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ABSTRACT 
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Advisor: 
Dr. Steffen Graether 

 

Dehydrins are intrinsically-disordered proteins expressed during seed 

development and during abiotic stress. They have been shown to confer stress 

tolerance to plants, and many different methods of action have been proposed for these 

proteins. Here, I first show using both circular dichroism and NMR that the long-

proposed nucleotide binding role of the Y-segment of dehydrins is incorrect. I then 

examine the expression, subcellular localization, and role of the YSK2-type Vitis riparia 

dehydrin, VrDHN1. Through phenol protein extraction studies, it was found that VrDHN1 

was expressed during cold and dehydration stresses, as well as in response to the plant 

stress hormone ABA. Fluorescence-localization, confirmed by subcellular fractionation, 

revealed that VrDHN1 was found in the nucleus and in the cytoplasm of plant cells. The 

ability of VrDHN1 to bind to DNA in vitro was then investigated. VrDHN1 was shown to 

bind to DNA in a manner that was dependent on the sequence of VrDHN1, but not on 

the sequence of the DNA. This binding was not stimulated by metal ions, and was 

somewhat reduced by the pseudophosphorylation of the protein. Furthermore, the 

binding of VrDHN1 to DNA was shown to protect the DNA from oxidative damage 

caused by hydroxyl radicals, a function that was unhindered by the 

pseudophosphorylation of VrDHN1. In vivo experiments to confirm this protection of 



 

 

 

DNA were attempted, but were limited by difficulties in generating stable VrDHN1 

transformants. I propose a model of DNA protection against oxidative damage, where 

VrDHN1 binds to DNA in a low-affinity and non-DNA sequence specific manner to 

reduce damage caused by an ROS attack. 
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2 Introduction 
2.1 Plant Stress 

Plants endure a number of abiotic stresses and stressful periods throughout their 

lifespan including drought, cold, osmotic stress, and seed maturation (Farooq et al., 

2009). Though each of these forms of stress is initiated by a different factor, 

physiologically, they have similar effects. During cold stress, frozen water is not 

available for cellular functions. During seed development, the embryo naturally dries as 

it matures. Lastly, during osmotic stress, the increase in osmotic pressure outside of the 

plant root causes water loss (Rhodes and Nadolska-Orczyk, 2001). Overall, these 

stresses have several effects on the physiology of the plant, and, in turn, plants have a 

wide array of strategies to cope with these effects. A plant’s response to stress can be 

viewed at a physiological or molecular level. At a physiological level, during dehydration 

stress, plants will adapt to reduce water loss by closing their stomata, reducing shoot 

growth, and increasing leaf senescence, the process whereby nutrients are relocated 

from the leaves to other parts of the plant as the leaf undergoes programmed cell death 

(Rogers, 2016; Claeys and Inze, 2013). Plants will also increase water uptake by 

developing deeper root systems and increasing the amount of solute accumulation in 

the cell to balance the osmotic potential (Urano et al., 2017). At the molecular level, 

extracellular stress is first recognized by membrane receptors and ion channels, such 

as histidine kinase, and receptor-like kinase, which then trigger a signaling cascade of 

secondary signaling molecules inside of the cell. Some key secondary signaling 

molecules include Ca2+, inositol phosphates, reactive oxygen species (ROS), and 
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abscisic acid (ABA) (Tuteja, 2007). Once the signaling cascade reaches the nucleus, 

stress responsive genes are expressed for longer term acclimation, and ABA, salicylic 

acid and ethylene are generated to induce a second round of signaling (Tuteja, 2007). 

ABA is an important hormone involved in plant abiotic stress in higher plants. It 

regulates both seed dormancy and the mature plant’s response to cold, dehydration and 

osmotic stress (Christmann et al., 2006; Carmen Rodriguez-Gacio et al., 2009). In both 

cases, ABA arrests growth and development to prevent the plant from attempting to 

grow when conditions are unfavourable and the energy expended would be wasted. 

ABA is synthesized in the leaves of plants, though it is still unclear whether this happens 

in the guard cells or in the vascular tissue (Sussmilch and McAdam, 2017). While 

expression of similar genes is higher in vascular tissue than in guard cells, the genes in 

the ABA biosynthetic pathway are expressed in the guard cells. This, along with the 

important role that ABA plays in regulating the opening and closing of the stomata, 

suggests that the guard cells are a likely location for synthesis of ABA, and that ABA 

might then be secreted from the guard cells to reach other locations (Sussmilch and 

McAdam, 2017). In addition to its key role in stomatal regulation, ABA has also been 

implicated in several stress response pathways including the expression of late 

embryogenesis abundant (LEA) proteins (Hara et al., 2001; Liu et al., 2013; Hanana et 

al., 2014), which is described in the next section. 

Although ABA is a key signaling molecule in abiotic stress response, and is often 

used experimentally to induce stress, the stress response pathway is much more 

complex than just this one component (Xiao and Nassuth, 2006; Sussmilch and 
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McAdam, 2017). There are at least two pathways that regulate dehydration stress, 

though they seem to be interconnected. The pathways are named ABA-dependent and 

ABA-independent. It is likely that these pathways converge at the increase in 

intracellular calcium levels, since ABA, drought, cold and salinity treatment have all 

been shown to trigger an increase in Ca2+ in plant cells (Sussmilch and McAdam, 2017). 

Cold stress appears to utilize the ABA-independent pathway more heavily, whereas 

drought and salinity seem to favour the ABA-dependent pathway (Shinozaki and 

Yamaguchi-Shinozaki, 2000). 

 Cold stress (freezing) in nature is generally preceded by a period of low, non-

freezing temperatures as the seasons change. This decrease in temperature is also 

accompanied by shorter day cycles, and both light and cold signaling are integrated to 

control cold acclimation (Catala et al., 2011). Cold acclimation is seen in plants when 

these non-freezing low temperatures induce large-scale changes in gene expression. A 

better-characterized example of this acclimation is seen in the CBF (C-repeat binding 

factor) regulon. CBF transcription factors expressed during chilling bind to C-repeats 

(CRT)/dehydration-responsive elements (DRE) that are found in the promoters of more 

than a hundred freezing tolerance-related genes (Park et al., 2015). It has been found 

that overexpression of CBF transcription factors in Arabidopsis results in an increased 

amount of cryoprotective molecules, such as proline and raffinose (Fowler, 2002). The 

CBF regulon is also involved in non-cold dehydration stress (Park et al., 2015). 

Dehydrins (dehydration proteins) are intrinsically-disordered proteins which are up-

regulated in response to cold and to dehydration stress (Close, 1996; Graether and 
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Boddington, 2014). Until recently, there was no established link between dehydrin 

expression and the CBF regulon, despite the noted increase in dehydrin expression 

during cold stress (Thomashow, 2001; Fernandez-Caballero et al., 2012). In 2012, Xie 

et al. used the yeast two-hybrid assay coupled with bimolecular fluorescence 

complementation (BiFC) to show that the Medicago truncatula dehydrin, MtCAS31, 

interacts with AtICE1 (inducer of CBF expression 1) in planta. This link still requires 

much further study to determine if other dehydrins can act in the same way, which will 

provide interesting insight into the potential role of dehydrins in the stress signaling 

pathway. 

2.2 LEA Proteins and Intrinsic Disorder 

The production of late embryogenesis abundant (LEA) proteins has been linked 

to abiotic stress tolerance (Dure and Galau, 1981; Close, 1996). The LEA proteins are a 

diverse family consisting of six different groups, including dehydrins, but most are still 

largely uncharacterized (Tunnacliffe and Wise, 2007). Though they are named for the 

expression patterns of the earliest discovered members, different LEA proteins have 

been found to be expressed during embryogenesis, during dehydration stress, during 

cold stress, or even constitutively (Tunnacliffe and Wise, 2007). Since their expression 

patterns vary so widely, conserved sequence motifs are often used to define LEA 

proteins and to discover new LEA proteins through bioinformatics (Malik et al., 2017; 

Wise and Tunnacliffe, 2004). Interestingly, this has led to LEA proteins being discovered 

in animals, such as brine shrimp, and in bacteria, such as Azobacter (Rodriguez-

Salazar et al., 2017; Janis et al., 2017; Hincha and Thalhammer, 2012). It is important 
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to note though, that it is unclear whether this is a case of convergent evolution where 

similar motifs evolved separately in different species to fill the same function, or whether 

there is a common ancestor to these genes. In plants, there are some commonalities in 

function and subcellular localization between groups, but there are also many 

differences (Tunnacliffe and Wise, 2007). The key similarity that they nearly all share is 

intrinsic disorder.  

Intrinsically-disordered proteins (IDPs) have no defined secondary or tertiary 

structure (Habchi et al., 2014). Historically, it was thought that because the structure of 

ordered proteins drives their function, disordered proteins could not perform a function 

and were therefore not worthwhile to study. This idea is, however, untrue. Disordered 

proteins have been found to be incredibly common; approximately 33% of all eukaryotic 

proteins are partially (30 or more residues) or completely disordered (Uversky et al., 

2008). Disorder has been found to play a role in eukaryotic signaling pathways, 

regulatory processes, and diseases (Uversky et al., 2008; Theillet et al., 2014). The 

flexibility of disordered proteins’ structures is responsible for their ability to “moonlight”, 

which is to perform many different functions (Habchi et al., 2014).  

2.3 LEA Group 2: Dehydrins 

The LEA Group 2 proteins, also known as dehydrins (dehydration proteins), are 

of particular interest to researchers due to their remarkable abundance, including both 

the diversity of plant species in which they are found and their high levels of expression 

(Close et al., 1989; Ceccardi et al., 1994). Dehydrins were initially discovered in cotton 

seeds (Dure and Galau, 1981), but were later found in all plants, from higher order 
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plants to mosses and algae (Ruibal et al., 2012). They can represent up to 1% of the 

total soluble protein in germinating, drought-stressed plants, and often one plant 

produces many types of dehydrin (Close et al., 1989; Ceccardi et al., 1994; Close, 

1996). Due to their amino acid composition, which is generally high in glycine and 

hydrophilic amino acids, dehydrins tend to be fully or mostly disordered. They also 

seem to moonlight quite frequently, since they are often localized to multiple cellular 

compartments and the same motifs have been implicated in a variety of functions 

(Graether and Boddington, 2014; Tunnacliffe and Wise, 2007). 

Dehydrins have been proven to confer stress tolerance to plants when expressed 

naturally or transgenically. In a study on the citrus dehydrin CuCOR19, which was 

transgenically expressed in tobacco plants, it was shown that the plants expressing 

CuCOR19 experienced less membrane damage, improved growth rates, and greater 

germination rates during chilling stress (Hara et al., 2003). This trend of increased cold 

tolerance has been reported by many other research groups using different model 

species. Puhakainen et al. (2004) overexpressed multiple dehydrins in the Arabidopsis 

plant, and found that the transgenic plants had a significantly higher survival rate during 

freezing compared to wild-type plants. Other dehydrins have been found to increase 

resistance to multiple abiotic stressors. For example, when the MtCAS31 dehydrin was 

transgenically expressed in Arabidopsis, the resulting plants were much more tolerant to 

cold, drought and salinity (Xie et al., 2012). Additionally, Shekhawat et al., 2011 found 

that MusaDHN-1 increased the drought and salinity tolerance of transgenic bananas, 

and Yang et al., 2014 found that SpDHN1-expressing Stipa purpurea grass was 
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significantly more drought tolerant than its wild-type counterpart. Overall, these studies 

prove that dehydrins have an important role in abiotic stress tolerance; however, it is still 

difficult to understand exactly how this stress tolerance is achieved. This question 

becomes especially difficult to answer when moonlighting is considered. In order to 

solve this problem, it is necessary to integrate localization data, bioinformatic 

predictions, and in vitro experimental evidence to target the use of in vivo and in vivo-

like experiments that can reveal the biological relevance of the proposed functions. 

Dehydrin sequences have a modular structure, meaning that they are composed 

of different combinations of three unique conserved sequences joined by flexible, non-

conserved φ-segments (Close, 1996). The historic definitions of the conserved 

segments are the Y-segment ((V/T)D(E/Q)YGNP), the S-segment (SDSSSSSSS) and 

the K-segment (EKKGIMDKIKEKLPG) (Close, 1996; Eriksson and Harryson, 2011). 

However, newer, more robust definitions have since been described by Malik et al., 

2017 (Figure A1).  By definition, all dehydrins contain at least one K-segment, but they 

may have up to eleven. In contrast, the Y and S-segments are not always present 

(Close, 1996; Eriksson and Harryson, 2011). The Y-segment may be repeated 1-3 

times, but the S-segment is only present in a single copy. The potential architectures 

are therefore: Kn, SKn, KnS, YnSKn, and YnKn (Graether and Boddington, 2014).  

The K-segment has been the focus of the most research since it is crucial to the 

definition of dehydrins; a protein must contain at least one K-segment in order to be 

classified as a dehydrin (Close, 1996). The K-segment has been proven to protect 

against membrane damage during stress (Danyluk et al., 1998; Hara et al., 2003; Xing 



 

 

8 

 

et al., 2011; Eriksson et al., 2011; Thalhammer et al., 2014; Clarke et al., 2015), and to 

shield a variety of model enzymes using electrostatic interactions to prevent the 

aggregation and unfolding of the enzyme during cold stress (Lin and Thomashow, 1992; 

Kazuoka and Oeda, 1994; Hara et al., 2001; Momma et al., 2003; Goyal et al., 2005; 

Reyes et al., 2008; Drira et al., 2013; Hughes et al., 2013; Hughes and Graether, 2011). 

It is interesting to note, however, that YnSKn type dehydrins are almost all found in both 

the cytoplasm and in the nucleus, so it is possible that the K-segment has additional 

roles in the nucleus (Graether and Boddington, 2014). It has been shown that dehydrins 

can bind DNA non-specifically in vitro (Hara et al., 2009; Lin et al., 2012). In addition to 

this observation, it has been found that many DNA-binding proteins use long, positively-

charged disordered tails to move along DNA (Vuzman and Levy, 2010). Since the K-

segments are enriched in lysine (by definition), it is possible that these residues are 

responsible for the non-specific interaction of dehydrins with DNA.   

The S-segment is very highly conserved in dehydrins; most of its variability 

comes from the presence or absence of Ser-Asp before the main serine tract. Serine 

residues are well known targets for phosphorylation in cells, allowing them to act as 

signaling and scaffolding centers (Ilan et al., 2000; Cohen et al., 2011).  Casein kinase 2 

and protein kinase C have both been predicted to be able to phosphorylate various 

dehydrins (Yang et al., 2012; Alsheikh et al., 2003). Additionally, it was proposed that 

some degree of phosphorylation of the S-segment could recruit proteins with nuclear 

localization signals and promote transport to the nucleus (Goday et al., 1994; Godoy et 

al., 1994; Maszkowska et al., 2018).  
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The Y-segment is the shortest of the conserved motifs, and a relatively 

understudied part of the dehydrin family. The canonical motif is considered to be 

(V/T)DEYGNP, but a more accurate sequence has since been determined through 

bioinformatic analysis, which shows that the tyrosine residue for which the sequence 

was named is not as conserved as previously thought (Figure A1). Though its 

sequence has been clarified, its function remains elusive. In 1996, it was suggested that 

the Y-segment might bind nucleotides due to its sequence similarity with the ATP 

binding chaperones GroEL and GroES (Close, 1996), but there has been little research 

about the Y-segment since. There is a trend seen in the localization data for YnKn and 

YnSKn dehydrins, which are almost all found in both the nucleus and the cytosol 

(Graether and Boddington, 2014), and this nuclear localization might support a role in Y-

segment nucleotide binding, but it may also be indicative of some other nuclear 

function. Overall, this is a part of the dehydrin field that requires more investigation.  

2.4 Dehydrins and Membrane Interactions  

Lti30 is a K6-type dehydrin with flanking His-His around the K-segments. Using 

surface plasmon resonance (SPR), it was shown that Lti30 interacts strongly with a 

variety of negatively-charged lipid vesicles, and less strongly with neutral lipid vesicles. 

When the net positive charge of Lti30 was increased by altering the pH to fully protonate 

the His residues, binding to the anionic lipid vesicles increased. When the opposite test 

was conducted, Lti30 with a lowered net positive charge was unable to bind to anionic 

lipid vesicles. This observation suggests a pH-regulated switch to control the binding of 

Lti30 to membranes. The His residues were shown to be critical for this interaction 
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because peptides of the K-segment lacking the flanking His residues were unable to 

bind to the lipids at all. Solid-state NMR spectroscopy confirmed these results, as Lti30 

was shown to participate in non-specific electrostatic interactions with the negatively-

charged vesicles. It was proposed that Lti30 interacts with the surface of membranes, 

rather than physically integrating into them, because SDS-PAGE showed that Lti30 was 

readily degraded by trypsin even when interacting with membranes. This result 

suggests that the quick reversibility of binding may be important to the membrane-

binding function of Lti30 (Eriksson et al., 2011). 

In later experiments, it was shown that Lti30 binds more efficiently to lipid 

vesicles which contain a higher percentage of negatively-charged lipids, which supports 

this model of electrostatic interaction. It was also found that low proportions of anionic 

lipids were sufficient for binding, which means that this model could feasibly be 

translated to in vivo function. The flanking His residues were shown to be crucial to this 

binding; the canonical K-segment without the flanking His-residues was unable to form 

lipid vesicle aggregates, but the K-segment with flanking His residues was able to 

induce aggregation. Solution NMR spectroscopy confirmed the interaction of Lti30 K-

segments with lipid membranes, suggesting a fast-exchange model where the K-

segments are frequently binding and dissociating from the negatively-charged lipid 

headgroups (Eriksson et al., 2016). These NMR experiments also showed a gain in α-

helicity upon interaction with membranes, which had been seen with the Vitis riparia K2 

protein as well, though to a lesser extent (Clarke et al., 2015). Though the His residues 

were crucial for Lti30 K-segment association with membranes, the Vitis riparia K-
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segment is more highly charged than the Lti30 K-segment and therefore may not 

require the flanking His residues to bind to anionic lipid headgroups. 

The Vitis riparia dehydrin has been shown to protect the liposomes that it binds 

from freeze-thaw damage (Clarke et al., 2015). At higher concentrations of protein, K2 

was able to protect liposomes composed of a mixture of neutral and anionic lipids, but 

not of solely neutral lipids. The electrostatic nature of this interaction was confirmed by 

competing the dehydrin with NaCl. The binding interaction has a Kd of 19 μM (Clarke et 

al., 2015). In an investigation of the mechanism behind this protective ability, it was 

found through differential scanning calorimetry that the presence of K2 lowered the 

melting temperature of the liposome by 2.9ᴼC. This means that dehydrins might protect 

membranes by helping them to remain fluid at lower temperatures (Clarke et al., 2015). 

This study also investigated the gain in ordered structure of K2 when bound to both 

liposomes and SDS micelles. The use of CD spectroscopy revealed a 2% gain in 

helicity of K2 when bound to PC:PA liposomes, and a 7% gain in helicity when bound to 

SDS micelles. Solution NMR spectroscopy showed that it was the K-segments, and not 

the φ-segments, interacting with SDS micelles, and determined a weak affinity with a 

binding constant of 16 μM and a stoichiometry of 7 (Clarke et al., 2015). 

In a study done by Atkinson et al., 2016, the interaction between the Vitis riparia 

K2 dehydrin and SDS micelles was investigated further. Circular dichroism spectroscopy 

showed an approximately 10% gain in helicity of the dehydrin in the presence of 

micelles, which is similar to what had been previously observed (Clarke et al., 2015). 

Bioinformatic tools and NMR constraints were then used to model the structure of K2 
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alone and bound to SDS. This model showed a 20% and 50% gain in helicity of the first 

and second K-segments respectively in the presence of micelles. The study also 

revealed that the lysine residues at positions 8 and 12 were the residues most 

commonly seen to form electrostatic interactions with the micelle in docking models 

(Atkinson et al., 2016). These residues are known to be strongly conserved in dehydrins 

(Malik et al., 2017), which lends weight to the predictions that these K-segment residues 

are responsible for membrane binding. 

2.5 Dehydrin Subcellular Localization 

In a broad review of the subcellular localization of dehydrins, trends were 

discovered in the localization of dehydrins based on their conserved motifs (Graether 

and Boddington, 2014). Though there are no absolute rules, they are useful correlations 

that can guide the search for dehydrin functions. Nuclear and cytoplasmic localization 

seem to be the most common for dehydrins, although several SK3 dehydrins have been 

found to be associated with membranes (Yang et al., 2014; Danyluk et al., 1998). There 

are additionally some dehydrins of the KS-type architecture and unknown architecture 

that have been found in the mitochondria and chloroplasts (Hara et al., 2003; Graether 

and Boddington, 2014).  

Of particular interest was the trend that all dehydrins that contained at least one 

Y-segment were found in both the nucleus and the cytosol (Graether and Boddington, 

2014).  Nylander et al. (2001) used immunohistochemical staining of tissue sections to 

determine that the Y2SK2-type dehydrin Rab18 from Arabidopsis is found in the nucleus 

and cytosol (Nylander et al., 2001). Similarly, Lin et al. used this technique with the 
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Vigna radiata Y2K dehydrin, and found the same results (Lin et al., 2012). The YSK2-

type Solanum dehydrin, Tas14, was studied using immunogold electron microscopy, 

and was found both in the cytosol and in the nucleus, where it was associated with 

euchromatin and the nucleolus (Godoy et al., 1994).  

Several other studies have focused not just on localization, but also on how 

dehydrins translocate to the nucleus. After finding that the YSK2-type dehydrin Rab17 

from maize was localized to both the nucleus and the cytosol, Goday et al. (1994) used 

a ligand blotting technique to show that Rab17 bound specifically to a nuclear 

localization signal protein when the S-segment was phosphorylated. They named the 

RRKK-segment a basic domain, and suggested that the phosphorylation-mediated 

binding to an NLS may be responsible for the nuclear localization of these types of 

dehydrins (Goday et al., 1994). This idea was again put forward years later when Mehta 

et al. (2009) constructed a GFP fusion protein with the YSK2-type dehydrin AmDHN1A 

and transformed it into tobacco. The protein was found in both the nucleus and 

cytoplasm, similar to the Rab17 dehydrin, and a putative NLS sequence “RRKK” was 

identified using the PSORT program, which predicts the subcellular localization of 

proteins and their localization signals (Mehta et al., 2009). As in the maize dehydrin, the 

basic domain was found in between the S-segment and the first K-segment (Mehta et 

al., 2009). The basic domain was found to be present in several more YnSKn-type 

dehydrins as well, indicating that this might be a conserved domain (Graether and 

Boddington, 2014).  
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A more unique method of nuclear targeting was later put forward by Hernandez-

Sanchez et al., where a short histidine tract was found to be essential for nuclear 

targeting, as measured by fluorescent microscopy of the GFP-tagged cactus dehydrin 

OpsDHN1 (Hernández-Sánchez et al., 2015). The localization of wild-type OpsDHN1 

was compared with a deletion mutant lacking the histidine tract, as well as a deletion 

mutant lacking the S-segment. Whereas the histidine tract was required for nuclear 

localization, deletion of the S-segment greatly reduced nuclear localization but did not 

abolish it, implying that the S-segment is important, but not essential for nuclear 

localization in this dehydrin (Hernández-Sánchez et al., 2015). While these findings are 

interesting, their relevance to other dehydrins is limited by the fact that the histidine tract 

is rare in dehydrins, and therefore this His tract-dependent method of nuclear 

localization is likely also rare. 

2.6 Dehydrins and DNA 

Bioinformatic techniques have predicted that dehydrins are likely to interact with 

DNA. Wise and Tunnacliffe, 2004 used the Protein or Oligonucleotide Probability Profile 

(POPP) tool to suggest possible LEA protein functions including DNA binding (Wise and 

Tunnacliffe, 2004). This technique is similar to BLAST, but is far more applicable to 

dehydrins because it accommodates the non-contiguity of conserved sequences. As 

outlined before, dehydrins are composed of conserved motifs joined by flexible φ 

linkers, and these φ-segments vary greatly in length, which throws off sequence 

alignments. POPP compares proteins based on their peptide composition instead of 

their sequence similarity. This strategy emphasizes the presence of short peptides that 
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are over- or under-represented, such as the dehydrin motifs. POPP analysis showed 

that dehydrins were similar in protein composition to other proteins involved in DNA 

binding, unwinding and repair, and the regulation of transcription (Wise and Tunnacliffe, 

2004). It should be noted that the disordered nature of dehydrins will cause them to act 

quite differently from ordered proteins, regardless of the presence of similar peptides, 

but these similarities can be used to direct other experiments. 

In silico models of disordered protein-DNA interaction also supported the idea of 

dehydrins binding to DNA. Vuzman and Levy, 2010 used molecular dynamic 

simulations to explore the electrostatic interactions of the disordered tails of the NK-2 

and Antp homeodomain transcription factors with DNA. They varied the net charge and 

charge distributions of the disordered tails, and then observed the modeled movement 

of the transcription factors along the DNA. They posited that the positive charge 

distribution of the transcription factor tails had been evolutionarily optimized to most 

efficiently bind to DNA. Furthermore, they determined that this non-specific interaction 

with DNA allows them to locate their binding sites via one-dimensional diffusion, which 

is much more efficient than diffusing in three dimensions through the nucleus until they 

find their targets (Vuzman and Levy, 2010). The general sequence design that was 

found to be conserved in an analysis of the disordered tails of 1,384 homeodomains of 

DNA-binding proteins was a series of clusters of positive charge, where the clusters 

were more tightly spaced together than in the ordered regions of the proteins. This 

description matches the K-segments of dehydrins, particularly considering that the K-

segments are often found in high numbers of repeats and are clustered together. This 
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similarity indicates that dehydrins are well suited to non-sequence specific interactions 

with DNA. 

Several different groups have investigated the binding of dehydrins to DNA. 

Interestingly, the dehydrins studied have all varied in architecture including a KS 

dehydrin, a Y2K dehydrin, a YSK2 dehydrin and its YS splice variant (Hara et al., 2009; 

Lin et al., 2012; Rosales et al., 2014).  

The KS-type dehydrin CuCOR15 has been shown to bind DNA in vitro by Hara et 

al., 2009. The researchers first attempted an electrophoretic mobility shift assay 

(EMSA), where the binding between DNA and the protein of interest was measured by 

comparing the movement of DNA alone and in the presence of protein using gel 

electrophoresis. When DNA binds a protein, its movement through the gel is slowed and 

a “shift” in the location of the DNA band is seen. When Hara et al., first attempted the 

CuCOR15 EMSA with plasmid and a lambda-phage DNA, no shift was seen. However, 

CuCOR15 had been previously shown to bind to zinc ions, and when a mobility shift 

assay was performed with a 200-bp fragment of the pBluescript II SK plasmid in the 

presence of Zn2+ ions, a clear shift was seen. No shift was seen with the 200-bp 

fragment and CuCOR15 alone, and the larger fragments of DNA (plasmid and lambda 

phage) were not tested with zinc. Given the ion-enhanced nature of the binding of 

CuCOR15 to DNA, it is likely that the plentiful histidine resides in CuCOR15 bind zinc 

ions in order to form a bridge between the protein and the DNA. Histidine is a well-

known chelator, able to bind to many different ions (Petty, 2001). However, of all the 

divalent cations tested (Zn2+, Mg2+, Ca2+, Mn2+, Ni2+, and Cu2+), only zinc was able to 
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stimulate binding of CuCOR15 to DNA (Hara et al., 2009). Additionally, CD 

spectroscopy showed a slight increase in the α-helical content of CuCOR15 in the 

presence of zinc. Taken together, these results seem to point towards a zinc-finger-like 

mechanism, but the gain in ordered structure of CuCOR15 in the presence of zinc was 

very slight, and therefore the mechanism of binding is still unclear (Hara et al., 2009). 

Binding of DNA by CuCOR15 was confirmed using both a filter-binding assay 

(using FITC-labelled DNA) and Southwestern blotting (Hara et al., 2009). The filter-

binding assay consisted of spotting a mixture of labelled DNA and protein onto a 

nitrocellulose membrane, and then measuring the amount of DNA retained on the 

membrane after washing. This technique revealed that less than 5% of the total DNA 

bound to CuCOR15 without zinc, but 40% of the DNA was bound in the presence of 

zinc ions. This slight binding without zinc ions was somewhat supported by the EMSA; 

despite the lack of band shift seen with only CuCOR15, the authors proposed that 

CuCOR15 may still be binding the DNA weakly since the staining of the band was 

fainter than the controls, which could indicate that CuCOR15 was interfering with the 

binding of ethidium bromide to the DNA. These results were also confirmed by 

Southwestern blotting; the assay revealed binding of DNA to CuCOR15 in the presence 

of Zn2+ ions, and binding very faintly in their absence.  

The filter-binding assay also revealed more about the nature of the interaction 

between CuCOR15 and DNA. The Kd was shown to be 8.5 μM, and the binding was 

determined to be sequence non-specific, since the presence of various competitors and 

other nucleic acids decreased binding. Lastly, the filter-binding assay was repeated with 
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short fragments of the complete protein in order to elucidate which parts of the protein 

were responsible for binding. Each fragment was able to bind to DNA in a zinc-

promoted manner, but TTDVHHQQQYHGGEH and GGEGAHGEEKKKKKKEKKK 

bound most strongly (approximately 2-3 times as strongly as the other fragments). 

Neither of these two fragments are one of the canonical conserved motifs seen in other 

dehydrin architectures, although the second sequence contains many lysine residues, 

making it somewhat similar to the K-segment of dehydrins. The CuCOR15 protein does 

contain a K-segment (KEGLVDKIKQQIPGVG); however, it has a relatively low number 

of lysine residues compared to the typical motif (Malik et al., 2017), which might 

contribute to its relatively low DNA binding compared to the poly-lysine tract. 

Furthermore, the DNA binding ability of the poly-lysine tract might be indicative of 

potential DNA binding by the K-segment in dehydrins with more standard K-segments. 

While the K-segment is a lysine-rich sequence, and might therefore behave like the 

poly-lysine tract found in CuCOR15, it is distinguished from the poly-lysine tract by the 

fact that its sequence is relatively well conserved among dehydrins. It is also interesting 

to note that most dehydrins do not contain a poly-lysine tract, nor do they tend to 

contain clusters of histidine residues. The CuCOR15 citrus dehydrin has 13.9% histidine 

residues in its sequence, which is on the high end for dehydrins; by comparison 

dehydrins in Arabidopsis range from 3.2 to 13% histidine (Hara et al., 2005). Overall, 

the citrus dehydrin CuCOR15 is somewhat unique, and therefore the effect of zinc-

stimulated binding by histidine residues may not be applicable to all dehydrins.  
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VraDHN1 is a 26.6 kDa Y2K-type dehydrin from Vigna radiata that has also been 

shown to bind to DNA (Lin et al., 2012). This dehydrin is referred to in the paper as 

VrDHN1, but referred to here as VraDHN1 to avoid confusion with the Vitis riparia 

dehydrin studied in this thesis. VraDHN1 transcripts were shown to be upregulated in 

embryos and cotyledons, and in vegetative tissue after 1-4 hours of dehydration stress, 

salinity stress and ABA treatment, although VraDHN1 protein was not detected after this 

amount of time. Using immunolocalization and transmission electron microscopy, it was 

found that VraDHN1 was associated with condensed chromatin (Lin et al., 2012). When 

GFP-tagged VraDHN1 was used, nuclear and cytoplasmic localization was seen in 

transgenic Arabidopsis roots. The in vitro binding of VraDHN1 to DNA was tested using 

a mobility shift assay. Double stranded DNA of four different sizes was used, and a shift 

was seen for the larger sizes (3 and 4 kbp), but not for the smaller DNA (0.7 and 1 kbp). 

This is the opposite of what was seen for the citrus dehydrin CuCOR15, where a 200-bp 

oligonucleotide was found to bind to CuCOR15 (Hara et al., 2009).  As in the case of 

the citrus dehydrin, the interaction between VraDHN1 and DNA appears to be non-

specific. Increasing the incubation time increased the degree of band shifting, which 

indicates that more proteins are accumulating on the DNA over time, unrestricted by the 

filling of specific binding sites. To confirm non-specific oligonucleotide binding, end-

labeled oligonucleotides of 20 bp, 18S RNA and 28S rRNA were tested with VraDHN1. 

All were shown to bind, which further confirms the sequence non-specificity of this 

interaction (Lin et al., 2012). 
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While at first glance the experiments by Hara et al. (2009) and by Lin et al. 

(2012) seem to conflict with each other, a closer look shows that they are, indeed, 

compatible. The EMSA of the CuCOR15 dehydrin was done with 200-bp DNA, and no 

shift was seen without the addition of zinc ions. However, this length of DNA is well 

below the length at which the Lin et al. (2012) group saw a shift (3 kbp). Additionally, Lin 

et al. (2012) found that the addition of Zn2+ or Ni2+ stimulated DNA binding, but the 

effect was much more pronounced for smaller lengths of DNA (<3 kbp), which did not 

show a shift at all without metal ions, than with larger lengths of DNA (3-4 kbp), which 

did not require metal ions to bind. Given that the interaction of VraDHN1 with DNA was 

non-specific, it is likely due to the K-segments and other Lys residues in the dehydrin. 

Together, I speculate that these results indicate a switch in binding mechanism, starting 

at around 3 kbp, from His-ion-mediated to Lys-mediated as DNA size increases.  

2.7 Reactive Oxygen Species Stress 

Oxidative stress is inexorably linked with metabolism; leakage from the redox 

reactions, reactions with transition metals, and reactions with certain other enzymes 

generate the first of many reactive oxygen species, superoxide (Demidchik, 2017). On 

the front line of a living organism’s defense against oxidative stress is superoxide 

dismutase, an enzyme that catalyses the dismutation of superoxide to hydrogen 

peroxide, to be converted to water by downstream enzymes (Fukai and Ushio-Fukai, 

2011). Superoxide dismutase has been found even in prokaryotes, which shows how 

early defenses against oxidative stress began to evolve (Cannio et al., 2000). In higher 

organisms, the need to maintain equilibrium between reduction and oxidation reactions 
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becomes even more pronounced; mitochondria produce energy for the cell using the 

electron transport chain that cumulates in the reduction of O2, but leakage can occur at 

several of the complexes in this chain. Plants, in turn, have to work even harder to 

combat oxidative stress than animals and lower organisms due to their photosynthetic 

pathways, which also utilize electron transport chains, and thus produce reactive 

oxygen species (Demidchik, 2017).  

Each cell maintains a delicate homeostasis where the natural production of ROS 

is counterbalanced by a variety of enzymes which catalyze the formation of non-reactive 

products, and antioxidants which donate electrons to the reactive species. However, 

this balance is easily disrupted by abiotic stress and pathogen infection, and as such 

has been adopted into many signaling pathways (Lim et al., 2018). ROS signaling uses 

either focused bursts of ROS production to oxidatively modify enzymes, or it uses 

changes in the overall redox balance of the cell to signal more drastic changes such as 

programmed cell death (Lepetsos and Papavassiliou, 2016; Tu et al., 2009).  

Reactive oxygen species are the collection of molecules that are derived from O2 

and contribute to oxidative stress in the cell. These species include: oxygen (O2), 

superoxide anion (•O2-), peroxide (•O22-), hydrogen peroxide (H2O2), hydroxyl radical 

(•OH), and hydroxyl ion (OH-). Some ROS are more reactive than others, but all are 

included under this umbrella term because of the rapid and easy conversion between 

species. ROS are all part of a complex network of reactions which generate one species 

from another, sometimes requiring a catalyst. The ROS are dangerous to the cell 

because they are highly reactive and participate in uncontrolled redox reactions. The 



 

 

22 

 

species of ROS that are most reactive are free radicals, meaning they contain unpaired 

electrons. Hydrogen peroxide is only moderately reactive compared to the other 

species; however, it is longer lived, capable of diffusing across membranes, and can 

break down into the more reactive hydroxyl radicals which makes it particularly useful to 

use as a model for ROS (Demidchik, 2017).  

The pathway of ROS production begins with triplet oxygen (O2). Triplet oxygen is 

already a free radical as it contains two unpaired electrons; however, spin restriction 

reduces the number of targets that triplet oxygen can interact with. The two unpaired 

electrons in triplet oxygen have parallel spins and thus the molecule can only react with 

targets which contain two electrons with the opposing spin numbers (Demidchik, 2017). 

An influx of energy can allow oxygen to surpass the spin restriction and become more 

reactive. Possible sources of energy include radiation (UV light), biochemical reactions, 

and the acquisition of high energy electrons that have leaked from ETCs. When triplet 

oxygen accepts a single electron, such as from ETC electron leakage, it is reduced to a 

species called superoxide. Superoxide is a radical with only one unpaired electron and 

is therefore uninhibited by spin restriction (Demidchik, 2017). However, superoxide is 

limited in its ability to damage the cell directly by several other factors. Firstly, it is so 

unstable that its half-life is only milliseconds and it is unable to diffuse more than a few 

micrometres. However, its pKa is 4.8, which means that under biological conditions it 

will exist predominantly as a hydroperoxyl radical (HOO•), its protonated form. The 

hydroperoxyl radical is fairly stable compared to superoxide and is most likely able to 

diffuse through the cell membrane (Demidchik, 2017; Kehrer et al., 2010). Secondly, the 
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reduction of superoxide is energetically unfavourable due to the fact that it would require 

the compression of negative charges on a diatomic molecule, which restricts its ability to 

participate in damaging reactions in the cell (Kehrer et al., 2010). 

Superoxide is a critical starting point for ROS production, and is therefore heavily 

regulated by the cell. Superoxide dismutases (SODs) combine two hydroperoxyl 

radicals (HOO•) to produce oxygen (O2) and hydrogen peroxide (H2O2). The cell 

produces a variety of different SODs for different intracellular locations. However, 

superoxide dismutation is not enough on its own to protect the cell from ROS. Though 

not a radical, H2O2 is still a threat. It can either be broken down into water and atomic 

oxygen, or into two hydroxyl radicals (•OH), which are incredibly reactive. Enzymes such 

as catalase and glutathione peroxidase are produced by the cell to catalyze the first 

option, but the transition metals Fe2+ and Cu+ catalyze the second (Demidchik, 2017; 

Kehrer et al., 2010). This is why the cellular control of the superoxide anion is so critical; 

if it is not dismutated quickly enough, it can then react with the transition metals Fe3+ 

and Cu2+ to reduce them to Fe2+ and Cu+, which in turn interrupts the chain of reactions 

meant to control ROS and diverts it towards generating hydroxyl radicals from the 

hydrogen peroxide intermediate.  

Although very dangerous to the cell at high concentrations, ROS are involved in 

signaling cascades at lower concentrations, such as during viral infection (Hara et al., 

2013). Magnaporthe grisea and Ustilago maydis are both pathogens against which 

plants have been shown to use ROS signaling. However, pathogens, in turn, express a 

variety of antioxidant defenses, and even use the host ROS burst as a signal for the 
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differentiation of infection structures such as penetration hyphae, which are necessary 

for pathogenesis. This means that whether or not ROS production originally evolved as 

a direct defense, it is likely that it is now used to initiate signaling cascades in the plant 

host to activate other defenses. Although they can be dangerous if control mechanisms 

go awry, ROS make excellent signaling molecules for several reasons. Firstly, the cell 

can exercise precise, fast, and dynamic control over the ROS signal, because ROS can 

be quickly produced and scavenged. Secondly, the production of ROS can be targeted 

to certain organelles and subcellular compartments. And lastly, ROS are able to 

chemically modify a variety of targets to spread the signal (Lehmann et al., 2015). 

One example of ROS-mediated chemical modification in pathogen defense 

signaling is the action of peroxidase enzymes to reinforce the cell wall at the site of 

pathogen interaction. Peroxidases mediate ROS redox reactions, which act to generate 

cross-linkages in the glycoproteins, lignin, and suberin located in the cell wall (Almagro 

et al., 2009). These reactions are seen in response to both pathogens and to insects. A 

second example of ROS signaling is the redox-dependent regulation of transcription 

factors (Barna et al., 2012). When ROS are used for signaling, they are likely produced 

by NADPH oxidase, not by leakage from ETCs (Torres, 2010). Ca2+ ions are also often 

released alongside ROS, and the interregulation of these pathways is complex and not 

yet completely understood (Lehmann et al., 2015).  

2.8 ROS Defences 

Cells use a variety of antioxidant enzymes and molecules to scavenge excess 

ROS. Common antioxidant enzymes include superoxide dismutase, catalase, and 
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peroxidase. Well known non-enzymatic defenses include ascorbic acid, tocopherols and 

proline (Signorelli et al., 2014). 

As previously mentioned, but summarized here, superoxide dismutase combines 

two hydroperoxyl radicals to produce oxygen and hydrogen peroxide. Hydrogen 

peroxide is then detoxified by a variety of different enzymes based on subcellular 

localization. It is acted on by ascorbate peroxidases in chloroplasts, and by glutathione 

peroxidases in the mitochondria (Demidchik, 2017). Catalase may also play a role in 

hydrogen peroxide detoxification; however, its role in this pathway has not been 

confirmed in plants (Moller, 2015). 

Most non-enzymatic antioxidants do not scavenge ROS directly. Instead, they 

interrupt the self-propagating chain reactions that are initiated when ROS react with 

biological macromolecules. An example of such a reaction is lipids interacting with 

radicals to form fatty acid peroxyl radicals, which then react with other lipids to form lipid 

hydroperoxides. These lipid hydroperoxides in turn break down into more radical 

species and into aldehydes, which can readily diffuse throughout the cell and propagate 

the ROS attack. α-Tocopherol, a type of Vitamin E, acts as an antioxidant by breaking 

this chain of lipid oxidation by reacting with lipid peroxyl radicals to generate a 

tocopheroxyl radical, which is much more stable than lipid radicals and cannot initiate 

lipid peroxidation (Nimse and Pal, 2015). 

 Ascorbic acid, also known as Vitamin C, also acts by breaking the chain of lipid 

peroxidation, but in a different way than Vitamin E. Ascorbic acid donates an electron to 
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lipid radicals to end the cycle of reactions. The ascorbate radicals that are generated 

from this then quickly react with one another to generate ascorbate and 

dehydroascorbate, neither of which are radicals (Nimse and Pal, 2015). 

Proline has long been shown to be produced at an increased rate in stressed 

cells; it can reach a cytosolic concentration of 120 to 230 mM under stress conditions 

(Ashraf and Foolad, 2007). Additionally, the synthesis of proline has been noted as a 

result of drought stress, osmotic stress, UV irradiation, oxidative stress, heavy metal 

stress, and some biotic stresses. Despite this knowledge, the mechanism of protection 

of proline during stress has yet to be elucidated. It has been proposed that proline might 

act as a compatible osmolyte; a non-toxic solute that accumulates to maintain a cell’s 

osmotic balance, or as a non-enzymatic antioxidant. The role of proline as an 

antioxidant lacks some support, since the chemical reactions involved in the scavenging 

of hydroxyl radicals have not been found. However, experimental study of this reaction 

is understandably difficult due to the high reactivity of ROS. In the place of empirical 

evidence, there is instead some computational modeling-based evidence that proline 

could react with two hydroxyl radicals to generate  Δ1- pyrroline-5-carboxylate (P5C), 

which could then be enzymatically converted back to proline by P5C reductase (P5CR) 

so that more radicals could be scavenged (Signorelli et al., 2014). This computational 

evidence for the significance of proline during stress is backed by the accumulation and 

subcellular localization shown by proline during stress; in stressed cells, proline makes 

up approximately 80% of the amino acid pool, and is found, along with P5CR, in the 
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cytosol and in the chloroplasts, which are sites of ROS production (Signorelli et al., 

2014). 

2.9 The Role of Dehydrins in ROS Defence 

Hara et al. studied the antioxidant properties of the KS-type dehydrin CuCOR19 

(Hara et al., 2004). Specifically, they investigated its ability to scavenge both hydroxyl 

radicals from the Fenton reaction, and alkylperoxyl radicals and hydroperoxides 

generated from 2, 2′-Azobis (2-amidino-propane) (AAPH). IC50 values were used to 

compare CuCOR19 to other known antioxidants, where IC50 is the concentration 

needed to inhibit 50% of the radicals. The IC50 of CuCOR19 was similar to that of 

bovine serum albumin (BSA), similar to thiourea, and better than that of mannitol. 

Interestingly, CuCOR19 was unable to scavenge superoxide or hydrogen peroxide. It 

was, however, damaged by both hydroxyl radicals and AAPH, as the CuCOR19 band 

on SDS-PAGE became weaker after exposure to each radical, and was completely 

degraded after a longer exposure (Hara et al., 2004).  

In order to determine which residues were involved in the scavenging of radicals, 

CuCOR19 subjected to radical treatment was hydrolyzed, and the amino acid 

composition was then analyzed. Residues Val and Ser were somewhat degraded, 

whereas Gly, His and Lys were highly degraded (Hara et al., 2004). Upon first 

inspection, it is surprising that Pro was not more involved, considering its known role as 

an antioxidant (Signorelli et al., 2014). However, after closer consideration, this result is 

in line with what would be expected: Pro functions as an antioxidant when it is a free 

amino acid not incorporated into a peptide chain, and it is likely that it is the imino group 
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of Pro that reacts with radicals (Signorelli et al., 2014). This functional group is not free 

when Pro is part of a protein, and therefore it would not be expected to participate in 

radical scavenging.  

The citrus dehydrin CuCOR15 has been suggested to act as a metal ion 

scavenger. As previously described, metal ions can catalyze the formation of hydroxyl 

radicals from hydrogen peroxide, so it is crucial that they are well controlled by the cell. 

Hara et al. (2005) used metal ion affinity chromatography to test the binding of 

CuCOR15 to Mg2+, Ca2+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, and Zn2+. It was revealed that 

CuCOR15 binds to Fe3+, Co2+, Ni2+, Cu2+, and Zn2+, but not Mg2+, Ca2+, or Mn2+. 

Ultrafiltration experiments were performed to measure the amount of metal ions bound 

by CuCOR15 compared to the amount of free metal ions in solution. Scatchard plots 

were generated from the number of metal atoms present plotted against the fraction of 

bound metal ions over free metal ions, in order to obtain the binding constants for 

CuCOR15 and each respective metal. Nickel (KD 1.8 μM) and copper (KD 1.6 μM) 

showed the highest binding affinities, followed by zinc (KD 5.1 μM), cobalt (KD 27 μM), 

and then iron (KD 1.4 mM). It was then shown that histidine was the residue involved in 

metal ion binding, since out of all the amino acids, only free histidine could out-compete 

CuCOR15 from the IMAC column. Additionally, the histidine analogue imidazole was 

also sufficient to remove CuCOR15. Lastly, the peptide fragment HKGEHHSGDHH was 

found to bind to copper ions with a similar strength to that of the whole protein (Hara et 

al., 2005). These results indicate a metal ion scavenging function of citrus dehydrins, 
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but they may not be applicable to other families of dehydrins, since CuCOR15 contains 

an unusually high amount of histidine residues compared to other dehydrins. 

In a study conducted on another KS-type dehydrin, AtHIRD11 from Arabidopsis, 

it was found that this dehydrin was able to reduce the production of hydroxyl radicals 

from an ascorbate-Cu2+ system (Hara et al., 2013). The IC50 of AtHIRD11 was better 

than that of EDTA, which is a metal ion chelator that has been shown to strongly 

quench ROS production in this model system. The quenching exhibited by AtHIRD11 

varied with the concentration of AtHIRD11 added. Since this system uses metal ions to 

generate ROS, it does not differentiate between the scavenging of hydroxyl radicals and 

the scavenging of metal ions; therefore, it is unclear which mechanism is being used by 

CuCOR15. However, CD analysis showed that the disordered structure of AtHIRD11 

was made slightly more ordered by the addition of certain metal ions, including Cu2+, 

which indicates that AtHIRD11 can bind to, and therefore can scavenge, copper ions. 

Additionally, all of the metal ions that bound to AtHIRD11, Co2+, Ni2+, Cu2+, and Zn2+, 

were able to confer protection against trypsin digest to the dehydrin, indicating binding 

between the ions and the dehydrin (Hara et al., 2013). Taken together, these results 

suggest that AtHIRD11 scavenges metal ions to protect against ROS attack.  

It was then shown that substituting the histidine residues in AtHIRD11 peptides 

with alanine residues decreased the protective ability of the dehydrin (Hara et al., 2013). 

This result supports the theory of metal ion scavenging, since the CuCOR15 KS-type 

dehydrin has been shown to bind metal ions via histidine residues (Hara et al., 2005). 

Hara et al. (2013) then tested similar peptides from 13 other KS-type dehydrins from 
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other plant species, and found a correlation between number of His residues and the 

peptide’s radical quenching ability. The presence of these high His content KS-type 

dehydrins, which are orthologous to AtHIRD11, indicates that the metal ion scavenging 

by dehydrins might be widespread in plants. Orthologues were found in many higher 

order plants such as Ricinus communis, Glycine max, Solanum sogarandinum, Oryza 

sativa, Medicago sativa, and Vitis vinifera, (Hara et al., 2011; Rorat et al., 2004). The 

KS-type dehydrins are unusual members of the dehydrin family, exhibiting a reversed 

order of motifs and generally puzzling behavior: they do not tend to follow the same 

expression and localization patterns seen for other types of dehydrins (Rorat et al., 

2004). These results indicate that KS-type dehydrins might serve a common purpose 

across plant species by scavenging metal ions, or some other function utilizing bound 

metal ions.  

In addition to ROS and metal ion scavenging, dehydrins are involved in the plant 

stress signaling pathways, which mediate ROS response. Transgenic plants have 

revealed expression data which show that the increased expression of dehydrins 

caused an increase in the expression of various other antioxidants. Li et al (2017) 

expressed the Physcomitrella patens dehydrins PpDHNA and PpDHNC in Arabidopsis 

and monitored the expression of several antioxidant genes. The ROS scavenger-related 

genes were upregulated in both the wild-type plants and the transgenic plants; however, 

expression levels were much higher in transgenic plants. Under salt stress, two marker 

catalase genes, cat1 and cat2, were upregulated 7x and 5x more in transgenic plants 

than in wild-type plants, respectively (Li et al., 2017). Similarly, two marker superoxide 
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dismutase genes, csd1 and fsd1 were upregulated 6x and 2.5x more in transgenic 

plants than in wild-type plants, respectively (Li et al., 2017). As expected, due to the 

transcript analysis, the antioxidant enzymes SOD and CAT had increased activity in 

transgenic lines, and the non-enzymatic antioxidant, proline, accumulated in greater 

amounts in these transgenic plants (Li et al., 2017). 

In another transgenic experiment, Shi et al. (2015) overexpressed the dehydrin 

AtLTI30 in Arabidopsis and found that the resulting plants were more sensitive to ABA 

signaling than wild-type plants. Correspondingly, AtLTI30 knockout mutants were less 

sensitive to ABA. This increase/decrease in ABA sensitivity correlated with drought 

stress tolerance, the increased activity of the antioxidant enzyme catalase, an increase 

in the accumulation of proline, and the corresponding decrease in hydrogen peroxide 

(Shi et al., 2015). These results did not clearly identify the place of dehydrins in the 

drought stress signaling pathway, but they did show a strong correlation. Dehydrins are 

well known to have increased expression following ABA treatment, so it is possible that 

they serve to amplify the cell’s response to ABA while themselves being induced in a 

continuing positive feedback cycle (Cellier et al., 1998; Godoy et al., 1994). The work by 

Xie et al. showed that the Medicago truncatula dehydrin, MtCAS31, bound to the 

transcription factor AtICE1, which is involved in the CBF regulon, a pathway which 

regulates the plant’s response to low temperature (Xie et al., 2012). This result shows 

how dehydrins might be integrated into the abiotic stress signaling pathways – through 

interaction with relevant transcription factors.  
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The pairing of ABA-induced expression of dehydrins, and dehydrin involvement 

in signaling pathways known to include ABA, was seen again in tomato plants (Liu et 

al., 2015). Endogenous levels of the transcripts of an SK3-type dehydrin, ShDHN, from 

Solanum habrochaites, were found to be upregulated in response to drought, salinity, 

mannitol, ABA, methyl jasmonate, and ethephon. When this dehydrin was transgenically 

overexpressed, an increase in cold and drought tolerance of the plants was seen as 

would be expected from the endogenous expression data. The researchers also 

examined several parameters related to ROS damage. In response to both cold stress 

and drought stress, transgenic lines showed a greater increase in proline levels 

compared to WT, a lower accumulation of hydrogen peroxide and superoxide, and a 

greater activity of superoxide dismutase (SOD) and catalase (CAT) activity. The 

expression levels of various stress related genes were also examined using quantitative 

reverse transcription PCR. The results yield an interesting, but incomplete, look into the 

signaling pathways that dehydrins might be involved in. As expected from the increased 

SOD activity, SOD-encoding genes were upregulated. However, the CAT gene was not 

upregulated despite the increase seen in catalase activity (Liu et al., 2015). The genes 

coding for pyrroline-5-carboxylate reductase were also not upregulated despite the likely 

role of this enzyme in recycling the antioxidant proline, which accumulated in transgenic 

dehydrin-expressing lines (Signorelli et al., 2014; Liu et al., 2015).  

In summary, dehydrins have been shown to exert several levels of control over 

ROS; some can scavenge reactive oxygen species using Gly, His, and Lys residues 

(Hara et al., 2004),  some have been shown to bind and sequester metal ions which 
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catalyze the formation of ROS (Hara et al., 2005b, 2013b), and some are involved in 

antioxidant-producing signaling pathways. (Li et al., 2017; Shi et al., 2015; Liu et al., 

2015).  

2.10 Vitis riparia Dehydrin-1 

Grape dehydrins were first investigated in detail by Xiao and Nassuth (2006). 

They discovered a YSK2-type dehydrin in Vitis riparia, the wild grape. This YSK2 protein 

is called VrDHN1 and is the protein which I will be investigating in this thesis. Xiao and 

Nassuth also discovered that the grape dehydrin gene could possibly be alternatively 

spliced to produce a truncated K2 peptide variant of the YSK2 dehydrin. The sequence 

of VrDHN1 and its dehydrin architecture are shown in Figure A2. The Vitis riparia 

dehydrins also showed expression patterns consistent with what can be expected for 

dehydrins. The YSK2 transcripts were found to be constitutively expressed at low levels, 

whereas K2 transcripts were only expressed upon stress induction, but the transcription 

of both splice variants was upregulated by cold, drought, and ABA. Interestingly, the 

transition from a long photoperiod to a short period also increased the transcription of 

dehydrin genes. Shorter photoperiods tend to correlate with lower temperatures in the 

wild as the seasons change, so this expression pattern suggests that grape dehydrins 

might be particularly involved in cold stress tolerance. Another interesting pattern was 

seen in the expression of grape dehydrins throughout the maturation of the grape plant 

under non-stress conditions. Older leaves showed an increased amount of both YSK2 

and K2 when compared to younger leaves, which suggests that older leaves might be 

better prepared to survive fluctuations in stress levels (Xiao and Nassuth, 2006). 
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In 2009, detailed in vitro study of the protein form of grape dehydrins could begin 

thanks to the optimization of a recombinant protein expression and purification system 

for intrinsically-disordered proteins (IDPs) (Livernois et al., 2009). This system utilized 

boiling as a method for bacterial cell lysis, which served to rapidly denature proteases, a 

distinct threat to disordered proteins due to their exposed structures, while leaving the 

IDPs per se “unharmed” since denaturation is not a concern for an already disordered 

protein (canonically-structured proteins would be denatured rendering them unsuitable 

for study of their structure-function relationships). The ability to recombinantly express 

grape dehydrins led to the study of both the YSK2 and K2 forms using solution NMR 

spectroscopy. By their nature, it is impossible to crystallize disordered proteins, but 

NMR is an effective alternative to investigate IDP structure. Solution NMR showed that 

both K2 and YSK2 are intrinsically-disordered proteins, and that their various motifs do 

not significantly interact with each other (Findlater and Graether, 2009). 

Several different in vitro functions of Vitis riparia YSK2 and K2 have been 

investigated. As discussed in Section 2.4, these dehydrins have been shown to bind 

and protect membranes from damage during freeze/thaw treatment (Clarke et al., 2015; 

Atkinson et al., 2016). Additionally, YSK2 and K2 have been shown to shield enzymes 

from freeze/thaw damage by acting as molecular shields (Hughes and Graether, 2011; 

Hughes et al., 2013). Enzyme cryoprotection has been previously shown for other 

dehydrins, and in 2011, Hughes and Graether showed that both YSK2 and K2 are 

capable of protecting the enzyme lactate dehydrogenase (LDH) from freeze-thaw 

damage (Lin and Thomashow, 1992; Hughes and Graether, 2011). In this study, YSK2 
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was shown to be approximately twice as effective as K2, suggesting that dehydrin size 

is critical to this form of protection, but both dehydrins were significantly more effective 

than the control protein BSA on a weight basis. In an investigation of the protection 

mechanism, it was shown that dehydrins reduced enzyme aggregation during freezing, 

and a fluorescent dye that binds to exposed hydrophobic protein surfaces showed that 

dehydrins reduced the partial denaturation of LDH which occurred during freezing 

(Hughes and Graether, 2011). It is possible that dehydrins accomplish these effects by 

acting as disordered molecular shields that interact weakly with the enzyme using long-

range electrostatic interactions. This theory is supported by the lack of direct binding 

seen between K2 and LDH using NMR spectroscopy (Hughes and Graether, 2011). This 

theory was again supported by Hughes et al., in 2013, when they showed that 

dehydrins of larger hydrodynamic radius were more effective at protecting LDH, and 

that ordered proteins of similar hydrodynamic radii were not as effective as disordered 

proteins (Hughes et al., 2013). Additionally, they showed that the grape dehydrins did 

not show antifreeze protein activity, and therefore this activity is not a contributing effect 

to LDH cryoprotection by dehydrins (Hughes et al., 2013).    

In summary, several potential in vivo functions have been studied for the YSK2-

type Vitis riparia protein (named VrDHN1 in this thesis), but much still remains to be 

discovered. The expression patterns have only been studied at the mRNA level, not the 

protein level. The subcellular localization of VrDHN1 has not been examined, although it 

is predicted to have nuclear localization like other YSK-type dehydrins since it contains 

the basic domain that was found to be associated with nuclear targeting (Graether and 
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Boddington, 2014). In VrDHN1, the basic domain is located between the S-segment and 

the first K-segment; however, the lysine residues from the basic domain overlap with the 

K-segment. Additionally, the research thus far has been conducted mostly in vitro, and 

due to the potential of artifacts caused by the disordered nature of dehydrins, in vivo 

data are needed to confirm these putative functions. Lastly, the particular roles of the Y- 

and the S-segments in VrDHN1 need further research. In my thesis, I will demonstrate 

and discuss the localization of VrDHN1 to the nucleus, and the role of VrDHN1 in 

protecting DNA against ROS during abiotic stress. These findings shed light on yet 

another moonlighting function of VrDHN1, and set the stage for further investigation of 

the S- and Y-segments as they relate to the role of dehydrins in the nucleus. 
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3 Materials and Methods 
3.1 Recombinant Protein Expression 

The VrDHN1 dehydrin gene from Vitis riparia had been previously cloned into the 

pET22b plasmid in our laboratory (Livernois et al., 2009). The scr-VrDHN1 sequence 

was designed by Sharall Palmer and cloned into pET22b as well (Palmer et al., 

unpublished results). These plasmids were used to transform competent E. coli 

BL21(DE3) cells generated with the CaCl2 method. The cells were heat shocked at 

42ᴼC for 45 s and grown on 0.01% (w/v) ampicillin-LB plates at 37ᴼC overnight. 

Individual colonies were then used for the next step. 

3.1.1 Bacterial growth for unlabeled protein 

A 5 mL small culture was grown overnight in 0.01% (w/v) ampicillin-LB, and then two 

500 mL large cultures of pre-warmed LB (supplemented with 0.01% (w/v) ampicillin) in 

baffled flasks were inoculated with 500 μL of this small culture. Flasks were incubated at 

37ᴼC with shaking at 180 rpm until an OD600 of 0.8 was reached. At this stage, a 500 μL 

pre-induction sample was taken and centrifuged for 30 s at 14,500 rpm. The pre-

induction sample pellet was resuspended in 100 μL ddH2O and 100 μL gel loading 

buffer (2X Tris-tricine loading buffer). Protein expression was induced by adding 500 μL 

of 0.4 M IPTG to each flask, and then flasks were incubated at 37ᴼC with shaking at 

180 rpm for 3 h. At this stage, a 500 μL post induction sample was taken and 

centrifuged for 30 s at 14,500 rpm. The post-induction sample pellet was resuspended 

in 100 μL ddH2O and 100 μL gel loading buffer (2X Tris-tricine loading buffer). Cultures 
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were pelleted at 6000xg for 15 min at 4ᴼC, and the supernatant was discarded. Pellets 

were frozen at -20ᴼC overnight.  

3.1.2 Bacterial growth for labeled protein 

A 5 mL small culture was grown overnight in LB (supplemented with 0.01% (w/v) 

ampicillin), and then two 500 mL large cultures of pre-warmed 0.01% (w/v) LB 

(supplemented with 0.01% (w/v) ampicillin) in baffled flasks were inoculated with 500 μL 

of small culture. Flasks were incubated at 37ᴼC with shaking at 180 rpm until an OD600 

of 0.8 was reached. Cells were centrifuged at 5,000xg for 30 min, and then 

resuspended in an equal volume of M9 minimal media (6.78 g Na2HPO4, 3 g KH2PO4, 

0.5 g NaCl, 4 mM MgSO4•7H2O, 0.3% (w/v) glucose, 0.005% (w/v) thiamine, 1 g 15N-

NH4Cl, 1 mL trace elements (0.6% CaCl2•2H20, 0.6% Fe3SO4•7H20, 0.115% 

MnCl2•4H20, 0.08% CoCl2•6H20, 0.07% ZnSO4•7H20, 0.03% CuCl2•2H20, 0.002% 

H3BO3, 0.025% (NH4)6Mo2O24•4H20, 0.5% EDTA, all (w/v)), 1% (v/v) Basal Medium 

Eagle Vitamin Solution). The M9 cultures were allowed to equilibrate for 1 h at 37ᴼC 

with shaking at 180 rpm before a 500 μL pre-induction sample was taken and 

centrifuged for 30 s at 14,500 rpm. The pre-induction sample pellet was resuspended in 

100 μL ddH2O and 100 μL gel loading buffer (2X Tris-tricine loading buffer). Protein 

expression was induced by adding 500 μL of 0.4 M IPTG to each flask, and then flasks 

were incubated at 37ᴼC with shaking at 180 rpm overnight. In the morning, a 500 μL 

post-induction sample was taken and centrifuged for 30 s at 14,500 rpm. The post-

induction sample pellet was resuspended in 100 μL ddH2O and 100 μL gel loading 
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buffer (2X Tris-tricine loading buffer). Cultures were pelleted at 6000xg for 15 min at 

4ᴼC, and the supernatant was discarded.  

3.1.3 Lysis 

The cells were lysed by boiling since the protein of interest is intrinsically-disordered, 

and so could not be denatured by heat treatment. The frozen pellets were thawed on ice 

and resuspended in 15 mL ddH2O in a 50 mL conical tube. Two protease inhibitor 

tablets were added to the resuspended pellets, and then EDTA (pH 8.0) was added to a 

final concentration of 0.5 mM.  Water (1 L) was brought to a boil, and the pellets were 

boiled for 20 min with agitation every 5 min. The lysate was placed on ice until cool with 

agitation every 5 min. Then 1 M sodium acetate (NaAc) pH 5.0 was added to a final 

concentration of 20 mM. The samples were centrifuged at 70,000xg for 30 min at 4ᴼC. 

The supernatant was filtered through a 0.22 μm polyvinyl difluoride (PVDF) filter into a 

50 mL conical tube. At this stage, a 15 μL supernatant sample was taken and stored for 

later use. 

3.1.4 Protein purification 

VrDHN1 was purified by fast protein liquid chromatography (FPLC) (GE Healthcare) 

with a P960 sample loading pump using UNICORN 5.11 software and a 5 mL HiTrap 

Sepharose Fast Flow column (GE Healthcare). Buffer A contained 20 mM NaAc, pH 

5.0, and Buffer B contained 20 mM NaAc, 1 M NaCl, pH 5.0. A linear gradient from 0-

100% Buffer B over 100 mL was collected in 1.5 mL fractions at a flowrate of 2.5 

mL/min. Absorbance at 280 nm was monitored, with VrDHN1 eluting around fractions 

B8 to C10 with an elution volume of approximately 10 mL. Samples (15 μL) were taken 
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from fractions under the absorbance peak as well as from the flowthrough. These 

samples, along with those from pre- and post-induction, and the load samples, were run 

on a Tris-tricine SDS poly-acrylamide gel as described below. 

3.1.5 Gel electrophoresis 

Gels were composed of 5% acrylamide in the stacking layer and 13% acrylamide in 

the separating layer using a 19:1 (acrylamide:bisacrylamide) preparation. Samples were 

mixed with 2X Tris-tricine loading buffer, boiled at 95ᴼC for 10 min; 30 μL of the 

samples were loaded onto the gel and run at 75 V for 15 minutes, then 120 V for 1.5 h. 

Gels were stained with 10% Coomassie blue R-250 and then all fractions containing 

VrDHN1 in significant excess of contaminant bands, as determined by visual inspection, 

were pooled and lyophilized for sample concentration. 

3.1.6 Desalting  

VrDHN1 was desalted using reversed-phase high pressure liquid chromatography 

(HPLC) (Beckman Coulter). Lyophilized VrDHN1 from the FPLC step was resuspended 

in 5 mL ddH2O and 0.0651% (v/v) trifluoroacetic acid (TFA) was added. The sample 

was loaded onto a C18 silane HPLC column with a length of 250 mm, and inside 

diameter of 4 mm, and a pore size of 5 μm (ThermoScientific, Part No 72305-254030). 

A linear gradient from 1-100% Buffer B over 60 minutes was collected in 1 mL fractions 

at 1 mL/min (Buffer A: 0.0651% (v/v) TFA in filtered, ddH2O, Buffer B: 0.0651% v/v TFA 

in HPLC-grade acetonitrile). Absorbance at 214 nm and 280 nm was monitored, with 

VrDHN1 eluting around fractions 32-45 with an elution volume of approximately 33 mL.  
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Samples (15 μL) were taken from fractions under the absorbance peak and run on a 

Tris-tricine SDS poly-acrylamide gel as described above. 

3.2 Circular Dichroism  

3.2.1 Nucleotide species sample preparation 

A 0.139 mg/mL (10 μM) stock solution of recombinant VrDHN1 was made in 10 

mM Tris pH 7.4. Stocks of ATP, adenine, and adenosine were made in water at a 

concentration of 10 mM. Protein stock (396 μL) and ligand stock (4 μL) were combined 

so that the working concentration of VrDHN1 was 10 μM and the working concentration 

of ligand was 100 μM, resulting in a 10x molar excess of ligand. Samples (400 μL) were 

added to 2 mm path length cuvettes.  

3.2.2 Whole plasmid sample preparation 

Samples (440 μL) were prepared in 10 mM Tris, pH 7.4. A DNA-only control was 

prepared with 10 mM pkTOL2 plasmid, a protein-only control was prepared with 10 μM 

VrDHN1, and the experimental sample was prepared with 10 mM pkTOL2 and 10 μM 

VrDHN1. 

3.2.3 CD Measurements 

Measurements were taken on a J-815 Jasco CD Spectrometer at 25ᴼC with a 

bandwidth of 1.00 nm. Eight accumulations per sample were recorded between 250 nm 

to 190 nm. Smoothing was applied to the resulting spectra. For the whole plasmid 

samples, the DNA control spectrum was subtracted from the sample spectrum to 

analyze the structure of the protein. 
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3.3 NMR Sample Preparation  

3.3.1 DNA oligo titration preparation 

Forward and reverse strands of a randomly generated oligonucleotide, chosen 

for high G/C content towards the ends to ensure that they remained annealed (5’ 

GCGGACTTATCTGCAATATCTGGC 3’), were resuspended at a concentration of 1.7 

mM each in NMR Base Buffer (20 mM sodium phosphate, 10 mM NaCl, pH 6.0). In 

order to anneal the strands, the sample was heated to 95ᴼC for 5 min; then, the heating 

block containing the sample was removed from the heater and allowed to cool to room 

temperature over the course of 1 h. The VrDHN1 NMR sample was prepared with 0.15 

mM 15N-VrDHN1 in NMR Buffer (20 mM sodium phosphate, 10 mM NaCl, 0.01% 

sodium azide, 0.01 mM DSS, 5% D2O, pH 6.0),  and 0.15 mM 15N-VrDHN1 was added 

to the titrant oligo. After an initial measurement of 650 μL of protein-only sample, the 

titrant was added to the sample, and spectra were acquired at 0.015, 0.03, 0.05, 0.075, 

0.15, 0.225 and 0.3 mM oligo concentration.  

3.3.2 ATP sample preparation 

The VrDHN1 NMR sample was prepared with 0.2 mM 15N-VrDHN1 in NMR 

Buffer. A 0.8 M stock solution of ATP, and a 1 M MgCl2 stock solution were prepared in 

NMR Base Buffer. Measurements were taken of the protein sample alone, and then 

again after ATP was added to 0.8 mM, and once more after MgCl2 was added to 0.8 

mM. 
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3.3.3 Myo-inositol sample preparation 

A 20 mM stock of D-myo-Inositol 1,4,5-tris-phosphate trisodium salt containing 

0.2 mM 15N-VrDHN1 was prepared in NMR Buffer so that the addition of the stock to the 

VrDHN1 sample would not dilute the protein concentration. A 650 μL sample of 0.2 mM 

15N-VrDHN1 alone was also prepared in NMR buffer, and used as the negative control. 

The myo-inositol stock was then titrated into the control sample to final concentrations 

of 0.02, 0.06, 0.1, 0.15, 0.2, 0.6 and 1.0 mM myo-inositol.  

3.4 NMR Data Collection 

The lyophilized VrDHN1 was resuspended in 600 μL of NMR buffer. The protein 

concentration was 0.15 mM or 0.2 mM (see sample preparation, above). Data were 

collected on a Bruker Avance DRX600 spectrometer equipped with a cryogenic triple 

resonance probe with the sample temperature set to 300 K. The 1H and 15N referencing 

was performed relative to DSS as described previously (Wishart et al., 1995). For all 

15N-HSQC experiments (oligomer titration, metal binding, myo-inositol titration), 1536 

(1HN) and 256 (15N) complex data points were acquired with 4 or 16 t1 increments using 

spectral widths of 7211.54 Hz (1HN) and 1337.70 Hz (15N). The chemical shifts of 

VrDHN1 alone have been previously assigned (Findlater and Graether, 2009). All 

experiments were processed using NMRPipe (Delaglio et al., 1995) and visualized and 

analyzed using CCPNMR 2.4 (Vranken et al., 2005). 
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3.5 Plant Growth Conditions 

Vitis riparia plants were grown under greenhouse conditions. Plants were 

watered Monday/Wednesday/Friday and fertilized with 20:20:20 (N:P:K) fertilizer once a 

week on Wednesday.  

Nicotiana benthamiana plants were grown in a Conviron walk-in growth chamber. 

The light/dark cycle was 16 h of light at 22ᴼC and 8 h of dark at 20ᴼC.  The light 

intensity was 80–100 µm− 2s−1. Two weeks after germination, individual two-leaf stage 

seedlings were transplanted into 365 mL pots containing about 300 mL Sunshine Mix 

LA4 (Sun Gro Horticulture) and grown to the six leaf stage (about four weeks post-

germination). Plants were watered Monday/Wednesday/Friday and fertilized with 

20:20:20 (N:P:K) fertilizer once a week on Wednesday. 

3.6 Plant Stress Treatments 

Vitis riparia vines were pruned from the plants and stripped of leaves, then snap 

frozen (control) or stress-treated (experiment). Control samples were cut into 1 cm 

pieces, flash frozen in liquid nitrogen, and then stored at -80ᴼC. For dehydration stress, 

5 g portions of vines were cut and hung at room temperature to dry for 24 or 48 h, cut 

into 1 cm pieces, flash frozen in liquid nitrogen, and then stored at -80ᴼC. For cold 

stress, 5 g portions of vines were cut and hung at 4ᴼC for 24 or 48 h, cut into 1-cm 

pieces, and then flash frozen in liquid nitrogen and stored at -80ᴼC. For abscisic acid 

(ABA) treatment, samples were stripped of leaves, cut into 5 g portions, and immersed 

in ABA Solution (100 μM ABA, 0.02% (v/v) Tween-20 in ddH2O) for 24 or 48 h, at which 
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point samples were cut into 1-cm pieces, and then flash frozen in liquid nitrogen and 

stored at -80ᴼC. 

3.7 Whole Phenol Extraction 

3.7.1 Sample preparation and extraction 

Frozen control and stress-treated Vitis riparia vine samples (5 g each, measured 

pre-stress) were ground in a mortar and pestle in the presence of liquid nitrogen. Cling 

film was wrapped around the mortar during grinding to prevent sample loss due to 

splatter. Ground vines were scraped into 50 mL conical tubes. Then, 15 mL of High 

Sucrose Extraction Buffer (500 mM Tris, 50 mM EDTA, 0.7 M sucrose, 100 mM KCl, pH 

8.0, 2% β-mercaptoethanol, with 1 mM PMSF added just before use) and 0.8 g 

polyvinylpolypyrrolidone (PVPP) were added to each tube. Each tube was vortexed for 

10 min, an equal volume of phenol was added, and then each tube was vortexed for an 

additional 5 min.  

3.7.2 Sample wash 

Samples were centrifuged at 3,900xg for 45 min at 4ᴼC. The top (phenolic) 

phase of each sample was recovered and transferred to a new tube, and an equal 

volume of High Sucrose Extraction Buffer was added to each tube before vortexing for 5 

minutes. Samples were centrifuged again at 3,900xg for 45 min at 4ᴼC. The top 

(phenolic) phase of each sample was recovered and transferred to a new tube.  
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3.7.3 Protein precipitation 

Four volumes of chilled Precipitation Solution (0.1 M ammonium acetate in 

methanol) were added to each tube, and then samples were incubated overnight in a -

20ᴼC freezer. In the morning, samples were centrifuged at 3,900xg for 45 min at 4ᴼC, 

and washed with chilled Precipitation Solution three times (centrifuging at 3,900xg for 

45 min at 4ᴼC in between each wash). Lastly, pellets were washed in 5 mL cold 

acetone, and spun down at 3,900xg for 45 min at 4ᴼC. The supernatants were 

discarded, and pellets were dried in the fume hood for 10 min before 1.4 mL of ddH2O 

was added. Samples were left open in the fume hood for an additional hour to 

evaporate the acetone.  

3.7.4 Resuspension 

The samples were transferred to 1.5 mL microcentrifuge tubes, and the pellets 

were resuspended by homogenization. Samples were spun down for 10 min at 14,500 

rpm in a mini tabletop centrifuge. The pellets were frozen at -20ᴼC, and the soluble 

fractions were dialysed against ddH2O at 4ᴼC with three buffer changes (8-12 h 

between changes). After dialysis, the soluble fractions were flash frozen in liquid 

nitrogen and lyophilized, then resuspended in 25 μL ddH2O. Samples were frozen at -

20ᴼC until Tris-tricine gels were run.  

3.8 Fractionated Phenol Extraction 

3.8.1 Sample preparation 

Dehydration-stressed Vitis riparia vine samples (48 h of treatment) were 

measured (27.8 g, measured post-stress) and ground in a mortar and pestle in the 
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presence of liquid nitrogen in 5 g batches. Cling film was wrapped around the mortar 

during grinding to prevent sample loss due to splatter. Ground vines from all batches 

were scraped into a weigh boat and mixed, then 5 g was dispensed into a 50 mL conical 

to be used as the unfractionated control (see 3.7 Whole Phenol Extraction), while the 

remaining 22.8 g were split between two 50 mL conical tubes to be fractionated.  

3.8.2 Sample extraction 

Conical tubes were filled to 50 mL with Low Sucrose Extraction Buffer (500 mM 

Tris, pH 8.0, 50 mM EDTA, 0.4 M sucrose, 100 mM KCl, 2% β-mercaptoethanol, with 1 

mM PMSF added just before use), and then 1 g of PVPP was added to each tube. 

Tubes were vortexed for 10 min, and then the samples were combined and squeezed 

through two layers of miracloth™ into a glass beaker. The resulting filtrate was 

transferred to a 50 mL conical tube and centrifuged at 600xg for 1 min at 4ᴼC. The 

pellet was labelled as F0, and was washed six times with 2 mL Low Sucrose Extraction 

Buffer. The supernatant was transferred to a new tube and centrifuged at 3,000xg for 5 

min at 4ᴼC. The pellet was labelled as F1, and was washed 6 times with 15 mL of Low 

Sucrose Extraction Buffer. The supernatant was transferred to a new tube, labelled as 

F2, and kept on ice while washing the other fractions. Fractions F0 and F1 were 

resuspended in 20 mL of High Sucrose Extraction Buffer (500 mM Tris, pH 8.0, 50 mM 

EDTA, 0.7 M sucrose, 100 mM KCl, 2% β-mercaptoethanol, with 1 mM PMSF added 

just before use). The F2 (20 mL) fraction was transferred to a new tube, and the 

remainder was discarded so that there was room for phenol in the tube. Two grams of 

sucrose were dissolved in the 20 mL of F2 so that the density was equal to that of the 
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other fractions in the High Sucrose Extraction Buffer. Phenol (20 mL) was added to all 

fraction (F0, F1 and F2), and then the tubes were vortexed for 5 min. Sample wash and 

protein precipitation steps are the same as described above in Section 3.7 (“Whole 

Phenol Extraction”). 

3.8.3 Resuspension 

The samples were transferred to 1.5 mL microcentrifuge tubes, and the pellets 

were resuspended by homogenization. Then samples were spun for 10 min at 14,500 

rpm. The pellets were frozen at -20ᴼC, and the soluble fraction was dialysed against 

ddH2O at 4ᴼC with three buffer changes (8-12 h between changes). After dialysis, the 

soluble fractions were flash frozen in liquid nitrogen and lyophilized. Pellets and soluble 

fractions were resuspended in the minimal amount of ddH2O required, as follows: F0 

pellet – 12 μL, F1 pellet – 100 μL, F2 pellet – 100 μL, unfractionated control pellet – 200 

μL, F0 supernatant – 25 μL, F1 supernatant – 25 μL, F2 supernatant – 50 μL, 

unfractionated control supernatant – 100 μL. 

3.9 Western Blotting of Phenol Extraction Samples 

Samples were loaded on a Tris-tricine polyacrylamide gel. Supernatant fractions 

(12 μL) were used for dehydrin detection, and 12 μL of 100x dilute pellet fractions were 

used for histone and UGPase detection. Dehydrins and control proteins (histone and 

UGPase) were detected in different fractions because phenol caused precipitation of the 

control proteins, but not of dehydrins. The gels were run at 75 V for 15 min, then 120 V 

for 1.5 h. The gels were then soaked in Transfer Buffer (11.52 g glycine, 2.42 g Tris, 

0.16 g SDS, 80 mL methanol, to a final volume of 800 mL with ddH2O) for 10 min. 
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Samples were transferred to a 0.2 μm PDVF membrane for 1 h at 100 V. The 

membranes were blocked overnight with skim milk in TBS (100 mM Tris-Cl, 0.9%(w/v) 

NaCl, pH 7.5).  

Blotting was performed with a polyclonal rabbit antibody raised against the 

dehydrin K-segment consensus sequence (generously provided by Timothy Close, 

University of California, Riverside) for dehydrins, anti-histone antibody for the nuclear 

fraction (Agrisera), and anti-UGPase antibody for the cytosol (Agrisera). The primary 

antibody ratio was 1:1000 for the dehydrin and UGPase antibodies, and 1:5000 for the 

histone antibody. Primary antibody incubation was performed for 1 hour. The secondary 

antibody (anti-rabbit IgG (Fc) AP Conjugate, Promega) dilution was 1:6666, and 

secondary antibody incubation was performed for 1 hour. Blots were developed in 5 mL 

of Alkaline Phosphatase Substrate Buffer (100 mM Tris, 100 mM NaCl, 5 mM MgCl2, pH 

9.5) with 0.85 mg BCIP and 1.65 mg NBT before scanning them using a BioRad Gel 

Doc system. 

3.10 Dehydrin Localization 

3.10.1 Plasmid source 

The pUC57-Kan plasmid with a VrDHN1 gene insert was ordered from BioBasic, 

Markham ON. The plasmid was used to transform competent E. coli DH5α cells 

generated with the CaCl2 method. The cells were heat shocked at 42ᴼC for 45 s and 

grown on 0.01% (w/v) kanamycin-LB plates at 37ᴼC overnight. The plasmid DNA was 

isolated using a miniprep kit (Qiagen). pCambia-RFP plasmid was a generous gift from 

Dr. Annette Nassuth (University of Guelph). 



 

 

50 

 

3.10.2 Cloning of VrDHN1 into pCambia 

The pUC57-Kan-VrDHN1 and pCambia-RFP were digested with BamHI and 

KpnI at 37ᴼC for 2 h. Restriction enzymes were deactivated by heating at 80ᴼC for 20 

min. Restriction products were then separated on a 30 mL 1% agarose TAE gel at 100 

V for 20 min. A gel-extraction kit (GeneJET Gel Extraction Kit, ThermoFisher) was used 

to purify the VrDHN1 insert in pUC57-Kan-VrDHN1 and the backbone of pCambia-RFP. 

The VrDHN1 insert was ligated into pCambia using T4 DNA ligase at 4ᴼC for 72 h.  

The ligation product was used to transform chemically-competent DH5α cells 

prepared using a modification of the Inoue method (Inoue et al., 1990). Briefly, cells 

were grown in 250 mL LB at 30ᴼC, 250 rpm to an OD600 of 0.6, and then incubated on 

ice for 10 min. The cells were pelleted at 3000 rpm at 4ᴼC for 10 min, and resuspended 

in 80 mL ice-cold TB (10 mM PIPES, 15 mM CaCl2, 250 mM KCl, 55 mM MnCl2, pH 

6.7). Cells were incubated on ice for 10 min, and then pelleted again. Finally, the cells 

were resuspended in 20 mL ice-cold TB, and DMSO was added to 70% (v/v) before 

storage at -80ᴼC.  

Colony PCR was used to confirm successful transformed colonies, since 

sequencing is difficult with larger plasmids, using a forward primer (5'- GGA TCC AAG 

GAG ATA TAA CAA TGG CAT ATC -3') and a reverse primer (5'- GGT ACC CTA GTG 

GGC CCC -3'). The base mismatch (underlined) in the reverse primer is for use in 

mutagenesis in a later experiment to introduce a stop codon in between VrDHN1 and 

the RFP tag, so that the function of VrDHN1 can be studied without the potential 

interference caused by the tag. The PCR was performed with 2 mM MgCl2, 0.4 mM 
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dNTPs, 0.5 μM primers, and 1.25 U Taq polymerase at 94ᴼC for 4 min, 35 rounds of 

(94ᴼC for 45 s, 64.3ᴼC for 45 s, 72ᴼC for 60 s), 72ᴼC for 10 min, and ending with a 4ᴼC 

hold. For the transformation, the cells were heat shocked at 42ᴼC for 90 s and grown on 

0.01% (w/v) kanamycin-LB plates at 37ᴼC overnight. The plasmid DNA of positive 

transformants of pCambia-VrDHN1-RFP was isolated using a miniprep kit (Qiagen).  

The pCambia-VrDHN1-RFP was used to transform thermocompetent 

Agrobacterium tumefaciens EHA 105 obtained from the Nassuth laboratory. For 

transformation, cells were flash frozen in liquid nitrogen for 5 min and incubated in LB 

for 3 h before spreading on LB-0.01% (w/v) kanamycin, 0.002% (w/v) rifamycin plates at 

28ᴼC for 48 h. Colony PCR was used to confirm successful transformed colonies as 

described above. 

3.10.3 Agrobacterium growth 

A 5 mL LB (supplemented with 0.01% (w/v) kanamycin, 0.002% (w/v) rifamycin) 

overnight starter culture was inoculated from a PCR-confirmed colony of transformed 

Agrobacterium tumefaciens EHA105. The starter culture was grown at 28ᴼC in the dark 

with 230 rpm shaking. All of the starter culture was used to inoculate a 25 mL LB large 

culture (supplemented with 0.01% (w/v) kanamycin, 0.002% (w/v) rifamycin) containing 

10 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 5.6, and 40 μM acetosyringone. 

The large culture was incubated at 28ᴼC for 3 h in the dark with 230 rpm shaking, and 

then the OD600 was measured. The culture was pelleted for 10 min at 3000xg, and 

resuspended in 10 mM MgCl2 to an OD600 of 1 by adjusting the volume. Acetosyringone 
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was added to a final concentration of 150 μM and the culture was incubated at room 

temperature without shaking for 3 h. 

3.10.4 Agroinfiltration 

The 3rd and 4th leaves of four week old Nicotiana benthamiana plants were 

infiltrated with a mixture of OD600 0.1 VrDHN1-RFP and OD600 0.5 P19 Agrobacterium 

by pressing a needleless syringe against the lower epithelium of the leaf, and then 

slowly injecting culture until the entire leaf was visibly saturated. As many injection sites 

as needed to infiltrate the leaf completely were used per leaf; typically, this was one to 

three injection sites. Plants were incubated in normal growth chamber conditions, as 

described in 3.5 Plant Growth Conditions, for 40 h before leaf harvesting. 

After the incubation period, a 1 cm x 1 cm piece of leaf was excised with a fresh 

razor blade from the middle of the leaf along the mid-vein. Care was taken during 

infiltration to ensure that this region was fully infiltrated in each leaf. Samples were 

taken from three separate plants. Leaf samples were stained with 5 μg/mL DAPI (4′,6-

Diamidino-2-Phenylindole, dihydrochloride) in ddH2O, and the cover slips were pressed 

firmly onto the samples before being taped down with Scotch tape to reduce the 

formation of air bubbles as much as possible. Samples were imaged on an inverted 

Leica DMi8 microscope connected to a Quorum Diskovery Spinning Disk system. A 63x 

oil immersion lens was used to capture ten images per sample. Cells to be imaged were 

selected by scanning with the Chroma - ET-DAPI (UV) fluorescence filter until a stained 

nucleus was found, focusing on that nucleus, and then imaging with the Chroma – ET-

DAPI filter, followed by laser scanning for RFP fluorescence.   
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3.11 Purification of DNA for the EMSA  

The pKTOL2 plasmid (Clark et al., 2011) was chosen for this method as it is a 

large, high copy number plasmid. pKTOL2 was used to transform competent E. coli 

BL21(DE3) cells generated with the CaCl2 method. The cells were heat shocked at 

42ᴼC for 45 s and grown on 0.01% (w/v) kanamycin-LB plates at 37ᴼC overnight. 

pKTOL2 plasmid DNA was isolated using a midiprep kit (Qiagen). 

3.11.1 Plasmid digestion 

The pKTOL2 plasmid was linearized by enzymatic digestion with XhoII. Briefly, 1 

μg of plasmid DNA was combined with 1 μL XhoII, 2 μL Buffer R (Fermentas) and 

sterile ddH2O to a final volume of 20 μL. The reaction mixture was incubated at 37ᴼC for 

1 h, and then the restriction enzyme was heat-inactivated at 65ᴼC for 20 min. The 

reaction mixture was frozen at -20ᴼC overnight until the next step. 

3.11.2 DNA purification 

DNA was purified from the reaction mixture and concentrated using ethanol 

precipitation. Two tubes of 20 μL each of restriction digest reactions were combined, 

and 5.4 μL of 3 M sodium acetate (pH 5.2) was added to a total working concentration 

of 359.5 mM Na+, factoring in the salt contribution of the restriction digest buffer. 

Glycogen (1 μL of 20 mg/mL) was added as a carrier for the DNA to increase the yield 

from the ethanol precipitation. The tubes were mixed and then pulsed by centrifugation 

before adding 2X volume (92.4 μL) of ice cold 100% ethanol. The tubes were mixed 

again, pulsed, and incubated at -20ᴼC for 3 h. After incubation, precipitated DNA was 

collected by centrifugation in a tabletop centrifuge at 14,500 rpm for 10 min. The 
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supernatant was removed by pipetting. The sample was washed with 1 mL of chilled 

70% ethanol. Centrifugation was performed in the same manner, and the supernatant 

was removed. The pellet was then air-dried for 1 h until just visibly dry. The pellet was 

resuspended in 20 μL of ddH2O by incubation at 37ᴼC for 6 h, pulsing the tube every 

hour, and then mixing the sample by pipetting. The concentration of DNA was then 

measured using the NanoDrop™ instrument, and typically a yield between 50-100 

ng/μL of plasmid was achieved. 

3.12 Electrophoretic Mobility Shift Assay of pkTOL2 Plasmid DNA 

All reactions contained 3 nM linearized and purified pKTOL2 plasmid DNA, 0.75 

μL of 20x EMSA Buffer (100 mM phosphate, 200 mM NaCl, pH 7.4), and were topped 

up to 15 μL with ddH2O. Controls contained no protein, while samples contained 3, 6, 

and 9 μM of VrDHN1 or scr-VrDHN1. PEG-10,000, β-casein or bovine serum albumin 

were added at a concentration of 9 μM, and were used as negative controls. Either 

ZnCl2, NiSO4, or CuCl2 was added to 3 μM VrDHN1 samples to a final concentration of 

1 mM each. Tubes were flicked to mix all the components, pulsed, and then incubated 

at room temperature for 30 min prior to the next step. 

For gel electrophoresis, samples were run on a 30 mL 1% TBE gel. Flanking 1 kb 

ladder and control (no protein or metal ions) samples were used to control for slight 

differences in electric field across the gel. Agarose gels were run at 120 V for 5 min so 

that the samples entered the gel more uniformly, and then for 3 h at 80 V. Gels were 

stained for 30 min in 1X TBE with 0.5 μg/mL ethidium bromide, and then destained for 

30 min in water. Gels were visualized on the BioRad Gel Doc. 
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3.13 Plasmid Isoform Assay 

3.13.1 Plasmid preparation 

The pETSUMO plasmid encoding a gene for the NSs protein from La Crosse 

virus was used to transform competent E. coli DH5α cells generated with the CaCl2 

method. The cells were heat shocked at 42ᴼC for 45 s and grown on 0.01% (w/v) 

kanamycin-LB plates at 37ᴼC overnight. The pETSUMO plasmid DNA was isolated 

using a midiprep kit (Qiagen). All steps were performed on ice, and the DNA was eluted 

only once off the membrane to ensure a maximal yield of supercoiled DNA. 

3.13.2 Reaction mixture preparation 

The plasmid cryoprotection assay reaction mixtures were prepared in 

microcentrifuge tubes. Two control samples (no protein) were made, one to be 

damaged, the other as undamaged. All samples contained 0.75 μL of 20x EMSA Buffer 

(100 mM phosphate, 200 mM NaCl, pH 7.4), 4 nM pETSUMO plasmid, and 10 μM of 

recombinant VrDHN1 or of the control proteins BSA or β-casein. Then ddH2O was 

added up to 14 μL for all of the samples, except for the undamaged control, which was 

topped up to 15 μL. Experiments with VrDHN1 and β-casein samples were performed in 

triplicate. Freshly prepared 100 mM H2O2 was added (1 μL) to all reactions except the 

undamaged control. 

3.13.3 Damage conditions 

All samples, except the undamaged control, were transferred to a microplate and 

exposed to a Gel Doc trans UV illuminator for 5 min. The undamaged control was 

transferred to a separate microplate and left on the bench top for 5 min. Samples were 
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transferred back to new microfuge tubes after UV exposure and then left at room 

temperature for 1 h to allow hydroxyl radical reactions to go to completion. Afterwards, 

2.4 μL of 10 mg/mL Proteinase K was added to all samples to digest the added 

proteins. Reactions were incubated at 37ᴼC for 2 h and then frozen at -20ᴼC. 

3.13.4 Gel electrophoresis 

Samples were run on a 30 mL 1% TAE gel. Flanking 1 kb ladder was used to 

control for slight differences in electric field across the gel. Agarose gels were run at 120 

V for 5 min so that the samples entered the gel quickly, and then for 1 h at 100 V. Gels 

were stained for 30 min in 1X TBE with 0.5 μg/mL ethidium bromide, and then destained 

for 30 min in water. Gels were visualized on a Gel Doc, and band density was analyzed 

using QuantityOne software. The trace (reports the area under the intensity profile curve 

in intensity x mm) measurement was taken for all bands and used to calculate the 

percentage of linear, supercoiled, and open circular DNA in each lane. 

3.14 LDH Cryoprotection Assay 

3.14.1 Stock preparation 

Lactate dehydrogenase enzyme (LDH) was resuspended at a concentration of 

100 μg/mL in Cryo Buffer (10 mM Na2HPO4 pH 7.4), and dialyzed overnight against 2 L 

of Cryo Buffer. The LDH solution was then diluted to 25 μg/mL in Cryo buffer before 

use. A 20 mg/mL stock of VrDHN1 in Cryo Buffer was used to prepare 5, 20, 50, 80, 

120, 560 and 1000 μg/mL solutions of protein. A 100-μL stock of 20 mM NADH was 

prepared fresh daily and diluted to 2 mM for use in the LDH cryoprotection assay. The 
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Reaction Mixture was prepared fresh the day of the assay by combining 28.2 mL of 30 

mM Na2HPO4 pH 7.4, 0.9 mL 10 mM pyruvic acid and 0.9 mL 2 mM NADH.  

3.14.2 Sample preparation 

Samples were prepared by combining 8 μL of 25 μg/mL LDH stock and 8 μL of 

protein solution. Four samples of each of the seven protein concentrations were 

prepared. Two of each set were left at room temperature, while the remaining two were 

frozen in liquid nitrogen for 30 s, then thawed in a 4ᴼC water bath for 5 min. This freeze 

thaw process was performed a total of five times.  

3.14.3 Activity measurements 

Absorbance Measurements were taken on a Cary UV/Vis Spectrophotometer at 

340 nm over 2.5 min to measure the oxidation of NADH. Sample (15 μL) and Reaction 

Mix (735 μL) were combined in a 100 μL UV cuvette and mixed by pipetting immediately 

before the measurement began.  

3.15 Comet Assay 

 The comet assay was based on a modified version of the protocol by Dusinska, 

(2000), and is described below.  

3.15.1 Slide preparation 

Partially frosted slides were scored with a diamond-tipped pen on the frosted 

portion to increase agarose retention. Scored slides were soaked in 70% ethanol for 10 

min, and then the ethanol was burned off. Slides were dipped in 1% high melting point 

agarose (HMPA) in PBS frosted end-first, ensuring that the agarose reached to 2/3 of 
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the way up the slide. Excess agarose was removed from the back of the slide with a 

Kimwipe and slides were allowed to dry fully overnight at room temperature. 

3.15.2 Protoplast preparation 

The N. benthamiana BY-2  suspension cell cultures were grown for 4 days at 

25ᴼC in the dark with shaking at 150 rpm in Nicotiana benthamiana bright yellow 2 

cultivar culture media (BY-CM) (4.3 g/L MS salts mix, 30 g/L sucrose, 100 mg/L myo-

inositol, 200 μg/L 2,4-D, 1 mg/L Thiamine HCl, pH 5.8). Fifty milliliters of suspension 

culture were collected by centrifugation at 200xg for 6 min at room temperature, and the 

supernatant was carefully removed with a serological pipette. The pellet volume was 

adjusted to approximately 5 mL and then resuspended in 20 mL DW buffer made with 

cell culture-grade water (450 mM mannitol, 3.6 mM MES, pH 5.8) with 1% (20 mg) 

macerase and 1.5% cellulase RS (300 mg). The cells were incubated at 37ᴼC on a 

nutator for 3 h. Protoplasts were collected by centrifugation at 100xg for 6 min at 4ᴼC. 

The pellet was washed twice with 25 mL chilled DW buffer and collected at 100xg for 6 

min at 4ᴼC, followed by removal of the supernatant. 

3.15.3 Slide assembly 

The end of a P1000 tip was removed with scissors and sterilized by flaming the 

tip. This tip was then used to draw up the protoplasts to avoid mechanical shearing of 

the cells. Five microliters of protoplasts were quickly mixed with 200 μL of 1% low 

melting point agarose (LMPA) in phosphate-buffered saline (PBS) (140 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) that was resting at 37ᴼC. Two 

drops of the protoplast-LMPA mix were added to in the middle of each slide on top of 
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the dried HMPA but to the side of the frosted portion, and a cover slip was quickly 

added. Slides were chilled at 4ᴼC for 5 min to ensure complete setting of the agarose. 

Following setting, the coverslips were removed by carefully sliding them off to the side. 

3.15.4 Lysis 

Triton X-100 (1%(v/v)) was added to the chilled Lysis Buffer (2.5 M NaCl, 0.1 M 

EDTA, 10 mM Tris, pH 10). Samples were submerged in Lysis Buffer at 4ᴼC for 1 h and 

then washed three times with 1 mL PBS 

3.15.5 Protein treatment 

VrDHN1 (50 μL of 1 mM) in PBS, 1 mM β-casein in PBS, or PBS (control) were 

applied to each slide. Cover slips were placed on top of each sample, and then slides 

were incubated at 4ᴼC in the dark overnight. Slides were washed with 1 mL of PBS prior 

to hydrogen peroxide treatment. 

3.15.6 H2O2 treatment 

Samples to be damaged were submerged in a freshly-prepared solution of 1 mM 

hydrogen peroxide in PBS, while control samples were submerged in PBS. Samples 

were incubated for 10 min, and then excess liquid was tapped off, and slides were 

washed once with 1 mL of PBS. 

3.15.7 Alkaline unwinding and electrophoresis 

Samples were submerged in chilled Electrophoresis Solution (0.3 M NaOH, 1 

mM EDTA) and left at 4ᴼC in the dark for 40 min to let the DNA unwind. Afterwards, 

samples were lined up in the electrophoresis tank. Slides were flush with one another 
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and any gaps were filled with blank slides. Electrophoresis Solution was added so that it 

was just covering the slides, and then samples were electrophoresed for 30 min at 25 V. 

Due to space limitations, control samples were electrophoresed first while damaged 

samples remained in Electrophoresis Solution, then damaged samples were 

electrophoresed while control samples were placed back in Electrophoresis Solution 

that was used to unwind the DNA. After electrophoresis, samples were washed with 1 

mL of Neutralization Buffer (0.4 M Tris, pH 7.5) for 5 min at 4ᴼC a total of three times. 

3.15.8 Imaging 

Samples were stained with 10 μg/mL DAPI in 90% glycerol for 10 min. After 

staining, slides were washed with ddH2O to remove excess dye and coverslips were 

added, then the slides were sealed with nail polish. Comets were imaged with a Leica 

DFC280 microscope on the third filter using the 10x magnification objective lens. 

Pictures were taken in Photoshop using 1.0 s exposure time, 4x gain, and 1x color 

saturation. Approximately ten images were taken of each slide. More images were 

taken if there appeared to be less than ten usable comets on each slide by visual 

inspection. The researcher was blinded to which slide was being imaged. Images were 

analysed using the OpenComet plugin with ImageJ v 1.52a (Gyori et al., 2014). After 

analysis by OpenComet, the images were inspected to verify that comets had been 

accurately identified, and any comets that were not were removed from the analysis. 

Comets were deemed inaccurately identified if the comet head had not been accurately 

circled, if the comet represented multiple overlapping nuclei, or if the comet was not a 

nucleus. 
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3.16 Transformation of BY2 Suspension Culture Cells 

3.16.1 pCambia-VrDHN1-stop 

Mutagenesis of pUC57-Kan-VrDHN1 was performed to introduce a stop codon at 

the end of the VrDHN1 coding sequence. Once transformed into pCambia, this stop 

codon prevents the translation of the RFP tag. The following primers were used for 

mutagenesis: Fwd (5'- GGG GCC CAC TAG GGT ACC -3'), Rev (5'- GGT ACC CTA 

GTG GGC CCC -3'). Each reaction contained 2.5 U Phusion high fidelity DNA 

polymerase, 1x Phusion reaction buffer, 21.1 mM dNTPs, 125 ng of each primer, and 5, 

10, 20, or 50 ng pUC57-Kan-VrDHN1 template in a total of 50 μL. Mutagenesis PCR 

was run at 95ᴼC for 30 s, then 12 cycles of 95ᴼC for 30 s, 55ᴼC for 1 min, and 68ᴼC for 

3 min. Reactions were cooled and then digested with 10 U DpnI for 1 h at 37ᴼC. 

Reactions were transformed into E. coli DH5α competent cells, and colonies were 

purified and sequenced using the M13 Reverse sequencing primer.  

The VrDHN1-stop coding sequence was excised from pUC57 and ligated into the 

pCambia-VrDHN1-RFP plasmid following the protocol described under Section 3.10 

(“Dehydrin localization”). The pCambia-VrDHN1-stop was then used to transform 

Agrobacterium tumefaciens EHA105 as described earlier also in Section 3.10 

(“Dehydrin localization”). 

3.16.2 Preparation of Agrobacterium 

A 5 mL LB (supplemented with 0.01% (w/v) kanamycin, 0.002% (w/v) rifamycin) 

overnight starter culture was inoculated from a PCR-confirmed colony of transformed 

Agrobacterium tumefaciens EHA105 with pCambia-VrDHN1-stop since glycerol stock 
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cultures grew inefficiently for this transformant. A 5 mL LB (supplemented with 0.01% 

(w/v) kanamycin, 0.002% (w/v) rifamycin) overnight starter culture was inoculated from 

a glycerol stock for pCambia-VrDHN1-RFP.  The starter cultures were grown at 28ᴼC in 

the dark with 230 rpm shaking. In the morning, 1 mL of starter culture media was spun 

down at 5,000xg for 5 min at room temperature, and then washed three times with 1 mL 

LB containing 200 μM acetosyringone. The final pellet was once again resuspended in 1 

mL LB broth containing 200 μM acetosyringone, and then incubated in the dark at 4ᴼC 

for 1 h.  

3.16.3 Transformation of BY-2 suspension cultures 

In a biosafety cabinet, 7 mL of 3 day old BY-2 suspension cultures were mixed 

with 0.6 μL of 200 mM acetosyringone and 100 μL of the prepared Agrobacterium 

cultures, or 100 μL LB with acetosyringone as the control. Mixtures were poured onto 

1% plant-certified agar BY-CM (4.3 g/L MS salts mix, 30 g/L sucrose, 100 mg/L myo-

inositol, 200 μg/L 2,4-D, 1 mg/L Thiamine HCl, pH 5.8) plates with no antibiotics, sealed 

with paper adhesive tape, wrapped in tinfoil, and then incubated at 25ᴼC in the dark for 

three days. 

After three days of incubation, cells were washed from the plates with 10 mL of 

liquid BY-CM and transferred to sterile tubes. Cells were washed three times with 15 mL 

of liquid BY-CM containing 100 mg/L carbenicillin and 20 mg/L timentin, and spun down 

at 3000 rpm for 5 min with no acceleration or deceleration. The final pellet was 

resuspended to 15 mL of BY-CM with antibiotics, and then 1 mL of resuspension was 

transferred onto 1% plant-certified agar BY-CM with 100 mg/L carbenicillin and 20 mg/L 
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timentin plates, and rotated to spread the cells. Plates were sealed with Parafilm™, 

wrapped in tinfoil, and incubated at 25ᴼC in the dark for one month. Suspension 

cultures were inoculated from the plates by adding 1 cm2 of transformed callus to 50 mL 

liquid BY-CM media and pipetting to resuspend the callus cells.  
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4 Results 
VrDHN1 is the model dehydrin that I am investigating in this thesis. It has 

previously been shown to shield enzymes from damage during freeze-thaw treatment, 

and to protect membranes during cold stress (Hughes and Graether, 2011; Clarke et al., 

2015). Here, I show that VrDHN1 is found in both the nucleus and the cytosol, and that 

it is capable of both binding to DNA, and protecting it against ROS attack.  

4.1 Localization and Expression 

In previous dehydrin research, it was found that dehydrins often localize to 

different cellular compartments based on their architecture (Graether and Boddington, 

2014). The Y-segment containing dehydrins have been frequently found in the nucleus, 

although nuclear localization is not exclusive to this architecture (see Graether and 

Boddington (2014) for a review). Furthermore, several dehydrins have been shown to 

bind to DNA in a sequence-non-specific manner. It has been proposed that this binding 

stabilizes DNA during abiotic stress, but no protective mechanism has been put forward 

(Hara et al., 2009; Lin et al., 2012). VrDHN1 has a YSK2-type architecture (Figure A2), 

and as such could localize to the nucleus. To provide experimental proof, I performed 

two different experiments, including fluorescence-localization and subcellular 

fractionation. Fluorescence-localization of agroinfiltrated N. benthamiana leaves with 

RFP-tagged VrDHN1 showed nuclear and cytoplasmic localization (Figure 1). The 

image shown is representative of three separately infiltrated leaves, with ten pictures 

taken of each leaf. The N. benthamiana cells are stained with DAPI, a fluorescent DNA-

binding dye, to identify the nuclei. Nuclei were first visualized using the DAPI filter, and  
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Figure 1. VrDHN1 is found in the nucleus and the cytoplasm. Fluorescence-localization 
of RFP-tagged VrDHN1 in the lower epidermal cells of Nicotiana benthamiana 
transformed by agroinfiltration. A) RFP fluorescence spectrum B) DAPI fluorescence 
spectrum, staining for DNA, and C) Overlay signals of A and B. Transient fluorescent 
expression was analyzed by laser-scanning confocal microscopy. Images were taken 
on an inverted Leica DMi8 microscope connected to a Quorum Diskovery Spinning Disk 
system with Super-resolution capabilities. Scale bar is shown in the lower left corner (14 
μM).  
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then the filter was changed to view RFP. This allowed the percentage of cells where 

VrDHN1 was found in the nucleus to be calculated. One hundred percent of the cells 

that were visualized showed nuclear localization of VrDHN1-RFP. They additionally all 

showed cytoplasmic localization as well. The cytoplasm of N. benthamiana epidermal 

cells can be found immediately adjacent to the cell membrane, since the vacuoles take 

up almost all of the intracellular space, pushing the cytoplasm to the edges of the cell 

(Hawes et al., 2001).  

In order to confirm the fluorescence-localization results, I performed a Western 

blot on fractionated samples from drought-stressed Vitis riparia vines using antibodies 

raised against the canonical dehydrin K-segment. Total protein was extracted from the 

vines using phenol/water fractionation where protein is denatured by the phenol, and 

dissolves in the phenol fraction. The protein is then pelleted, and the pellet is 

resuspended in water where disordered proteins are able to re-dissolve, but ordered 

proteins remain denatured and insoluble until mixed with gel loading buffer. Dehydrins 

were detected in the nuclear fraction of the vine extraction, which confirms the nuclear 

localization seen in the fluorescence-localization experiments (Figure 2). Since the 

nucleus was the location of interest, the extracted samples were not fractionated past 

separating the nuclear fraction from all else. Therefore, these results cannot 

conclusively confirm the cytoplasmic localization found in the fluorescence-localization 

experiments, since cellular organelles are still present in the remaining fraction. 
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Figure 2. Western blots of subcellular fractionation of phenol protein extraction of 48 h 
dehydration-stressed Vitis riparia. Dehydrins were detected in the soluble fraction of the 
total extracted protein, and Histone and UGPase were detected in the insoluble 
fractions. Anti-Histone antibody was used as a marker for the nuclear fraction. Anti-
UGPase antibody was used as a marker for the cytoplasm. 
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In addition to subcellular localization, another key piece when investigating 

dehydrin function is their expression patterns. Transcript analysis indicates that VrDHN1 

is expressed during cold, dehydration, and abscisic acid stress (Xiao and Nassuth, 

2006), but data on protein expression is lacking. I used Western blotting of phenol 

protein extractions from stressed Vitis riparia vines to investigate which stress 

conditions resulted in expression of the VrDHN1 protein. The Western blot shows that 

VrDHN1 is not expressed in control samples, but is expressed after 24 h of dehydration 

stress, and that this expression increases after 48 h (Figure 3). It also shows that 

relatively low VrDHN1 expression is induced after 48 h of ABA treatment (Figure 3). 

ABA is a plant hormone involved in stress signaling and is used to induce a stress 

response in plants by submerging plant tissue in an ABA solution. Lastly, these blots 

reveal that VrDHN1 expression is seen after 24 h cold stress (Figure 3).  
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Figure 3. Western blot of a phenol protein extraction of unstressed and stressed Vitis 
riparia. Vines were stressed for 24 or 48 hours by hanging to dry at room temperature 
(dehydration), by hanging at 4ᴼC (cold), or by submerging in 100 μM ABA (ABA). 
Dehydrins were detected in the soluble fraction of the total extracted protein, and an 
antibody raised against the canonical K-segment was used to detect dehydrins. 100 ng 
of recombinant VrDHN1 was loaded as a control in lane 1. The band that represents 
VrDHN1 is marked by an arrow. 
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4.2 In Vitro Assays 

Since VrDHN1 was found in the nucleus, the question now becomes: what is its 

role in the nucleus? I first tested for DNA-binding ability, because this is obviously a 

common function of nuclear proteins. Circular dichroism is a simple method to test for 

gain in secondary structure of intrinsically-disordered proteins, which is a common, but 

not universal, result of the binding of this type of protein to a ligand (Uversky et al., 

2008). The pkTOL2 plasmid was chosen for this assay because DNA binding by 

dehydrins has been shown more consistently for longer sequences of DNA (Lin et al., 

2012). In the case of VrdHN1, no gain in ordered secondary structure was seen upon 

the addition of pkTOL2 plasmid DNA (Figure 4). Although the spectrum of VrDHN1 with 

pkTOL2 appears different from the random coil spectrum of VrDHN1, once the 

contribution of the plasmid DNA is subtracted from the spectrum, the resulting data that 

represents the structure of VrDHN1 in the presence of pkTOL2 is still a random coil, as 

denoted by the strong minimum seen around 200 nm, and the weaker minimum at 

approximately 222 nm (Greenfield, 1996). The spectrum of VrDHN1 in the presence of 

pkTOL2 overlaps near-perfectly with that of VrDHN1 alone, indicating that there was no 

change in secondary structure composition (Figure 4). 
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Figure 4. Circular dichroism spectra of 10 μM VrDHN1 protein and 10 mM pkTOL2 
DNA alone and together in 10 mM Tris, pH 7.4.  
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Gain in ordered secondary structure is only one possible indicator of binding by 

disordered proteins, but it is not a requirement. To further examine the possible 

dehydrin-DNA interaction, I collected and analyzed 15N-HSQC spectra of VrDHN1 both 

alone and in the presence of a randomly generated 24 bp oligonucleotide of DNA (5’ – 

GCGGACTTATCTGCAATATCTGGC – 3’). (Figure 5A). The greatest changes in the 

chemical shifts of VrDHN1 were seen towards the C-terminus of the protein, specifically 

in Lys84, Ile91, Lys97, Glu120, and Glu124 (Figure 5B). A larger shift distance 

indicates that these residues are more likely to be participating in a binding interaction, 

since the environment of that nucleus has changed from when the protein is alone in 

solution. 

To confirm that the binding of DNA as observed by NMR spectroscopy also 

occurs with longer DNA sequences, an electrophoretic mobility shift assay (EMSA) was 

performed. EMSAs work on the basic premise that when a protein binds to the DNA, it 

will retard the movement of the DNA through the gel, and the resulting band will appear 

“shifted” to a higher apparent basepair length when compared to the DNA alone. 

VrDHN1 generated a gel shift when added to linearized pkTOL2 in a ≥2000x molar 

excess (Figure 6A). This shift increased with increasing concentrations of VrDHN1, 

indicating that the interaction is non-specific. In the EMSA, interactions with a specific 

DNA sequence generate discrete shift distances based on the number of binding sites 

per molecule. Conversely, non-sequence specific interactions show a proportionally 

increasing shift with increasing concentrations of the protein. The pkTOL2 DNA did not 

interact with any of the control compounds (polyethylene glycol 10,000 (PEG 10,000),  
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Figure 5. The interaction of VrDHN1 with DNA. A) The 15N-HSQC spectra of a titration 
of a random 24 bp oligonucleotide into 0.15 mM VrDHN1. Red, 0 mM DNA; green, 
0.015 mM; blue, 0.03 mM; yellow, 0.05 mM; pink, 0.075 mM; cyan, 0.15 mM. Spectra 
were collected at 300 K. The amide cross-peaks are labeled with their residue number 
and amino acid identity. B) The shift distance of each of the peaks in the NMR spectra 
between 0 mM and 0.15 mM DNA. The K-segments are highlighted in cyan, and lysine 
residues are colored purple.  
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Figure 6. VrDHN1 binds to plasmid DNA. An electrophoretic mobility shift assay using 3 
nM of pkTOL2 plasmid DNA in 5 mM phosphate, 10 mM NaCl, pH 7.4. A) Increasing 
concentrations of VrDHN1 with PEG 10,000, β-casein and BSA shown as controls. B) 
Increasing concentrations of wild-type VrDHN1 and scrambled VrDHN1 (Scr-VrDHN1). 
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β-casein and bovine serum albumin (BSA)). Here, PEG 10,000 was chosen because 

the extended structure of PEGs mimics the disordered and polar nature of dehydrins, 

and because it has a similar hydrodynamic radius to VrDHN1, which had been shown to 

be an important factor in dehydrin enzyme cryoprotection (Hughes and Graether, 2011). 

β-Casein was also chosen because it has a similar hydrodynamic radius. Lastly, BSA 

was chosen because it is a generic protein that is frequently used as a control for non-

specific effects. 

Since the binding of VrDHN1 to DNA was shown to be DNA non-sequence 

specific, it could simply be a result of the high number of positively-charged residues 

found in the protein. However, when a scrambled version of the protein was generated 

which contained all of the same amino acids but in a different residue order, the 

scrambled protein (scr-VrDHN1) was found to bind much less efficiently to pkTOL2 at 

the same concentrations (Figure 6B). This result suggests that although the interaction 

does not depend on the DNA sequence, it is dependent on the protein sequence, and 

therefore VrDHN1 may have evolved to optimize this interaction.   

Dehydrins have been shown to bind metal ions, and this binding has been 

proposed to allow dehydrins to act as scavengers for metal ions during stress (Hara et 

al., 2005). In addition to this, two groups have shown that metal ions stimulate the 

binding of dehydrins to DNA (Lin et al., 2012; Hara et al., 2009). I decided to investigate 

whether the observed binding of VrDHN1 to pkTOL2 would be increased by the addition 

of Zn2+, Ni2+ or Cu2+ (Figure 7). Zinc, copper and nickel each decreased the shift  
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Figure 7. Metals do not significantly improve VrDHN1 binding to DNA. An 
electrophoretic mobility shift assay of 3 nM pkTOL2 plasmid DNA in 5 mM phosphate, 
10 mM NaCl, pH 7.4. Lanes 3-6 show pkTOL2 in the presence of 3 μM VrDHN1 and 
1mM of Zn2+, Ni2+, or Cu2+. Flanking 1 kb DNA ladder as well as flanking controls of 
pkTOL2 alone are shown.  
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caused by VrDHN1. The reduction of the gel shift caused by these metal ions suggests 

that metal ions compete with DNA for binding to dehydrins, rather than enhancing it. 

One common theory for how dehydrins translocate to the nucleus is that 

phosphorylation of the S-segments recruits a nuclear localization signal protein, which 

binds to the dehydrin and carries it to the nucleus (Maszkowska et al., 2018). Here, 

VrDHN1 was pseudophosphorylated by replacing serine residues with glutamate 

residues to mimic both the charge and the bulk of phosphate groups, and so that I could 

control the precise number and location of pseudophosphorylation sites. Exact 

pseudophosphorylation sites are described in Figure A2. In order to determine if 

(pseudo)phosphorylation affected dehydrin-DNA binding, I performed the mobility shift 

assays using pseudophosphorylated VrDHN1 constructs. As shown in Figure 8A and 

8B, the shift decreased as the number of substituted sites increased, until five 

pseudophosphorylation sites completely abolished the binding of VrDHN1 to DNA 

(Figure 8C). 

The results from the mobility shift assays and the protein localization experiments 

all suggest that VrDHN1 could help to protect DNA against damage that might occur 

during an abiotic stress. A major problem during plant stress is the production of 

reactive oxygen species (ROS) (Demidchik, 2017). The ROS, such as hydrogen 

peroxide and hydroxyl radicals, can quickly damage DNA and possibly result in strand 

breakage. I used the so-called plasmid isoform assay to detect strand breakage to see 

whether a dehydrin is able to reduce the amount of damage. The plasmid isoform assay 

functions based on the premise that plasmid DNA has three forms: linear, open circular,  
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Figure 8. An electrophoretic mobility shift assay of 3 nM pkTOL2 plasmid DNA in 5 mM 
phosphate, 10 mM NaCl, pH 7.4. Lanes 3-5 show pkTOL2 in the presence of 6 μM 
VrDHN1 and lanes 6-8 show pkTOL2 In the presence of 6 μM of various 
pseudophosphorylation constructs of VrDHN1: A) pp1VrDHN1 (one 
pseudophosphorylation site) B) pp3VrDHN1 (three pseudophosphorylation sites) C) 
pp5VrDHN1 (five pseudophosphorylation sites). Flanking 1 kb DNA ladder, as well as 
flanking controls of pkTOL2 alone, are shown.  
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and supercoiled. If a single-stranded nick is introduced into supercoiled DNA, such as 

by ROS damage or mechanical shearing, the coils will relax and the DNA will assume 

an “open circular” form. If a double-stranded nick is formed, then it will run in linear form 

on the gel. 

Several concentrations of VrDHN1 were tested with the plasmid isoform assay. A 

2500x molar excess of VrDHN1 to DNA was shown to be optimal in order to be able to 

see protection while not being in such great excess as to render the protease K 

digestion step inefficient (Figure A3). In the damaged control, 58% of the DNA was 

found in open circular form while 42% had been linearized. A 2500x molar excess of 

VrDHN1 was able to protect 16.7% of the plasmid DNA from any damage, whereas 

16.7% of DNA was linearized and 66.6% of the plasmid DNA was partially damaged. In 

comparing the VrDHN1 samples to the control samples, the presence of VrDHN1 

reduced the occurrence of double-stranded nicks by 39.5% (Figure 9).  

β-Casein was included as a control protein since it does not bind to DNA (Figure 

6A), and is approximately the same hydrodynamic radius as VrDHN1 (Hughes and 

Graether, 2011). At the same molecular ratio as VrDHN1, β-casein was not able to 

preserve any supercoiled DNA, but did result in slightly less linear DNA than the 

damaged control. The addition of β-casein also resulted in slightly more open circular 

DNA than the damaged control in an amount comparable to VrDHN1 (Figure 9). 
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Figure 9. Plasmid isoform assay of 4 nm pETSUMO-lacrosse plasmid DNA in 5 mM 
phosphate, 10 mM NaCl, pH 7.4. The undamaged control did not contain H2O2, and the 
damaged control received 6.67 mM H2O2 exposed to UV light to induce hydroxyl radical 
formation. VrDHN1 and β-casein samples were done in triplicate and contained 10 μM 
protein and 6.67 mM H2O2 exposed to UV light. A) Samples separated on a 1% agarose 
TAE gel. Lane contents are marked above the gel. B) The percentage of each form of 
DNA (open circular, linear and supercoiled) per lane. Standard error bars are shown. 
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I then tested the effect of adding metal ions to the plasmid isoform assay. 

Although the addition of  metal ions did not increase VrDHN1 binding to DNA in the 

EMSA, the plasmid used in the plasmid isoform assay (pETSUMO) was smaller, and in 

this way was more similar to the length of DNA that showed enhanced binding by metal 

ions (Lin et al., 2012 and Hara et al., 2009). However, with VrDHN1, the addition of zinc 

ions had little noticeable effect on the protection of DNA, whereas the addition of copper 

and nickel ions resulted in the DNA being highly cleaved and no longer visible on the 

gel (Figure 10). 

Since the pseudophosphorylation of VrDHN1 reduced the gel shift in the EMSA, I 

decided to test if this resulted in a lowered ability to protect DNA from ROS damage in 

the plasmid isoform assay. The amount of supercoiled DNA recovered was not 

significantly different between VrDHN1 and all three of the pseudophosphorylated 

constructs, whereas the β-casein control was unable to recover any supercoiled DNA 

(Figure 11).  
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Figure 10. Plasmid isoform assay of 4 nm pETSUMO-lacrosse plasmid DNA in 5 mM 
phosphate, 10 mM NaCl, pH 7.4. The undamaged control did not contain H2O2, and the 
damaged control received 6.67 mM H2O2 exposed to UV light to induce hydroxyl radical 
formation. The control sample contained 1 μM VrDHN1 and 6.67 mM H2O2 exposed to 
UV light. The metal ion samples contained 1 mM of Zn2+, Cu2+ or Ni2+ along with 1 μM 
VrDHN1 and 6.67 mM H2O2 exposed to UV light. Samples were separated on a 1% 
agarose TAE gel.  
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Figure 11. Plasmid isoform assay of 4 nm pETSUMO-lacrosse plasmid DNA in 5 mM 
phosphate, 10 mM NaCl, pH7.4. The undamaged control did not contain H2O2, and the 
damaged control received 6.67 mM H2O2 exposed to UV light to induce hydroxyl radical 
formation. VrDHN1, pp1VrDHN1, pp3VrDHN1, pp5VrDHN1, and β-casein samples 
were done in triplicate and contained 10 μM protein and 6.67 mM H2O2 exposed to UV 
light. Samples were separated on a 1% agarose TAE gel, and the percentage of each 
form of DNA (open circular, linear and supercoiled) per lane was calculated. Standard 
error bars are shown. 
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4.3 In Vivo-like Assays 

In order to test the ability of VrDHN1 to protect DNA in a more in vivo-like 

environment, I performed a comet assay using BY-2 Nicotiana benthamiana 

protoplasts. The comet assay is an ex vivo assay which uses individual cells suspended 

in agarose. The cells are treated with hydrogen peroxide to induce strand breakages 

and then electrophoresed. The greater the amount of DNA damage, the further the DNA 

will smear away from the nucleus during electrophoresis. I first attempted to stably 

transform BY-2 suspension culture cells to express VrDHN1-RFP in-cell. However, 

although the transformation was successful, and fluorescence was seen, the BY-2 cells 

did not proliferate and not enough cells were obtained to be able to perform a comet 

assay. In lieu of using transformed cells, I performed a comet assay where a 1 mM 

solution of protein, either VrDHN1 (treatment) or β-casein (control) was applied topically 

overnight to the comet assay slides before the addition of hydrogen peroxide to induce 

damage. The addition of both VrDHN1 and β-casein caused comet tails to form in the 

undamaged samples (i.e., without H2O2 treatment) when compared to the PBS control 

(Figure A4). However, in both the VrDHN1 and β-casein samples, the tail DNA 

percentage of the H2O2-treated samples was lower than that of the PBS control (Figure 

A4).  

In a separate attempt to study the protection of DNA against oxidative damage 

by VrDHN1 ex vivo, I performed an ELISA that detects 8-hydroxydeoxyguanosine (8-

OHdG), an oxidized nucleoside. 8-OHdG results from ROS attack of DNA, and is a 

commonly used indicator of oxidative DNA damage. The ELISA was performed on total 
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extracted genomic DNA from detached N. benthamiana leaves that had been exposed 

to hydroxyl radicals generated using the Fenton reaction (hydrogen peroxide with Fe2+ 

ions). Both VrDHN1 and the control protein, CBF1 from Vitis riparia, were transgenically 

expressed in the N. benthamiana using the agroinfiltration method. The amount of 8-

OHdG was measured in micrograms compared to total mass of extracted DNA in 

grams. In the undamaged leaves, the amount of 8-OHdG was significantly higher (at a 

significance level of p<0.05) in the CBF1 control than in the no-protein control or the 

VrDHN1-expressing samples. At all levels of damage (25, 50 or 75 mM of Fenton 

reagents), the amount of 8-OHdG in the VrDHN1 samples was not significantly different 

from the control samples. At both conditions of 25 and 75 mM Fenton reagents, the 

level of 8-OHdG in the CBF1 control were significantly lower than the control samples, 

which would suggest protection. However, this pattern was not consistent, since at 50 

mM Fenton reagents, there was no significant difference in the levels of 8-OHdG 

(Figure A5). 

4.4 Other Assays 

4.4.1 Enzyme Molecular Shielding 

VrDHN1 has been previously shown to protect the lactate dehydrogenase (LDH) 

enzyme against freeze-thaw damage in the LDH cryoprotection assay (Hughes and 

Graether, 2011). This assay was repeated to confirm both the previous results, and that 

the recombinant VrDHN1 that was prepared for all of the experiments had been 

functioning as expected (Figure 12). When plotted on a semi-log scale of the 

concentration of VrDHN1 against percent recovery of the enzyme, the data show a 
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sigmoidal shape. This observation indicates that below approximately 1 μg/mL VrDHN1, 

there is very little protective effect, but above this concentration, protective saturation is 

quickly reached. The concentration of protectant that provides 50% recovery of the LDH 

enzyme activity (PD50) is used to compare the cryoprotective effectiveness of various 

substances. In this assay, the PD50 was 1 μg/mL VrDHN1, which is slightly higher than 

in previous experiments done by Hughes and Graether, 2011, where the 50% recovery 

value was 0.5 μg/mL, but is typical given the large amount of variation in this assay.  

4.4.2 Interaction between VrDHN1 and Phospholipid Headgroups 

Eriksson et al. (2016) showed an electrostatic interaction between the K6-type 

dehydrin Lti30 and the head groups of negatively-charged phospholipids. This 

interaction was proposed to induce a slight gain in α-helicity of the dehydrin, and to be 

transient in nature. Using 15N-HSQC NMR spectroscopy with the head group D-myo-

inositol 1,4,5-tris-phosphate trisodium salt (the headgroup of a phosphatidylinositol), I 

found no difference between the chemical shifts of VrDHN1 alone and in the presence 

of myo-inositol (Figure 13). Identical chemical shifts over almost all residues indicate 

that the structure of VrDHN1 is not at all affected by myo-inositol, i.e., it remains 

unstructured. A small number of shifts are observed, mainly of Lys residues, suggesting 

there may be very weak binding that would require more investigation. 
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Figure 12. Cryoprotection of LDH. The protection of LDH activity after freezing and 
thawing of the enzyme was examined in the presence of VrDHN1 over a range of 
concentrations. The activity of unfrozen LDH is defined as 100% activity. Each point is 
an average of two replicates and error bars represent the range. 
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Figure 13. Overlap of 15N-HSQC spectra of 0.2 mM VrDHN1 alone (teal) and in the 
presence of 1 mM D-myo-Inositol 1,4,5-tris-phosphate (burgundy) in pH 6.0 phosphate 
buffer. Spectra were collected at 300 K, and the amide cross-peaks are labelled with 
their residue number and amino acid identity.  
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4.4.3 Lack of Interaction between the Y-segment and Nucleotides 

It is a long-repeated conjecture in the field of dehydrins that the Y-segment of 

dehydrins might bind to nucleotides, a suggestion which is based on the sequence 

similarity of the Y-segment to the ATP-binding site of the chaperones GroEL and 

GroES. In order to test this hypothesis, I first used circular dichroism to look for any gain 

in structure of VrDHN1 upon the addition of adenine, adenosine, or ATP (Figure 14A). 

No gain in structure was seen, as the spectra are all disordered random coils. Then, 

15N-HSQC NMR was used to delve further into this interaction, but no change in the 

chemical shifts of VrDHN1 was observed in the presence of ATP, or in the presence of 

ATP and Mg2+, a common DNA-binding cofactor (Figure 14B). These results suggest 

that neither the Y-segment, nor any part of VrDHN1, binds to ATP.  
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Figure 14. The interaction of the Y-segment and ATP. A) Circular dichroism spectra of 
10 μM VrDHN1 protein in 10 mM Tris pH 7.4 (control, teal). Then 100 μM of adenine 
(purple), adenosine (green) and ATP (red) were added separately to 10 μM VrDHN1, 
and the spectra were collected. B) Overlap of 15N-HSQC spectra of 0.2 mM VrDHN1 
alone and in the presence of ATP, and ATP + Mg2+. All samples contained 0.2 mM 
VrDHN1 in 20 mM NaPO4, pH 6.0, 10 mM NaCl, 5% D2O. Control, blue; 0.8 mM ATP, 
teal; 0.8 mM ATP and 0.8 mM Mg2+, purple. Spectra were collected at 300 K. The 
amide cross-peaks are labeled with their residue number and amino acid identity.  
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4.4.4 The In Vivo Structure of VrDHN1 

Disordered proteins may assume a more ordered structure upon binding to a 

ligand or upon entering a particular environment, such as the crowded cytoplasm of a 

stressed cell. In order to determine if VrDHN1 might gain or change structure in a more 

in vivo-like environment, I aimed to perform in-cell 15N-HSQC NMR. Previous 

unsuccessful attempts in our laboratory using cell-penetrating peptides (CPPs) were 

made to introduce isotopically-labeled VrDHN1 into BY2 suspension culture cells for this 

purpose (Singh and Graether, unpublished results). I attempted to use biotinylation to 

introduce isotopically-labeled VrDHN1 into both BY-2 suspension culture cells and BY2 

protoplasts, since this method has previously been used to stimulate the uptake of 

macromolecules into plant cells (Horn et al., 1990). However, neither incubating BY-2 

suspension culture cells, nor incubating BY2 protoplasts with biotinylated VrDHN1, 

successfully resulted in the uptake of VrDHN1 into cells. A sample Western blot is 

shown in Figure A6 where no bands matching the recombinant VrDHN1 are seen at 

either 6 or 24 hours after incubation. 

Since in-cell NMR in plant cells was not feasible, in order to study the structure of 

VrDHN1 in as in vivo-like an environment as possible, I performed 15N-HSQC NMR on 

VrDHN1 both in phosphate buffer and in a cytoplasmic extract from N. benthamiana BY-

2 suspension culture cells. In the cytoplasmic extract compared to the control, the 

residues that make up the Y-segment shifted slightly, indicating an interaction between 

the Y-segment of VrDHN1 and some component of the extract (Figure A7). However, 

future replicates failed to detect this interaction again. 
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5 Discussion 
The role of dehydrins was first summarized in 1996, where they were suggested to 

be chaperone-like proteins and structure stabilizers (Close, 1996). Since then, 

researchers have gone on to characterize how dehydrins can act as molecular shields 

for enzymes, and how dehydrins can act to stabilize membranes during cold stress 

(Hughes et al., 2013; Clarke et al., 2015). In addition to these roles, dehydrins have 

been suggested to play a role in managing reactive oxygen species during stress either 

through sequestering the metal ions that catalyze their formation, or by scavenging the 

radicals themselves (Hara et al., 2005, 2004). In this thesis, I investigated the role of the 

Vitis riparia dehydrin, VrDHN1, in the protection of DNA against ROS damage, a form of 

abiotic stress. I chose to study VrDHN1 because it contains one of each of the classic 

dehydrin motifs, the Y-, S- and K- segments, and as such, is an excellent candidate for 

researching the roles of these segments. Additionally, Vitis riparia expresses few 

dehydrins compared to other model organisns like Arabidopsis, which makes isolating 

the role played by VrDHN1 simpler. Other dehydrins have been shown to scavenge 

ROS, and to bind non-sequence specifically to DNA (Hara et al., 2004; Lin et al., 2012; 

Hara et al., 2009). Here, I demonstrate the relationship between those two roles, and 

propose a model of protection where VrDHN1 co-localizes with DNA in a low-affinity 

and non-DNA sequence-specific manner to reduce damage caused by an ROS attack. 

This would potentially allow dehydrins to protect the cell’s euchromatin from oxidative 

damage as stress response genes are being transcribed.   
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5.1 Nuclear Localization of VrDHN1 

Many other Y-segment-containing dehydrins have been found to be localized to 

the nucleus (see Graether and Boddington (2014) for a review). VrDHN1 is no 

exception to this trend; in fluorescence microscopy experiments using agroinfiltrated 

Nicotiana benthamiana, VrDHN1 was found in both the nucleus and in the cytoplasm 

(Figure 1). This observation strongly supports the nuclear localization of VrDHN1. 

However, fluorescence-localization studies have some limitations concerning biological 

relevance; both the overexpression of the protein, and the presence of the RFP tag, 

might interfere with normal protein behavior. Additionally, VrDHN1 is a stress response 

protein, whose mRNA expression is mostly stress-dependent (Xiao and Nassuth, 2006). 

The N. benthamiana plants used in the fluorescence-localization experiments were 

undergoing biotic stress due to the agroinfiltration, but they were not being abiotically 

stressed, which could have affected the localization of the VrDHN1 protein. In light of 

these limitations, I performed subcellular fractionation of dehydration-stressed Vitis 

riparia vines and probed for the presence of dehydrins using an antibody raised against 

the K-segment of dehydrins. In this immunolocalization experiment, VrDHN1 was again 

detected in the nucleus, and also in the remaining fraction (Figure 2). This technique 

addresses the drawbacks of fluorescence-localization, since there is no tag attached to 

the protein, and the protein is being expressed at native levels. 

Immunolocalization experiments come with limitations of their own, namely that 

disordered proteins are difficult to develop specific antibodies against due to their lack of 

structure. This drawback reduces the sensitivity of this technique when applied to 
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dehydrins, and limits the functionality of this technique to conditions where dehydrins 

are very strongly expressed. In turn, achieving consistent, strong dehydrin expression in 

Vitis riparia plants was challenging, since even when grown in the greenhouse, the 

change in season had an effect on the expression levels of dehydrins, likely due to the 

changing light cycle. Even when VrDHN1 was expressed, there were many 

contaminating, non-specific bands seen on the Western blot which made it difficult to 

detect the band corresponding to VrDHN1without overexposing the blot (Figure 2).  

All of my results confirm that VrDHN1 can be found in the nucleus, but does not 

answer the question of how it is transported there. The patterns of localization of 

dehydrins of different architectures offer some suggestions, but no conclusive answers. 

The Y-segment-containing dehydrins tend to be found in both the nucleus and in the 

cytoplasm, but the Y-segment is not required for nuclear localization since dehydrins 

lacking this segment have also been found in the nucleus (Graether and Boddington, 

2014). Similarly, it has long been suggested that the S-segment of dehydrins is a target 

for phosphorylation, and that this phosphorylation leads to their translocation to the 

nucleus (Maszkowska et al., 2018; Goday et al., 1994; Godoy et al., 1994). However, it 

can be inferred from the nuclear localization seen in K-type and YK-type dehydrins that 

the S-segment is also not an absolute requirement for nuclear targeting (Graether and 

Boddington, 2014). This leads to many questions surrounding the nuclear targeting of 

dehydrins. Firstly, is it possible that dehydrins can diffuse passively through the nuclear 

pores due to their low molecular masses? Several larger dehydrins have also been 

found in the nucleus, suggesting that diffusion is not the only mechanism at play 



 

 

95 

 

(Maszkowska et al., 2018; Chen et al., 2017; Mehta et al., 2009). These dehydrins had 

molecular masses exceeding 50 kDa when combined with the experimentally-added 

fluorescent tags, and passive diffusion is unlikely at this size (Mohr et al., 2009). 

Secondly, does the way that we currently describe the limits of passive diffusion into the 

nucleus apply to disordered proteins such as dehydrins? The size limit for passive 

diffusion through the nuclear pore complex (NPC) is defined in Daltons, since 

experiments regarding passive diffusion through the NPC have focused on ordered 

proteins (Timney et al., 2016). The number itself is highly debated, but generally agreed 

to be between 30-60 kDa for globular proteins (Timney et al., 2016; Mohr et al., 2009; 

Moussavi-Baygi et al., 2011; Denning et al., 2003; Naim et al., 2007). More recent data 

have suggested that this size limit is not a sharp cut off, but rather a soft barrier, where 

the speed of diffusion decreases as the size of the molecule increases (Timney et al., 

2016). Disordered proteins have much larger hydrodynamic radii than ordered proteins 

of the same molecular mass (Habchi et al., 2014), so it is unclear if we should be 

considering the molecular mass of an IDP or its Stokes radius when determining if it 

should be able to diffuse through the NPC passively. If their comparatively large 

hydrodynamic radius is a hindrance to passive diffusion, then facilitated transport of 

dehydrins into the nucleus is a more likely scenario. Alternatively, one might argue that 

the flexible nature of dehydrins would make it easier for them to navigate the narrow 

channel formed by the disordered FG-repeat-containing nucleoporins that comprise the 

NPC channel due to dehydrin’s long, extended structure. However, if that were the 

case, nuclear localization would be expected to be nearly universal for dehydrins, which 
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is not true (Graether and Boddington, 2014). Even in several experiments that were 

performed using immunodetection where the dehydrin was unhindered by an added 

fluorescent tag, nuclear localization was not detected (Hara et al., 2003; Danyluk et al., 

1998).  

5.2 DNA Binding 

I chose to next investigate the binding of VrDHN1 to DNA since it was found in 

the nucleus and non-sequence specific DNA binding has been shown for other 

dehydrins (Hara et al., 2009; Lin et al., 2012). Since intrinsically-disordered proteins 

sometimes gain ordered secondary structure upon binding to a ligand, I chose to use 

CD spectrometry to observe the structure of VrDHN1 alone and in the presence of DNA 

(Uversky et al., 2008). Here, CD spectrometry revealed no changes in secondary 

structure when the large plasmid pkTOL2 was introduced to the VrDHN1 sample 

(Figure 4). 

Since there was no change in secondary structure composition seen using CD 

spectroscopy, a different technique was required to study the interaction between 

VrDHN1 and DNA. In order to best be able to detect sequence non-specific binding, I 

chose to perform an EMSA using the pkTOL2 plasmid as a DNA source. This plasmid is 

approximately 8 kbp long, well past the threshold of binding observed for VraDHN1 by 

Lin et al., 2012. This plasmid was also ideal for the EMSA since it is a high copy number 

and it was therefore easy to purify the large quantities of DNA required for the assay. In 

the experiments performed by Lin et al., 2012, they used a 1615x molar excess of 

dehydrin to DNA in order to observe a shift. In Figure 6, 1000x, 2000x, and 3000x 
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molar excesses of dehydrin were tested, and a shift was observed starting at 2000x. 

This observation corresponds with what was seen by Lin et al., 2012, and indicates that 

the method of binding is similar for both dehydrins since the affinity is of the same order. 

The binding of VraDHN1 to DNA was determined to be sequence non-specific (Lin et 

al., 2012).  This result is because the interaction of the dehydrin with DNA was 

dependent on the size of the DNA fragment, and because VraDHN1 was shown to 

interact with several other DNA and RNA fragments shown using IRDye end-labeled 

nucleic acids (Lin et al., 2012). Sequence non-specific DNA binding is not unique to 

VraDHN1; the YSK2-type Solanum dehydrin, Tas14, was found associated generally 

with euchromatin and the nucleolus using immunogold electron microscopy (Godoy et 

al., 1994).  

The shifts seen in Figure 6 support the idea that VrDHN1 is also binding non-

sequence specifically to DNA. When comparing the concentration of VrDHN1 to that of 

the DNA, a continuous increase in the mobility shift relative to the dehydrin 

concentration can be seen. This relationship is indicative of non-specific binding; 

specific binding would be expected to show discrete shift distances based on the 

number of binding sites per oligonucleotide, and these mobility shifts would be 

unaffected by excess dehydrin once all of the binding sites had been filled (Chinnusamy 

et al., 2003). With VrDHN1, no clearly-defined limit to the DNA shift is seen in the 

presence of increasing amounts of dehydrin.  

The controls in Figure 6 were chosen to probe if the binding of VrDHN1 to DNA 

was an artifact created by the protein’s intrinsically-disordered nature, or a generic 
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protein effect. PEG 10,000 is a long flexible polymer with a similar hydrodynamic radius 

to VrDHN1 and is a useful mimic for disordered proteins (Hughes et al., 2013), whereas 

β-casein is an ordered protein with a similar hydrodynamic radius to VrDHN1 (Hughes 

et al., 2013). Neither of these control proteins was able to cause a gel shift, and 

therefore it can be concluded that the ability of VrDHN1 to bind to DNA is a result of its 

sequence. The reduced shifts seen with scr-VrDHN1 further support this idea, since 

altering the sequence of VrDHN1 reduced its ability to bind DNA, despite the scrambled 

version of the protein having the same composition of amino acids and therefore the 

same overall charge. Finally, BSA is a protein typically used to screen for non-specific 

interactions, and it too did not show a gel shift, which indicates that although the 

interaction between VrDHN1 and DNA is sequence non-specific, it is not an artifact.  

Hara et al., 2009, observed that the citrus dehydrin CuCOR15 bound to a 200 bp 

DNA fragment only in the presence of zinc ions. Figure 7 shows that zinc ions had the 

opposite effect on the binding of VrDHN1 to DNA; the gel shift was distinctly lessened 

by the addition of a 166x molar excess of Zn2+ to VrDHN1. Considering that the 

histidine-rich regions of CuCOR15 were shown to contribute most strongly to the DNA 

binding, it is not surprising that VrDHN1 does not share this zinc-promoted method of 

binding. VrDHN1 contains only 3.8% histidine residues, which is much lower than the 

13.9% histidine composition of CuCOR15. Additionally, VrDHN1 has a very different 

architecture than CuCOR15 (YSKn versus KnS), and VrDHN1 does not contain the 

double-histidine motifs which are found in CuCOR15. Due to these differences, it is 

likely that these two dehydrins act differently when binding DNA. 
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A protein very similar to VrDHN1, the YSK2-type dehydrin from Vitis vinifera, and its 

splice variant YS-type dehydrin, were both shown to bind weakly to DNA in an EMSA 

(Rosales et al., 2014). The assay was performed using a 1-kb DNA fragment with a 262 

molar excess of protein to DNA. This assay revealed a slight shift which was not 

improved by metal ions (Rosales et al., 2014). Similarly to VraDHN1, the Vitis vinifera 

dehydrins contain relatively low percentages of His residues (4.7% for VraDHN1 and 

6.2% for the YSK2 Vitis vinifera dehydrin), which means that it is unlikely for them to use 

zinc-stimulated DNA binding. However, the experiment only used a 1-kbp long fragment 

of DNA, which is below the binding cut off seen with VraDHN1, and closer to the size 

used in metal-stimulated binding assays (Rosales et al., 2014). It is likely that had the 

researchers used a larger (>3 kbp) DNA fragment, at a higher molecular excess, they 

might have seen a much stronger shift. A similar shift was seen for both the Vitis vinifera 

YSK2 protein and its YS splice variant, which led the researchers to conclude that the K-

segment was likely not involved in DNA binding (Rosales et al., 2014), but due to the 

fact that their assay conditions were unsuitable to demonstrate binding, the similarities 

between the YSK2 protein and the YS protein in this assay are not sufficient to conclude 

that the K-segments are not involved. 

In the EMSA I performed with VrDHN1, Zn2+ ions and Cu2+ ions lessened the gel 

shift, whereas Ni2+ nearly abolished it (Figure 7). None of these ions had the distinct 

stimulating effect seen by Hara et al., 2009 or Lin et al., 2012. This observation 

indicates that the binding of VrDHN1 to DNA does not rely on metal ions. It appears that 

the opposite is true, since the metal ions appear to have interfered with the gel shift by 
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competing with the DNA for protein binding. Considering the expression of VrDHN1 

during stress as seen in Figure 3, and as noted by (Xiao and Nassuth, 2006), it seems 

beneficial that the binding should not rely on metal ions, since metal ions need to be 

tightly-regulated during stress to avoid hydroxyl radical production (Demidchik, 2017).   

Once I had established that VrDHN1 bound to DNA in the EMSA, I decided to 

probe this binding further and investigate which residues were involved. The approach 

of 15N-HSQC NMR spectroscopy lent itself nicely to the requirements of this study: our 

laboratory had already characterized the chemical shifts of VrDHN1 (Findlater and 

Graether, 2009), and NMR provides residue-specific information on the environments of 

each nucleus, and therefore on which residues are involved in an interaction. In the 

presence of a random 24-bp DNA oligonucleotide, VrDHN1 showed changes in the 

chemical shifts of residues mainly in the C-terminal region of the protein (Figure 5A). In 

the NMR spectra, the chemical shifts of the residues involved in an interaction can shift, 

along with the chemical shifts of the residues flanking those involved in the binding. In 

Figure 5B, the residues that showed the largest shifts were Lys84, Ile91, Lys97, 

Glu120, and Glu124. These residues are all part of a K-segment, except for Lys97, 

which is located between the two K-segments in VrDHN1.  

It was expected that lysine residues would be involved in DNA binding. The 

previously-observed interactions were suggested to be electrostatic interactions with the 

negatively-charged phosphate backbone of DNA (Hara et al., 2009; Lin et al., 2012). 

Interestingly, not all of the lysine residues in the VrDHN1 K-segments showed strong 

shifts, implying that they are not all involved in the binding. This may simply be because 
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of the spacing of the lysine residues. The Lys residues are clustered together, and if 

one lysine residue is participating in an electrostatic interaction, the nearby Lys residues 

may not be close enough to the next phosphate group in the DNA backbone to 

participate in an interaction. The particular Lys residue participating in the interaction 

may vary for different dehydrins in the sample; however, there is clearly a favoured 

residue for this interaction considering that specific Lys residues showed stronger shifts 

than others. I suggest that these favoured residues contribute to a binding method 

where the dehydrin lies in an extended conformation, roughly parallel to the main axis of 

DNA. Although the specific residues involved suggest a parallel interaction, the flexibility 

of dehydrins would allow them to deviate from this conformation, thereby producing the 

slight variations seen in which residues are interacting with DNA. Given that a DNA 

helix rises 34 Å per turn, and that a backbone amino acid in extended conformation is 

approximately 3.5 Å long, a linear peptide would interact with the phosphate backbone 

approximately every 10 amino acids if lying parallel and flush to the DNA. The residues 

Lys84, Lys97, and Glu120, three of the strongest shifts seen, line up roughly in this 

pattern. The shifts seen in the two Glu resides are unexpected, since Glu is negatively-

charged and therefore unlikely to interact with the phosphates on DNA since they are 

also negatively-charged. However, hydrogen bonding could be occurring between the 

glutamate side chain and other parts of the DNA. Additionally, while the shifting of a 

peak in NMR does represent a change in the environment of the nuclei as a result of the 

presence of the ligand (in this case, DNA), it does not necessarily mean that that 

residue is directly interacting with the ligand; it could be interacting with another portion 
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of the protein instead, which may be what is occurring in the Glu residues of Figure 5. 

Thirty eight of the one hundred and thirty residues that make up VrDHN1 are missing 

from the 15N-HSQC spectrum. Any of these residues might be interacting with the Glu 

residues at the C-terminus of the protein, interacting with the DNA, or they may have 

been lost for other reasons such as overlapping with other peaks or interacting with 

water molecules. If the electrostatic interaction between the Lys residues and DNA 

orients VrDHN1 such that the negative charges of the DNA backbone and the negative 

charges of the Glu residues are nearby, electrostatic repulsion might cause the C-

terminus of VrDHN1 to curl away from the DNA and be forced into closer proximity with 

either the rest of the protein or another portion of the DNA. The shift seen in Ile91 is 

unusual, since isoleucine is not charged, nor does it contain a charged sidegroup; 

however, it is located directly between the two Lys residues which shifted strongly, so 

the shift seen in Ile91 may simply be a result of proximity to DNA rather than a direct 

interaction.  

The NMR spectra revealed an interaction between a 24-bp oligonucleotide and 

VrDHN1. This is a much smaller size of DNA than has previously been shown to 

interact with dehydrins without the use of bridging metal ions, but I believe that the use 

of NMR has allowed us to see an interaction that would not have been strong enough to 

cause a gel shift in an EMSA. In the electrophoretic mobility shift assay done by Lin et 

al. 2012, there was no mobility shift seen observed in the presence of the Vigna radiata 

dehydrin (VraDHN1) below 3 kbp. However, in an EMSA, the strength of the interaction 

between the DNA and the protein must be sufficient for the protein to remain bound 
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while undergoing electrophoresis in order for the interaction to be observed. Since the 

interaction between dehydrins and DNA is sequence non-specific, increasing the length 

of the DNA allows for more proteins to bind per molecule of DNA, increasing the total 

binding strength of this low-affinity interaction. At approximately 3 kbp in size, the sum 

of the strength of these interactions appears to be great enough for binding to be seen 

by EMSA.  

Although the binding of VrDHN1 to DNA is not specific to a particular DNA 

sequence, the sequence of VrDHN1 itself appears to be adapted to this role. Figure 5 

shows that it is several lysine residues which are responsible for the binding of VrDHN1 

to DNA. However, Figure 6 indicates that it is not solely the presence of these 

positively-charged residues, but specifically the sequences of the K-segments which are 

important for this binding. A scrambled sequence version of VrDHN1 was previously 

generated in our lab containing the same composition of amino acids as VrDHN1 in a 

randomized different arrangement (Palmer et al., unpublished results). When compared 

to the non-scrambled protein, the scrambled protein caused much smaller shifts, 

indicating lower binding affinity for DNA despite having the same number of positive 

charges.  

5.3 Phosphorylation of the S-segment 

As discussed earlier, fluorescence-localization and subcellular fractionation 

experiments both found VrDHN1 localized to the nucleus (Figures 1 and 2). It is not yet 

known exactly how dehydrins translocate to the nucleus, though the phosphorylation of 

the S-segments seems like a possible mechanism for dehydrins that contain an S-
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segment. After finding that the YSK2-type dehydrin Rab17 from maize was localized to 

both the nucleus and the cytosol, Goday et al. (1994) used a ligand blotting technique to 

show that Rab17 bound specifically to a nuclear localization signal (NLS) protein when 

the S-segment was phosphorylated. They also identified a small domain with the 

sequence RRKK, named the basic domain, which resembled an SV40-like NLS. Goday 

et al., 1994 suggested that this phosphorylation-mediated binding to an NLS, coupled 

with the presence of the basic domain, may be responsible for the nuclear localization 

of these types of dehydrins (Goday et al., 1994). Furthermore, they suggested that 

casein kinase 2 (CK2) was the kinase responsible for this phosphorylation since the S-

segment of dehydrins contains a consensus site for CK2 (SXXE/D), and that CK2 was 

able to phosphorylate RAB17 in vitro (Goday et al., 1994). The in vitro phosphorylation 

of RAB17 by CK2 was observed to closely resemble the phosphorylation pattern found 

in in vivo phosphorylated RAB17 – the phosphorylation occurred in the same region of 

the protein (Plana et al., 1991). However, the in vitro phosphorylation observed did not 

account for all of the phosphorylated forms of RAB17 found in vivo, suggesting that 

there may be other kinases involved (Plana et al., 1991). This idea was again put 

forward later when Mehta et al. (2009) constructed a GFP-fusion protein with the YSK2-

type dehydrin AmDHN1A and transformed it into tobacco. The protein was found in both 

the nucleus and cytoplasm, similar to the Rab17 dehydrin, and a putative NLS 

sequence “RRKK” was identified using the PSORT program, which predicts the 

subcellular localization of proteins and their localization signals (Mehta et al., 2009). As 

with the maize dehydrin Rab17, the basic domain was found in between the S-segment 
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and the first K-segment (Mehta et al., 2009). This basic domain is present in several 

more YnSKn-type dehydrins, as well as in VrDHN1 (Graether and Boddington, 2014; 

Xiao and Nassuth, 2006). In VrDHN1, the basic domain is located between the S-

segment and the first K-segment, however the lysine residues from the basic domain 

overlap with the K-segment.  

More recent evidence suggests that another kinase, SNF1-related protein kinase 

2.10 (SnRK2.10), might instead – or additionally – be responsible for phosphorylation of 

the S-segment. The phosphorylation consensus site of SnRK2.10, LXRXXS, has been 

identified in dehydrins, and SnRK2.10 has been shown to phosphorylate the 

Arabidopsis dehydrins ERD10 and ERD14 in vitro (Vlad et al., 2008; Maszkowska et al., 

2018). Additionally, SnRK2.10 has been confirmed as the kinase responsible for the 

phosphorylation of ERD10 and ERD14 through comparison of the phosphoproteomes of 

salt-stressed and non-stressed Arabidopsis of both wild-type and SnRK2.10 knockout 

plants. Phosphorylated ERD10 and ERD14 were significantly more abundant in salt-

stressed plants than in control plants, but were not found in salt-stressed SnRK2.10 

knockout plants (Maszkowska et al., 2018). This study is compelling evidence for the 

involvement of SnRK2.10 in the phosphorylation of dehydrin S-segments. However, it 

does not exclude the possibility of other kinases, such as CK2, also targeting the S-

segment. In fact, it seems likely that both of these kinases might play a role, given that 

Goday et al., 1994 found a complex pattern of phosphorylation of the extracted RAB17 

dehydrin that could not be entirely accounted for by CK2. Furthermore, the 

phosphorylation consensus sequences of both of these kinases are strongly conserved 
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in the S-segments of dehydrins (Malik et al., 2017). Also of note is that the basic domain 

identified by Goday et al 1994 and Mehta et al., 2009 is found in both ERD10 (KKKK) 

and ERD14 (KRKK) as well, so this domain may play a role in conjunction with various 

kinases to translocate dehydrins to the nucleus.  

An interesting potential synergic relationship between CK2 and SnRK2.10 

appears when the regulation of these kinases is considered in the context of dehydrin 

function. Dehydrins are expressed during cold, drought, and salinity stress, and these 

stress pathways are regulated via both ABA-dependent and ABA-independent signaling 

pathways (Shinozaki and Yamaguchi-Shinozaki, 2000). SnRK2.10 is an ABA-non 

activated SnRK2, meaning it does not respond to abscisic acid signaling, whereas CK2 

has been shown to be involved in the ABA-regulated pathway (Wang et al., 2014; 

Nagatoshi et al., 2018; Vilela et al., 2015). Since dehydrins tend to respond to both 

pathways, perhaps ABA-dependent and ABA-independent stress signaling pathways 

use different kinases to phosphorylate dehydrins in order to stimulate nuclear 

localization via association with an NLS-containing protein. Since SnRK2.10 (S67) and 

CK2 (S68, S69, S70) phosphorylate different residues in the S-segment (in the VrDHN1 

S-segment, SnRK2.10 could phosphorylate S67, whereas CK2 would phosphorylate 

S68, S69, and S70), it is likely that each pathway utilizes different NLS proteins which 

recognize one phosphorylation site or the other.  

Given the hypothesis that VrDHN1 binds to DNA during stress, it is important that 

if dehydrins are post-translationally modified during stress, that these modifications do 

not hinder their ability to bind to DNA. Figure 8 shows the EMSA assay repeated with 
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three different pseudophosphorylated constructs of VrDHN1. Pseudophosphorylation 

was conducted by replacing serine residues with glutamate in order to mimic both the 

bulk and the charge of a phosphate group. This method was chosen over 

phosphorylating the protein in vitro in order to exactly control the location and number of 

“phosphorylated” serine residues. These constructs were made prior to the publication 

of the work done by Maszkowska et al., 2018, and the pseudophosphorylation sites 

were therefore chosen based on the CK2 consensus motif (S/TXXE/D) (St-Denis et al., 

2015). The S-segment of VrDHN1 has the sequence LNRSGSSSSEDD, where the 

serine residues which are potential targets for CK2 are underlined. Three 

pseudophosphorylated constructs (pseudophosphorylated residues underlined), were 

designed to encompass a variety of possible phosphorylation patterns: pp1VrDHN1 

(LNRSGSSSEEDD), pp3VrDHN1 (LNRSGSEEEEDD), and pp5VrdHN1 

(LNREGEEEEEDD). Note that pp5VrDHN1 contains pseudophosphorylated residues 

that are not CK2 targets (S65 and S67). This was done to encompass a spectrum of 

possibilities under the assumption that CK2 was not the only kinase that targets the S-

segment, as was suggested by Goday et al., 1994. The presence of 

pseudophosphorylated residues reduced DNA binding, and five pseudophosphorylated 

residues abolished it (Figure 8). It has not been shown yet how many serine residues in 

the S-segment are simultaneously phosphorylated in vivo. Therefore, the inhibition of 

binding observed with the pp5VrDHN1 construct may or may not be biologically 

relevant. The elimination of the gel shift that was seen in pp5VrDHN1 is logical 

considering the large negative charge that pseudophosphorylation adds to the protein. 
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Since the association of VrDHN1 to DNA is likely an electrostatic association between 

the positive charges on VrDHN1 and the negatively-charged phosphate backbone of 

DNA, the addition of so many negatively-charged groups would interfere with this 

interaction. The inhibitory effect of three or more pseudophosphorylation sites suggests 

that the amount of phosphorylation required to recruit an NLS protein must be less than 

three sites. Alternatively, a dephosphorylation step could be performed once VrDHN1 

enters the nucleus, although this should be investigated further because it is not yet 

known which phosphatases might target dehydrins.  

Despite the reduction in gel shift seen in Figure 8, when pp1VrDHN1, 

pp3VrDHN1, and pp5VrDHN1 were added to the plasmid isoform assay, there was no 

significant difference seen in the amount of recovered supercoiled DNA, and therefore 

of the protection that VrDHN1 is able to provide to DNA against oxidative damage 

(Figure 11). This observation suggests that the reduced binding abilities of the 

pseudophosphorylated constructs are still enough to localize the dehydrin to the DNA 

and thus shield it from damage. Although no gel shift was seen for the pp5VrDHN1 

construct (Figure 8), which would suggest that it does not bind to DNA, I believe that 

the binding effectiveness has merely been reduced below the threshold at which it can 

be seen in the EMSA, but that it still remains weakly bound. This is because β-casein is 

a protein which cannot bind DNA, and it is unable to recover any supercoiled DNA in the 

plasmid isoform assay. If pp5VrDHN1 were entirely unbound, it would be expected to 

result in a similar level of protection as β-casein. Furthermore, what the protection 

conferred to DNA by pp5VrDHN1 implies is that the binding strength of the interaction 
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between VrDHN1 and DNA need only be minimal for protection to occur, and that 

phosphorylation of the S-segment, should it be required for nuclear localization, would 

not interfere with the ability of VrDHN1 to protect DNA from oxidative damage.  

Another topic that requires additional research is the effect of SnRK2.10 

phosphorylation on VrDHN1. A pseudophosphorylated protein designed to mimic the 

effects of SnRK2.10 phosphorylation would have the following S segment, with the 

pseudophosphorylated residue underlined: (LNRSGESSSEDD). It would be interesting 

to compare the two singly-pseudophosphorylated constructs mimicking the effects of 

CK2 and SnRK2.10 individually to determine if they are both able to promote nuclear 

localization, and additionally, which NLS proteins were recruited. 

5.4 Expression of VrDHN1 during Stress 

For my thesis, I proposed that VrDHN1 binds to DNA sequence non-specifically 

in order to shield it from ROS attack during abiotic stress. In Figure 3, the expression of 

VrDHN1 was shown to increase in response to cold, dehydration and ABA to varying 

degrees. This agrees with the mRNA expression data found by Xiao and Nassuth, 

2006, although mRNA levels were found to be upregulated in as little as an hour 

following exposure to stress (Xiao and Nassuth, 2006). Preliminary protein extraction 

experiments were done with Vitis riparia vines stress-treated for periods shorter than 24 

h, but no VrDHN1 was detected (results not shown). This is likely a result of the longer 

time needed for protein translation to occur after mRNA transcription. Even if there was 

some protein being produced at those times, the detection limit of Western blotting may 

not have allowed us to observe these low amounts. 
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Another issue is antibody sensitivity. The intrinsically-disordered nature of 

dehydrins makes it difficult to raise high-specificity antibodies against them because 

there is no ordered secondary structure motif for the antibody to recognize. This means 

that larger quantities of dehydrin are necessary for the protein to appear on a blot. I 

utilized both a commercially-made dehydrin antibody (Agrisera, results not shown), and 

the one generously provided by Timothy Close, and found the antibody provided by 

Timothy Close to be slightly more sensitive, although both antibodies resulted in a 

significant number of non-specific bands. Any proteins found in the plant with a 

sequence resembling the canonical K-segment could be recognized by the antibody, 

resulting in the extra bands seen in Figure 3. Recombinant VrDHN1 was run as a 

positive control in order to locate the band that represents in vivo VrDHN1. It is 

assumed that the other bands are not additional dehydrins, since only two dehydrin 

transcripts were identified in the Vitis riparia genome: VrDHN1 and a smaller, spliced 

variant of VrDHN1 that has only the two K-segments. No bands of a lower molecular 

mass than VrDHN1 were seen in the protein extracts under any of the conditions, 

suggesting that the mRNA splice variant detected by Xiao and Nassuth, 2006 is not 

translated. The importance of Figure 3 is that VrDHN1 protein expression is found to be 

upregulated in response to ABA, drought and dehydration stress, and that the role of 

the protein is therefore related to these abiotic stresses.  

5.5 Protection of DNA from ROS Attack 

A pervasive threat during stress to almost all macromolecules in the cell is the 

presence of reactive oxygen species (ROS). In 2013, Rajan et al. (2013) used a plasmid 
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isoform system to monitor strand breakage of DNA caused by hydroxyl radicals. This 

system utilized the fact that undamaged DNA is supercoiled, single strand-nicked DNA 

is open circular, and double strand-cut DNA is linear. Following treatment with hydroxyl 

radicals and the protein of interest, the forms of the plasmid are separated on an 

agarose gel, and their relative abundance compared (Rajan et al., 2013). When 

performing this assay, I used the pETSUMO plasmid in place of the previously-used 

pkTOL2 plasmid for the EMSA because smaller plasmids are less prone to strand 

breakage during purification; having a high percentage of supercoiled DNA in the 

undamaged control is important to be able to assess DNA protection. If the DNA is 

damaged prior to the assay, the difference between the undamaged and damaged 

control samples will be small, which would create a narrow range in which to observe 

the protective effects of additive proteins.  

The plasmid isoform assay showed that VrDHN1 is able to protect DNA against 

strand breakage by ROS in an in vitro experiment (Figure 9). In the untreated control, 

supercoiled plasmid was the predominant form. The addition of 6.67 mM H2O2 and 

exposure to UV light linearized most of the plasmid. Considerable damage was 

prevented by the addition of an increasing concentration of VrDHN1. This shows that 

the binding of VrDHN1 to DNA can provide protection against ROS attack. However, the 

plasmid DNA was not fully supercoiled to begin with. In the undamaged control sample, 

59% of the DNA was supercoiled and 41% was already partially damaged in open 

circular form. Additionally, the damaging conditions did not fully linearize the plasmid 

DNA. In the damaged control sample, 57.8% of the DNA was partially damaged and 
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42.2% was fully damaged (linear). This means that the percentage of recovered 

supercoiled DNA does not directly represent the percentage of protection that the 

protein provides. Instead, the amount of supercoiled DNA recovered must be compared 

to the amount of supercoiled DNA that existed in the DNA stock, as represented by the 

amount of supercoiled DNA in the undamaged control sample. In this vein, the presence 

of VrDHN1 reduced the occurrence of double-stranded nicks by 39.5%, and therefore 

provided ~40% protection. It is also important to note that VrDHN1 was bound to the 

plasmid DNA during the exposure to ROS; the proteinase K digestion step was 

necessary to remove the protein from the DNA in order for the plasmid isoforms to be 

visualized unshifted on a gel.  

The ability of VrDHN1 to scavenge ROS is consistent with what was shown by 

Hara et al. (2004), where CuCOR19 was found to scavenge both hydroxyl radicals from 

the Fenton reaction and alkylperoxyl radicals and hydroperoxides generated from 2, 2′-

Azobis (2-amidino-propane) (AAPH) by intercepting ROS attack, in particular using the 

amino acids Gly, His, and Lys, thereby preventing damage to lipids (Hara et al., 2004). 

While Hara et al. (2004) showed the ROS scavenging activity of dehydrins, and in 

previous papers examined DNA binding by dehydrins (Hara et al., 2009), they did not 

investigate the correlation between DNA binding and DNA protection from ROS that is 

demonstrated by the plasmid isoform assay (Figure 9). 

As discussed above, metal ions had a stimulatory effect on the binding of other 

dehydrins to DNA, but not on the binding of VrDHN1 to DNA (Figure 7). As well, the 

additional of metal ions to the plasmid isoform assay did not increase the protective 
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ability of VrDHN1 (Figure 10). Unlike Cu2+ and Ni2+, Zn2+ ions had no negative effect on 

the protection of DNA. This is consistent with what has been shown for the role of Zn2+ 

during oxidative stress; because Zn2+ is catalytically inert, whereas Cu2+ and Ni2+ 

catalyse the formation of hydroxyl radicals, Zn2+ is often released during stress to 

compete with Cu2+ and Ni2+ for binding to membranes so that they are exposed to less 

ROS (Marreiro et al., 2017). The addition of Cu2+ and Ni2+ ions to the plasmid isoform 

assay resulted in no bands being seen at all (Figure 10). This is likely due to the fact 

that metal ions can catalyse the formation of hydroxyl radicals from hydrogen peroxide, 

and it is likely that these ions caused increased hydroxyl radical formation and that the 

DNA was entirely destroyed (Demidchik, 2017). 

The plasmid isoform assay showed DNA protection by VrDHN1 in vitro. In vivo 

data to confirm such functions is always desired in order to demonstrate the biological 

relevance of the in vitro findings. However, there were many difficulties associated with 

developing in vivo assays. I attempted to use the comet assay to measure DNA strand 

breakage from ROS ex vivo, but there were many complications. Firstly, the addition of 

exogenous protein, both β-casein and VrDHN1, increased the length of the comet tails, 

even when nuclei were not exposed to ROS (Figure A4). This was an unexpected 

result, since β-casein does not bind to DNA, and should not be interacting. Furthermore, 

the fact that β-casein produced the same effect as VrDHN1 suggests that this tail-

lengthening effect in the control samples is likely not caused by interaction of the 

proteins with DNA. Secondly, the β-casein control resulted in similar levels of protection 

as VrDHN1against oxidative damage. I believe that this may be due to the method of 
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application of the protein; the protein was applied to the nuclei after they were 

suspended in agarose and the cell membranes had been lysed. Although the protein 

should have been technically able to reach the nucleus, diffusion through 1% low 

melting point agarose (LMPA) may be very slow. I believe that the protection that was 

seen from both β-casein and VrdHN1 was the result of these proteins reacting with 

some of the ROS in the sample as they were diffusing towards the nucleus, but that the 

proteins themselves likely did not reach the DNA in order to interact in a meaningful 

way. I had previously attempted to circumvent this issue by using stably-transformed 

BY-2 cells expressing VrDHN1-RFP in the comet assay. This would have produced 

comets where we could confirm through fluorescent microscopy that the dehydrins were 

co-localizing with the DNA. However, this attempt was unsuccessful; while I was able to 

transform BY-2 suspension culture cells, as confirmed by fluorescent microscopy, the 

cells did not proliferate, and I was therefore unable to grow a sufficient number of 

transformed cells to generate protoplasts for the comet assay. 

I also attempted to use an ex vivo Enzyme-linked Immunosorbent Assay (ELISA) 

to measure the amount of 8-hydroxy-2' -deoxyguanosine (8-OHdG), a standard 

measurement of oxidative DNA damage, in VrDHN1-expressing leaves exposed to 

hydroxyl radicals. Control plants were prepared expressing either no protein or CBF1-

PKK, the nuclear targeting domain of a DNA-binding transcription factor. Nicotiana 

benthamiana leaves were agroinfiltrated with VrDHN1, and, after 48 h, leaves were 

harvested and floated in either ddH2O or in 25, 50 or 75 mM of hydroxyl radicals 

generated using the Fenton reaction. After exposure to ROS, total genomic DNA was 
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extracted from the leaves and the DNA was assayed for 8-OHdG content (Figure A5). 

There were several challenges associated with this assay. Firstly, the yield for the DNA 

extraction kit (PureLink) was quite low (~2 μg), and although this is expected from the kit 

and other kits of this kind, it resulted in very small amounts of 8-OHdG compared to the 

level of detection that the ELISA kit was designed for. This resulted in a high standard 

deviation between replicates in the ELISA results, as the amount of 8-OHdG that I was 

trying to detect was barely above the baseline. I was able to increase the yield of the 

DNA tenfold through modifying the kit protocol; however, this was still not enough to 

overcome the sensitivity issues of the ELISA. Additionally, 8-OHdG yield could not be 

increased by increasing the severity of the hydroxyl radical treatment, as more severe 

treatments resulted in cell death, even further reducing the DNA yields. Of further 

concern with this assay was that the Nicotiana benthamiana plants were transiently 

infiltrated through the lower epidermis, and although the leaves were floated such that 

the lower epidermis was in contact with the Fenton reagents in order to introduce both 

the treatment and the damage via the same route, it is not known how far through the 

leaf the agroinfiltration was able to penetrate compared to the hydroxyl radical 

treatment. Additionally, even in cell layers that were successfully infiltrated, not every 

cell in that layer was infiltrated. This could result in some cells in the VrDHN1-treament 

sample being exposed to hydroxyl radicals but not to VrDHN1, thus generating false 

negative results. This obstacle might have been managed if DNA yields from the 

extraction kit were high enough that epidermal peels of the leaves could be used, but 

given the low DNA yields, this technique would not have provided nearly enough tissue 
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for the extraction. This obstacle could also have been overcome using stably-

transformed Nicotiana benthamiana. However, given that genomic DNA extraction 

yields were still a concern, this avenue was not further explored. 

During abiotic stress, the increased production of reactive oxygen species poses 

a huge threat to cellular macromolecules (proteins, lipid membranes, and DNA). 

However, it is still necessary for DNA to remain transcriptionally active in order to keep 

the cell alive and express genes associated with stress tolerance and survival. These 

areas of euchromatin would be particularly susceptible to ROS attack. Dehydrins such 

as VrDHN1 pose a solution to this problem. They are localized to the nucleus (Figures 

1 and 2) and expressed during stress (Figure 3), which allows them to be in the right 

place at the right time to shield DNA. Additionally, their high expression levels, and 

sequence non-specific binding, demonstrated through 15N-HSQC NMR and EMSA 

(Figures 5 and 6), would allow them to protect many areas of DNA, regardless of 

sequence. This ability to shield DNA against oxidative damaged has been shown in the 

plasmid isoform assay (Figures 9 and 11). I propose that dehydrins bind to the 

euchromatin of stressed cells to protect genes that are being transcribed during stress. 

Many dehydrins have been shown to bind to DNA, and in 1994, Godoy et al., 

specifically found that the tomato Tas14 YSK2 dehydrin was associated with 

euchromatin (Godoy et al., 1994). The relatively low binding affinity that dehydrins 

exhibit for DNA would allow them to be easily replaced by incoming transcription factors 

and other cell machinery that binds more tightly to DNA, but would be strong enough to 
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keep the dehydrins in proximity to DNA in order to provide the best coverage and shield 

against oxidative damage.  

5.6 Lack of Interaction between the Y-segment and ATP 

It was proposed by Close (1996) that the Y-segment of dehydrins may bind 

nucleotides due to its sequence similarity to the ATP-binding region of the GroEL and 

GroES chaperones, which mediate protein folding in the cytosol (Martin et al., 1993). 

There are, however, several issues with this theory. Firstly, the central Tyr in the Y-

segments ((V/T)D(E/Q)YGNP), although largely conserved, is often replaced by Phe or 

His in dehydrins (Malik et al., 2017). In the ATP-binding sequence of the chaperone 

proteins, the tyrosine is the only residue that is completely conserved, since it is the 

residue that interacts with the nucleotide base (Martin et al., 1993). Also, these 

sequences are quite short (seven residues long) and it is therefore much more likely 

that their similarity could have arisen by chance than if it were a longer sequence. 

Another important difference is that dehydrins are intrinsically-disordered proteins, 

whereas GroEL and GroES are not, with the exception of the GroES mobile loop that is 

involved in the binding between GroES and GroEL (Shewmaker et al., 2001). GroEL 

hydrolyses ATP in order to undergo conformational change, but dehydrins have no 

need for this structural change. Another consequence of this difference in structure is 

that the Y-segment of YSK2 would have to position and bind the nucleotide on its own, 

whereas there is an additional triphosphate binding region in GroEL and GroES that 

assists in nucleotide binding (Martin et al., 1993).  
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Although unlikely, the theory of nucleotide binding by the Y-segment has been 

repeated persistently enough in the dehydrin field that that it needed to be tested. To 

begin, I used CD spectroscopy to probe the structure of VrDHN1 in the presence of 

ATP, since disordered proteins may gain structure upon binding to a ligand (Habchi et 

al., 2014). Here, CD spectroscopy revealed that VrDHN1 does not gain ordered 

secondary structure in the presence of ATP or any of its components (Figure 14A). 

However, a gain in structure by disordered proteins is only a possible indicator of 

binding, not a requirement. Moreover, 15N-HSQC NMR spectroscopy showed that there 

was no interaction between ATP and VRDHN1 (Figure 14B). The metal cofactor Mg2+ 

commonly participates in the binding of proteins to DNA, but its addition to the sample 

did not induce binding. Significantly, NMR would show any interaction between the 

species even if it did not result in a conformational change, since NMR detects the 

chemical environment around each nucleus. This evidence disproves the commonly 

repeated theory, and opens the door for further investigation of the Y-segment. Since Y-

segment-containing dehydrins tend to localize to the nucleus, some kind of nuclear 

function is a possibility.  

5.7 In-cell NMR 

 It is a possibility that dehydrins might gain structure when in cells due to the 

crowded environment of the cytoplasm. I attempted to explore this possibility using both 

in-cell NMR and NMR using cytoplasmic extracts; however, the introduction of 

isotopically-labeled protein into plant cells proved to be a barrier. This problem has been 

investigated by other groups, only to encounter similar issues (Cedeño et al., 2017). 
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One avenue that could be pursued is the transformation of plant cells with the gene of 

interest, followed by growth in isotopically-labeled medium. The drawback of this 

method is that every protein produced by the cell would show up in the NMR spectrum, 

thus dramatically increasing the background noise, which would make it difficult to 

detect the protein of interest, even when it is being overexpressed. It is for this reason 

that I attempted to use biotinylation of recombinantly-produced isotopically-labeled 

VrDHN1 to promote its uptake into the cell, a technique that was used to promote 

macromolecule-uptake into soybean cells (Horn et al., 1990). Unfortunately, neither 

suspension cell cultures, nor protoplasts transported biotinylated VrDHN1 into the cell 

(Figure A6). 

 I then used cytoplasmic extracts of BY-2 tobacco cells to mimic the cellular 

environment as closely as possible given the challenge of the in-cell experiments. In the 

first experiment performed, a change was seen in the chemical shifts of the Y-segment 

of VrDHN1, indicating a possible binding partner of VrDHN1 in the cytosol. However, in 

future attempts to repeat this experiment, no shifts other than those caused by pH were 

ever observed (results not shown). I attempted extractions from E. coli, BY-2 

suspension cell cultures, BY-2 protoplasts, and BY-2 suspension cell cultures stressed 

via ageing in an attempt to replicate the results found in Figure A7 without success. 

Additionally, the method of extraction, and the filtration of the extract were varied to 

determine if this had an effect on the chemical shifts of VrDHN1, but none was seen. 

The shifts seen in Figure A7 could have been an artifact caused by the process of 
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cytoplasmic extraction, or a result of some variability in the metabolites produced by the 

BY-2 suspension cell cultures that cannot be easily replicated.  

5.8 Other Functions of Dehydrins 

Dehydrins have long been shown to act as molecular shields, and VrDHN1 has 

previously been shown to protect the lactate dehydrogenase (LDH) enzyme against 

freeze-thaw damage in the cryoprotection assay. In this assay, VrDHN1 was shown to 

have a 50% recovery value (knows as PD50) of 0.5 μg/mL (Hughes and Graether, 2011; 

Ferreira et al., 2018; Hughes et al., 2013). In Figure 12, VrDHN1 shows a 50% 

recovery value of 1 μg/mL VrDHN1. Although this value is slightly higher than what was 

previously seen, this discrepancy can be accounted for by the inherent variability of the 

assay due to different batches of LDH enzyme, and the variability introduced by the 

freezing process. The fact that the 50% recovery value was reasonably close to the 

previously observed value confirms that VrDHN1 is able to act as a molecular shield to 

protect enzymes during cold stress. Along with enzymatic protection, dehydrins have 

also been proven to protect membranes from damage during stress (Eriksson et al., 

2016; Atkinson et al., 2016; Clarke et al., 2015; Eriksson et al., 2011). In the work done 

by Eriksson et al., 2016, the dehydrin Lti30 was shown to interact with negatively-

charged lipids. Due to the fact that the dehydrin was exposed to trypsin digestion while 

bound to the membrane, it was suggested that the interaction was with the head groups 

only, and that the dehydrin did not become buried in the membrane. Lti30 differs from 

VrDHN1 in the presence of flanking histidine residues around the K-segments, which 

were shown to be crucial to its interaction with membranes. However, the K-segments 
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of VrDHN1 have been shown to interact with membranes despite their lack of flanking 

histidine residues. The K2 protein, a splice variant of VrDHN1 containing only the K-

segments, was able to interact with liposomes which were negatively-charged, and with 

SDS micelles. This interaction caused a slight increase in α-helicity, and helped the 

membranes to remain fluid at low temperatures (Clarke et al., 2015). In addition to the 

electrostatic interaction of Lti30 with negatively-charged lipid headgroups, the dehydrin 

Rab18 was shown to bind specifically to the phosphatidylinositols PI(4,5)P2 and PI(5)P 

(Eriksson, 2016). This specific interaction with a lipid headgroup had not been reported 

before for dehydrins; therefore, I decided to investigate this interaction with VrDHN1. 

Using 15N-HSQC NMR with the lipid head group D-myo-inositol 1,4,5-tris-phosphate 

trisodium salt, I found only small differences in the chemical shifts of VrDHN1 alone and 

in the presence of myo-inositol, which are not enough to indicate binding. However, free 

lipid headgroups in solution present a different binding target than a raft of headgroups 

organized in a membrane, and the interaction between K2 and lipids was shown to be 

weak (Kd of 19 μM) (Clarke et al., 2015), which means that the conditions of NMR may 

have been too far removed from a membrane for meaningful binding to be observed.  
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6 Conclusion 
In this thesis, I explored the long-proposed nucleotide binding role of the Y-

segment of dehydrins, and showed using both circular dichroism and NMR that there is 

no interaction between ATP and the Y-segment, or any other portion of the VrDHN1 

protein. Additionally, I investigated several different interactions of VrDHN1 with various 

ligands, showing that VrDHN1 can shield the enzyme LDH from cold damage, and that 

it interacts very weakly with myo-inositol. I also attempted to study the in-cell structure 

of VrDHN1 using NMR, but was limited to the use of cellular extracts because of 

difficulties with introducing labeled protein into plant cells. Most notably, here I 

examined the abiotic stress-induced expression, nuclear localization, and DNA-

protective role of the YSK2-type Vitis riparia dehydrin, VrDHN1. Integrating the DNA-

binding ability of VrDHN1 using the EMSA assay with the ROS-protection in the plasmid 

isoform assay, I propose a model of DNA protection against oxidative damage where 

VrDHN1 co-localizes with DNA in a low-affinity and non-sequence specific manner to 

reduce damage caused by an ROS attack, but still allow for normal DNA function. 
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APPENDICES  

7 Appendix: Methods 
7.1 In Cell NMR of Biotinylated VrDHN1 

7.1.1 Biotinylation of VrDHN1 

One milligram of VrDHN1 was dissolved in 1 mL of 50 mM phosphate, pH 6.5. A 

10 mM stock solution of biotin N-hydroxy succinimide ester was dissolved in DMSO 

(dimethyl sulfoxide) and 35.95 μL of this stock was added to the 1 mg/mL VrDHN1 

solution to create a 5x molar excess of biotin. The protein-biotin solution was incubated 

at 4ᴼC for 12 h. Reversed-phase HPLC was used to purify the labeled VrDHN1 from the 

excess biotin in the same manner as described under 3.1.4 Protein Purification. LC-Q-

TOF mass spectrometry was used to measure the amount of biotinylation of VrDHN1.  

7.1.2 Uptake of Biotinylated VrDHN1 into BY2 Cells and Protoplasts 

Both suspension culture cells and protoplasts were tested. Protoplasts were 

generated as described in 7.2.1 Protoplast Preparation. In duplicate, biotinylated 

VrDHN1 (200 μg) was combined with the protoplasts generated from 5 mL of 

suspension cell culture pellet, or with 5 mL suspension culture cell pellet. Each mixture 

was resuspended in 5 mL of Protoplast Incubation Buffer (4 mM MES, 0.5 M mannitol, 

20 mM KCl, pH 5.8). One replicate was incubated for 6 h at 25ᴼC with shaking while the 

second replicate was incubated for 6 h at 25ᴼC with shaking.  

7.1.3 Detection of VrDHN1 Uptake 

After incubation, 1 mL of the cell suspension or protoplasts were removed and 

centrifuged at 200xg for 1 min and washed with 1 mL PBS three times, then 
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resuspended in PBS with 1 μL of 100x protease inhibitor cocktail. Samples were lysed 

either with 1% Triton X-100 or via bead beating with chrome steel balls for 20 s at 

maximum speed, with 30 s pauses on ice in between the beatings, a process which was 

repeated six times. Samples were then boiled for 10 min, and 15 μL were run on Tris-

tricine PAGE gels and detected via Western blotting with an antibody raised against the 

K-segment of dehydrins as describe in 3.9 Western Blotting of Phenol Extraction 

Samples. 

7.2 BY2 lysate NMR  

7.2.1 Protoplast preparation 

In a protocol derived from Dr. Baozhong Meng (unpublished results), cell extracts 

from Nicotiana benthamiana BY2 cells were harvested by centrifugation. These 

suspension cell cultures were grown for 6 days at 25ᴼC in the dark with shaking at 150 

rpm in BY-CM (4.3 g/L MS salts mix, 30 g/L sucrose, 100 mg/L myo-inositol, 200 μg/L 

2,4-D, 1 mg/L Thiamine HCl, pH 5.8). Suspension culture (50 mL) was collected by 

centrifugation at 200xg for 6 min at room temperature, and the supernatant was 

carefully removed with a serological pipette. The pellet volume was adjusted to 

approximately 5 mL, and then resuspended in 20 mL DW buffer (450 mM mannitol, 3.6 

mM MES, pH 5.8) with 1% macerase (20 mg) and 1.5% cellulase RS (300 mg). The 

cells were incubated at 37ᴼC on a nutator for 3 h. Protoplasts were collected by 

centrifugation at 100xg for 10 min at 4ᴼC. The pellet was washed twice with 25 mL 

chilled DW buffer and collected at 100xg for 10 min at 4ᴼC, after which the supernatant 

was removed. 
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7.2.2 BY-2 Cell Lysis 

The pellet was resuspended in ddH2O up to 5 mL, EDTA was added to 5 mM, 

and then 1/6th of a protease inhibitor tablet (cOmplete™ EDTA-free Protease Inhibitor 

Cocktail, Roche) was added to the suspension. Cells were lysed by sonicating 1 min 

on/1 min off for 15 min with a macro tip and a power set to level 4. The lysate was then 

centrifuged at 38,000xg for 30 min at 4ᴼC to remove insoluble materials, and then 

filtered with a 0.22 μm PVDF filter. The protein concentration of the lysate was 

measured with a NanoDrop™ with E1%=10. The lysate was then concentrated with a 10 

kDa cut-off concentrator by centrifugation at 4000 rpm for 30 min at 4ᴼC. The 

concentrated portion was kept at 4ᴼC, while the flow-through was lyophilized overnight 

and then added back to the concentrated fraction. 

7.2.3 Sample Preparation for Lysate Experiments 

The 650 μL sample was prepared with 0.2 mM 15N-VrDHN1, the maximal 

possible concentration of lysate (working concentration of 51.8 mg/mL), 0.01% sodium 

azide, and 0.01 mM DSS, and 5% D2O. 

7.2.4 Attempts to Replicate the Initial BY-2 Lysate NMR Experiment 

Attempts were made to replicate the results achieved with the above protocol first 

by varying the length of time that the BY-2 cultures were grown to 10 days and 13 days 

in separate attempts. In a second attempt, a cold stress was applied to a 3 day old 

culture at 4ᴼC for 3 days before harvesting. Thirdly, the high (retained) and low (flow-

through) molecular mass fractions of the lysate after concentration with a 10 kDa cut-off 

concentrator for 40 min at 3,800xg, were tested separately. In the last attempt, the 
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protoplast generation steps were skipped and instead a 5 mL BY-2 culture cell pellet 

was topped up to 8 mL water with 5 mM EDTA and 40 μL 100x HaltTM protease inhibitor 

cocktail (ThermoFisher Scientific #1858566), and then lysed as described above but 

filtered through a 0.45-μm filter. 

7.2.5 E. coli Growth 

A 5 mL culture of E. coli BL21(DE3) was grown for 8 h at 37ᴼC with shaking, then 

used to inoculate a 100 mL large culture which was grown overnight under the same 

conditions. The large culture was pelleted by centrifugation at 6,000xg for 15 min at 

4ᴼC, and then lysed and the sample prepared in the same manner as described for the 

BY-2 cells. 

7.3 8-OHdG ELISA  

7.3.1 Nicotiana benthamiana growth 

Nicotiana benthamiana plants were agroinfiltrated following the methods 

described in the 3.10.4 Agroinfiltration protocol, except that leaves were infiltrated with 

the amounts of Agrobacterium cultures as shown in Table 1. Plants were grown for 40 h 

under normal growth chamber conditions. After 40 h, infiltrated and non-infiltrated 

leaves of approximately the same size were removed with a razor blade. 
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Table 1. OD600 of Agrobacterium cultures used to infiltrate Nicotiana benthamiana 
plants used in the 8-OHdG ELISA. The pCambia plasmid encoding the CBF1PKK gene 
was a generous gift from Dr. Annette Nassuth, University of Guelph. 

 OD600 

Sample Name pCambia-VrDHN1-
stop 

pCambia encoding 
the CBF1PKK gene  

pCambia with a P19 
protein insert 

VrDHN1 0.3 - 0.15 

Nuclear control - 0.3 0.15 

No-protein control  - 0.3 
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7.3.2 Oxidative Damage 

Harvested Nicotiana benthamiana leaves, agroinfiltrated as described above in 

7.3.1 Nicotiana benthamiana growth, were weighed, and 300 mg of diced leaf tissue 

was allocated for each sample. Samples were run in duplicate for each of the three 

infiltrations at each of the four concentrations of Fenton reagents. The diced pieces 

were floated with the lower epidermis facing downwards for 2.5 h in 10 mL of ddH2O, 

and 25, 50, or 75 mM each of the Fenton reagents (FeSO4 and H2O2). The tissue was 

then washed twice with 12 mL ddH2O, patted dry, and transferred to microfuge tubes. 

7.3.3 DNA Extraction 

DNA was extracted from Nicotiana benthamiana using the PureLink Plant Total 

DNA Purification Kit (Invitrogen) according to the manufacturer’s instructions, with some 

modifications as described: 300 mg of plant tissue was used in the extraction, all of the 

lysate was loaded onto the spin column in two parts, total genomic DNA was eluted in 

120 μL of sterile ddH2O, which was then re-applied to the column and used for a second 

elution. The DNA was denatured by heating at 100ᴼC for 2 min, and then the samples 

were immediately chilled on ice. Fifty microliters of 5xS1 nuclease reaction buffer and 

20 U S1 nuclease were then added to the DNA. The reaction mixture was incubated at 

37ᴼC for 5 h to allow for digestion of DNA into nucleotides. Following digestion, 25 μL of 

dephosphorylation buffer and 5 U of alkaline phosphatase were added, and then the 

reaction mixture was incubated at 37ᴼC for 2 h. 
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7.3.4 8-OHdG ELISA 

The ssDNA concentration was measured on a NanoDrop™ (ThermoFisher). The 

DNA Damage ELISA kit (Enzo, ADI-EKS-350) was used to measure the concentration 

of 8-OHdG in each sample in duplicate following the manufacturer’s instructions, but 

without the samples being diluted in Sample Diluent. The ELISA was run according to 

the manufacturer’s instructions. 

  



 

 

142 

 

8 Appendix: Figures 

 

Figure A1. LOGO representations of the conserved motifs of dehydrins from Malik et 
al., 2017 (copyright Malik et al., 2017). The heights of the letters represent the 
frequency at which that amino acid occurs at that position among dehydrins. A) The Y-
segment B) The S-segment C) The K-segment. 
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Figure A2. The sequences of the VrDHN1 protein and the pseudophosphorylated 
VrDHN1 constructs from N- to C-terminus. The Y-segment is highlighted in green; the 
S-segment in red; the K-segments in purple. Pseudophosphorylated residues are 
highlighted in orange. 
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Figure A3. VrDHN1 protection against ROS generated by UV/H2O2. Lanes 1 and 9 
contain 1kb DNA ladder. Lane 2 contains 4 nM undamaged pETSUMO plasmid control . 
Lane 3 contains 4 nM damaged pETSUMO control. Lanes 4-8 contain 4 nM pETSUMO 
plasmid damaged in the presence of increasing concentrations of VrDHN1. Plasmid 
forms were separated on an agarose gel and band density was compared. 
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Figure A4. Comet assay of BY-2 N. benthamiana protoplasts for the protection of DNA 
ex vivo. Representative images of the comets stained with 10 μg/mL DAPI are shown: 
A) PBS control, undamaged B) PBS control, treated with 1 mM H2O2 C) 1 mM β-casein 
control, undamaged D) 1 mM β-casein control, treated with 1 mM H2O2 E) 1 mM 
VrDHN1, undamaged F) 1 mM VrDHN1, treated with 1 mM H2O2. G) The average tail 
DNA percentages of the samples are shown with standard error bars. 
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Figure A5. Enzyme-linked immunosorbent assay for 8-hydroxydeoxyguanosine to 
measure oxidative DNA damage in detached N. benthamiana leaves floated on a 
solution of hydroxyl radicals generated via the Fenton reaction. Leaves were 
agroinfiltrated to transgenically express: VrDHN1 – blue, CBF1 – red, no-protein control 
– green. Asterisks denote samples that are significantly different from the Control at a 
significance level of p<0.05. 
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Figure A6. Western blot using antibodies raised against the canonical K-segment to 
detect the presence of VrDHN1 inside BY-2 tobacco protoplasts. Biotinylated VrDHN1 
was incubated with the protoplasts at 25ᴼC for 6 or 24 hours before protoplasts were 
washed and lysed. The lysate was run on a Tris-tricine SDS-PAGE gel, and then a 
Western blot was run using an antibody raised against the canonical K-segment to 
detect dehydrins. 
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Figure A7. Overlap of 15N-HSQC spectra of 0.2 mM VrDHN1 in pH 6.0 phosphate 
buffer and in 51.8 mg/mL (total protein) cytoplasmic extract from BY-2 tobacco 
suspension culture cells. Spectra were collected at 300 K and 600 MHz. The amide 
cross-peaks are labeled.  

 


