppy in solution, resembling “cooked spaghetti”
or protein clouds52,53. Due to this unstructured nature, dehydrins are unable to be crystalized in
their free state54. As such, dehydrins are intrinsically disordered proteins (IDPs). IDPs are
biologically active proteins which exist unfolded under physiological conditions, unlike denatured
states which can be caused by an exposure of buried residues to acidic or high salt conditions,
yielding residual structure and activity53. IDPs are generally resistant to structural collapse by
macromolecular crowding55, are thermostable and migrate aberrantly in SDS-PAGE and by gel
filtration (appearing at a higher apparent molecular weight)54,30. IDPs can possess different
conformations, including collapsed disorder, which has a dynamic secondary structure with
flexible side chains and is also known as a molten globule; semi-collapsed structure with a semisolvated backbone; pre-molten globule, which has regions of transient secondary structure; and an
extended disorder, caused by residue repulsion due to high net charge, which is also known as a
random coil56. Bioinformatic analyses of the IDP proteome have revealed that 5-15% of eukaryotic
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proteins are fully disordered, while up to 50% of the proteins contain intrinsically disordered
regions (IDRs): a predominantly ordered protein that contains one or more unstructured regions
50 residues long26,30,57. This of course challenges the longstanding dogma that a protein’s function
is directly determined by its structure, where a protein should be well-folded for biological
activity50,53,56. Thus, new models and research explaining the evolution, function and the
physicochemical importance of disordered proteins are in great demand. The functions of IDPs
and proteins with IDRs often depend on conformational flexibility, transient interactions, and
dynamic signal transduction. Their binding must be highly specific but have low affinity for the
sake of binding promiscuity50,56. As a result, the function of IDPs are grouped within six broad
classes: chaperones; entropic chains; effectors; scavengers; assembler; and display sites53. In many
cases, partially disordered proteins have known functions, such as eukaryotic Ser/Thr protein
phosphatase PP153; cellular hypoxia response hub protein HIF-1α58; and in scaffolding/anchoring
receptor proteins such as SH2 and PDZ59. However, the functions of many fully disordered
proteins are still unknown and there is growing research in attempts to understand the importance
of IDPs, as well as how they may be regulated50.

1.7 Experimental and Computational Disorder Prediction

Circular dichroism (CD) is often used to examine proteins, since it evaluates secondary
structure. CD is also used to monitor changes in protein secondary structure as a function of pH,
temperature or protein/additive concentration. Unfortunately, short stretches of secondary
structure or low populations of local structures are difficult to detect because the structural
observation is averaged over the entire protein. Mouillon et al. (2006) analyzed the CD spectra of
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four dehydrins (Cor47, Lti29, Lti30 and Rab18), and although they had no sequence similarity
beyond the conserved motifs, the CD spectra showed the same disordered characteristics,
displaying a minimum around 195-200 nm and an ellipticity near zero around 222 nm, which is
representative of a random coil and overall disorder. In comparison, globular proteins that are
predominantly α-helical display minima near 222 nm and 208 nm and a maximum near 195 nm;
whereas globular proteins with predominantly β-sheets have a minimum near 218 nm and
maximum at 195 nm30. In addition, they found that there were no changes in secondary structure
in response to low temperatures, lowered protein-solvent surface area exposure due to Na2SO4
addition or increased protein concentration26. In contrast, a CD analysis by Koag et al. (2003)
found maize DHN1 incubated with phosphatidic acid (PA) derived vesicles or 10 mM SDS gained
9% α-helicity, whereas phosphatidylcholine (PC) derived vesicles only induced 1% α-helicity31.
Ismail and colleagues also found an induction of α-helical structure when cowpea dehydrin was
incubated with 10 mM SDS; instead of a strong negative peak at 197 nm and weak peak at 222 nm
indicating disorder, the difference CD spectra were less than negative in the region spanning 195198 nm and a broad negative peak spanning 205-233 nm, which they attributed as the induction of
α-helical structure60. This coincides with a study done by Harrison et al. (2016), which analyzed
the folding of the Arabidopsis dehydrin Lti30 K-segment, in the presence of a mixed
phosphatidylcholine/phosphatidylglycerol membrane61; and Clarke et al. (2015) who found that
SDS micelles induced α-helical structure in the Vitis riparia (wild grape) K2 dehydrin62.
Although X-ray crystallography is used to characterize the structure of ordered regions in
globular proteins, crystallization of IDPs is essentially impossible, and the flexible nature of IDRs
gives non-coherent scattering, giving unobserved or smeared electron density maps which are not
suitable for disordered protein structural characterization56. Typically, NMR based studies are used
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to characterize disordered protein structure, dynamics, and changes in its chemical environment
by monitoring the chemical shifts of protons, carbon and/or nitrogen atoms produced by the
backbone of the protein. This allows for the identification and assignment of residues in IDPs and
proteins with IDRs56. Findlater and Graether conducted an NMR analysis on Vitis riparia
dehydrins K2 and YSK2 where the 1Hα and
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Cα resonance plots showed that both proteins are

predominantly disordered63. Agoston and colleagues assessed the NMR spectra of ERD14, which
also provided support for a highly flexible random coil under native conditions which was also
supported by secondary chemical shift (SCS) values28,64. As previously mentioned, the K-segment
has been found to partially form an amphipathic α-helix upon dehydration and in the presence of
artificial membrane. Clarke et al. (2015) used 15N-heteronuclear single quantum coherence (15NHSQC) NMR to analyze the potential interaction and change in structure of Vitis riparia K2
dehydrin in the presence of SDS micelles, which are representative of a membrane. The HN
backbone resonances of K2 alone showed typical IDP signals with narrow signal dispersion, while
the signals of K2 in the presence of SDS was more dispersed. Their results were confirmed by CD
analysis where K2 had a gain of helicity in the presence of SDS (Figure 1.3). This suggests that
there is some structuring of K2 and/or interactions of specific K2 regions with SDS62. Similarly,
Eriksson et al. (2016) monitored the membrane-induced folding of the K-segment in Arabidopsis
dehydrin Lti30 using 1H-NMR. In the presence of micelles mixed with detergent, the entire
spectrum of the Lti30 K-segment displayed a change in resonance signals. The entire peptide was
thus proposed to be involved in membrane binding, as no isolated resonance changes were seen61.
In silico methods have also been implemented to predict disorder based on the combination of
amino acid sequence and potential intra-chain interactions. Some predictors are also trained on
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Figure 1.3 CD spectra of the change in K2 secondary structure alone (solid line) and in the
presence of SDS (dotted line). (From Atkinson et al. 2016)65
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sequenced disordered regions which have been experimentally characterized by NMR, CD and Xray crystallography as well as data from PSI-BLAST profiles and cumulative distribution
functions. Some often-used predictors include: GlobPlot (http://globplot.embl.de), which analyzes
the relative propensity of a residue to be in an ordered or disordered state; IUPRED
(http://iupred.enzim.hu/), which recognizes regions in a sequence that would not form sufficient
favourable interactions between residues to promote a tertiary structure; and PONDR
(http://www.pondr.com/), which utilizes several predictors that locates disordered regions in a
given sequence. Generally, a combination of predictors can be used to develop a consensus on
whether or not a residue is disordered, which is conveniently provided by the Genesillico
Metadisorder prediction service (http://iimcb.genesilico.pl/metadisorder/index.htm). The server
calculates a consensus of disorder from a combination of prediction methods (i.e. from 13 different
primary disorder methods and six different fold recognition methods)66.

1.8 Possible Functions of Dehydrins

The functions of dehydrins are still unknown, various biochemical and structural analyses
of their conserved segments have been carried out to assess the possible mechanisms of action,
and dehydrins have been found to behave in a variety of ways:

Dehydrins as a membrane stabilizer
Given that some subcellular localization studies found dehydrins at the plasma membrane
and outer mitochondria membrane17,39,41,42, researchers have investigated the potential membrane
binding and stabilization capabilities of dehydrins. The freezing and thawing of membranes is
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known to lead to a loss of membrane integrity62. Kovacs et al.(2008) found dehydrins bound
anionic phospholipid vesicles (PLV) through electrostatic interactions; increasing amounts of
NaCl reduced the amount of dehydrin bound to PLV's30. Similarly, Koag and colleagues (2003)
found that 75% of the dehydrin had bound anionic liposomes (a mixture of phosphatidylinositol,
phosphatidylethanolamine and phosphatidylserine), which had been quantified by gel filtration
analysis31. Kovacs therefore proposed that the dehydrins adsorb to or penetrate into the membrane.
Research by Clarke et al. (2015) found that the K2 dehydrin bound to phosphatidic acid containing
liposomes and protected them from freeze/thaw induced fusion62. However, K2 did not hinder the
accessibility of the merocyanine 540 dye to the liposome, which suggests that K2 does not coat the
liposome surface. Similarly, Mouillon et al. (2008) subjected both the free dehydrin and lipid
bound dehydrin to proteolysis by trypsin; both samples were readily degraded, suggesting the
dehydrins are not embedded in the packed lipids55.

Dehydrins as an antioxidant
Due to their presence during oxidative stress, dehydrins have been proposed to function as reactive
oxidative species scavengers. Hara et al. (2003) found that Citrus unshiu (mandarin) dehydrin
CuCOR19 reduced lipid peroxidation in transgenic tobacco plants by measuring the
malondialdehyde levels which are enhanced by low temperature stress67. They subsequently
assessed the CuCOR19 scavenging activity of H2O2 radicals generated by a Fe+/H2O2 system68.
Their results showed that CuCOR19 reduced the levels of peroxyl and hydroxyl radicals, similar
to BSA, which had also displayed antioxidant behaviour. They also found radical-mediated
degradation of Gly, His, and Lys residues68 which are susceptible to oxidative modification,
irradiation of glycine residues form secondary radicals by homolysis of the α-C-H bond69; the
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imidazole group of histidine is vulnerable to oxidative modification which forms 2-oxo-histidine
which could be oxidized further to generate open-ringed products; and lysine residues are
susceptible to free radical attack where it is converted to aminoadipic semi- aldehyde70. Likewise,
results from Liu and colleagues (2011) showed that the soybean LEA proteins GmPM1 and
GmPM9 were able to reduce the levels of hydroxyl radical species, similar to BSA71.

Water-binding ability of dehydrins
Researchers have also investigated the possible biochemical functions of dehydrins in
relation to their in-cell location. In non-acclimated Birch, Rinne and colleagues (1999) found low
levels of a 33-kDa dehydrin (Rab16) localized to the cytoplasm41. During cold acclimation,
Western blots showed 24 and 30-kDa sized dehydrins accumulating in nuclei, starch-rich
amyloplasts, and protein storage bodies. The amyloplasts contain α-amylase, a hydrolase involved
in starch breakdown, which in combination with protein storage bodies are gradually consumed
during winter41. Using semi-purified Rab16 from birch bud plant extract, this dehydrin was found
to maintain α-amylase activity in a solution of 20% polyethylene glycol (PEG), a polymer which
decreases the amount of water available in solution. The protection was better than BSA, which is
a known cryoprotectant41. They therefore postulated that dehydrins provide local pools of water to
maintain metabolic activity and protein mobility under dehydration conditions. This had
previously been proposed by Close (1996), who suggested that the hydrophilic nature of dehydrins
may form an envelope of ordered water, acting as a solubilizing agent and stabilizing hydrophobic
patches within macromolecules during desiccation25. In addition, the large solvent-accessible and
highly flexible area of IDPs could potentially bind and retain water that could contribute to
globular protein stability in low-water conditions. Typically, hydrated globular proteins are
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surrounded by bound hydration water in three layers; within 4 Å, 4-8 Å and 8-12 Å of the protein
surface, where water greater than 12 Å away is considered to be bulk water72,73. Loosely bound
water has high translational and rotational motion between the outer protein hydration shell and
bulk water. At low hydration, water is more translationally confined to the protein surface,
although it retains rotational motion. As the temperature decreases, both translational and
rotational motions are essentially arrested74. The behaviour of water can be visualized using solidstate NMR, molecular dynamic simulations, and magnetic relaxation dispersion NMR. Globular
proteins require 0.4 g H2O per g protein for structural relaxation and function74. Boker et al. (2005)
investigated the structure and dynamics of hydration water around partially and completely
disordered proteins and ordered globular proteins using MD and NMR relaxation studies under
gradual freezing conditions75,76. Their work showed that disordered proteins and disordered
regions in fact have a more spatially extended hydration shell with a significant amount of water.
In addition, disordered proteins bind their inner hydration water more tightly than globular
proteins, as the amount of water which remained bound near freezing temperatures was greater in
IDPs75,76. Water bound by IDPs slowly exchange with bulk water, possibly due to the high density
of charged residues which interchange water molecules with each other, rather than with bulk
water72,73,75.

Dehydrins as a macromolecule cryoprotectant
Water loss within the cell also causes cytoplasmic crowding of macromolecules, which
affects protein-protein interactions and protein activity due to protein aggregation or unfolding77,78.
Since cellular and macromolecular damages occur from dehydration during freeze-thaw treatment,
Lin and Thomashow (1992) had speculated that a cold-regulated Arabidopsis LEA protein
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(COR15) may contribute to the organism’s stress tolerance79. They assessed the cryoprotective
activities of COR15, sucrose, BSA and various hydrophilic proteins on lactate dehydrogenase
(LDH), a freeze-sensitive enzyme which loses more than 90% of its activity after freeze/thaw
treatment79,80. A solution of LDH with or without the protein or sucrose additive was frozen for 24
hours at 20°C and thawed at room temperature. The LDH-additive sample were then mixed with
a reaction solution (containing pyruvate and NADH) and the oxidation of NADH was monitored
at 340 nm. The concentration of additive required to preserve 50% of LDH activity after freezethaw treatment (PD50 value) was calculated and compared. They found that COR15 was 102 to 103
times more effective as a cryoprotectant than BSA or other hydrophilic proteins on a weight
basis79. Cryoprotection assays using established protocols have analyzed the protective ability of
dehydrins and other LEA proteins to preserve various macromolecule activities and structure after
freeze-thaw treatments40,51,52,81,82.
Typically, the function of a protein is influenced by its structure, which is determined by
its sequence. However, unlike globular proteins, dehydrin sequences are not complex, yet their
structural flexibility, adaptability and reversibility must be a functionally important parameter.
Recently, some researchers aimed to investigate the contribution of various features of dehydrins
proteins on their previously established structure and behaviour. Hughes and Graether (2011)
investigated the mechanism of LDH cryoprotection, using the 5.4 kDa K2 and 130 kDa YSK2
dehydrins from Vitis riparia28. Their results showed that the cryoprotective abilities of both
dehydrins were more effective than BSA on a molar basis, where YSK2 provided a 50% recovery
in LDH activity at a two-fold lower concentration than K2, which was attributed to its larger size.
Using light scattering at 340 nm on freeze/thawed LDH samples in the presence and absence of
K2, they showed that this dehydrin prevented enzyme aggregation. Their results from 8-anilio-1-
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naphthalene sulfonate (ANS) fluorescence experiments showed that K2 prevented the exposure of
hydrophobic LDH residues (i.e. unfolding) caused by freeze/thaw treatments28. Kovacs and
colleagues (2008) assessed the heat-induced activity loss and aggregation of four enzymes: alcohol
dehydrogenase (ADH), luciferase, lysozyme and citrate synthase, in the presence and absence of
Early Response Dehydrin dehydrins ERD10 and ERD14. ERD10 and ERD14 prevented the loss
of activity and aggregation of the enzymes, exceeding the level of BSA and nearly matching that
of HSP9030. To investigate the importance of dehydrin size and disorder in effective LDH
cryoprotection, Hughes et al. (2013) measured the PD50 values of K2 variant peptides and ordered
protein of similar size to K2 and YSK2. Their results showed that the PD50 of K2 (122 µM) was
half that of the KK-peptide (252 µM) and four times less than the K-peptide (459 µM), where both
peptides lack the ϕ-segment. Using a set of Kn concatemers (K4, K6, K8 and K10), the increase in
dehydrin size from K-peptide to K6 displayed a linear relationship with increased LDH
cryoprotection, where no linearity was observed for the concatemers larger than K6 (Figure 1.4a).
These protective effects were unrelated to the size of the protein, since the structured proteins
lysozyme and β-casein, with the same hydrodynamic radii as K2 and YSK2, respectively, did not
demonstrate a relationship between protein size and efficiency in LDH cryoprotection52 (Figure
1.4b). This shows that the effectiveness of protection by dehydrin is driven by the hydrodynamic
radius of the additive, and that both the K-segments and ϕ-segment contribute to the protection52.
Similarly, Furuki et al. (2012) used a group 3 LEA protein PvLEA4 from an African
sleeping chromatid Polypedilum vanderplanki which undergoes periods of anhydrobiosis83. Group
3 LEAs consists of repeating 11-mer motifs rich in hydrophilic and charged residues which have
previously been found to protect LDH, lysozyme and citrate synthase from freeze-thaw induced
aggregation83. They synthesized peptides containing repeats of the 11-mer motif, creating a 22-
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Figure 1.4 Cryoprotection of LDH by various protein. PD50 values and hydrodynamic radius
illustrating the efficiency of K2 dehydrin variants and structured proteins on LDH cryoprotection.
(A) K-peptide, black square; KK-peptide, white square; K2, black circle; K4, white triangle; K6,
gray triangle; K8, black triangle; K10, white diamond. (B) Lysozyme, gray square; carbonic
anhydrase, white square; β-casein, white triangle-down; ovalbumin, white circle; BSA, black
triangle-down; phosphorylase, gray triangle-down; K2, black circle. Adapted from Hughes et al.52
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mer, 44-mer, and a control peptide with the same composition of the 22-mer peptide but with its
sequence scrambled. All peptides remained disordered in solution according to CD spectroscopy
and were effective in reducing aggregation of LDH and β-galactosiodase that were subjected to
vacuum desiccation and rehydration83,84. Most notably, the scrambled control peptide provided
enzyme protection equal to the 22-mer, suggesting that the function of some LEAs is independent
of their sequence. The involvements of other LEA protein domains in LDH cryoprotection were
assessed through successive domain truncation by Reyes et al. (2008), who used an SK3-type
Arabidopsis dehydrin ERD10 and an SK2-type Rhododendron catawbiense dehydrin RcDhn5.
ERD10 lacking all three K-segment still preserved LDH activity better than the control while
RcDhn5 lacking both K-segments was incapable of providing protection81. Though these results
suggest the importance of the K-segments, truncation also decreased the hydrodynamic radius,
which could have contributed to the decreased activity52.
The role of segment conservation between related proteins could be tertiary structure
formation. With the unstructured nature of dehydrins, their abundance on disorder-promoting
residues must be important for their biological function. Since the sequences of dehydrin segments
are not absolutely conserved, researchers have questioned the importance of some commonalities
in residue types that are found amongst the dehydrin segments. Arabidopsis thaliana has 10
dehydrin genes which gives rise to 24 different K-segments, all of which display similar
cryoprotective efficiency on LDH85. Hara et al. (2017) noted that each K-segment has five Lys
residues, three Glu and four hydrophobic residues. In their tests to assess the importance of these
residues in dehydrin behaviour, they monitored the cryoprotection of LDH using mutated Ksegment peptides. In their results, the replacement of all Lys or Glu residues with a Thr, an
uncharged and polar amino acid, had little effect on their cryoprotective activity. In contrast the
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Figure 1.5 The cryoprotective abilities of the K-segment mutant peptides. Adaptation from Hara
et al.85 assessing the cryoprotective abilities of the K-segment peptide (TypK) and its mutated
variants. Thr was used to replace the Lys, Glu and hydrophobic residues to produce the K-segment
variants, and their cryoprotective activities on LDH are represents by PD50 values. The residue
positions are numbered 1-15.
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substitution of the four hydrophobic residues with Thr, Lys or Glu drastically lowered the
cryoprotective activities of the peptide85 (Figure 1.5). Their results in fact support findings from
the genome analysis of dehydrin sequences in vascular plants that was conducted by Malik et al.
(2017), who found that hydrophobic residues resided in positions 5, 9 and 13 of the K-segment,
95% of the time22. When Hara et al. (2017)
conducted partial substitutions of the hydrophobic residues with Thr, changing more than one
residue drastically decreased the peptides cryoprotective ability85. However, the unchanged
cryoprotective ability of the peptides when Lys and Glu were changed to Thr, is a contradiction to
the 95%+ occurrence of Lys residues in positions 2, 8, 10 and 12 that was found by Malik and
colleagues (2017)22. Thus, there is a need for more investigations into the importance of the
conserved residues in relation to dehydrin structure and behaviour.

1.9 The K2 and YSK2 Dehydrins

The model dehydrins used in this thesis are the YSK2 and K2 from a freeze-tolerant wild
grape (Vitis riparia) that can be found in many places, including Thunder Bay and Guelph, Ontario.
The VrDHN1 gene has three potential open reading frames; the first ORF could produce an 80residue YS protein while the second ORF could produce a 48-residue K2 type dehydrin. Although
dehydrins lacking a complete K-segment have been identified in Pinaceae86, many works suggest
that the K-segment is involved in key protective functions during dehydration stress. Though a
second ORF is not usually translated in eukaryotic tissues, if transcripts are produced from an
alternative transcriptional start site, the K2 dehydrin could eventually be made. When the entire
ORF is translated, a basic (pI 9.90) 130-residue YSK2-type dehydrin is produced87. Despite the K2
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dehydrin not yet being found to be expressed in V. riparia tissues, the behaviour of the K2
polypeptide is still useful as a minimal dehydrin model. Livernois et al. (2009) received the YSK2
gene from Dr. Annette Nassuth (University of Guelph, Guelph, Ontario) and sub-cloned the YSK2
and K2 sequences into pET22b(+) expression plasmids88. They also established a two-step
purification protocol for the YSK2 and K2 dehydrin. The 1H, 15N and 13C NMR chemical shifts of
YSK2 and K2 have previously been assigned63 and their behaviour in LDH cryoprotection and
liposome binding activities have been previously investigated28,62. Several of the studies using
these proteins have been mentioned in the Introduction.

1.10 Thesis Objective

The objective of this thesis was to investigate the mechanism of dehydrin function and to
probe for sequence properties that may contribute to their cryoprotective behaviour. Previously,
the cryoprotective behaviour of PEG was shown to be similar to dehydrins52. Furthermore,
dehydrins with various isoelectric points exist89, which suggests that the net charge of dehydrins
modulates the strength of their interactions with other macromolecules. It has also been suggested
that the residue composition is responsible for the function of LEA proteins, as the protective
behaviour of a scrambled LEA3 22-mer control was comparable to the 22-mer peptide84. I
hypothesize that the cryoprotective behaviour of a given dehydrin is independent of its residue
positions, but is influenced by its net charge. I used the K2 and YSK2 dehydrins from Vitis riparia
(wild grape) as models for their dehydrin variants, where their amino acids were varied in charge
and position in several synthetic constructs. The ability of these proteins to protect the tetrameric
enzyme, LDH, from freeze/thaw denaturation was assessed using an established cryoprotection
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assay. The cryoprotective efficiency of these proteins were compared to that of K2 and YSK2, to
deduce the importance of sequence and charge in dehydrin function. To further elucidate the
molecular mechanism of dehydrin cryoprotection, the effect of dehydrins on the conformational
stability of a cold-sensitive protein, yeast frataxin homologue 1 (YFH1), was studied using CD
spectroscopy. The influence of the dehydrins on the secondary structure of YFH1 were compared
to the effects of various polyols which are used for protein stabilization.
.
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Chapter 2: Materials and Methods
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2.1 Variant Dehydrin Design and Cloning

Vitis riparia K2, YSK2, and several variants were used to investigate the influence of
sequence and charge on their cryoprotective behaviours. To test the importance of residue position,
the sequences of K2 and YSK2 were scrambled, such that they no longer possessed any
resemblance to the conserved segments. The resulting sequences were used to encode the ScK2
and ScYSK2 proteins. To test the relevance of the dehydrin net charge on its behaviour, the
proportions of positive and negatively charged residues in the K2 sequence were switched by
substituting Glu and Asp residues with Lys, while the Lys and Arg residues were substituted with
Glu. The result sequence contained 11 acidic and 6 basic residues, compared to K2 which had 6
acidic and 11 basic residues. This construct was named AntiK2. The charged residues in the K2
sequence were also ‘neutralized’, to encode the NeutK2 protein. For this protein, all Lys and Glu
residues were substituted with Gln, to assess the importance of charge in dehydrin behaviour. The
sequences pertaining to the V. riparia and synthetic dehydrins are summarized in Figure 3.1.
To ensure that secondary structures were not accidentally introduced into the synthetic
proteins, the IDP characteristics of these sequences were verified by in silico prediction methods
using the web interface GeneSilico MetaDisorder service66. Following confirmation of disorder,
the protein sequences for ScK2, ScYSK2, AntiK2 and NeutK2 were submitted to Invitrogen
GeneArt gene synthesis for sequence optimization, for expression in E. coli. The restriction
enzyme cut site for NdeI (CATATG) was introduced at the start codon and the XhoI (CTCGAG)
cut site was added after the stop codon for all four sequences prior to their submission for gene
synthesis. Constructs were made by digesting the synthetic gene insert in the pMA-T plasmid
(obtained from GeneArt gene synthesis) with NdeI and XhoI restriction enzymes and ligating it
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into the pET22b(+) expression vector (Novagen) that had also been digested with NdeI and XhoI.
Ligation products were transformed into E. coli DH5α and spread onto Luria-Bertani (LB) agar
plates containing 100 µg/mL ampicillin prior to overnight incubation at 37°C. Positive clones
containing the ScK2, ScYSK2, AntiK2 and NeutK2 genes were confirmed by sequencing. The final
plasmid constructs were named pET22b-ScK2, pET22b-ScYSK2, pET22b-AntiK2 and pET22bNeutK2.
The genes for V. riparia YSK2 and the splice variant K2 (obtained from Dr. Nassuth,
University of Guelph) had been previously cloned into the pET22b(+) expression vector
(Novagen) by Livernois et al. (2009)88 with construct names pET22b-K2 and pET22b-YSK2.
The production of the recombinant yeast frataxin homologue 1 (YFH1) protein was
performed using a glycerol stock of pETYF-1 plasmid, a generous gift from Dr. Grazia Isaya. The
pETYF-1 plasmid, encoding for residues 52-174 of the mature yeast frataxin homologue protein
(YFH1), was cloned into the pET24a(+) (Novagen) expression vector. Transformants were used
to streak a plate of LB agar containing 30 µg/mL kanamycin and selected colonies were sequenced
to verify that the correct construct was obtained.

2.2 Protein Expression

To produce recombinant protein, plasmids (pET22b-ScK2, pET22b-ScYSK2, pET22bAntiK2, pET22b-NeutK2, pET22b-K2 and pET22b-YSK2) were transformed into competent E. coli
BL21(DE3) cells using the heat-shock method and grown on LB plates containing 100 µg/mL
ampicillin. A single colony was used to inoculate LB broth (5 mL) containing 100 µg/mL
ampicillin (LB-amp), which was grown overnight at 37°C. Cells from the overnight growth (1.5
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mL) were used to inoculate LB-amp (1 L) for a large culture and cells were grown at 37°C with
shaking at 180 rpm. Once the culture reached an optical density of 0.5-0.6 (3-4 hours), protein
expression was induced by the addition of 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG)
and cells were grown overnight (18-20 hours) at 16°C. The cells were harvested by centrifugation
at 6000 x g for 15 minutes and resuspended in water. EDTA was added to a final concentration of
0.5 mM in addition to one PierceTM EDTA-free protease inhibitor tablet. Cells were lysed by
boiling for 20 minutes with agitation every 5 minutes: by this method, heat sensitive proteins
denature and precipitate while the unstructured heat-stable dehydrins remain in solution. After
cooling, sodium acetate pH 5 was added to a final concentration of 20 mM (except for AntiK2
where 20 mM Tris pH 8 was used) and cellular debris were pelleted at 70,000 x g for 30 minutes
at 4°C. Soluble protein in the supernatant was collected and filtered through a 0.22 µm PVDF
membrane prior to further purification.
A glycerol stock of pETYF-1 in E. coli B2L1(DE3) was used to streak LB plates containing
30 µg/mL kanamycin and incubated overnight at 37°C. A single colony was used to inoculate an
overnight small culture (5 mL) of LB-kan from which an aliquot (1.5 mL) was used to inoculate a
1 L large culture. Cells were grown at 37°C with shaking at 180 rpm until an optical density of
0.6-0.7 was reached, and YFH1 protein expression was induced by the addition of 0.4 mM IPTG
for 2 hours at 37°C. Cells were harvested by centrifugation at 6000 x g for 15 minutes and the
pellet was resuspended in 20 mM Tris HCl pH 8, 50 mM NaCl and 1 mM phenylmethanesulfonyl
fluoride (PMSF) (10 mL). Cells were lysed by sonication and centrifuged at 20,000 x g for 20
minutes at 4°C to remove cell debris. The supernatant was filtered through a 0.22 µm PVDF
membrane prior to purification.
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2.3 Protein Purification

The purification protocol used for K2, YSK2, ScK2, ScYSK2 and NeutK2 was previously
described by Livernois et al. (2009)88. Briefly, the supernatant from the boiled cell lysate was
purified by FPLC using a 5 mL HiTrap SP FF (GE Life Sciences) cation exchange column that
was previously equilibrated with 20 mM sodium acetate pH 5 (Buffer A). Protein were eluted
using a gradient of 0 to 1 M NaCl in 20 mM sodium acetate buffer pH 5 (Buffer B) at flow rate
2.5 mL/min. Protein were detected in a single peak at absorbance 280 nm (A280); although the K2
and ScK2 dehydrins lack aromatic residues that would absorb at 280 nm, the detected peak was
due to the presence of a small amount of contaminating protein, which elutes at the same salt
concentration as the K2 and ScK2 proteins. Fractions containing the dehydrin were identified using
12% SDS-PAGE, which were then pooled and lyophilized. Lyophilized K2, YSK2 and ScYSK2
protein were subsequently desalted by reversed-phase HPLC through a Biobasic C18 column
(Thermo Fisher Scientific) using Buffer A (0.1% trifluoroacetic acid (TFA)) and Buffer B (0.1%
TFA in acetonitrile). Protein were eluted using a linear gradient of 1 to 100% Buffer B over 1 hour
at a flow rate of 1 mL/min. Fractions containing K2, YSK2 and ScYSK2 were identified by 12%
SDS-PAGE and then pooled and lyophilized prior to storage at -20°C.
Supernatants from the boiled cell lysate containing AntiK2 was loaded onto a 5 mL HiTrap
Q FF (GE Life Sciences) anion-exchange column equilibrated with 20 mM Bis-Tris pH 6 (Buffer
A) and eluted with NaCl using a linear gradient of 0 to 1 M in 20 mM Bis-Tris pH 6 (Buffer B) at
a flow rate of 2.5 mL/min. Elution was monitored at A280 and protein-containing fractions were
identified using 12% SDS-PAGE, prior to being pooled and lyophilized for desalting by HPLC as
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described above. Collected fractions were lyophilized and stored at -20°C. All chromatography
steps were performed at 4°C.
The purification protocol for YFH1 was preformed as described by Adamec et al. (2000)90.
Briefly, the filtered supernatant was loaded on a 5 mL HiTrap Q FF anion-exchange column that
had been equilibrated with 20 mM Tris HCl pH 8. YFH1 was eluted using a linear NaCl gradient
from 0 to 600 mM in 20 mM Tris HCl pH 8 (Buffer B). Fractions containing YFH1 were identified
by 12% SDS-PAGE and pooled. YFH1 protein was concentrated to 1 mL and loaded on a
Superdex 75 10/300 size-exclusion column that was equilibrated with 10 mM Tris pH 7.4, 100
mM NaCl. Fractions were pooled and desalted into 10 mM Tris pH 7.4 buffer. All steps were
performed at 4°C. Purified YFH1 protein were stored in aliquots of 200 µL at -20°C.

2.4 CD Analysis

Measurements were carried out using a JASCO-815 spectropolarimeter (Easton, MD) at 25°C in
a quartz cuvette with 0.2 cm path length. The spectra were collected as 6 accumulations using
bandwidth 1 nm and scan speed 50 nm/min from 250 nm to 190 nm. All samples were prepared in
10 mM Tris HCl pH 7.4 and filtered through a 0.22 µm PVDF membrane 1 hour prior to the CD
analysis. The protein concentrations were 10 µM unless stated otherwise. To verify the disordered
structure of each construct, the CD spectra of ScK2, ScYSK2, NeutK2, and AntiK2 were collected
and compared to the spectra of the K2 and YSK2 dehydrins. To analyze the influence of dehydrin
on the thermal denaturation of YFH1, various dehydrins (K2, YSK2, ScYSK2 and AntiK2) were
incubated with YFH1 in a 1:1 molar ratio prior to freezing in liquid nitrogen for 30 s and thawing
for 5 minutes at 16oC. This process was repeated three times. Samples were incubated at 25°C for

33

an additional 15 minutes prior to collecting the CD spectra. The samples were frozen and thawed
three more times using the steps previously described, and the CD spectra was collected. Spectra
containing only untreated YFH1 was used as the baseline. Dehydrin titration studies were
performed to investigate the dose-dependent influence of dehydrin (K2, YSK2, ScYSK2 and
AntiK2) on the helical content of YFH1. YFH1 was incubated with a range of dehydrin
concentrations (1, 3, 5, 7.5, 10 and 20 µM) and the helical content of YFH1 was calculated using
the equation %α-helicity= [

[θ]−3000
39000

] x 100

91,92

. Statistical analysis could not be performed due

to the variability in the starting secondary structure of YFH1. The graphs presented are
representative of the trends that were observed from multiple replicates. Obtained spectra were
corrected for signal contributions from the buffer and dehydrin. The CD spectra are shown terms
of mean residue ellipticity ([θ] = millidegrees / (path length in mm * the protein concentration in
mg/mL * the number of residues)91 with units of deg cm2 dmol-1.

2.5 LDH Cryoprotection Assay

To measure the ability of AntiK2 and ScYSK2 to protect LDH from freeze-thaw damage in
comparison to K2 and YSK2, the method of Hughes and Graether (2011) was used. LDH, 100
µg/mL in 10 mM Na2HPO4 pH 7.4, was dialyzed for 1 hour at 4°C against 2 L of the same buffer
prior to dilution to 50 µg/mL. A mixture of 8 µL LDH and 8 µL additive (K2, YSK2, AntiK2,
ScYSK2, BSA, β-casein, lysozyme, PEG 4000 or PEG 10,000 at a concentration of 5-1000 µg/mL)
was frozen in liquid nitrogen for 30 s and thawed for 5 minutes in a 16°C water bath for four
cycles. The 16 µL mixture was then added to 724 µL of reaction mix (where 724 µL of reaction
mix contained 680.6 µL 30 mM Na2HPO4 pH 7.4, 21.7 µL 2 mM NADH, and 21.7 µL 10 mM
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pyruvic acid) and the oxidation of NADH was followed over 2.5 minutes at 340 nm. The
measurements were done in a quartz cuvette using a Cary 100 UV spectrometer. The weight
concentration of the additives and the slopes of the oxidation of NADH were collected and
converted into a log scale of additive concentration versus percent LDH recovery. The sigmoidal
patterns of the result plot were fitted to the formula: [% LDH activity] = 𝑎/[1 + 𝑒

(−(𝑥−𝑥0))
𝑏

] where

𝑥 is the additive concentration, 𝑥0 is the percent recovery in the absence of the additive, 𝑒 is Euler’s
number, and 𝑎 and 𝑏 are fitted variables28.
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Chapter 3: Results
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3.1 Protein Design

To understand the biological function of dehydrins in abiotic stress, researchers have
conducted truncation and segment-duplication studies, in an attempt to elucidate key features that
contribute to the structure and function of dehydrins. Recently, Malik et al.22 identified highly
conserved residues within the K-segments of dehydrin, whose functional importance is yet to be
determined in vitro. Thus, the purpose of this study was to investigate the role of residue position
and charge in the cryoprotective behaviour of dehydrins.
To assess the importance of residue position, the sequences of K2 and YSK2 were
scrambled such that the dehydrin would have residues in positions where they are unlikely to be
found in the wild-type protein. These changes would also alter the density of charged residues that
typically make up the K-segment, which has been found to be important in enzyme cryoprotection
and membrane binding32,52,65,93. For the design of the scrambled dehydrin sequences, the K2 and
YSK2 sequences were shuffled using the online Emboss ShuffleSeq application. ShuffleSeq
produces a set of sequences with a randomized order while maintaining the same residue
composition. In dehydrins, most of the charged residues (Lys and Glu) are in or close to the Ksegments; in the 48-residue K2 protein, the charged residues are localized in the first and last 15
residues of its protein sequence; whereas in the 130-residue YSK2, most of the charged residues
are located in the last 51 residues (Figure 3.1). Five shuffled K2 and YSK2 sequences were
generated and then visually inspected to determine which one had the widest distribution of
charged residues and least resembled the Y-, S- or K-segments. The appropriate sequences were
chosen for this study and the final constructs were named ScK2 and ScYSK2 (Figure 3.1). This
would provide a distinction
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Figure 3.1. ClustalW generated multiple sequence alignments of the Vitis riparia K2 and YSK2
dehydrins, and the ScK2, ScYSK2, AntiK2 and NeutK2 constructs. Conserved residues are
highlighted in black and the conserved regions are indicated by black rectangles. The figure was
generated using ESPript. The isoelectric points for AntiK2 and NeutK2 are 4.70 and 12.0
respectively as predicted by ExPASY. The isoelectric points for ScK2, ScYSK2 are 9.9 and 9.4
respectively.
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between the influences of residue position versus composition on the structural and functional
properties of dehydrins.
To assess the importance of net charge and the relative proportion of charged residues, the
sequence of the K2 protein was altered to obtain the charged-reversed AntiK2 and the neutral,
NeutK2 dehydrin protein. Note that the AntiK2 name is used to maintain a consistent naming
convention for all of the constructs, and does not represent a K2 antibody. For the AntiK2 protein,
all Glu and Asp residues within the K2 sequence were changed to Lys, while Lys and Arg were
changed to Glu. Since Lys and Glu residues are the most abundant charged residues which occur
in dehydrins, and there are only three and two positively and negatively charged amino acids,
respectively, to pick from, they were chosen to represent all positive and negatively charged
residues for our charge replacements. (Figure 3.2A). The AntiK2 protein therefore contained 22%
acidic and 13% basic residues with an isoelectric point of 4.70. Note that the Y- and S-segments
remained unaltered. A NeutK2 gene was also synthesized to investigate how the charged residues
within the K-segments influence the behaviour of K2. Per Malik et al. (2017), the charged residues
Asp, Glu, and Lys are most likely to be present in the K-segment22. Therefore, these residues in
the K2 sequence were changed to Gln for our neutral protein. Although glycine is the most
abundant amino acid found within dehydrins, it is uncharged and non-polar, with no side-chain.
This would add conformational flexibility to the protein which is a physiochemical property that
may cause some unintended effects. The use of glutamine, instead, allows some retention of the
sidechain length and flexibility and polarity found in glutamate, aspartate and lysine (Figure 3.2B).
Arginine was left unchanged since it does not seem to be found often within the K-segment22. As
a result, the NeutK2 protein had a high isoelectric point of 12.0, containing 42% glutamine,
whereas K2 contained 21% glutamine with an isoelectric point of 9.9.
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Figure 3.2. (A) Amino acids used to generate the AntiK2 dehydrin. The basic (Lys and Arg) and
acidic (Asp and Glu) residues are shown. (B) Comparison between Gly and the Gln amino acid
used to generate NeutK2.
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3.2 Protein Disorder Prediction

To ensure that structural order was not inadvertently introduced into the synthetic proteins,
the sequences were submitted to the MetaDisorder server for an in silico disorder prediction
analysis66. This service uses the weighted consensus of 13 disorder predictors and 8 protein fold
recognition methods to compare the target sequence to homologues using fold-recognition
methods. A residue that is likely to be part of an α-helix or β-sheet is given a score value between
0-0.5. Disorder promoting residues, that are commonly observed within random coils or hot-loops,
is given a score value between 0.5-1. The value of 0.5 is an arbitrarily chosen threshold that
separates ordered residues from disordered ones. As shown in Figure 3.3 and 3.4, the in silico
predictions confirmed the disordered characteristics of ScK2, AntiK2, NeutK2 and ScYSK2 since
all residues scored above 0.5. According to MetaDisorderMD2, the global disorder tendency is
0.869 for ScYSK2, 0.809 for ScK2, 0.823 for AntiK2, and 0.762 for NeutK2, whereas the values for
YSK2 and K2 are 0.81 and 0.795, respectively. The prediction of K2 (Figure 3.3A) and YSK2,
(Figure 3.4A) experimentally verified as IDPs, naturally also scored above 0.5.
The final gene sequences were submitted to a commercial service (Life Technologies
GeneArt Gene Synthesis, ThermoFisher Scientific) for gene synthesis. The genes were received
in a pMA-T plasmid with the Ndel and Xho1 restriction enzyme sites at the 5’ and 3’ ends of the
coding sequence. The plasmids containing each gene were digested with NdeI and XhoI restriction
enzymes and ligated into the pET22B expression vector that had also been digested with NdeI and
XhoI. The ligation products were transformed into E. coli DH5α and spread on Luria Broth (LB)
agar plates containing 100 µg/mL ampicillin. Colonies were sequenced to confirm the presence of
the ScYSK2, ScK2, AntiK2, and NeutK2 genes sequences.
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Figure 3.3. Prediction of disorder for K2 and the K2 variants. Genesilico MetaDisorderMD2
analysis of the amino acid sequences for (A) K2, (B) ScK2, (C) AntiK2 and (D) NeutK2. The
sequences used are shown in Figure 3.1.
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Figure 3.4. Prediction of disorder for YSK2 and ScYSK2. Genesilico MetaDisorderMD2 analysis
of the amino acid sequences for (A) YSK2 and (B) ScYSK2. The sequences used are shown in
Figure 3.1.

43

3.3 Protein Expression and Purification

The synthetic genes (ScK2, ScYSK2, AntiK2 and NeutK2) and natural K2 and YSK2
dehydrins were recombinantly expressed and purified. Expression of each protein was performed
using the protocol outlined by Livernois et al. (2009)88 with one modification: originally, protein
expression was induced with 0.4 mM IPTG for 3 hours at 37°C. However, YSK2 took 6 hours to
reach the inducible cell density and protein expression levels of ScYSK2 after a 3-hour induction
were quite low, compared to the wild-type protein. Therefore, the expression conditions for the
ScK2, ScYSK2, AntiK2 and NeutK2 protein were also changed to overnight for 16-18-hours at
16°C, for the sake of uniformity.
For protein purification, the E. coli cells were boiled for 20 minutes to lyse the cells. This
process also denatures and precipitates heat-labile E. coli proteins while the disordered dehydrins
remain soluble in the supernatant. Cation-exchange chromatography through an FPLC system was
used to purify ScYSK2, since it possesses the same residue composition and isoelectric point (pI
9.4) as the wild-type YSK2. The ScYSK2 eluted at an NaCl concentration of 370 mM, slightly
higher than YSK2 which elutes at 330 mM NaCl (Figure 3.5) ScYSK2 and YSK2 contain only two
aromatic (specifically tyrosine) residues, and therefore absorbs weakly at 280 nm. When visualized
by SDS-PAGE, ScYSK2 band runs at an apparent molecular mass of 20 kDa although its actual
molecular mass is 13.9 kDa; this aberrant migration is characteristic of disordered proteins1,30,32.
The final yields of ScYSK2 were typically higher than YSK2 at about 15 mg/L media versus 10
mg/L media YSK2.
Anion exchange chromatography was used to purify AntiK2, since it is an acidic protein
with an isoelectric point of 4.7. The AntiK2 protein eluted at an NaCl concentration of 270 mM
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20 kDa

Figure 3.5. Purification of ScYSK2 and YSK2 proteins. (A) Elution profile of ScYSK2 during
cation-exchange chromatography. The Y-axis denotes absorbance 280 nm in units of milliAU
while the X-axis denotes the elution volume. The location of protein elution is indicated by an
arrow. (B) Elution profile of YSK2 during cation-exchange chromatography. The location of
protein elution is indicated by an arrow. (C) SDS-PAGE analysis of ScYSK2 purification by
cation-exchange chromatography. Lanes are: Pre-induction, post-induction, load, flow-through,
ladder and fractions A-G (50 – 100 mL) which showed absorbance at 280 nm. (D) SDS-PAGE
analysis of YSK2 purification by cation-exchange chromatography. Lanes are: Pre-induction, load,
flow-through, ladder and fractions A-F (50 – 110 mL) which showed absorbance at 280 nm.
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NaCl (Figure 3.6). Like, K2 (Figure 3.7) AntiK2 does not have any aromatic residues which would
absorb at 280 nm; the absorbance is due to traces of contaminating protein and/or non-specific
absorbance. As expected for a disordered protein, AntiK2, with a calculated molecular weight of
5.3 kDa ran at an apparent molecular weight of 10 kDa. It was observed that during the purification
of AntiK2 a high molecular weight band around 30 kDa co-eluted with AntiK2. This phenomenon
has only been seen with preparations of AntiK2 but not NeutK2 or YFH1, which utilized the same
E. coli BL21 (DE3) cells for expression and were purified on the same anion exchange column. In
many cases, this protein co-eluted with the majority of AntiK2. The identity of this protein has not
been determined. Final yields of AntiK2 coincided with K2 at about 10 mg/L media.
Attempts to isolate NeutK2 using cation- or anion-exchange chromatography was
unsuccessful. A purified protein matching the apparent molecular mass of NeutK2 visualized by
SDS-PAGE was analyzed by CD spectroscopy and submitted for mass spectrometry. The results
(data not shown) suggested that the protein was not NeutK2 because the CD spectrum displayed
characteristics of a protein with α-helical structures, and only peptides smaller than the predicted
molecular weight of 4.6 kDa rather than 5.4 kDa were identified by mass spectrometry. The
isolation of ScK2 was also unsuccessful; although the sequencing results of pET22B-ScK2
confirmed the in-frame ScK2 insert, the CD spectra of the isolated protein displayed characteristics
of a protein with β-sheets (data not shown). The mass spectrometry results identified two peptides
with molecular masses 4.6 kDa and 7.3 kDa but not 5.4 kDa that was expected. It was later
determined that the ribosome binding site was missing from the final ScK2 plasmid due to an
unexpected mutation in the cut pET22B plasmid.
Yeast frataxin homologue (YFH1) was purified by the method outlined by Adamec et al.
(2000)90. Briefly, the protein was expressed in E. coli BL21 (DE3) cells grown at 37°C in LB
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10 kDa

Figure 3.6. Purification of Antik2 protein. (A) Elution profile of AntiK2 during anion-exchange
chromatography. The Y-axis denotes absorbance 280 nm in units of milliAU while the X-axis
denotes the elution volume. The location of protein elution is indicated by an arrow. (B) SDSPAGE analysis of AntiK2 purification by anion-exchange chromatography. Lanes are: Ladder,
Pre-induction, post-induction, load, flow-through, and fractions A-N (65 - 85 mL) which showed
absorbance at 280 nm.
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10 kDa

Figure 3.7. Purification of K2 protein. (A) Elution profile of K2 during cation-exchange
chromatography. The Y-axis denotes absorbance 280 nm in units of milliAU while the X-axis
denotes the elution volume. The location of protein elution is indicated by an arrow. (B) SDSPAGE analysis of K2 purification by cation-exchange chromatography. Lanes are: Pre-induction,
post-induction, load, flow-through, and fractions A-F (50 - 90 mL) which showed absorbance at
280 nm.
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media containing 30 µg/mL kanamycin. Protein expression was induced using 0.4 mM IPTG for
2 hours at 37°C and cells were lysed by sonication. The soluble protein was purified by anionexchange chromatography followed by size-exclusion. Fractions containing YFH1 were pooled
and the final yields were 8 mg/L medium. Being a cold-sensitive, mesophilic protein, the structure
of YFH1 tends to deteriorate (as seen by circular dichroism) when stored in solution at 4°C for
more than one week. Therefore, YFH1 protein preparations were used within one week of
isolation.

3.4 CD Analysis of Protein Structure

To confirm that the synthetic dehydrin constructs are disordered, the secondary structures
of ScYSK2 and AntiK2 protein were examined by circular dichroism (CD) and compared to K2
and YSK2. Characteristics of a disordered protein in the CD spectrum are an elliptical minimum
near 198 nm and a weak minimum at 222 nm26,94. In contrast, globular proteins with predominating
α-helical structures would display minimum ellipticities near 222 nm and 208 nm, where proteins
with predominant β-sheets show a minimum at 218 nm and a maximum at 195 nm91. Similar to K2
and YSK2, both ScYSK2 and AntiK2 show the same disordered characteristics; there was no
evidence of other secondary structure or shift in elliptical minimum (Figure 3.8).

3.5 CD Analysis of YFH1
Dehydrin titration of YFH1
We used YFH1 as a model protein to investigate the protective behaviour of dehydrins. By
using CD spectroscopy, we can qualitatively identify and characterize additive-induced
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Figure 3.8. CD spectra of the VRDHN and synthetic dehydrins. Acquisition of the far-UV spectra
was performed as described in Materials and Methods.
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conformational changes in the secondary structure of a protein. YFH1 is a globular protein
consisting of two α-helices and seven anti-parallel β-sheets, where 30% of its residues are
predicted to be part of the α-helices (Figure 3.9). Changes in YFH1 secondary structure were
monitored in the presence and absence of K2, YSK2, ScYSK2 and AntiK2. YFH1, in 10 mM Tris
HCl buffer pH 7.4 at concentration 10 µM, was incubated with a range of dehydrin concentrations
(5 µM, 10 µM, and 20 µM). YFH1 spectra were corrected for the signal contribution from the
dehydrins. The influence of the ScYSK2 and AntiK2 dehydrins on the far-UV CD spectra of YFH1
was compared to that of YSK2 and K2.
The CD spectra of 10 µM YFH1 alone (Figure 3.10) display characteristics of an ordered
protein with defined α-helical structure, as indicated by the minimum ellipticies at 206 and 222
nm. It is important to note that the CD spectrum of a protein is a sum of the signal contributions
of all elements of its secondary strucure; the contribution of one structure type may offset signals
of another. So, although YFH1 is nearly 30% α-helical and 26% β-sheet, the α-helices contribute
the most to the CD spectra. In the presence of 5 µM YSK2, YFH1 minima at 206 and 222 nm
increased in intensity. It appears that a concentration of 5 µM was sufficient for YSK2 to
considerably influence the structure of YFH1, since the presence of 10 µM YSK2 did not further
increase the intensity of YFH1 minima. The presence of 20 µM YSK2 (Figure 3.10A) caused the
spectra to shift to a higher wavelength and the difference in relative intensities of the 208 and 222
nm minima appeared to have flattened. Also, the spectral minima of YFH1 were no longer at 206
and 222 nm, as they had shifted to 210 and 218 nm instead.
When YFH1 was titrated with K2, the CD spectra showed a simultaneous increase in
minima intensity and a shift in the minima wavelengths (Figure 3.10B). Increasing the
concentration of K2 caused a shift in the YFH1 minima at 206 and 222 nm to 208 and 218 nm
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Figure 3.9. Structure of Yeast Frataxin Homologue 1 protein (YFH1). Cartoon representation of
the NMR structure of YFH1 (PBD ID 2GA5) at 25°C. YFH1 consists of two helices (α1 and α2)
and seven β-sheets (β1- β7). The image was produced using PyMOL95.
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Figure 3.10. CD spectra of YFH1 titrated with dehydrin additives. (A) YFH1 in the presence of
YSK2; (B) YFH1 in the presence of K2; (C) YFH1 in the presence of ScYSK2; (D) YFH1 in the
presence of AntiK2.
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respectively. Unlike YSK2, the influence of K2 on the structure of YFH1 appeared to be gradual
and dependent on the concentration of K2. In other words, the effect of YSK2 on the structure of
YFH1 saturates more quickly than YFH1 titrated with K2.
The addition of 5 µM ScYSK2 to YFH1 caused an increase in the intensity of the YFH1
minima (Figure 3.10C), like YSK2 and K2. However, the influence of ScYSK2 on the structure of
YFH1
reached its maximal effect at the starting concentration of 5 µM, such that increasing the
concentration to 20 µM caused little change in the CD spectra. ScYSK2 did not cause any
prominent shifts in the YFH1 minima, or changes in the relative intensity of the minima.
The CD spectra of YFH1 titrated with AntiK2 were like K2, where there was an increase in
YFH1 minima and shift to a higher wavelength (Figure 3.10D). While the presence of 5 µM AntiK2
caused an increase in the YFH1 minima intensities, the further increase in AntiK2 concentration
also showed small increases in YFH1 intensity. At a concentration of 20 µM, AntiK2 had shifted
the minima of YFH1 from 206 and 222 nm to 208 and 220 nm, although the relative intensities of
the YFH1 minima remained the same (i.e. no flattening of the minima was observed).
To potentially elucidate the mechanism by which the dehydrins influence the secondary
structure of YFH1, the change in CD spectra of YFH1 was also monitored in the presence of PEG
10,000, PEG 4,000 and glycerol (Figure 3.11). These are functionally similar compounds in that
they are used as protein stabilizers and cryoprotectants, yet their mechanisms of cryoprotection
differ96–98. The different effects of these compounds were compared to the CD spectra of YFH1 in
the presence of dehydrins.
When YFH1 was titrated with increasing concentrations of PEG 10,000 (Figure 3.11A),
there was an increase in signal intensity at both minima; at a concentration of 20 µM, PEG 10,000
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Figure 3.11. CD spectra of YFH1 titrated with macromolecules which are known to influence
protein structure. (A) YFH1 in the presence of PEG 10,000; (B) YFH1 in the presence of PEG
4,000; (C) YFH1 in the presence of glycerol.
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affected the structure of YFH1 more than 5 µM and 10 µM PEG 10,000. Although PEG 10,000
did not induce shifts in the YFH1 spectra, the intensity of the minima at 206 nm increased more
than the minima at 222 nm, suggesting that PEG 10,000 influences a different area on the
secondary structure of YFH1 than the dehydrin. The CD spectra of YFH1 titrated with PEG 4,000
(Figure 3.11B), showed an increase in the minima at 205 nm and little effect on the signal at 222
nm. The influence of glycerol on the CD spectra of YFH1 is shown in Figure 3.11C. In the presence
of 10% glycerol, the minimum at 206 nm shifted to 208 nm, while the minimum at 222 nm shifted
to 218 nm. While there was little difference between the signal intensities of YFH1 in the presence
of 20% versus 30% glycerol, increasing the percentage of glycerol above 10% caused the YFH1
minima to increase in intensity. Additionally, the relative intensities of the 206 and 222 nm minima
of YFH1 had flattened in 20% and 30% glycerol. The CD spectra of YFH1 when titrated with
YSK2, K2, and AntiK2 were similar to glycerol, where the intensity of both minima increased and
shifted in wavelengths. This spectra change was distinct from PEG 4000 and PEG 10000, which
preferentially increased the minima at 206 nm. The CD spectra of YFH1 in the presence of ScYSK2
were unlike the other additives, in that no shifts or large increases in minima were observed.
To quantify the influence of all of the additives on the secondary structure of YFH1, the αhelical content was calculated using the molar ellipticity values at 222 nm ([θ]222nm)91. The extent
of change in the helical content of YFH1 in the presence of each type of additive coincided with
the trends outlined above: the helical content of YFH1 in the presence of 20 µM YSK2 and K2, the
helical content in YFH1 increased by ~55%, while 20 µM AntiK2 and 30 % glycerol induced ~38%
increase, whereas 20 µM ScYSK2, increased YFH1 helicity by ~28%. The differences in the
structural influences of glycerol versus PEG is highlighted by the fact that both PEG 10,000 and
PEG 4,000 increased YFH1 helical content by less than ~20%. The change in the helical content
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as a function of additive concentration is summarized in Figures 3.12 and 3.13. Since glycerol is a
liquid compound and its concentration is often reported in weight by volume, its α-helical data was
presented separately.

Cryoprotection of YFH1
The structure of YFH1 after freeze/thaw treatment was also monitored by CD
spectroscopy. YFH1 (10 µM) in the presence and absence of YSK2 and ScYSK2 (1:1 molar ratio)
was frozen in liquid nitrogen for 30 s and thawed at 16°C for 5 min. This process was performed
three times (3FT) and six times (6FT), after which the CD spectra were collected. Statistical
analysis could not be performed due to the variability in the starting secondary structure of YFH1.
The analysis was repeated to ensure the trends were consistent and the reported data are
representative of one dataset. The CD spectra of YFH1 alone shows a decrease in signal intensity
over 3FT, which suggests a decrease in a defined secondary structure (Figure 3.14A). The CD
spectra of YFH1 in the presence of 10 µM YSK2 (Figure 3.14B) showed little decrease in signal
intensity over the course of freeze/thaw treatments. YFH1 in the presence of 10 µM ScYSK2
(Figure 3.14C), the spectra showed a noticeable decrease in signal intensity after 3FT. The results
show that YSK2 minimized the structural changes in YFH1 caused by freezing and thawing, as the
α-helical content decreased by ~13% after 6FT instead of an ~ 28% decrease when YFH1 was
alone. ScYSK2 had little protective effects of YFH1, where the α-helical content had decreased by
~22% after 6FT cycles (Figure 3.15).
The cryoprotection of YFH1 was repeated using K2 to compare the effectiveness of
structure preservation between dehydrins of different lengths. As seen in Figure 3.16A, the CD
spectra of YFH1 over the course of freeze/thaw treatments decreased in minima intensity.
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Figure 3.12. Helical content of YFH1 as a function of additive concentration. The percent αhelicity (y-axis) was calculated using the molar ellipticity at [θ]222nm with the equation described
in Materials and Methods.
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Figure 3.13. Helical content of YFH1 in the presence of glycerol. Bar graph representation of
YFH1 α-helicity as a function of glycerol concentration. The percent α-helicity (y-axis) was
calculated using the molar ellipticity at [θ]222nm with the equation described in Materials and
Methods.
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Figure 3.14. CD spectra of 10 µM YFH1 in the presence and absence of 10 µM YSK2 and ScYSK2
dehydrin after freeze/thaw treatments. Samples were frozen and thawed for three and six cycles
(3FT and 6FT respectively). (A) YFH1 alone; (B) YFH1 in the presence of YSK2; (C) YFH1 in
the presence of ScYSK2.
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Figure 3.15. Helical content of YFH1 in the presence and absence of dehydrin after freeze/thaw
treatments. Bar graph representation of YFH1 alone, with YSK2 or ScYSK2 (x-axis) after each
treatment. The percent α-helicity (y-axis) was calculated using the molar ellipticity at [θ]222nm with
the equation described in Materials and Methods.
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.

Figure 3.16. CD spectra of 10 µM YFH1 in the presence and absence of 10 µM YSK2 and K2
dehydrin after freeze/thaw treatments. Samples were frozen and thawed for three and six cycles
(3FT and 6FT respectively). (A) YFH1 alone; (B) YFH1 in the presence of YSK2; (C) YFH1 in
the presence of K2.
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Figure 3.17. Helical content of YFH1 in the presence and absence of dehydrin after freeze/thaw
treatments. Bar graph representation of YFH1 alone, with YSK2 or K2 (x-axis) after each treatment.
The percent α-helicity (y-axis) was calculated using the molar ellipticity at [θ]222nm with the
equation described in Materials and Methods.
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In this data set with K2, the difference in the change of YFH1 secondary structure between YFH1
after 3FT and 6FT cycles was minimal. The CD spectra of YFH1 in the presence of YSK2 showed
a small decrease in signal intensity between 3FT and 6FT treatments (Figure 3.16B). In the
presence of 10 µM K2 (Figure 3.16C), the CD spectra of YFH1 alone decreased gradually over the
course of freeze/thaw treatments. The results show that YSK2 and K2 preserved most of the
secondary structure in YFH1 under the denaturing conditions caused by freeze/thawing, where the
effects of YSK2 was greater than K2 (Figure 3.17). The cryoprotection of YFH1 in the presence of
AntiK2 was also attempted, however, the CD spectra showed that AntiK2 caused a decrease in the
signal intensity of YFH1 at room temperature (data not shown). This was inconsistent with the
trends observed for YSK2, K2 and ScYSK2. Upon further inspection, the signal intensity in the CD
spectra of AntiK2 alone was decreased, compared to the previous CD spectra of AntiK2. Therefore,
its freezing and thawing data with YFH1 were excluded.

3.6 LDH Cryoprotection
A number of dehydrins have been shown to protect LDH from activity loss due to freezing
and thawing28,40,52,30,81,83,94,100. LDH is a tetrameric enzyme which has been found to aggregate and
unfold under 4°C, where its activity decreases to nearly zero28,80. The K2 and YSK2 dehydrins
demonstrated cryoprotective ability when they were freeze/thawed multiple times with LDH.
Using the assay established by Hughes and Graether28, the abilities of ScYSK2 and AntiK2
synthetic dehydrins to protect LDH from freeze/thaw denaturation were compared to that of K2
and YSK2. This assay was used to reveal the role of residue position and residue charge in the
behaviour of dehydrins in vitro.

64

The dehydrins (K2, YSK2, SCYSK2, and AntiK2) and ordered proteins (BSA, lysozyme,
and β-casein) were tested. BSA was used as a positive control, as it is a known cryoprotectant79;
the structured proteins lysozyme and β-casein were used as negative controls because they were
previously shown to be poor cryoprotectants although, it is not yet clear why52,80. When plotted as
a log scale of additive concentration versus percent LDH recovery, the data shows a sigmoidal
pattern which can be fitted to the equation mentioned in Materials and Methods28. The efficiency
of additives can be compared by calculating their PD50 value, which is the concentration of additive
required to preserve 50% of LDH activity after freezing and thawing. A lower PD50 value
represents an efficient cryoprotectant. If the change in sequence and charge of dehydrins affects
the cryoprotective ability of dehydrins, the PD50 values of ScYSK2 and AntiK2 would be expected
to differ from the PD50 of YSK2 and K2.
The cryoprotective ability of ScYSK2 was similar to YSK2 (Figure 3.18). At 20 µM, YSK2
and ScYSK2 had a maximal effect on LDH cryoprotection. The similarity in the behaviour between
ScYSK2 and YSK2 would suggest that the cryoprotective ability of dehydrin is not strictly
dependent on residue position. Shown in Figure 3.18, AntiK2 demonstrated little cryoprotective
ability, as the maximal effect of AntiK2 was reached at 5 µM, where less than 50% of LDH activity
had been preserved. This was drastically lower than K2, which preserved over 100% of LDH
activity at 40 µM. It is important to note that, without the addition of additives, the LDH activity
was less than 2% in the presence of low concentrations of AntiK2, the activity of LDH decreased
to background levels. The effect of AntiK2 was also worse than the negative controls lysozyme
and β-casein (Figure 3.19), which are ineffective LDH cryoprotectants52. Since the maximal
cryoprotective ability of AntiK2 was less than 50% of the activity of the LDH control, its PD50
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Figure 3.18. Cryoprotection of LDH by dehydrin. The activity of LDH was measured before and
after freezing and thawing in the presence of various additives. The percentage of preserved LDH
activity was relative to unfrozen LDH, which was defined as being 100% active. LDH was
incubated with YSK2, K2, ScYSK2 and AntiK2 at a range of concentrations. Error bars represent
the standard deviation of five replicates. The lines of best fit correspond to the sigmoidal equation
as described in “Results”. The fitted variables that were used to calculate each sigmoidal curve are
listed in Table 3.1.
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Table 3.1 Fit parameters used to calculate the sigmoidal lines of best fit
𝑎

Additive
K2
YSK2
AntiK2
ScYSK2
BSA
Lysozyme
βCasien

103.8
103.9
26.5
96.4
94.2
45.9
75.2

𝑏
5.9
2.6
3.0E-05
2.2
3.0
4.2
7.2

𝑥0
14.2
6.4
2.3
5.9
4.1
5.1
12.6
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Figure 3.19. Cryoprotection of LDH by structured protein. The activity of LDH was measured
before and after freezing and thawing in the presence of various additives. The percentage of
preserved LDH activity was relative to unfrozen LDH, which was defined as being 100% active.
LDH was incubated with BSA, lysozyme and β-casein at a range of concentrations. Error bars
represent the standard deviation of five replicates. The lines of best fit correspond to the sigmoidal
equation as described in “Results”. The fitted variables that were used to calculate each sigmoidal
curve are listed in Table 3.1. K2 is included for comparison purposes.
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value could not be calculated. Therefore, AntiK2 appears to have an adverse effect on LDH during
freeze/thaw treatment.
The results show that YSK2 and ScYSK2 had the best cryoprotective ability of the
dehydrins, with PD50 values 6.2 µM and 6.1 µM, respectively. The PD50 of K2 was 14 µM, which
indicates that K2 was approximately half as effective as YSK2 and YSK2. The cryoprotection of
LDH by BSA was similar to YSK2, ScYSK2 and K2, where, at a concentration of 40 µM, BSA
provided maximal cryoprotective effects (Figure 3.18). Interestingly, the maximum percentage of
LDH activity preserved was 96%, which was identical to ScYSK2, unlike YSK2 and K2 which
preserved over 100% of LDH activity. The PD50 value of BSA was calculated to be 4.6 µM because
the cryoprotective behaviour of BSA at low concentrations was observed to be unusually high
(Figure 3.19). This activity was unlike what other researchers found, as the efficiency of BSA was
similar to or less than dehydrin protein40,52,79,99.
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Chapter 4: Discussion
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The aim of this study was to investigate the role of dehydrin sequence and charge in their
cryoprotective behaviour. This was to be done using four synthetic dehydrins that were variants of
the model K2 and YSK2 dehydrins to dissect the relationship between their sequence, structure,
and function (Figure 3.1). Results from previous studies, including one on several dehydrins and
polyethylene glycol of different lengths, have suggested that the whole dehydrin protein is
involved in enzyme cryoprotection with little relation to their sequence, granted that they remain
highly charged and disordered in solution52,83–85. However, recent work by Hara et al. (2017)
suggested that the cryoprotective activity of the K-segment is dependent on the hydrophobic
residues of its sequence85. Since dehydrins lack strict sequence conservation outside the conserved
Y-, S- and K-segments, it is possible that dehydrins possess functionally important residues or
stretches of residues that have not yet been identified22.
Typically, the function of a protein is driven by the behaviour of its local and/or net charges,
which is determined by the biochemical features of its amino acids50,94. However, contrary to the
structure-function paradigm, IDPs are biologically active proteins with no defined secondary
structure in solution28,50. The K2 and YSK2 dehydrins are basic proteins, where Lys residues were
found to be highly conserved at four positions in the K-segment, while negatively charged residues
are highly conserved at two positions in the K-segment22. It is likely that the high density of
charged residues, as well as the proportion of positively and negatively charged residues in the Ksegment are significant for their interaction with other proteins.
The K-segments of K2 were found to be weakly helical, through secondary structure
propensity (SSP) analysis of the chemical shifts28. This coincided with experimental findings of
K-segments forming an amphipathic α-helix in the presence of ligands such as membranes31,32,62,65,
TFE, and glycerol55. The helix formation is due to the density of positively charged and hydrophilic
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Lys and Arg residues combined with the hydrophobic Met and Ile residues that are found at the
core of the K-segment. Hughes and Graether (2011) also found that the SSP of the ϕ-segments
showed propensities towards being extended, due to the large number of small polar residues,
promoting high flexibility between the segments, which may be what is preventing the formation
of structure in the dehydrins28.

4.1 Protein Design

To determine the influence of the amino acid properties on dehydrin function in vitro, I
scrambled the sequences of K2 and YSK2 to create the ScK2 and ScYSK2 protein sequences,
reversed the charge type of the charged residues in the K2 sequence to create the AntiK2 protein
sequence, and neutralized the charged residues in the sequence to create the NeutK2 sequence.
Figure 3.1 shows the alignment of the K2 and YSK2 dehydrin and their variants that were
used. The black rectangles, which highlight the conserved regions, show that there is no significant
conservation between the K2 dehydrin and ScK2 construct, or, the YSK2 dehydrin and ScYSK2
construct. The dispersion of what were the K- and ϕ-segment residues throughout the scrambled
protein decreases the likelihood of an amphipathic α-helix forming, because of the altered spacing
between the positively charged Lys and Arg and the hydrophobic Met and Ile residues, and causing
part of the protein to become weakly ordered. This would allow us to determine if the function of
K2 and YSK2 is influenced by its ability to form an amphipathic α-helix.
As expected, the sequence was moderately conserved between the K2 and its charge
reversed-construct, AntiK2, (Figure 3.1), which only differ in the number of positively and
negatively charged residues. In AntiK2, the propensity of the K-segments to form an amphipathic
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α-helix may be decreased due to the cluster of four acidic residues, which may cause electrostatic
repulsion within the K-like-segment. Note that the acidic pI of our AntiK2 construct is not unusual,
since acidic dehydrins are found in nature45,100. Dehydrins of this sub-type are characterized by the
high percentage of Glu residues and have been found to be somewhat preferentially induced in
response to low temperatures. Some acidic dehydrins have also been found to display enzyme
cryoprotective behaviour such as the basic pI dehydrins17,30,45. However, unlike AntiK2, acidic
dehydrins typically have an SKn type architecture and are much larger than 5.4 kDa17,35,100, which
likely contributes to their protective efficacy. Larger dehydrins are more effective at forming a
molecular shield around LDH; as for AntiK2, its small size would not allow it to form a uniform
coat around LDH. Nevertheless, AntiK2 would help us to determine whether the position of
charged residues and the proportion of charge type (negative versus positive) contribute to the
cryoprotective behaviour of K2.
The charged residues of K2 were also neutralized to produce the NeutK2 variant (Figure
3.1). Hughes and Graether (2011) observed that various PEG polymers, ranging 1,000 to 20,000
kDa in size, were able to protect LDH from freeze/thaw induced activity loss, slightly more
efficiently than the K2 and YSK2 dehydrin. Mi et al. (2004) also found that PEG 4,000 and PEG
8,000 protected LDH from freeze/thaw induced aggregation101. In both studies, researchers found
that the cryoprotective efficiencies of PEG polymers increased in proportion to their
size/hydrodynamic radius52,101. This is because PEG polymers are similar to dehydrins in that they
are unstructured/flexible, hydrophilic, and polar polymers, where their cryoprotective abilities are
presumably via a non-specific volume exclusion effect52. Our NeutK2 construct is similar to PEG,
as it is minimally charged (its sequence still contains two Arg residues), polar and disordered
(Figure 3.1). The behaviour of NeutK2 would therefore allow us to determine if the function of
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dehydrins relies on the dense charged residues in the K-segment and/or the general polar and
disordered nature of the protein.

4.2 Structure of the Dehydrin Variants

Although disordered proteins lack significant secondary or tertiary structure, there are two
structurally different groups: intrinsic coils, which maintain a large hydrodynamic radius and lack
ordered secondary structure; and premolten globules, which are more compact and exhibit some
residual secondary structure94. Disordered proteins can be generalized as being either a random
coil or premolten globule, depending on their CD spectra: disordered protein of the former has
molar ellipticity ([θ]) values of -18,900 ± 2,800 deg cm2 dmol-1 near 200 nm and -1,700 ± 700 deg
cm2 dmol-1 near 222 nm; whereas premolten globules have [θ] values of -10,700 ± 1,300 deg cm2
dmol-1 near 200 nm and -3,900 ± 1,100 deg cm2 dmol-1 near 222 nm94. Using this classification
system, the ScYSK2 and AntiK2 proteins fall between the two categories. The CD spectra (Figure
3.8) of ScYSK2 and AntiK2 confirmed that these proteins are disordered, displaying a large
negative ellipticity near 200 nm, with no features of significant secondary structure in the spectra.
The CD spectra of ScYSK2 showed that its shoulder between 214 nm and 228 nm is more negative
than YSK2, and the signal at 198 nm is more negative. ScYSK2 may be more disordered than
YSK2, which coincides with the increased disorder predicted by MetaDisorderMD2. Similarly, the
CD spectra of AntiK2 is more negative than K2 near 222 nm; however, its signal at 198 nm is less
negative than the spectrum of K2. Whether the increase/decrease in molar ellipticities of the
ScYSK2 and AntiK2 signals at 198 nm correlates with an increase or decrease in disorder should
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be determined by further structural analyses. As mentioned in Results, the ScK2 and NeutK2
recombinant proteins were not produced and therefore no CD spectra could be obtained.

4.3 Dehydrins Influence on YFH1 Structure at Room Temperature

Many proteins unfold or partially unfold under low-temperature conditions. Unlike heat
denaturation, which is a highly cooperative, endothermic process that has been studied in detail,
cold denaturation is suggested to be a non-cooperative process, occurring in an out-of-equilibrium,
kinetically controlled manner, with no enthalpy change102,103. Unfortunately, cold denaturation is
difficult to study in vitro, since many proteins denature at temperatures below the freezing point
of aqueous solutions103,104, which leaves some aspects of protein stability and denaturation
dynamics not thoroughly explored. To circumvent this difficulty, destabilizing agents or other
denaturing conditions could be used, such as the addition of alcohols, crowding agents or changes
in pH102,105. Recently, Martin et al. (2008) identified a natural protein, Yeast frataxin (YFH1),
which denatures at temperatures near 0°C, without the help of destabilization agents104. YFH1 is
an acidic, mesophilic, mitochondrial protein found in Saccharomyces cerevisiae that acts as a
mitochondrial iron chaperone in iron transport90. This folded, monomeric protein is structurally a
member of the α/β sandwich family, consisting of two α-helices and six β-sheets (Figure 3.9).
During YFH1 denaturation studies at temperatures near 0°C and around 36°C102,106–108, its 15N-1H
HSQC spectra appeared collapsed (i.e. the chemical shifts were clustered together), suggesting
that it was in an unfolded state109. The structure of YFH1 is sensitive to salts and alcohols, as the
addition of low concentrations of these compounds (e.g. 0.07 M TFE, 0.17 M EtOH, 0.2 mM CaCl2
and 50 mM NaCl) has been found to drastically affect its thermostability and secondary structure,
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as measured by NMR and CD spectroscopy102,108. Since the structure of YFH1 changes so readily,
the CD spectra of YFH1 in the presence of dehydrins at various concentrations were monitored to
assess the dehydrin-induced changes in the secondary structure of YFH1.
In the presence of YSK2, the CD spectra of YFH1 showed an increase in α-helical content
and a conformational change into a compact structure (Figure 3.10A). This effect of YSK2 was
nearly halved when the residue positions were altered (Figure 3.10B). The dispersal of the charged
residues may influence the formation of multiple, weak interactions with various parts of YFH1,
due to charged residue repulsion and attraction, instead of a “focused” interaction of attracting
charges. Similar to YSK2, the influence of K2 on the CD spectrum of YFH1 also increased the αhelical content of YFH1, where the greater effect of YSK2 versus K2 is due to its larger size, since
both the K- and ϕ-segments contribute to cryoprotection52. The K2-induced changes in the α-helical
content of YFH1 decreased by approximately 25% upon the reversal of its net charge. Therefore,
the high density of charged residues in dehydrin could have a role in the promotion of increased
secondary structure in YFH1. It is possible that the cluster of charged residues in the dehydrins
preferentially aligns with the negatively charged residue clusters on YFH1 to form weak
interactions, like the electrostatic interactions between the K-segments and LDH or SDS
micelles28,62,65.
Through molecular dynamics simulations studies, Sanfelice et al. (2015) identified four
spatially close clusters of negatively charged residues on the structure of YFH1. It was suggested
that this electrostatic repulsion between the two secondary structures creates a weak point,
allowing water to easily collect into the hydrophobic core, where the freezing of water could
disrupt the structural integrity of YFH1 from within the protein107. A previous study into the
cryoprotective mechanism of K2 has shown that the positively charged residues of the K-segment
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in the K2 dehydrin interacts with the negatively charged surface of LDH, creating a molecular
shield effect, where the dehydrin prevents the partially denatured LDH molecules from associating
with each other and aggregating. Dehydrins may influence the structure of YFH1 in a way that
relieves its electrostatic tension and promote the formation of a more thermostable structural
conformation.
The CD spectrum of YFH1 was also monitored in the presence of PEG 4,000, PEG 10,000
and glycerol. Given the proposed mechanisms of PEG- and glycerol-induced changes in the
secondary and tertiary structures of proteins55,78,96,101,110–114, the comparison could be used to
elucidate the possible molecular mechanism of dehydrin cryoprotection. As shown in Figure 3.11,
the PEG-induced state of YFH1 shows a different conformation to that in the presence of the YSK2,
K2 and AntiK2 dehydrins, where PEG had little affect the α-helical content of YFH1. This shows
that PEG polymers may interact with YFH1 in a different manner than the dehydrin protein. In
contrast, the glycerol-induced changes in the CD spectrum of YFH1 were similar to dehydrins,
which suggests that there are similarities in their mechanism of protein stabilization. Therefore,
the comparison between dehydrins and other protein protective compounds should be considered
when studying the influence of additives on protein structure.

4.4 Dehydrins Reduce Freeze-thaw Induced Structural Damage of YFH1

As mentioned in Materials and Methods, YFH1 unfolds quite easily; the structure of YFH1
was found to change after one week of storage at 4°C and after thawing from storage at -20°C,
since its CD spectra showed increasing coiled structure. Since dehydrins and modified dehydrin
peptides have been found to cryoprotect various enzymes from freeze/thaw-induced damages
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and/or aggregation28,40,41,52,30,83–86,100, the ability of these dehydrins (YSK2, K2 and ScYSK2) to
preserve the secondary structure of YFH1 after freeze thaw treatments was also investigated using
CD spectroscopy. In the absence of dehydrin, the CD spectrum of YFH1 showed a decrease in αhelical content, where most of the freeze-thaw-induced structural changes in YFH1 were preserved
in the presence of YSK2 and K2. The lack of structural preservation of YFH1 in the presence of
ScYSK2 suggests that the influence of dehydrins on the secondary structure of YFH1 appears to
be proportional to the presence of dense charged residues in the K-segment.
During protein denaturation, the intermediate state of an unfolding protein is the molten
globule, which possesses a pronounced secondary structure, an absence of specific tertiary
structure due to its tightly packed side chains, and a loosely packed hydrophobic core with
increased surface accessible residues to solvent115. Since there are different routes for a protein to
reach a denatured state, different additives can maintain or promote different residual structures
via different molecular mechanisms115. This is possibly why PEG and glycerol induced noticeably
different changes in the CD spectrum of YFH1.
The unstructured nature of PEG polymers has been found to be effective in enzyme
cryoprotection. As previously mentioned, Mi et al. (2004) and Hughes et al. (2013) both found
that PEG polymers were able to preserve LDH activity after freeze/thaw treatment52,101. Although
PEG is commonly used as a protein precipitant for crystallography due to its ability to interact
with proteins, it is also proposed to function as cryoprotectant due to its antifreeze properties101,114.
Research into the effects of PEG on the folded and unfolded states of various proteins have found
that PEG molecules adsorb to the surface of protein, coordinate with positively charged Lys, Arg
and His residues via hydrogen bonding to form a protective coat around the protein. The long
flexible chains on PEG also provide multiple points of protein-PEG contacts which fit into the
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hydrophobic clefts of the protein, binding hydrophobic residues114. This encapsulating layer
consists of amphipathic complexes, reducing the availability of water to bind to the protein surface
and eventually replace the protein hydration shell. In this manner, PEG is also separating protein
complexes from each other, reducing the likelihood of association and aggregation 114,116. It is
important to note that PEG-protein interactions vary between proteins98,101. Additionally, the
driving force of PEG to form PEG-protein complexes is dependent on the hydration level of the
PEG polymer; although larger MW polymers are more hydrophobic than smaller ones (e.g. PEG
6,000 versus PEG 400), providing more efficient cryoprotective effects, a point is reached where
the PEG polymer is too large to remain fully hydrated. As a result, the longer polymer chains are
less likely to bind to the protein to provide protection/stabilization, and instead behaves as a
crowding and precipitating agent101,112. Using NMR to analyze the structure of BSA and lysozyme
in the presence PEG polymers, Wang et al. (2013) found that at low concentrations, PEG polymers
existed as a free state in solution; with increasing PEG concentration, PEG molecules began to
adsorb to the protein surface and bind to its hydrophobic core. At higher concentrations, all PEG
molecules were compacted and firmly adsorbed to the protein, making it prone to aggregation117.
They also stated that if PEG is incubated with a protein that is vulnerable to denaturation, the
strong interaction between PEG and the hydrophobic regions of the protein could destabilize the
protein structure117. Other studies have found that low MW PEG polymers (e.g. 400-2,000 Da)
strongly bound to the protein surface and were effective in promoting helical structure. In contrast,
larger MW PEG polymers (e.g. 6,000-20,000 Da) were loosely adsorbed to the protein surface and
promoted protein unfolding. It is important to keep in mind that the secondary structure varies
between protein lysozyme and BSA, so for each protein, there is an optimal PEG chain length
which is of benefit to its structure115. Also, prolonged incubation times of PEG with protein cause
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a decrease in residual activity, caused by the replacement of the protein hydration shell98. Because
dehydrins are very hydrophilic proteins, they may favour interactions with water and charged
residues more than interacting with the hydrophobic residues of other proteins.
Although the mechanism of glycerol-induced protein stabilization is not yet well
characterized, glycerol is another polyol that is widely used in protein refolding and crystallization.
Glycerol is a small, hydrophilic and simple molecule that has been found to strongly induce αhelical structure55, increase structurally compact protein conformations55,113, reduce protein
flexibility96,117, and stabilize partially unfolded protein, decreasing the tendency for a protein to
aggregate113. Using thermodynamic analysis, Gekko and Timasheff found that glycerol re-ordered
the bulk water molecules to form a water-glycerol matrix where the protein surface maintains its
hydration111. They suggested that by forming the water-glycerol lattice, glycerol maintains the
spatial configuration of the protein, restricting conformation fluctuations, thereby promoting
structural compaction96,110. In addition, the ordering of glycerol and water around the protein
makes it thermodynamically unfavourable for the protein to expand into an unfolded state, as this
would require re-ordering of the water-glycerol mixture111. They also found that glycerol was
strongly repelled from the hydrophobic regions of proteins and attracted to polar residues on its
surface96,110.
The mechanism of glycerol induced protein stabilization was also studied by Vagenende
et al. (2009), using molecular dynamic simulations113. While monitoring the residence time of
glycerol molecules at the protein surface, they found that glycerol preferentially resides in some
regions of the protein surface. They saw that glycerol reoriented itself along the protein surface,
allowing residues to multiply bind to the glycerol molecules, where it acts as an amphipathic
interface between the hydrophobic patches and the polar environment. Interestingly, glycerol was
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preferentially excluded from the inner domains of the protein, as it predominantly interacted with
the edges of the protein cleft, even though the cleft was easily accessible to the small glycerol
molecules. They speculated that glycerol inhibits protein aggregation by preferentially residing on
the outer surface of the protein, where it restricts the motion of partially unfolded secondary
structure and/or loop and coil regions, which are prone to aggregation. Glycerol can also induce
protein stability via a volume-exclusion effect, since the glycerol-water lattice formation interacts
with the polar residues on the protein by electrostatic interactions. Also, during protein unfolding,
glycerol could orient its carbon atoms to form contacts with the hydrophobic protein surface, while
its oxygen atoms point toward the solvent, maintaining protein solvation113.
Given the high hydration capacity of dehydrins72,75,118 and their polar nature, it is possible
that dehydrins interact with YFH1 via a similar mechanism to glycerol, by interacting with protein
surface via polar interaction, dehydrins may promote the formation of a compact secondary
structure which reduces the protein conformational flexibility or the tendency for oligomers to
dissociate. However, further research is needed to determine which of the above-mentioned
mechanisms dehydrins are likely to use. Is it possible that, at high concentrations, dehydrins could
cause macromolecular crowding and induce the structural collapse of ordered protein? Also, in the
presence of a protein with an easily accessible hydrophobic cleft, where would dehydrins localize?
Do they have a preference for certain residues or elements of secondary structure? It is also
unknown if this observed pattern is similar for other dehydrins possessing different isoelectric
points, to determine if the net charge is also a factor for their structural influence on ordered
protein. Since the influence of protein-PEG interactions can vary between different proteins, it is
possible that the same thing will occur with dehydrins. More study is needed to monitor the
dynamics of various dehydrin in the presence of other protein to explain the potential interactions
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of dehydrins. This could be done using DSC to test whether the presence of dehydrins alters the
kinetics of protein unfolding; Fourier transform infrared (FTIR) spectroscopy to monitor the
dehydrin-induced changes in the α-helical and β-sheet structure of ordered protein as well as their
structure in the presence and absence of protein; molecular dynamics simulations to investigate
whether or not the water-binding properties of dehydrins maintain protein hydration under low
water conditions; gel filtration to monitor the potential dehydrin-protein complexes; or
fluorescence quenching to determine the effects of dehydrin on tryptophanyl fluorescence. In
combination, these methods should elucidate whether dehydrins also interact with proteins via
hydrophobic interactions.

4.5 Influence of Sequence and Charge on Dehydrin Cryoprotective Behaviour

The enzymatic cryoprotective activity of various dehydrins has been extensively
studied28,40,41,52,30,83–86,100, where the degree of cryoprotective efficiency varied with each dehydrin.
The efficiency of dehydrins is assessed by its PD50 value, which is the concentration of additive
required to preserve 50% of LDH activity. A lower PD50 suggests that it is a more effective
cryoprotectant. Different experimental methods were used by different researchers. Some
researchers use dehydrins from in vivo extracts10,40,41,82, while others use synthetically made or
recombinantly expressed dehydrins26,28,30,85. Various numbers of freeze/thaw cycles were used, or
conditions such as freezing samples overnight at -20°C versus in liquid nitrogen; or thawing for a
few minutes in a water bath versus a few hours to overnight at 4°C28,40,79,93. Also, some researchers
report the dehydrin concentration as a molarity while others report by weight. All in all, these
factors can make it challenging to impossible to make comparisons between the same protein when
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used by different research groups, which is specifically seen when comparing BSA results.
Nevertheless, the protection by dehydrins shows a sigmoidal pattern when plotted on a log scale
of dehydrin concentration versus percent LDH recovery28,40,79, which means that the efficiency of
dehydrin cryoprotection increases slowly at low concentrations until it reaches a narrow
concentration range where the dehydrin provides a large increase in %LDH protection, followed
by an asymptotic plateau. Therefore, researchers such as Hughes and Graether (2011) were able
to fit their cryoprotective data to the empirical sigmoidal equation [%LDH activity] = 𝑎/[1 +
𝑒

(−(𝑥−𝑥0))
28
𝑏

] .

It was previously shown that the YSK2 and K2 dehydrins, as well as artificial K2
concatemers (e.g. K4, K6, K8 and K10) have the ability to protect LDH when it was frozen and
thawed multiple times, and that YSK2 was more efficient than K2 on a concentration basis28,52.
Analysis of LDH cryoprotection in the presence of ScYSK2 determined that it had the ability to
protect LDH from freeze/thaw induced inactivation, similar to YSK2 (Figure 3.18). The
concentrations of ScYSK2 and YSK2 required to provide 50% protection (its PD50) were 6.1 µM
and 6.2 µM, respectively. Although ScYSK2 did not appear to enhance LDH above 100% as YSK2
and K2 did, the result coincides with the above YFH1 freeze/thaw study in that the residue position
is not an absolute requirement for dehydrins to provide enzyme cryoprotection. In contrast, AntiK2
was a poor cryoprotectant, where it seemed to exacerbate the freeze/thaw-induced damage of LDH.
In fact, the cryoprotective activity of AntiK2 was less than the negative controls (lysozyme and βcasein) (Figure 3.19). It was previously suggested that the positive charges of the K2 dehydrin
interact, but not bind, to the negatively charged surface of LDH, creating a protective shield to
prevent LDH from unfolding and aggregating28. Since AntiK2 is a very small, acidic protein, its
possible that it weakens the structural integrity in multiple areas of the LDH as it unfolds. The
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negatively charged residues on the surface of LDH are shielded by the abundance in positively
charged residues of in the YSK2, ScYSK2 and K2 dehydrin. However, in the presence of AntiK2,
the abundance in negatively charged residues could be repelled by the surface of LDH. As a result,
AntiK2 did not function via a volume exclusion effect. Thus, although natural acidic dehydrins
were found to display enzyme cryoprotection capability30, changing the proportion of negative and
positive residues in the K2 dehydrin had a detrimental effect on its behaviour in the presence of
LDH.
As previously mentioned, results from the recent research by Hara et al. (2017) suggested
that the hydrophobic residues are important for the cryoprotective behaviour of the K-peptides85.
However, the decrease in cryoprotective efficiency of the K-segments that they observed could be
due to a combination of factors. Since the hydrophobic amino acids in protein sometimes form αhelical structure, it is possible that changing the hydrophobic residues to Thr disrupted the ability
of the K-segment to form the transient α-helices119. The K-segment peptides used, were also
lacking the ϕ-segment, which has been previously suggested to contribute to the cryoprotective
ability of the K-segments, since Hughes et al. (2013) found that K2 was twice as effective as the
KK-peptide52. The K-peptides, in addition to the K2 dehydrin, are quite small in both sequence
length and hydrodynamic radius; as a result, their cryoprotective function may be more dependent
on their ability to form transient α-helices. In the case of ScYSK2, the possible disruption of
transient α-helical formation, due to its scrambled sequence, may be compensated by its larger size
and can still function as a molecular shield. Therefore, altering the hydrophobic residues may have
largely impacted the behaviour of the K-peptides because the resulting peptides were too small
and unable to form an amphipathic α-helical interface to be able to cloak LDH as a molecular
shield and provide protection.
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Overall, the results show that the influence of sequence and charge of dehydrins varies
by their situation; with regards to the influence of dehydrin on the secondary structure of YFH1,
the effect of AntiK2 was similar to that of K2, whereas ScYSK2 was the least influential of the
dehydrins. This suggested that the cluster of charged residues in the K-segment was important.
Alternatively, when presented with an unfolding LDH, ScYSK2 was as effective as YSK2 in
preventing freeze/thaw induced activity loss, where AntiK2 had worsened the ability of LDH to
maintain activity. In this scenario, the position of residues was not important.
The importance of the dense charges found in K-segments in enzyme cryoprotection has
been established by various researchers, who found that deletion of the K-segments lowered the
ability of the peptides to provide protection, while increasing the number of K-segments also
increased their protective effect32,52,84. However, the behaviour of a general highly charged and
disordered protein and/or a minimally charged disordered protein compared to natural dehydrins
are yet to be analyzed in greater detail. Further study is needed to probe the physiochemical
properties that allow dehydrins to be such functionally flexible proteins.
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