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ABSTRACT 
 

The Role of Intrinsically Disordered Thellungiella salsuginea dehydrins TsDHN-1 and TsDHN-
2 in Stabilization of Membranes and Cytoskeletal Actin Filaments 

Luna N. Rahman       Advisors: 
University of Guelph, 2102      Professor George Harauz 
         Professor John Dutcher 
 

The group 2 late embryogenesis abundant (LEA) proteins, also known as the dehydrins, 
are intrinsically disordered proteins that are expressed in plants experiencing extreme 
environmental conditions such as drought or low temperature. In this work, we study the 
potential roles that dehydrins may have in stabilizing membranes and actin microfilaments 
during cold stress. We have cloned and expressed in E. coli two dehydrins from Thellungiella 
salsuginea, denoted TsDHN-1 (acidic) and TsDHN-2 (basic). These proteins were expressed as 
SUMO-fusion proteins for in vitro phosphorylation by casein kinase II (CKII), and for structural 
analysis by CD and Fourier transform infrared (FTIR) spectroscopy. We show using 
transmission-FTIR spectroscopy that ordered secondary structure is induced and stabilized in 
these proteins by association with large unilamellar vesicles emulating the lipid compositions of 
plant plasma and organellar membranes. The increase in secondary structure by membrane 
association is further facilitated by the presence of Zn2+. Lipid composition and temperature have 
synergistic effects on the secondary structure. Our single molecule force spectroscopy studies 
also suggest tertiary folding of both TsDHN-1 and TsDHN-2 induced by association with lipids. 
From Langmuir-Blodgett monolayer compression studies, and from topographic studies using 
atomic force microscopy at variable temperature, we conclude that TsDHN-1 stabilizes the 
membrane at lower temperatures. Finally, we show that the conformations of TsDHN-1 and 
TsDHN-2 are affected by pH, interactions with cations and membranes, and phosphorylation. 
Actin assembly by these dehydrins was assessed by sedimentation assays, and viewed by 
transmission electron and atomic force microscopy. Phosphorylation enabled both dehydrins to 
polymerize actin filaments, a phenomenon that may occur in the cytosols of plant cells 
undergoing environmental stress. These results support the hypothesis that dehydrins stabilize 
plant organellar membranes and/or the cytoskeleton in conditions of stress, and further that 
phosphorylation may be an important feature of this stabilization.  
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Chapter 1: Introduction 
 

1. OVERVIEW 
 

1.1. ABIOTIC STRESS 
 

Plants worldwide are continuously exposed to biotic and abiotic stresses. At present, 

abiotic stress remains the greatest limiting factor in the growth, development, and productivity of 

crops. It has been estimated that the world-wide crop yield is reduced by 70% due to abiotic 

stress [3]. The ever-growing human population and climate change are increasing the severity 

and consequences of stresses such as drought, heat, salinity, heavy metal toxicity, and cold. The 

degree of harm on the crop yield due to stress depends on the time, duration of exposure, and on 

the stage of growth when it is exposed. 

Each plant has a unique set of temperature requirements which are optimal for its growth 

and development. Plants which are native to warm habitats face injury when exposed to low 

temperatures. When maize (Zea mays), soy bean (Glycine max), cotton (Gossypium hirsutum), 

tomato (Lycopersicon esculentum), and banana (Musa sp.) in particular, are exposed to 

temperatures below 10-15°C, they exhibit signs of injury. The symptoms of stress injury can be 

observed within 72 hours. The common symptoms are leaf expansion, wilting, chlorosis 

(yellowing of leaves), and necrosis (death of tissue). Chilling also affects the reproductive levels 

of plants. The injuries are caused by a lipid phase transition, in the cytoplasmic and plasma 

membranes, from a liquid crystalline phase to a solid crystalline phase, which is associated with 

a chilling stress. The transition to a more rigid phase inhibits the permeability of water and solute 
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molecules in the cell. The loss of membrane fluidity may be enhanced by the inactivation of ion 

pumps or ion channels [281].  

Freezing stress on plants occurs at a temperature below 0°C. Freezing stress causes ice 

formation both in the intercellular and the intracellular space. Ice formation begins in the 

apoplastic space. Because of the low salt concentration, a vapor pressure gradient between the 

apoplast and the surrounding cell is established. The unfrozen water from the surrounding cells 

migrates to the apoplast, and causes enlargement of the existing ice crystals. This imposes a 

mechanical strain on the cell wall of the plasma membrane leading to eventual cell rupture 

[155,228]. At the same time, cellular dehydration could damage membranes through expansion-

induced cell lysis, fracture lesions, and lamellar to hexagonal II phase transitions. Freezing stress 

is also responsible for inhibiting the activities of oligomeric enzymes [290,291]. 

Moderate to extreme dehydration in plants may occur due to lack of significant rainfall or 

water deficiency in the soil, causing desiccation or drought stress, respectively. Dehydration may 

also be caused by excessive transpiration during very hot weather with low humidity, when the 

vapor pressure between leaves and the ambient air becomes large. Plants try to reduce the loss of 

water by closing their stomata, which also prevents the access of CO2 required for 

photosynthesis. Extremely high temperature also contributes to the irreversible damage of plant 

function and development. The rate of reproductive processes is excessively enhanced during 

extremely hot weather, causing reduced durations of photosynthesis [57]. 

In developing countries, salinity has become a huge threatening factor in crop production 

due to the use of poor irrigation water and improper drainage systems. In response to salinity, the 

salt-sensitive plants prevent the uptake of salt by controlling osmotic pressure through synthesis 
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of comparable solutes such as proline and glycine betaine. Salt-tolerant plants, halophytes, 

prevent damage to their metabolism by maintaining optimal salt concentrations in the cell 

cytosol by sequestering salt in the vacuole [86,183]. 

Trace amounts of certain heavy metal ions, such as aluminum and zinc, are vital to plant 

growth and development. Transition heavy metal ions, such as copper and iron, which are redox 

in nature, induce the production of reactive oxygen species, whereas non-redox metal ions 

prevent many biomolecular functions. Certain heavy metal ions are responsible for the 

displacement of essential metal ions [38,240]. 

  

1.2. DETRIMENTS OF ABIOTIC STRESS 
 

1.2.1. Dehydration 
 

Cellular dehydration is the common primary damage caused by freezing, drought, or salt 

stress. Loss of cellular water induces an imbalance in solute concentration and water potential 

gradient in the cell. Loss of membrane integrity and denaturation of proteins are also observed. 

During freezing and drought stresses, shrinkage of the plasma membrane is caused by water loss 

from the cell wall, whereas during salt stress the shrinkage is caused by water loss from within 

the cell. The cell wall remains intact during salt stress. 

 

1.2.2. Reactive oxygen species 
 

The accumulation of reactive oxygen species (ROS) arises as a secondary stress due to 

low temperature, drought, and salt stress. Metabolic processes are suppressed during low 
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temperature or heavy metal stress, promoting the formation of H2O2. Highly reactive *OH 

radicals may be generated from H2O2 via the Fenton reaction in the presence of copper or 

cadmium ions, or via the metal-independent Haber-Weiss reaction. During the Fenton reaction, 

the metal ions facilitate the formation of *O2 radicals. Reduced CO2 fixation, caused by stress, 

also induces the formation of H2O2 and *O2 radicals leading to oxidative stress. The suppressed 

catalase activity during stress may contribute to the accumulation of H2O2, as well. The anti-

oxidative mechanism is usually overwhelmed by the production of ROS during stress. The free 

radicals generated by the reactive oxygen species pose a threat by damaging proteins, DNA, 

lipids, and carbohydrates in plant cells [5,48,95,96,98,190]. 

 

1.3. STRESS AVOIDANCE AND STRESS TOLERANCE 
 

Stress-intolerant plants may cope with stress by avoiding the stress. On the other hand, 

stress tolerance in plants is induced by accumulation of osmolytes, osmoprotectants, and altered 

gene expression. Succulent species with thick tissue mass and high water content are known to 

accumulate residual heat during the day, which they slowly dissipate at night [3,188] in order to 

avoid cold stress. Many annual herbs are able to avoid cold stress by being dormant as seeds 

[131], or by super-cooling to prevent ice nucleation. Some extremely hardy species are able to 

generate a very viscous liquid glass intracellularly to prevent ice nucleation [297]. 

Low temperature tolerance in plants is achieved in three stages. The first stage is 

achieved by plant exposure to a very low but above-zero temperature. In the second stage, the 

plant is exposed to sub-zero temperatures. Some plants may need the combination of a short 

photoperiod and exposure to a low temperature. In the final stage, the plants recover from the 
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winter weather [156,281]. Among many other cold-acclimation processes, one is the induction of 

a gene encoding the Late Embryogenesis Abundant (LEA) proteins. At least six different groups 

of LEAs have been defined based on expression patterns and protein sequences 

[20,118,271,294]. The LEA proteins were first identified as factors allowing seeds to withstand 

desiccation, but were soon realized to be involved in the stress response of many plant species, 

and can also be induced by abscisic acid (ABA). Almost all LEAs are hydrophilic, and are 

considered to be part of a larger group of proteins known as “hydrophilins”. The way in which 

LEAs protect plants from environmental stress is not completely understood, although numerous 

mechanisms have been described. 

 

1.4. DEHYDRINS - GROUP 2 LEA PROTEINS 
 

The group 2 LEA proteins, also known as dehydrins, have been amongst the most widely 

studied [5,19,21,42,76,118,144,145,206,207,271,294]. These proteins are generally enriched in 

glycyl and lysyl residues, but lack cysteinyl and tryptophanyl residues. Several hundred 

dehydrins have been purified from different sources; they range in size from ~5 to >200 kDa. 

They are characterized by the presence of several conserved sequences. All dehydrins contain at 

least one K-segment, a lysine-rich domain that has the potential for electrostatic and hydrophobic 

interactions with membranes attributed to the formation of amphipathic α-helices 

[5,36,42,43,56,76,118,142,143,206,207,226,271,294].  

Dehydrins may also contain one or more S-segments and/or Y-segments and a less 

conserved ϕ-segment (Figure 1.1). The S-segment is a serine-rich domain which may be 

phosphorylated, modulating the dehydrin protein’s ability to bind ligands such as metal ions 
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[7,36,42,43,56,76,108,118,142,143,206,207,226,271,294]. The Y-segment is found at the N-

terminus and is similar to the nucleotide-binding sites of plant and bacterial chaperone proteins 

[5,19,42,56,128,224,309]. The ϕ-segment is usually rich in polar amino acids. 

 

 

Figure 1.1. A linear representation of a YSK2-dehydrin. Y: the Y-segment (V/T)DEYGNP), 
S: the S-segment, K: the K-segment ((Q/E)K(P/A)G(M/L)LDKIKA/Q)(K/M)(I/L)PG) and 
ϕ: the ϕ-segment. This figure was adapted from reference [226]. 

 

Dehydrins can be categorized into different classes based on their combinations of K-, S-, 

and Y-segments, and some are interspersed with ϕ-segments [5,42,56,95,96,224,309]. 

Depending on the presence of different conserved segments, dehydrins can be classified into 

various groups, such as YnSK2, Kn, SKn, and Y2Kn. The YnSK2 proteins, with 1 to 3 Y-segments, 

are the most abundant dehydrins, and are either basic or neutral in nature. The Kn dehydrins have 

2 to 9 K-segments and they are acidic or neutral in nature. The SKn and Y2Kn dehydrins have 2 

to 3 and 1 to 2 K-segments, respectively. 

 

1.5. DISTRIBUTION IN PLANTS 
 

Dehydrins are distributed in different tissues during plant growth and development. The 

localization of dehydrins in several plant tissues has been investigated by immuno-histochemical 

methods. The majority of dehydrins have been found in the vascular tissues. The dehydrin 

known as P-80 is localized in the vascular tissue and epidermis of shoots of cold-acclimated 
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barley [35]. Drought-tolerant proteins DSP16 and DSP16-like proteins were preferentially found 

in cytoplasm rich cells like phloem sieve tube elements in C. plantgineum [231]. Wheat proteins, 

WCS120 and WCOR410, are localized in the vascular bundles and vascular transition area, 

respectively [60,114,231]. The maize dehydrin RAB17 was found to be localized in the mature 

seeds [60,81,231].  

The subcellular localization of the above dehydrins has also been analyzed. The 

localization was not limited to one particular cellular area. The PCA-60 dehydrin was detected 

mainly in the cytosol and nucleus, but was also found in chloroplasts [297]. The wheat dehydrin 

WCOR410 was found in the vicinity of the plasma membrane [60]. Two cold-acclimated 

dehydrin-like proteins were found to be associated with the mitochondria [29,30]. Even though 

most dehydrins studied were found in the nucleus and cytosol, some dehydrins were located in 

other cellular areas, such as in the plasma membrane, chloroplast and mitochondria [60,81,297]. 

The location of some dehydrins was found to be dependent on their post-translational 

modifications. Phosphorylation of maize RAB17 resulted in targeting it to the nucleus 

[60,81,231,284]. 

 

1.6. DEHYDRINS - INTRINSICALLY DISORDERED PROTEINS 

  
Most LEA proteins are known to be intrinsically disordered proteins (IDPs). Such 

proteins do not attain a fixed tertiary structure under native conditions, but adopt a specific 

conformation in association with other molecules [287,302,303]. They are characterized by their 

extremely hydrophilic nature and high net charge. The isoelectric points of these proteins are 

known to be very high or low. The flexibility of their structures allows them to bind with 
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multiple partners simultaneously. Their extended nature provides them with a large effective 

surface area for rapid associations. Diverse functions of these proteins include molecular 

recognition, molecular assembly, and protein modification. Induced folding upon binding has 

been deminstrated for many IDPs [65,214]. However, it has become evident that IDPs retain 

some disordered structure in the bound state by a phenomenon known as fuzziness [157,266].  

The secondary structures of a number of dehydrins have been studied by circular 

dichroism (CD) spectroscopy and Fourier Transform Infrared (FTIR) spectroscopy. Dehydrins in 

the cytosol of plant cells form highly stable hydrated gels and remain primarily disordered 

[178,265,299]. The secondary structure of purified G50 dehydrin from maize kernel, studied by 

applying circular dichroism (CD), revealed the fraction of α-helical component to be only 15% 

[244]. The secondary structure of isolated maize (Zea Mays) LEA was investigated by FTIR 

spectroscopy [43,143,244]. However, the speed of drying samples had an influence on the 

secondary structure. Low speed of drying samples favored the formation of α-helical structure. 

Left-handed poly-proline (PPII) helices were observed in soybean (Glycine max dehydrin, 

rGMDHN1) [143,244], which was promoted with increasing temperature, unlike α-helical and β-

sheet structure. The K-segment in dehydrin proteins resembles a class A2 amphipathic α-helical 

segment. The class A2 amphipathic α-helix is a well-known structural motif present in 

membrane associated proteins and peptides of diverse function [77,233,284]. It has opposing 

polar and nonpolar faces along its helical axis. 

The degree of hydration of tyrosine residues in dehydrins has been studied as a function 

of temperature with near UV spectroscopy and differential scanning calorimetry (DSC) 

[244,245]. It was found that the degree of hydration improved with increasing temperature from 

14oC to 80oC, suggesting a temperature-induced structural transition involving an unfolding 
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process. The two conformations were also suggested to be in equilibrium. The water molecules 

in the hydration shell were quantitatively determined by NMR spectroscopy [265]. 

  

 
 
1.7. RESPONSE TO ABIOTIC STRESS 
 

1.7.1. Anti-freeze and cryoprotective activity 
 

Several dehydrin proteins have demonstrated cryoprotective, including anti-freeze, 

activity. Cold-acclimated CAP85, wheat WCS66, and peach PCA60 were able to prevent 

inactivation of lactate dehydrogenase (LDH) [77,99,114,135,297]. The CuCOR19 dehydrin not 

only prevented inactivation of LDH, but also prevented the inactivation of catalase 

[81,95,98,297]. Both LDH and catalase are freezing-sensitive oligomeric enzymes whose 

activities are known to be reduced by irreversible denaturation of their subunits. It has also been 

shown that CuCOR19 is able efficiently to inhibit oxidation of soylecithin induced by azo 

compounds. CuCOR19 is a more efficient inhibitor of lipid peroxidation than alpha tocopherol, 

BSA, or glutathione, though not as efficient as sucrose, glycine betaine, or praline, which are 

compatible solutes or osmolytes [77,135,297]. The random coils present in dehydrins were 

proposed to play a role in cryoprotection, by forming a cohesive layer with the surface of the 

oligomers, and preventing the dissociation of the oligomers, and thus the loss of enzymatic 

activities. 

Dehydrins have been suggested in previous studies to have a preventive role against 

freeze-induced injuries in membranes. During the first day of cold-acclimation, dehydrins LTI29, 
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ERD10, and ERD14, are known to be rapidly synthesized. The production and overproduction of 

these proteins may protect the plasma membrane from lethal freezing damage. A dehydrin from 

winter bark tissue of peach PCA60 exhibited anti-freeze activity 

[8,87,199,244,245,262,297,301]. Anti-freeze activity was determined by observing the growth of 

ice crystals using a nanoliter osmometer and phase contrast microscope. The PCA60 dehydrin 

with a concentration of 0.4 µg/µL formed hexagonal bipyramids, showing anti-freeze activity. 

The level of thermal hysteresis after a freeze-thaw cycle was measured for quantitative 

determination of anti-freeze activity. When treated with heat or proteinase K, PCA60 lost its 

anti-freeze activity, which is characteristic of anti-freeze proteins. The affinity for ice crystals 

and the depression of freezing temperature were confirmed. The affinity for ice crystals was 

explained by the hydrophilic nature of PCA60 and its ability to bind with water. Through binding 

to the ice surface, it may inhibit intracellular ice nucleation and promote super-cooling in the 

cell. 

  

1.7.2. α-amylase activity 
 
 It has been observed that cold-acclimation of birch seedlings is accompanied by the 

accumulation of a 24-kDa dehydrin in amyloplasts [223]. Maintenance of α-amylase is 

important, since it controls the degradation of starch to di- and mono-saccharides which are 

known to protect cells against dehydration induced damages. In vitro experiments have indicated 

the role of dehydrins in maintenance of the catalytic activity of α-amylase. Dehydrins possibly 

maintain enough local water near α-amylase, and thus facilitate enzyme substrate complexation 

and starch degradation. The involvement of starch and α-amylase was indicated from the 
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observation that Populus α-amylase associates with starch granules (SG) at low temperature 

[298,298]. The SG degradation proceeds even under freezing conditions and in the virtual 

absence of water [178,223,265,299], though the local presence of water is required for 

endohydrolytic attack of α-amylase. 

 

1.7.3. Osmotic regulation 
 
 Dehydrins have also been shown to be involved in regulating osmotic potential in plants. 

During increased osmotic pressure in the cytoplasm at the opened stomas of stoma-closing cells, 

RAB18 dehydrins prevented water loss in nuclei. On the other hand, LTI29 and ERD14 

dehydrins accumulating in root tips increased water flow to dividing meristematic cells [5,190]. 

 

1.7.4. Membrane stabilization 
 

Localization of dehydrins to the cell membrane indicates a possible role in membrane 

stabilization. Certain peptides that exist in a disordered conformation in aqueous solution adopt 

an amphipathic α-helical conformation upon binding lipid surfaces such as a phospholipid 

bilayer or monolayer [5,48,122,142,143,190,208-210,226]. The presence of the K-segments 

raises the question whether dehydrins bind to lipids. Association of dehydrins with detergents 

and lipids can lead to ordered secondary structure [5,48,123,142,143,208-210,226]. The reader is 

referred also to references [146,147,178,223,244,245,257,265,299] which are studies of 

intrinsically disordered group 3 LEA proteins interacting with lipid membranes, and to 

references [223,244,245,262] on a mitochondrial LEA protein.  
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1.7.5. Stabilizing transcriptional machinery 
 

Dehydrins located in nuclei are associated with stabilizing transcriptional machinery 

during unfavorable conditions. It has been suggested in the literature that during cell desiccation 

in the process of seed formation, dehydrins maintain the structural integrity of chromatin. The S- 

segment might play a role in the translocation of dehydrins to the nucleus. This is evident in 

RAB17, where mutation of three amino acid residues in the CK2 binding site prevents 

phosphorylation of RAB17 and translocation to the nucleus [127,222]. Dehydrins lacking S-

segments, the K6- and YKn-type dehydrins, represented by WCS120 and peach PCA60, 

respectively, are also located in the nucleus [229,297]. The translocation might be facilitated by 

protein-protein interactions where the S-segment is lacking. Dehydrins may also be translocated 

to the plasmamembrane as indicated by WCOR410 [5,59,60,190]. 

 

1.7.6. Cytoskeletal protection 
 

Plant cytoskeletal-binding proteins were shown to bind to both animal and plant actin 

fibers. The dehydrin ERD10 associated with actin stress fibers in transfected rat fibroblasts [2]. 

Protection of the actin cytoskeleton from latrunculin-mediated disruption in Nicotiana 

benthamiana leaves by the GFP-tagged ERD10 was also observed.  

Dehydrins are also believed to sequester calcium, and scavenge heavy metals and free 

radicals [7,48,95,96,108,224,304,309]. 
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1.8. POST-TRANSLATIONAL MODIFICATIONS 
 

Post-translational modification, such as reversible phosphorylation in eukaryotic 

organisms, provides a regulatory mechanism to control the activity, function, and/or 

translocation of proteins. Phosphorylation of dehydrins was first reported in maize RAB17 

[127,222]. Peptide mapping revealed the presence of the S-segment in the phosphorylated 

fragment. The S-segments, as well as the adjacent serine and tyrosine residues flanking these 

segments, are predicted to be putative sites of phosphorylation by kinases such as CKI (casein 

kinase I), CKII (casein kinase II), and PKC (protein kinase C). 

Phosphorylation of several other dehydrins, such as VCaB45, ERD10, and COR47, has 

been reported in vitro and in vivo. Ion binding properties of dehydrins are promoted as a result of 

this post-translational modification. It is evident that the calcium-binding ability of ERD14 is 

enhanced by phosphorylation [7,108]. The calcium-binding activities of unphosphorylated 

ERD14 and in vitro phosphorylated ERD14 were analyzed and compared by calcium (45CaCl2) 

ligand blotting, and phosphorimaging [7,108]. 

 

1.9. TOOLS FOR LIPID-PROTEIN OR PROTEIN-PROTEIN 
INTERACTION STUDIES 
 

1.9.1. Model membranes 
 

Membranes of eukaryotic cells build the structural framework of the cell (plasma 

membrane) as well as the internal organelles (mitochondria, chloroplasts, Golgi apparatus, etc.). 

The eukaryotic cell membrane is composed of a great diversity of lipid species, structural and 

functional proteins, and sugars. The lipid constituents include phospholipids, sterols, and 
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glycolipids. Gorter and Grendel first suggested the bilayer nature of biomembranes in 1952 

[77,135,200]. According to our current knowledge, biomembranes are dynamic systems. The 

functional properties of biomembranes are regulated by lateral organization and physical state as 

well as by lipid-protein interactions, all of which are influenced by temperature, hydration, 

pressure, lipid structure, and membrane composition.  

Model biomembranes, including lipid monolayers and bilayers, have been used as 

important tools in studying membrane-protein interactions. Lipid monolayers can be prepared 

using the Langmuir-Blodgett trough with great precision [200,284]. The Langmuir-Blodgett 

technique was first introduced by Irving Langmuir in 1920, but became well known when 

Katherine Blodgett started using it extensively after 1934. A Langmuir-Blodgett trough is used 

for holding the subphase. The materials of the trough have to be inert to the subphase and the 

solvent dissolving the components forming the monolayer. The components which are going to 

be spread on the liquid subphase are dissolved in a solvent whose volatility is high enough so 

that the solvent will be evaporated in a short time, leaving a monolayer on the surface, but low 

enough to maintain a constant concentration. A few popular solvents for facilitating monolayer 

spreading are n-hexane, cyclohexane, chloroform, and hexadecane. The surface density of the 

lipid monolayer can be manipulated by compressing or expanding the monolayer with the aid of 

a barrier (or barriers) which is (are) moved via a suitable gearing system connected to an electric 

motor. While the surface density is manipulated, the surface tension is minimized by adjusting 

the surface pressure. At a given temperature, the monolayer adopts different phases during the 

above stages, which can be identified by the discontinuities in the pressure-area isotherm [16] 

(Figure 1.2). At low surface density, the molecules are arranged in a two-dimensional gas-like 

state. Upon lateral compression, the molecules are rearranged into a two-dimensional isotropic 
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fluid state designated as the liquid-expanded (LE) state. Further lateral compression leads to the 

transition of the uniform LE phase into an anisotropic liquid-condensed (LC) phase. If 

compression of the monolayer is continued, a liquid-crystalline phase (SC) ensues. The 

monolayers formed with the application of Langmuir-Blodgett techniques are often called 

Langmuir or Langmuir-Blodgett films.  

The Langmuir or Langmuir-Blodgett film can be transferred to a variety of substrates. 

Most commonly, a hydrophilic substrate is immersed in the sub-phase before monolayer 

spreading. When the substrate is vertically pulled out slowly from the subphase after monolayer 

spreading, the monolayers stack on the substrate in a head to head or a tail to tail pattern. This 

mode of deposition is known as y-type deposition. Sometimes x-type or z-type deposition modes 

are used, where the substrate is only inserted into the subphase, or only removed from the 

subphase, respectively.  

In some cases, a hydrophilic substrate is immersed in the subphase before monolayer 

spreading. After monolayer spreading, the substrate is removed vertically from the subphase, and 

then the substrate is positioned horizontally and brought close to the monolayer. A second layer 

is transferred onto the surface by gently touching the monolayer at the air-buffer interface. This 

technique of bilayer formation on a substrate is known as the Langmuir-Schaefer method 

(Figure 1.3) [152,153]. Liposomes are also a very popular type of model biomembrane. Bilayer-

forming lipids spontaneously form multi-lamellar concentric bilayers as they are exposed to 

water. The diameter of these multilamellar vesicles (MLVs) ranges from 200 nm to a few 

microns. Large unilamellar vesicles (LUVs) with a diameter of 100-150 nm can be prepared by 

the extrusion method described in detail in the following chapters [161]. Small unilamellar 
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vesicles (SUVs) are usually prepared by a sonication method above the lipid phase transition 

temperature [198].  

 

 

 

Figure 1.2. Surface pressure-area isotherm of a Langmuir-Blodgett film and molecular 
arrangements in different phases: liquid-expanded (LE), liquid-condensed (LC), and 
liquid-crystalline or solid-condensed (SC) [16]. The surface pressure changes as a function 
of available area. Figure prepared by L.N. Rahman. 
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Figure 1.3. Schematic diagram of the preparation of supported lipid bilayer using the 
Langmuir-Blodgett (a) and Langmuir-Schaefer touch methods (b) [152,153]. Figure 
prepared by L.N. Rahman. 

 

1.9.2. Secondary structure analysis of proteins 
 

Over the years, industrial application of proteins has increased in different fields 

including pharmaceuticals, biosensors, and biomaterials. The wide range of applications of 

proteins requires their structural characterization in diverse environments. X-ray crystallography 

can be applied to gain three-dimensional structural information on proteins. However, this 

information may not relate to the structure of proteins in specific environments. Moreover, high 

quality crystals which are the prime criteria for X-ray crystallographic studies are difficult to 

obtain, especially in the case of membrane proteins. Although NMR spectroscopy provides the 

flexibility of studying proteins in solution, the complexity of interpreting the NMR spectra of 

larger proteins limits the routine application of the technique to proteins of less than 30 kDa in 
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mass. Recently, the application of Fourier transform infrared (FTIR) spectroscopy has become 

very popular in structure and stability studies of proteins in aqueous and nonaqueous media 

[15,40,55,119,149,250,251]. 

 

1.9.2.1. Fourier Transform Infrared (FTIR) Spectroscopy  
 

In FTIR spectroscopy, an interferogram of light passed through a sample is recorded with 

a Michelson interferometer which is converted to absorption or transmission spectra by applying 

a fast algorithm of the Fourier transform introduced by Jean Fourier. Due to the higher efficiency 

and speed of this technique, it has become more popular than the dispersive techniques. Unlike 

in a dispersive instrument in which wavenumbers are observed sequentially as the gratings are 

scanned, all wavenumbers are observed simultaneously (Multiplex or Fellgett advantage) in an 

FTIR instrument. The same resolution can be achieved with an FTIR spectrometer in a much 

shorter time than with a dispersive instrument (Jacquinot advantage). The use of a HeNe laser as 

a source of internal reference allows the calibration of the wavenumbers with high accuracy 

(Connes advantage). 

In the transmission mode of FTIR spectroscopy, the sample is placed between the 

interferometer and the detector. The interferometer consists of a beam splitter, a fixed mirror, 

and a movable mirror. A beam from a source is directed onto a beam splitter. One of the split 

beams is reflected to the fixed mirror, whereas the other split beam is transmitted to the 

moveable mirror. The reflected beams from both mirrors meet back at the beam splitter, and 

interfere to produce constructive or destructive interference at the detector.  
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One of the recent advances of FTIR spectroscopy is ATR-FTIR spectroscopy, which 

allows us the study of the changes in conformations of membrane proteins and peptides with in 

situ changes in experimental conditions. Instead of transmitting the IR radiation directly through 

the sample, it is focused on a crystal of high refractive index (e.g., germanium, zinc selenide, or 

diamond) or internal reflection element (IRE). When the angle of incident IR radiation at the 

surface of the ATR-crystal or IRE is greater than the critical angle, total internal reflection of the 

IR radiation occurs. This results in an evanescent wave at the interface of the optically denser 

material (IRE) and the optically rarer material (sample) which penetrates into the sample. The 

penetration depth is usually from 0.2 to 5 µm depending on the type of material used for the IRE 

material. The energy of the evanescent wave decreases exponentially. Therefore, it is important 

that the sample is adsorbed well onto the IRE. Zinc selenide and germanium (single or multiple 

reflections) are commonly used as IRE for analysis of nonabrasive materials. However zinc 

selenide can be used only at pH 5-7, whereas germanium can be used at very low or high pH. 

Due to their durability and chemical inertness, diamond ATR crystals are the best choice for an 

IRE.  

The protein secondary structures can be characterized using the amide bands in the FTIR 

spectra as illustrated in Figure 1.4. 
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Figure 1.4. A typical FTIR spectrum of a soluble protein showing different amide I and 
amide II bands. Figure prepared by L.N. Rahman. 

 

Amide A and amide B: The stretching vibration exclusively localized on the NH group gives rise 

to the Amide A band between 3310 and 3270 cm-1. This band is not influenced by the 

conformation of the polypeptide backbone. The Amide B band arising from C-H stretching is 

distributed at 3100-3030 cm-1. 
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Amide I: The C=O stretching vibration, with minor contributions from the out-of-phase CN 

stretching, CCN deformation, and the NH in-plane bend, gives rise to a band between 1700 and 

1600 cm-1. This band depends on the secondary structures of the polypeptide backbone. It is also 

sensitive to the N-deuteration of the backbone due the presence of NH in-plane bending, but the 

shift is minor compared to Amide II. 

 

Amide II: The amide II band arises near 1550 cm-1 primarily due to the out-of-phase NH in-

plane bending and CN stretching, with a smaller contribution from the CO in-plane bend, and 

from CC and NC stretching. Similar to Amide I, this band is not influenced by side-chain 

contributions. N-deuteration of the backbone results in mainly CN stretching, and shifts the band 

to a lower frequency around 1450 cm-1. This phenomenon occurs because the N2H bending 

vibration has a considerably lower frequency compared to the N1H bending vibration. The effect 

of hydrogen bonds on the amide II band can be avoided by N-deuteration.  

 

Amide III: The weak absorption of the amide III band between 1400 and 1200 cm-1 is due to the 

combination of NH bending and CN stretching. Due to the considerable amount of variation in 

the contributions from the backbone and side-chains, this band is not helpful in secondary 

structure determination.  

The position of the amide I band in the FTIR spectra is dependent on the secondary 

structure of proteins. The common secondary structures observed are the α-helical structures, 

αII-helical structures, parallel β-sheet, anti-parallel β-sheet, turns, and side-chain contributions. 
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The amide groups may be regarded as isolated oscillators that only interact through transition 

dipole coupling (TDC) during the prediction of the secondary structure of proteins.  

 

β-sheet bands: Variation in hydrogen bonding strength and the differences in TDC in different 

β-strands strongly influence the position of a band arising due to β-sheet structures. From 

theoretical calculations and experimental studies on a large number of proteins and peptides, 

bands between 1620 and 1640 cm-1 can be assigned to a β-sheet structure. However, β-bands can 

also occur at a lower frequency, e.g., in the case of poly L-lysine where the β-band is at 1610 cm-

1
. On the other hand, bands below 1640 cm-1 can also be due to α-helical structures. The band 

below 1640 cm-1 in myoglobin is not considered to be due to the β-sheet structures. The β-turns 

may also absorb in the same region as β-sheet structures, which makes the assignment of β-sheet 

structures more complicated. Anti-parallel β-sheet structures usually absorb near 1670 and 1695 

cm-1. The β-turns band often overlaps the anti-parallel β-sheet band.  

 

α and αII bands: Proteins containing predominantly α-helical conformation give rise to a band 

between 1650 and 1654 cm-1. However, bands arising from random coil structures may overlap 

with this band sometimes. This results in a problem in assigning α-helical conformation that can 

be partially resolved by carrying out experiments in 2H2O. In this media, hydrogen-deuterium 

exchange occurs at the NH groups. The band arising from the N2H groups of random coil 

structure shifts to a lower frequency of 1644 cm-1 (Figure 1.5). A small band shift may also 

occur for other secondary structure components due to H2O /2H2O exchange. These effects vary 
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depending on the type of secondary structure components. This could be attributed to the fact 

that N-H bending vibrations do not influence different secondary structure components to the 

same extent. The position of the α-helical band of a short solvent-exposed peptide is quite 

different from that which is buried away from solvent. The hydrogen bonds in αII-helices are 

weaker, and the TDCs are not exactly the same either. Therefore αII-helices absorb 10 cm-1 

higher with respect to the frequency of the α-helices [149].  

 

Figure 1.5. A typical FTIR spectrum of TSDHN-2 in H2O and in 2H2O. These data were 
collected as described in Chapter 2. Figure prepared by L.N. Rahman. 
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Turn bands: The structures arising due to the hydrogen bonds among amino acid residues are 

known as turns, and are spread between 1700 and 1630 cm-1 in the IR spectrum [149]. The 

positions of the bands depend on the type of turn and the dihedral angles [270]. Most often, it is 

hard to distinguish turns from other secondary structures as their bands often overlap. 

 

Protein secondary structure composition derived from FTIR spectra 

The two most popular approaches for predicting protein secondary structure compositions 

are: (i) an approach based on band-narrowing and curve-fitting and, (ii) an approach based on 

pattern recognition. Both approaches use the amide I band region of the IR spectrum for the 

secondary structure analysis. Here, both methods will be discussed briefly. 

(i) Approach based on band-narrowing and curve-fitting: Because the bands of various 

secondary structure components largely overlap each other, occasionally a broad, featureless 

band is observed in the IR spectrum of amide I. Therefore, it is necessary to decompose the 

amide I band into the various secondary structure components, which can be done by curve-

fitting. In this method, the positions of the component bands are obtained by resolving the 

bands using mathematical procedures, followed by fitting the bands in the found positions 

and calculating the integrated absorbance. The component bands then can be assigned to 

different secondary structures using experimental data.  

The most popular band-narrowing method involves calculating the second derivative of 

the spectrum. The positions of the overlapping components are the minima of the second 

derivatives. The second method is the Fourier deconvolution method, where the width of the 
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band is decreased by multiplying the Fourier transform of the original IR spectrum by a line 

shape-dependent function. 

(ii) Pattern recognition method: The problems with large numbers of free parameters and 

assigning component bands to specific secondary structures can be avoided by applying the 

fingerprint method. The FTIR spectra of proteins with known structures are used as a 

calibration set to determine the secondary structures of proteins. This method is widely used 

for identifying organic compounds.  

 

1.9.2.2. Atomic force microscopy  
 

Atomic force microscopy (AFM) is one of many techniques of the family of scanning 

probe microscopies (SPM). The basic principle of this technique is the interaction between the 

scanning probe at the end of a triangular or single beam cantilever and the sample. The bending 

of the cantilever, or the change in its dynamic properties due to the tip-sample interaction, is 

measured by reflecting a laser beam from the back side of the cantilever, and detecting the 

reflecting beam with a position-sensitive four quadrant photodiode (Figure 1.6) [34,77,135,172].  

The capability of imaging non-conducting materials with sub-nanometer resolution has 

made AFM very popular in the biophysical community. Biological species can be investigated in 

their native state in liquid with minimal sample preparation. The lateral resolution of AFM is 

dependent on the geometrical shape of the probe. The lateral resolution obtained by this 

technique is much higher than some other scanning probe microscopes (e.g., scanning electron 

microscope and scanning tunneling electron microscope) and optical microscopes. The 

horizontal scanning range is from atomic size (1 μm in practice) to 125 μm. It is possible to 
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compare the results obtained with AFM with the results obtained from other microscopy 

techniques. The height resolution, which is only limited by the thermal and electronic noise of 

the instrument, is within the sub-Ångstrom range. The vertical range can be as high as 8 to 10 

μm, allowing the study of fairly rough surfaces. 
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Figure 1.6. Schematic diagram of the beam-deflection AFM. Figure reproduced with 
permission from [34]. 

 

Depending on whether a static deflection of the cantilever, or constant amplitude of the 

oscillation of the cantilever with the aid of a feedback loop, is maintained, operational modes can 

be static or dynamic. In both modes, the tip can be in contact with the surface, or not. In contact 

modes, a softer cantilever has to be used for softer materials such as biomaterials. This mode can 
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be applied to study samples both in dry and liquid environments. In the dynamic mode, the 

feedback gain can be turned down to image sub-membrane features in living cells.  

In non-contact static mode, the tip is brought close to the surface without touching it, and 

the van der Waals force between the tip and the sample is measured. A good vertical resolution, 

but poor lateral resolution, can be obtained by applying this mode. However, this mode does not 

permit investigation of samples in a liquid environment. This mode is often used to study 

biomolecules, since a small force is applied on the surface and surface damage is avoided [94]. 

In the dynamic mode, also known as tapping mode, the tip can be oscillated and 

repeatedly brought close to the surface. Both the vertical and lateral resolutions in this mode are 

very good and, therefore, this mode is mostly applied for studying biological systems.  

The AFM technique can be used to measure the force felt by the cantilever as the 

scanning probe approaches the surfaces and is pulled away. This allows the study of local 

chemical and mechanical properties like adhesion, elasticity and molecular interactions. Force-

distance curves have interesting applications in biological systems. By coating the scanning 

probes with a ligand, and approaching a surface containing receptor molecules of interest, the 

ligand-receptor interaction can be investigated from the nature of the force-distance curves.  

Since the invention of the AFM, soluble and membrane proteins have been imaged with 

sub-molecular detail [93,112,182,298]. The resolution achieved in imaging isolated proteins was 

found to be lower when compared to imaging membrane proteins. This may be attributed to the 

fact that membrane proteins are able to form closely-packed two-dimensional crystalline 

structures. Environmental conditions such as pH and salt concentration are known to influence 

the immobilization of proteins on the substrates. Low forces in the range of tenths of pico-
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newtons should be applied to prevent denaturation of the protein while imaging. The application 

of AFM in characterizing the morphology of biomembranes has become very attractive 

[55,78,80,116,119,154]. The use of the supported lipid layer as a model for biomembranes is 

very common in AFM studies. The high vertical resolution of AFM allows us to resolve defects 

in membranes at the nanometer scale, and distinguish phases of different lipids.  

 

1.10. OBJECTIVE OF STUDY 
 

From the current knowledge about dehydrins, it can be stated that each type of dehydrin 

has a specific function. However, the precise function of each dehydrin has not yet been 

confirmed. From the structural features observed in dehydrins, it can be suggested that they are 

involved in hydrophobic and hydrophilic interactions. Recently, it was shown that the YSK2 

DHN1 purified from maize binds to phospholipid vesicles in vitro [34,143]. The protein 

favorably bound to lipid vesicles of smaller sizes prepared from negatively-charged 

phospholipids. The α-helicity of the DHN1 was increased upon binding to phosphatidic acid 

(PA)-derived lipid vesicles. It was suggested that the two K-segments present in the protein play 

a role in increasing the α-helicity. The role of dehydrins in preventing the phase transition of PA-

derived vesicles from the bilayer to the hexagonal phase has also been proposed. The presence in 

dehydrins, of significant amounts of acidic and hydroxyl group-containing amino acids, suggests 

their affinity towards membrane phospholipids and sterols, and their role in stabilizing the 

membrane.  

The K-segment is known to form amphipathic α-helices [72,143]. Therefore, it is able to 

interact with lipid components of the cell membrane and hydrophobic sites of the partially 
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denatured proteins. The amphipathic α-helices in apolipoproteins are known to benefit the 

transport of water insoluble lipids to the plasma membrane via hydrophobic interactions. The 

amphipathic α-helices formed by the K-segment in dehydrins may play a similar role [42]. 

Dehydrins may facilitate proper folding of partially infolded proteins via hydrophobic 

interactions [168]. They may prevent aggregation of polypeptides via interactions at the exposed 

hydrophobic surfaces. The involvement of φ-segments in preventing coagulation of 

macromolecules has also been suggested. The φ-segments have a large proportion of polar 

residues, which are able to interact with polar groups of other macromolecules in the cytoplasm 

and various water soluble small molecules. As a result of these interactions, the hydrophobic 

surfaces of the macromolecules are decorated with the φ-segment, and coagulation is prevented 

[46,46,168].  

In order to improve the yield of economically important crops which are stress intolerant, 

it is important to understand the mechanism of stress tolerance in a naturally resistant crucifer. 

Thellungiella salsuginea is a member of the Brassicaceae family. To date, two ecotypes of 

Thellungiella salsuginea have been developed for research. The Shangdon ecotype is native to 

the coastal area of eastern China and is tolerant to high salinity. The other one has a natural 

habitat of subarctic, arctic, and alpine regions of Canada, and is known as the Yukon ecotype of 

Thellungiella salsuginea [244,245,262,301] (Figure 1.7).  

Based on growth curves, electrolyte leakage properties, ice nucleation properties, and 

anti-freeze activities, the Thellungiella plants are found to be more cold-tolerant than the related 

Arabidopsis plants. The ability to withstand multiple abiotic stresses including drought, salinity 

and cold stress, make them an excellent choice as a model plant to study stress tolerance in plants 
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[8,87,199,244,245,262,301]. The dehydrins used in this study are from the Yukon type 

Thellungiella [8,87,121,199]. 

 

 

 

 

 

 

 

Figure 1.7. Thellungiella salsuginea in the Yukon (A) and in a pot in Waterloo, Ontario (B). 
Thellungiella salsuginea is a winter annual, which grows from 10-40 cm tall. Their stems 
can be erect or ascending with or without any branches at the base. The basal leaves are 
occasionally rosulate. The blades of the basal leaves can be oblong, obovate, or spatulate, 
whereas the blades of cauline leaves can be oblong, cordate, or ovate. We are grateful to 
Dr. Barbara Moffatt, University of Waterloo, for these images. 

 

 

1.11. OUTLINE OF THESIS 
 

In the present study, we explored possible roles of a KnS- and an YnKnSnφn-type 

Thellungiella dehydrin designated as TsDHN-1 and TsDHN-2, respectively, in stabilizing 

biomembranes and the cytoskeleton. Recombinant dehydrin proteins have been used for all 

experiments described in this thesis. The open reading frames of the Thellungiella dehydrins 

A B
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designated as TsDHN-1 and TsDHN-2 were first amplified by the polymerase chain reaction 

(PCR), and cloned as NdeI-SmaI fragments into the vector pTYB2. The sequence-verified clones 

were over-expressed in ER2566 cells. Purifications of the proteins were done using an IMPACT 

protein purification method followed by ion exchange chromatography. Proteins purified in this 

manner were used for the studies in Chapters 2 and 3. 

The yield of proteins achieved with the IMPACT expression system (1 mg protein from 1 

L of culture) was not sufficient to perform all the different biophysical experiments described in 

this thesis. For studies in Chapters 4 and 5, a new expression system was developed by Mr. 

Graham Smith in our group, and is described in detail in Chapter 5. The genes encoding full-

length proteins TsDHN-1 and TsDHN-2 were cloned into the Champion™ pET SUMO 

Expression System (Invitrogen Life Technologies, Burlington, ON). The pTYB2TsDHN1 and 

pTYB2TsDHN2 vectors [209] were used as template DNA to perform PCR amplification 

reactions to produce inserts for TsDHN-1 and TsDHN-2. 

In Chapter 2, the interactions of TsDHN-1 and TsDHN-2 with membranes have been 

investigated, as a function of temperature. Using circular dichroism (CD) and transmission-

Fourier transform infrared (FTIR) spectroscopy, we have analyzed the secondary structures of 

both dehydrins in their native state and when associated with membranes of different lipid 

compositions mimicking the plasma, mitochondrial, and chloroplast membranes, at variable 

temperatures.  

Citrus dehydrins are known to bind to metals ions. It has been shown that CuCOR15, a 

citrus dehydrin, is able to bind to DNA and that the interaction is enhanced in the presence of 

Zn2+ but not in the presence of any other ions. This dehydrin is suggested to protect nucleic acids 
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during stress related to water-deficient conditions. In Chapter 3, we use circular dichroism (CD) 

and attenuated total reflection (ATR) - Fourier transform infrared (FTIR) spectroscopy to 

determine the role of Zn2+ in inducing ordered secondary structure and in stabilizing TsDHN-1 

and TsDHN-2, both in free and vesicle-bound form (using lipid compositions mimicking the 

plasma, mitochondrial, and chloroplast membranes) at ambient temperature as well as at a low 

temperature of 5oC. Isothermal titration calorimetry was applied in order to determine the 

specificities of the interactions between TsDHN-1 and TsDHN-2 with Zn2+. This experiment 

also provided us with details on the mechanisms of the metal-dehydrin interactions.  

Low temperature stress is known to cause membrane damage, which is accompanied by a 

phase transition from a liquid-expanded/solid phase to a solid phase. The membrane 

reorganization inhibits essential functions in the membrane. The role of TsDHN-1 and TsDHN-2 

in the stabilization of a biologically-relevant model membrane system is investigated in Chapter 

4. Both TsDHN-1 and TsDHN-2 were expressed as SUMO-fusion proteins, as indicated above. 

Monolayer compression studies with a Langmuir-Blodgett trough, with or without introduction 

of TsDHN-1 and TsDHN-2 into the subphase, were performed. The thickness of the monolayer 

during compression was measured using ellipsometry. The results of these experiments 

illustrated the role of TsDHN-1 and TsDHN-2 monolayer stabilization at ambient temperature 

and at 5ºC. Supported lipid bilayers with different lipid compositions, were prepared and treated 

with TsDHN-1 and TsDHN-2 for morphological studies by AFM. The effects of cholesterol and 

temperature on the morphology of the lipid bilayer were also studied.  

Experiments designed in Chapter 5 demonstrate how the conformations of TsDHN-1 

(acidic) and TsDHN-2 (basic) from Thellungiella salsuginea are affected by pH, cation-dehydrin 

interactions, association with membranes, and phosphorylation. Both TsDHN-1 and TsDHN-2 
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were expressed as SUMO-fusion proteins for in vitro phosphorylation by casein kinase II (CKII), 

and structural analysis by CD and ATR-FTIR spectroscopy. Actin fibers have been suggested to 

be protected by dehydrins in conditions of stress [2,284]. Actin assembly by the dehydrins was 

assessed by sedimentation assays, and viewed by transmission electron and atomic force 

microscopy. These results supported the involvement of dehydrins in stabilizing plant organellar 

membranes and/or the cytoskeleton in conditions of stress, and further that phosphorylation may 

be an important feature of this stabilization. 

 

1.12. SIGNIFICANCE 
 

From our results, we propose that the acidic dehydrin may play an important role in 

stabilizing plant plasma and organellar membranes at low temperature, a process that is 

facilitated by the presence of Zn2+. The stabilization of protein is also benefitted by the 

membrane-protein interactions at low temperature. The YSKn-type dehydrin might stabilize 

membranes through lipid binding, whereas the KnS-type dehydrins might protect the membrane 

integrity via metal binding and scavenging hydroxyl radicals. We also propose that the basic 

dehydrin in its phosphorylated form may protect the plant cytoskeleton, particularly the actin 

microfilament network. 
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Chapter 2: Interactions of intrinsically disordered 
Thellungiella salsuginea dehydrins TsDHN-1 and TsDHN-2 
with membranes – Synergistic effects of lipid composition 
and temperature on secondary structure 

 

 

This work has been published: 

L.N. Rahman, L. Chen, S. Nazim, V.V. Bamm, M.W. Yaish, B.A. Moffatt, J.R. Dutcher, G. 
Harauz, Interactions of intrinsically disordered Thellungiella salsuginea dehydrins TsDHN-1 and 
TsDHN-2 with membranes - synergistic effects of lipid composition and temperature on 
secondary structure, Biochem. Cell Biol. 88 (2010) 791-807. 
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2.1. ABSTRACT 
 

Dehydrins are intrinsically disordered (unstructured) proteins that are expressed in plants 

experiencing stressful conditions such as drought or low temperature. Dehydrins are typically 

found in the cytosol and nucleus, but associate also with chloroplasts, mitochondria, and the 

plasma membrane. Although their role is not completely understood, it has been suggested that 

they stabilize proteins or membrane structures during environmental stress, the latter association 

mediated by formation of amphipathic α-helices by conserved regions called the K-segments. 

Thellungiella salsuginea is a crucifer that thrives in the Canadian sub-Arctic (Yukon Territory) 

where it grows on saline-rich soils and experiences periods of both extreme cold and drought. 

We have cloned and expressed in E. coli two dehydrins from this plant, denoted TsDHN-1 

(acidic) and TsDHN-2 (basic). Here, we show using transmission-Fourier transform infrared 

(FTIR) spectroscopy that ordered secondary structure is induced and stabilized in these proteins 

by association with large unilamellar vesicles emulating the lipid compositions of plant plasma 

and organellar membranes. Moreover, this induced folding is enhanced at low temperatures, 

lending credence to the hypothesis that dehydrins stabilize plant outer and organellar membranes 

in conditions of cold.  
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2.2. INTRODUCTION 
 

Plants have evolved many ways to cope with environmental stresses such as low 

temperature and drought. One response to these conditions is the induction of genes that encode 

the late embryogenesis abundant (LEA) proteins [19,44,118]. The way in which LEAs protect 

plants from environmental stress is not completely understood, although numerous mechanisms 

have been described [19,211,271,294]. Amongst many macromolecular associations, LEAs have 

been suggested to stabilize plasma and organellar membranes 

[21,60,92,109,123,206,246,263,308]. 

It is generally considered that the intrinsically disordered and extended nature of LEAs 

imparts upon them the property of sequestering water and sugars in a tightly hydrogen-bonded 

network to form a hydrocolloid or gel [111,146,147,239,265,299]. For example, cold and 

dehydration tolerance may depend in part on the amount of starch accumulation in the cell, as a 

source of protective di- and mono-saccharides [166]. An important factor for starch degradation 

is the maintenance of α-amylase, and it has been suggested that LEAs preserve sufficient local 

water concentration to maintain α-amylase activity [223]. 

Several hundred dehydrins have been purified from different sources; they range in size 

from ~5 to >200 kDa, and they contain three conserved sequences: the K-segment, the S-

segment, and the Y-segment [5,19,42,56,128]. The K-segment (consensus sequence 

EKKGIMDKIKEKLPG) is a lysine-rich domain that has the potential for electrostatic and 

hydrophobic interactions with membranes attributed to the formation of amphipathic α-helices 

[5,36,42,56,142,143,226]. The number of K-segments has been suggested to be important in 

defining the degree of membrane association and putative stabilization [36]. The S-segment is a 
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serine-rich domain which may be phosphorylated, modulating the dehydrin’s ability to bind 

ligands such as divalent cationic metal ions [7,108,304,309]. The Y-segment (consensus 

sequence (V/T)DEYGNP) is found at the N-terminus, and is similar to the nucleotide-binding 

sites of plant and bacterial chaperone proteins. Dehydrins fall into one of five classes (Kn, SKn, 

KnS, YnSK2, and Y2Kn) based on their combination of K-, S-, and Y-segments [5,20,42,56].  

Dehydrins are typically found in the cytoplasm and nucleus, but have also been found 

associated with the plasma membrane [45,60], or with chloroplasts or mitochondria [109,263]. 

Dehydrins form highly stable hydrated gels in vivo to sequester water [177,265,299]. Often (but 

not always), dehydrins gain ordered secondary structure upon interaction with detergents or 

lipids [48,123,142,143,244,245]. In particular, the K-segment forms an amphipathic α-helix that 

can associate with membrane surfaces [5,226]. 

Thellungiella salsuginea (also called Thellungiella halophila) is a crucifer with an 

exceptional capacity to withstand environments associated with low water availability. The 

Yukon ecotype thrives in the Canadian sub-Arctic where it grows on saline-rich soils and 

experiences periods of both cold and drought [87]. To begin to understand the molecular basis of 

Thellungiella’s unusual abiotic stress tolerance, Wong and colleagues created expressed-

sequence tag (EST) collections of cold, salinity, or drought-induced Thellungiella transcripts, 

and found that dehydrin sequences were particularly abundant in all three libraries [300,301].  

Thellungiella salsuginea has been proposed as a valuable new model plant for research 

on abiotic stress tolerance [8,87,199]. Here, we investigate the interactions of two Thellungiella 

dehydrins (denoted TsDHN-1 and TsDHN-2) with membranes, as a function of temperature. 

Using circular dichroism (CD) and transmission-Fourier transform infrared (FTIR) spectroscopy, 
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we demonstrate that membrane-association increases the proportion of ordered secondary 

structure in each protein (induced folding), that the secondary structure composition depends on 

lipid type, and further that low temperatures increase the degree of order of each dehydrin. These 

results support the hypothesis that dehydrins stabilize plant outer and organellar membranes at 

low temperature.  

 

2.3. MATERIALS AND METHODS 
 

2.3.1.Materials 
  

Most chemicals were reagent grade and acquired from either Fisher Scientific 

(Unionville, ON) or Sigma-Aldrich (Oakville, ON). Electrophoresis grade chemicals were 

purchased from ICN Biomedicals (Costa Mesa, CA) or Bio-Rad Laboratories (Mississauga, ON). 

The Ni2+-NTA (nitrilotriacetic acid) agarose beads were purchased from Qiagen (Mississauga, 

ON). Heavy water (2H2O) was obtained from Cambridge Isotope Laboratories (C.I.L., Andover, 

MA). The lipids phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS), and cholesterol 

(Chol) were obtained from Avanti Polar Lipids (Alabaster, AL). The lipids 

digalactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerol (MGDG), and 

sulfonoquinovosyl diacylglycerol (SQDG) were obtained from Lipid Products (Nutfield 

Nurseries, Redhill, Surrey, UK).  
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2.3.2. Recombinant dehydrin over-expression and purification 
 

The open reading frames of the Thellungiella dehydrins designated TsDHN-1 and 

TsDHN-2 were amplified by PCR using the following forward (F) and reverse (R) primer pairs:  

CLDPTF (5’- GGAATTCCATATGGCGGAAGAGTACAAGAACG-3’), and  

CLDPTR (5’-TCCCCCGGGAGCATCAGACTCTTTTTC-3’); and  

INTDRTGF: (5’-GGAATTCCATATGGCGTCTTACCAGAACCG-3’) and  

INTDRTGR: (5’-ACGACCACCACCACCAGGAAGTTTATCTTTG-3’),  

respectively. Subsequently, the open reading frames of these Thellungiella dehydrins (designated 

TsDHN-1 and TsDHN-2, GenBank Accession Numbers 1347304 and DN776754.1, 

respectively) were cloned as NdeI-SmaI fragments into the vector pTYB2 (New England 

Biolabs) and transformed into E. coli DH5α cells.  

The sequence-verified clones were introduced into E. coli ER2566 cells for over-

expression. All cultures were grown at 37oC in 2xYT (yeast-tryptone) media at pH 7.3 to 

OD600=0.8 at which time they were shifted to 30oC and dehydrin expression was induced for 4 h 

by the addition of 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG).  

Large scale production of recombinant TsDHN-1 and TsDHN-2 was performed in 

fermentors at the Biotechnology Research Institute in Montréal, Canada. For large scale protein 

productions, batch fermentations were performed. A colony was selected from the plate for an 

overnight inoculation in 2xYT media. The overnight culture was then diluted 20-fold to inoculate 

15 L of 2xYT media containing ampicillin in a 20 L bioreactor. The culture was grown at 37ºC 



 

 
 

40

until OD600 =3, when the expression was induced by 0.1 mM IPTG. The cells were grown for an 

additional 4 h at 30ºC before being harvested by centrifugation at 4000 rpm in 4ºC. Since 

TsDHN-2 expressed significantly better in the batch fermentor in the absence of glucose, glucose 

was not added. The cells were induced at a low OD600.  

Purification was performed using IMPACT affinity chromatography, following the 

manufacturer’s instructions [187] and a previously published protocol [54]. This system does not 

require a protease for the affinity tag removal. Instead, one of dithiothreitol (DTT), β-

mercaptoethanol, or cysteine to induce the intein to self-cleave, thus releases the target protein 

from the chitin-bound intein tag.  

An additional step of ion exchange chromatography on either HiTrapTM DEAE FF 

(diethylaminoethyl) or CM FF (carboxymethyl) columns (GE Healthcare Bio-Sciences Inc., Baie 

d’Urfé, QC), each 1 mL, connected to a peristaltic pump and mechanical gradient maker, was 

introduced to purify the proteins further. For TsDHN-1, protein eluted from the first 

chromatography step was dialysed extensively against 50 mM HEPES-NaOH (pH 7.5). The 

dialysate was loaded at a 1 mL/min rate onto the column (DEAE FF) that had been pre-

equilibrated with the same buffer, and was eluted with a step gradient of NaCl (40 mM, 150 mM, 

and 200 mM NaCl) in 20 mL of 50 mM HEPES-NaOH (pH 7.5) at 4oC. The purest fractions of 

TsDHN-1 were obtained with the 150 mM and 200 mM NaCl steps, and were pooled. For 

TsDHN-2, a HiTrapTM CM FF (1 mL) column was used. Protein eluted from the first 

chromatography step was dialysed extensively against 20 mM sodium phosphate buffer (pH 6.6) 

at 4oC. The dialysate was loaded onto the column (CM FF) that had been pre-equilibrated with 

the same buffer at a 1 mL/min rate, and was eluted with a step gradient of NaCl (45 mM, 75 
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mM, and 175 mM NaCl) in 20 mL of 20 mM sodium phosphate buffer. The purest fractions of 

TsDHN-2 were obtained with the 175 mM NaCl step, and were pooled. 

Purity was assessed by SDS-PAGE with Coomassie Blue R250 staining. Pure fractions 

were pooled, extensively dialysed against double-distilled water, and freeze-dried. The protein 

samples were dissolved in HEPES buffer (20 mM HEPES-NaOH, pH 7.5, 100 mM NaCl, 1 mM 

ethelynediamine tetraacetic acid (EDTA)) at a concentration of 4 mg/mL. Since these proteins 

lacked tryptophan residues, the extinction coefficients were exceedingly low and we relied only 

on protein weight and solvent volume to prepare protein solutions with known concentrations. 

Protein solutions were stored at -20oC.  

 

2.3.3. Circular dichroism spectroscopy 
 

The protein secondary structure in buffer alone was studied by CD spectroscopy on a 

JASCO J-815 spectropolarimeter (Japan Scientific, Tokyo), equipped with a re-circulating water 

bath. The scan rates were 50 nm/min and the band resolution was 1 nm. The protein 

concentration in 20 mM HEPES-NaOH, pH 7.5, 100 mM NaCl was 1.4 mg/mL for TsDHN-1 

and 1.3 mg/mL for TsDHN-2. The CD spectra were collected at 22oC. Four successive scans 

were recorded, the sample blank was subtracted, and the scans were averaged. Photobleaching of 

the samples did not begin to become apparent until 5 or more scans had been performed. The 

data averaging and smoothing (using the Savitzky-Golay algorithm) operations were 

accomplished with the OriginPro software package (version 8, OriginLab Corporation, 

Northampton, MA). 
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2.3.4. Lipids and vesicle preparation for transmission-FTIR spectroscopy 
 

Various lipid stocks in chloroform or in chloroform:H2O:methanol (1:2:1 by volume) 

mixtures were prepared at the desired mass ratio. The solvent was then evaporated under a mild 

flow of nitrogen gas and subsequently kept under vacuum overnight for complete removal of the 

chloroform remnants. Lipid mixtures were rehydrated in buffer (20 mM HEPES-NaOH, pH 7.5, 

100 mM NaCl) at room temperature overnight with vigorous shaking and three freeze-thaw 

cycles.  

Large unilamellar vesicles (LUVs) were formed by extruding lipid mixtures (61 times at 

45oC) through a polycarbonate membrane with a 100 nm pore size. The lipid compositions were 

chosen to mimic either the plant plasma (PC:PS:PI, 33:47:20 by wt%), mitochondrial 

(PC:PS:PE:Chol, 27:25:29:20 by wt%), or chloroplast (MGDG:DGDG:SQDG:PC:PG:PI, 

51:26:7:3:9:1 by wt%) membranes [103]. The sizes of vesicles were measured to be 

approximately 100 nm, using a dynamic light scattering (DLS) Zetasizer Nano-S model 

ZEN1600 instrument (633 nm “red” laser; Malvern Instruments). The desired amount of protein 

(in 20 mM HEPES-NaOH, pH 7.5, 100 mM NaCl) was added to the LUVs at a lipid-to-protein 

ratio of either 1:1 or 3:1 by weight. The protein-LUV complexes were used within 1 h of 

preparation for FTIR measurements. The lipid-to-protein ratio was chosen to assure a significant 

signal-to-noise ratio.  

 

2.3.5. Transmission-Fourier transform infrared (FTIR) spectroscopy 
 

The transmission-FTIR spectra were recorded between 950 cm-1 and 1800 cm-1 using a 

Bruker Optics IFS 66v/S FTIR spectrometer. The temperature was controlled with an Isotemp 
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3006 temperature controller (Fisher Scientific) with 0.1 degree resolution. The protein-lipid 

vesicle complexes were dried onto a CaF2 window with a mild vacuum for ~40 minutes to give a 

thin homogeneous film. Before use, the CaF2 window was cleaned with methanol followed by 

MilliQ H2O. In order to maintain the physiological condition of the proteins, the complex was 

spread into a thin film prepared with 2 μL of 20 mM HEPES-NaOH, pH 7.5, 100 mM NaCl, 1 

mM ethelynediamine tetraacetic acid (EDTA). Briefly, 2 µL of the buffer was dried on a clean 

CaF2 window for 10 minutes under vacuum. Then, the dried buffer was spread into a thin film 

covering a circular area on the window (diameter 1 cm) with 2 µL Milli Q H2O using a pipette 

tip. Next, the protein-lipid vesicle complexes were deposited and dried onto this CaF2 window 

with a mild vacuum for ~40 minutes to give a thin homogeneous film. Significantly better signal-

to-noise ratios were achieved with a second deposition of film on the window.  

The spectral region most sensitive to peptide backbone conformation is the amide I band 

region, which is located between 1700 cm-1 and 1600 cm-1. However, water has a strong IR 

absorbance peak at ~1645 cm-1, due to H-O-H bending, which overlaps the amide I band. Thus, 

analysis of protein secondary structure is difficult in a pure H2O environment. Here, to be able to 

probe protein secondary structure without the interference of water absorbance, all measurements 

were performed in a 2H2O environment. In order to deuterate the protein completely, heavy water 

(an amount of 4 µL 2H2O) was deposited onto the protein-lipid film. This amount of 2H2O was 

optimized for maximum hydrogen-deuterium (1H /2H) exchange, which occurred within 5 min. 

Any additional amount of 2H 2O would not cause any further change in the amide I and amide II 

regions.  

The thickness of the film in the FTIR sample holder was controlled with a 6 μm spacer 

(Harrick Scientific Corporation, Ossining, NY). For samples with 1:1 wt:wt lipid-to-protein 
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ratios, experiments were conducted at temperatures ranging from 22oC to 2oC, with 5oC 

intervals. For samples with 3:1 wt:wt lipid-to-protein ratios, these temperatures were 22oC, 12oC, 

and 7oC. For each spectrum, 1000 interferograms were collected and Fourier-transformed to give 

a resolution of 4 cm-1. The amount of protein required for each experiment was ~0.5 mg. 

 

2.3.6. Transmission-FTIR data analysis  
 

The overlapping bands in transmission-FTIR spectra were resolved by Fourier self-

deconvolution (FSD) using OMNIC software (Thermo Fisher Scientific, Waltham, MA). The 

bandwidth at half-height was set to 15 cm-1, and the enhancement value was set to 1.8. The 

number and the location of peaks of the secondary structure components were verified by the 

second derivative method using the PeakFit program (version 4.12, Seasolve Software Inc., San 

Jose, CA). The conditions were chosen such that the increase in noise and appearance of the 

side-chain lobe were minimal while maximum band narrowing was achieved.  

The observed amide I bands of proteins thus consisted of overlapping secondary structure 

component bands. The spectra of the TsDHN-1 or TsDHN-2 proteins reconstituted in LUVs 

were deconvoluted using a mixed Gaussian and Lorentzian band shape. Auto-fits of the self-

deconvoluted spectra of the original spectra were performed until the coefficient of 

determination (r2) was larger than 0.99. The integrated areas derived from the curve-fitting 

analyses were used in calculating the various conformational states assigned to individual bands. 

The wave-numbers of these component bands were subsequently used in PeakFit as input 

parameters for curve-fitting analysis of the amide I original spectrum. The parameters were left 
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free to adjust iteratively, with the only restriction on the peak wavenumbers being to vary within 

a range of ±2 cm-1 [10]. The amide I region (~1600 cm-1 to ~1700 cm-1) arises due to the peptide 

backbone C=O stretching, and some in-plane N-H bending in a pure H2O environment. Since all 

the FTIR measurements were done in a saturated 2H2O environment, the band located between 

1700 cm-1 to 1600 cm-1 can be considered to be due to only C=O stretching.  

 

2.4. RESULTS and DISCUSSION 
 

2.4.1. Primary structure analysis of Thellungiella salsuginea dehydrins  
 

We selected two dehydrins designated as TsDHN-1 and TsDHN-2 for detailed 

characterization. We first performed several simple bioinformatic analyses of the amino acid 

sequences of these Thellunigiella dehydrins using online tools. First of all, visual inspection of 

the amino acid sequences shows that both dehydrins (Figure 2.1) are comparable to known 

dehydrins in terms of their Y-K-S classification (listed in [19]). The primary sequence analysis 

suite at http://www.expasy.ch yields that TsDHN-1 is acidic (267 residues, Mr 30140.3 Da, 

calculated pI 5.25, net charge -19 at neutral pH) and that TsDHN-2 is slightly basic (215 

residues, Mr 21435.1 Da, calculated pI 7.91, net charge +1 at neutral pH). These differences in 

acidity may impart on them different physiological roles. In the TsDHN-1 dehydrin, there is a 

lysine-rich cluster (denoted K’ in Figure 2.1) that does not match the consensus, but that will 

nevertheless interact with a phospholipid membrane, as could be predicted by analogy with the 

lysine-rich MARCKS (myristoylated alanine-rich C-kinase substrate) motif [9]. Moreover, 

several internal repeats are predicted by the RADAR (Rapid Automatic Detection and Alignment 

of Repeats) program in this primary sequence analysis suite.  
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Several further analyses of the TsDHN-1/2 sequences are presented in Figure 2.2. First 

of all, both proteins are predicted to be largely intrinsically disordered (unstructured) using the 

IUPred program (Figure 2.2-A, B) [63]. Using our own program, and a moving window of 11 

residues (three turns of an α-helix), we calculated several other physicochemical properties as a 

function of position. Both Thellungiella dehydrins have regions that vary in net charge (Figure 

2.2-C, D), and average hydrophobicity (Figure 2.2-E, F), for which we used the hydrophobic 

scale of Fauchère and Pliska [71]. Using this hydrophobicity scale, we calculated the helical 

hydrophobic moment as a function of position (Figure 2.2-G, H). Several segments are shown to 

have high hydrophobic moments, suggesting that they may form amphipathic α-helices that 

would be advantageous for membrane-association.  
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Figure 2.1. Amino acid sequences and classification of Thellungiella salsuginea dehydrins 
(A) acidic TsDHN-1 and (B) basic TsDHN-2. The colour scheme used is as follows: (red – P 
and acidic residues D, E, N, Q; blue – basic residues H, K, R; green – hydrophobic residues 
V, L, I, F, W, M, Y; and black for all other residues – G, S, T, C, A). The Y (consensus 
sequence (V/T)D(E/Q)YGNP), K (consensus sequence EKKGIMDKIKEKLPG), S (run of 5 
or 6 Ser, a phosphorylation sink), and φ (run of polar residues, many Gly) segments are 
identified. At the amino terminus of each sequence is a Y-like segment that we denote Y’. 
Dehydrin TsDHN-1 can be classified as K3S1, or possibly Y1K4S1 if one includes the Y-like 
segment (denoted Y’) at the amino-terminus, and the lysine-rich cluster (denoted K’) that 
does not match the consensus as closely. Dehydrin TsDHN-2 can be classified as Y2K3S1φ9, 
or possibly Y3K3S1φ9.  
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Figure 2.2. Disorder, charge, and hydrophobicity analyses of (A, C, E, G) TsDHN-1 and (B, 
D, F, H) TsDHN-2. (A, B) Degree of disorder as predicted by the IUPred server 
(http://iupred.enzim.hu/). (C, D) Net charge calculated over an 11-residue window. (E, F) 
Average hydrophobicity calculated over an 11-residue window. (G, H) Hydrophobic 
moment calculated over an 11-residue window. The grey bars represent the regions of the 
K-segments, which all display strong hydrophobic moments. 
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2.4.2. Purification of recombinant Thellungiella salsuginea dehydrins 
 

The cDNAs encoding TsDHN-1 and TsDHN-2 were cloned into the intein-containing 

vector, pTYB2, to express each protein as a fusion with a chitin-binding domain. The 

recombinant proteins were efficiently recovered from the supernatant of extracts of transformed 

cells by affinity chromatography. The chitin-binding tags were auto-catalytically removed from 

each dehydrin by the addition of dithiothreitol during the elution step of the purification. We 

optimized the purification of recombinant TsDHN-1 and TsDHN-2 using ion exchange 

chromatography to recover protein with a high degree of purity (Figure 2.3). The abnormal 

migration of TsDHN-1 is due to its high net charge and is characteristic of intrinsically 

disordered proteins [214]. The yield of each protein was typically 2 mg from 1 L of culture in 

shaker flasks, which scaled up in the fermentor to 100 mg from 1 L of culture. 

 

Figure 2.3. Sodium dodecyl sulphate polyacrylamide gel electrophoresis of (A) TsDHN-1 
(major band at roughly 48 kDa, predicted Mr 30140.3 Da), and (B) TsDHN-2 (major band 
at roughly 24 kDa, predicted Mr 21435.1 Da). The molecular masses of markers are 
indicated in kDa. 
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2.4.3. Protein secondary structure analysis by CD and transmission-FTIR 
spectroscopy 
 

We initially performed CD spectroscopy of TsDHN-1 and TsDHN-2 in aqueous solution, 

with the results showing these proteins to be relatively unstructured under these conditions 

(Figure 2.4), consistent with other intrinsically disordered proteins such as myelin basic protein 

[100,204]. Upon mixing with LUVs at either a 1:1 or 3:1 (wt:wt) lipid-to-protein ratio, the CD 

spectra of both proteins demonstrated changes consistent with ordered secondary structure 

formation. However, it was not possible to quantify the degree of change because of light 

scattering even at relatively low lipid-to-protein ratios, and we next turned to transmission-FTIR 

spectroscopy of semi-solid samples with which scattering was not a limiting factor. 

The secondary structure compositions of TsDHN-1 and TsDHN-2 were investigated by 

transmission-FTIR spectroscopy of these proteins alone and when associated with LUVs of three 

different lipid compositions, mimicking the plant plasma (PC:PS:PI, 33:47:20 by wt%), 

mitochondrial (PC:PS:PE:Chol, 27:25:29:20 by wt%), and chloroplast 

(MGDG:DGDG:SQDG:PC:PG:PI, 51:26:7:3:9:1 by wt%) membranes [103]. The amide I band 

in the transmission-FTIR spectra, located between 1700 and 1600 cm-1 is often used to estimate 

the secondary structure composition of proteins [130]. The different secondary structure 

components are usually hidden by the broadness of the bands in the raw transmission-FTIR 

spectra, and curve-fitting and band-narrowing methods are required to decompose them into 

different components [15,40,83,149,250,251]. Nevertheless, there is considerable variability in 

published predictions [83,151].  
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Figure 2.4. CD spectroscopy of (A) TsDHN-1 and (B) TsDHN-2 in aqueous buffer at 22oC. 
The spectra are representative of primarily a random coil conformation of each protein 
under these conditions. (C) Typical spectra for α helix, anti parallel β sheet, turn, poly 
(pro) helix and random coil. Panel (C) was adapted from reference [138]. 
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To illustrate this process, we show an unprocessed transmission-FTIR spectrum of 

TsDHN-1 associated with chloroplast-LUVs at a wt:wt lipid-to-protein ratio of 1:1 in in Figure 

2.5-A. In Figure 2.5-B, we show the secondary structure analysis obtained from this spectrum 

using PeakFit Software. Because partial overlap was observed of the amide I bands, and of the 

bands (1585 cm-1) associated with the side-chains, both sets of bands were fitted with multiple 

Gaussian and Lorentzian peaks, but only the peaks under the amide I band were used in the 

calculation of protein secondary structure. All infrared spectra were normalized by rescaling 

them, such that the area between the baseline (which was linear) and the spectra between the 

region 1775 cm-1 and 1485 cm-1 was unity. In this study, all spectra were processed consistently 

in this manner. Detailed predictions of the proportions of different types of secondary structures 

(α-helix, β-strand, anti-parallel β-sheet, and random coil) are given in the Appendices (Tables 

A-1 to A-8). It should be cautioned that the calculations of overall secondary structure 

composition from such spectra may vary depending on the type of peak identification and fitting 

performed [18,83,151]. Moreover, the absorbance maximum of the band associated with the 

random coil conformation shifts from 1655 cm-1 to 1645 cm-1 upon hydrogen-deuterium 

(H2O/2H2O) exchange. The strength and length of hydrogen bonds are affected by (H2O/2H2O) 

exchange, which may slightly affect the secondary structure. For these myriad reasons, then, we 

restrict ourselves here simply to reporting on trends in change in secondary structure 

composition in each set of experiments, and disorder-to-order transitions , which we can do 

confidently given that all data were analyzed consistently.  
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Figure 2.5. (A) Fourier self-deconvolution of an unprocessed transmission-FTIR spectrum 
of TsDHN-1, associated with chloroplast-LUVs at a wt:wt lipid-to-protein ratio of 1:1 in 
2H2O at 22oC, using OMNIC software with a bandwidth at a half-height of 15 cm-1 and an 
enhancement value of 1.8. (B) Analysis of the transmission-FTIR spectrum (derived from 
panel A) for secondary structure determination by PEAKFIT software – the baseline-
corrected spectra of the TsDHN-1 or TsDHN-2 proteins reconstituted in LUVs of differing 
lipid compositions, were deconvoluted using a mixed Gaussian and Lorentzian band shape. 
Auto-fits of the self-deconvoluted spectra of the original spectra were performed until the 
coefficient of determination (r2) was larger than 0.99, and the bandwidths of the secondary 
structure components were ~22 cm-1.  
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2.4.4. Effect of temperature on the secondary structure composition of dehydrins 

  
The effects of temperature on the degree of ordered secondary structure of TsDHN-1 and 

TsDHN-2, associated with LUVs with lipid compositions mimicking those of plant plasma and 

chloroplast membranes, and at a 1:1 wt:wt lipid-to-protein ratio, are shown in Figure 2.6. The 

detailed predictions of different types of secondary structures are given in the Appendices 

(Tables A-1 to A-4). The transmission-FTIR spectra of both TsDHN-1 and TsDHN-2 show a 

peak at 1643-1645 cm−1, the signature of the random coil conformation [15,40,149,250,251]. 

Moreover, the presence of parallel β-strands (peaks at 1620 and 1632 cm−1), anti-parallel β-

strands (peaks at 1676-1683 cm−1), and turns (peaks at 1665-1670 cm−1) is indicated. The peaks 

at 1664-1665 cm−1 can be assigned to either turns [40] or to a 310 helix [251]. The latter 

conformation is relatively rare in proteins, however. Here, we combine predictions of parallel 

and anti-parallel β-strands as recently recommended [18]. The peaks due to side chain 

contribution are distributed at 91-95 cm−1. We consider “ordered secondary structure” to be the 

sum of everything other than the “unstructured” random coil conformation and side chains. 

The PeakFit analysis of the transmission-FTIR spectrum of TsDHN-1 associated with 

plasma membrane (PM)-LUVs at room temperature, and at a 1:1 wt:wt lipid-to-protein ratio, 

suggests that 30% of the total structure is random coil (Figure 2.6-A, Table A-1). The β-strands 

and α-helical structures are estimated to be 31% and 18%, respectively. With decreasing 

temperature, an increase in proportion of ordered secondary structures is observed, e.g., at 2°C 

the proportion of random coil in TsDHN-1 is estimated to be 21%, compared to 30% at room 

temperature. The secondary structure estimation for TsDHN-2 reconstituted with PM-LUVs at  
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Figure 2.6. Effect of temperature on proportion of ordered secondary structure (α-helix, β-
strand, or β-turn), determined using transmission-FTIR spectroscopy, of (A, C) TsDHN-1 
and (B, D) TsDHN-2 in association with large unilamellar vesicles, all at wt:wt lipid-to-
protein ratio of 1:1 in 2H2O. The lipid compositions mimic the plant (A, B) plasma 
membrane (PC:PE:PI at 33:47:20 by wt%), or (C, D) chloroplast membrane 
(MGDG:DGDG:SQDG:PC:PG:PI, 51:26:7:3:9:1 by wt%). Error bars represent the 
standard deviation of duplicate measurements. (This experiment was not performed with 
vesicles mimicking mitochondrial membranes.)  

Please also note that the contributions from side chains are not shown here for simplicity. 
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room temperature included 38% random coil, 24% β-sheet and 28% α-helical structures (Figure 

2.6-B, Table A-2), suggesting that TsDHN-2 is less ordered than TsDHN-1 at room temperature 

in this environment.  

In contrast with PM-LUVs, when associated with chloroplast-LUVs, the amounts of 

random coil estimated in TsDHN-1 (27%) or TsDHN-2 (26%) decrease at room temperature 

(Figure 2.6-C and Table A-3, Figure 2.6-D and Table A-4, respectively). At low temperature, 

TsDHN-1 becomes significantly more ordered (by 19%, Figure 2.6-C). The ordered structure 

content of TsDHN-2 also increases at low temperature, but not as dramatically (only 8%, Figure 

2.6-D).  

The solution CD and semisolid-state transmission FTIR studies were of necessity done at 

different protein concentrations. We additionally performed a control transmission FTIR 

experiment in which we analyzed protein alone without LUVs (Table A-5). The results indicated 

that both proteins had primarily a random coil composition, slightly reduced at a lower 

temperature. 

Collectively, these results show that both dehydrins gain ordered secondary structure 

upon association with lipid bilayers mimicking plant membranes, and that these induced 

structures appear to be stabilized further at cold temperatures. These former results are generally 

consistent with studies on other dehydrins, e.g., it has been shown that DHN-1 from Zea mays 

has a preferential binding to vesicles containing acidic phospholipids such as 

phosphatidylinositol or phosphatidic acid [142]. (These authors also indicated a preferential 

binding to vesicles of greater curvature, particularly 20-60 nm vs. 100 nm diameter vesicles, 

which phenomenon we did not investigate here.) Our latter results on Thellungiella TsDHN-1 



 

 
 

57

and TsDHN-2 are also consistent with other observations of cold-stability of intrinsically-

disordered proteins [255]. 

 

2.4.5. Effects of lipid composition and lipid-to-protein ratio on secondary structure 
composition 
 

In order to investigate further the effects of types of lipids on the secondary structure 

compositions of the dehydrins, we reduced the amount of protein in the reconstituted systems. 

Both TsDHN-1 and TsDHN-2 have higher proportions of β-sheet structure at a high lipid-to-

protein ratio of 3:1, wt:wt, with mitochondrial-LUVs than with plasma membrane- or 

chloroplast-LUVs (Figure 2.7, Tables A-6 to A-8). TsDHN-1 has more β-sheet structure (above 

50%) with all three lipid compositions studied at a 3:1 (wt:wt) lipid-to-protein ratio (Figures 2.7-

A, 2.7-C, and 2.7-E, Tables A-6 to A-8), compared to ~35% β-sheet at a 1:1 (wt:wt) lipid-to-

protein ratio (Tables A-1 and A-3). The transformation of α-helical structure to β-sheet structure 

with increasing LUV concentration has been observed in previous studies on other proteins 

[256,282,293]. The reason for the transformation of the random coil structure or α-helical 

conformations to β-sheet, at large lipid-to-protein ratios, is suggested to be due to the increased 

penetration of the protein into the membrane. The disorder-to-order transition with decreasing 

temperature (when the wt:wt lipid-to-protein ratio is 3:1) is greatest with TsDHN-1 and 

mitochondrial membrane-mimicking LUVs (Figure 2.8-E), and with TsDHN-2 with both 

plasma membrane and chloroplast membrane-mimicking LUVs (Figures 2.8-B and 2.8-D, 

respectively). In these experiments done at the higher lipid-to-protein ratio, we suggest that 

protein-protein interactions would be decreased. However, we cannot presently unravel the  
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Figure 2.7. Effect of temperature on secondary structure composition (α-helix, β-strand, β-
turn, or random coil), determined using transmission-FTIR spectroscopy, of (A, C, E) 
TsDHN-1, and (B, D, F) TsDHN-2 in association with large unilamellar vesicles, all at a 
wt:wt lipid-to-protein ratio of 3:1. The lipid compositions mimic the plant (A, B) plasma, 
(C, D) chloroplast, or (E, F) mitochondrial membranes. Error bars represent the standard 
deviation of duplicate measurements. 
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Figure 2.8. Effect of temperature on proportion of ordered secondary structure (α-helix, β-
strand, or β-turn), determined using transmission-FTIR spectroscopy, of (A, C, E) TsDHN-
1, and (B, D, F) TsDHN-2 in association with large unilamellar vesicles, all at a wt:wt lipid-
to-protein ratio of 3:1. The lipid compositions mimic the plant (A, B) plasma, (C, D) 
chloroplast, or (E, F) mitochondrial membranes. Error bars represent the standard 
deviation of duplicate measurements. 
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contribution of any such interactions to the induced secondary structure stabilization, and cannot 

discount the possibility of increased protein-protein interactions in vivo, a situation that may arise 

at high levels of dehydrin expression. 

 

2.5. CONCLUSIONS 
 

We have investigated the interactions of Thellungiella salsuginea dehydrins TsDHN-1 

and TsDHN-2 with membranes of diverse lipid composition in vitro to gain further insight into 

their physiological roles. Using spectroscopic methods, we have shown that both proteins 

associate with membranes mimicking those found in plants, and thereby gain ordered secondary 

structure. These observations are consistent with other dehydrins from other plants that have 

been investigated [142,143,244,245]. The basic dehydrin TsDHN-2 most likely interacts 

electrostatically with the phospholipid membranes, and both dehydrins most likely interact 

peripherally via their K-segments. Decreasing temperature appears to stabilize both proteins, 

consistent with studies on other intrinsically disordered proteins, including dehydrins [255]. 

These strong membrane interactions of both dehydrins, with concomitant induced folding 

(ordered secondary structure formation) support the hypothesis that they associate with and 

protect plant plasma and organellar membranes under conditions of extreme cold [21,308]. It 

would be anticipated that other dehydrins would behave similarly, and future in situ studies 

would shed further light on their roles. 
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Chapter 3: Zinc induces disorder-to-order transitions in free 
and membrane-associated Thellungiella salsuginea 
dehydrins TsDHN-1 and TsDHN-2 – A solution CD and 
solid-state ATR-FTIR study 
 

 

This work has been published: 

L.N. Rahman, V.V. Bamm, J.A.M. Voyer, G.S.T. Smith, L. Chen, M.W. Yaish, B.A. Moffatt, 
J.R. Dutcher, G. Harauz, Zinc induces disorder-to-order transitions in free and membrane-
associated Thellungiella salsuginea dehydrins TsDHN-1 and TsDHN-2: a solution CD and solid-
state ATR-FTIR study, Amino Acids 40 (2011) 1485-1502. 
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3.1. ABSTRACT 
 

Dehydrins are intrinsically disordered (unstructured) proteins that are expressed in plants 

experiencing extreme environmental conditions such as drought or low temperature. Although 

their role is not completely understood, it has been suggested that they stabilize proteins and 

membrane structures during environmental stress, and also sequester metals such as zinc. Here, 

we investigate two dehydrins (denoted as TsDHN-1 and TsDHN-2) from Thellungiella 

salsuginea. This plant is a crucifer that thrives in the Canadian sub-Arctic (Yukon Territory) 

where it grows on saline-rich soils and experiences periods of both extreme cold and drought. 

We show using circular dichroism (CD) and attenuated total reflection (ATR) - Fourier 

transform infrared (FTIR) spectroscopy that ordered secondary structure is induced and 

stabilized in these proteins, both in free and vesicle-bound form, by association with zinc. In 

membrane-associated form, both proteins have an increased proportion of β-strand conformation 

induced by the cation, in addition to the amphipathic α-helices formed by their constituent K-

segments. These results support the hypothesis that dehydrins stabilize plant plasma and 

organellar membranes in conditions of stress, and further that zinc may be an important co-factor 

in stabilization. Whereas dehydrins in the cytosol of a plant cell undergoing dehydration or 

temperature stress form bulk hydrogels and remain primarily disordered, dehydrins with specific 

membrane- or protein-associations will have induced ordered secondary structures. 
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3.2. INTRODUCTION 
 

Many plants have evolved with the ability to withstand environmental stresses such as 

low temperature and drought. Some plants respond to these stresses by inducing genes that 

encode the late embryogenesis abundant (LEA) proteins [19,44,118]. The way in which LEA 

proteins protect plants from environmental stress is not completely understood, although 

numerous mechanisms have been described [19,211,271,294]. Amongst many macromolecular 

associations, LEA proteins have been suggested to stabilize plasma and organellar membranes 

[21,60,92,109,123,206,246,257,262,263,308]. This current study is performed within the theme 

of membrane-stabilization by particular LEA proteins called dehydrins. 

Dehydrins in the cytosol of plant cells form highly stable hydrated gels and remain 

primarily disordered [177,265,299]. However, the K-segment forms an amphipathic α-helix that 

can associate with membrane surfaces [5,226]. Association of dehydrins with detergents and 

lipids can lead to ordered secondary structure [48,123,142,143,146,209,244,245]. (See also 

reference [257] which is a study of intrinsically disordered group 3 LEA proteins interacting with 

lipid membranes, and reference [262] on a mitochondrial LEA protein.) Citrus dehydrins are 

known to have a scavenging role against hydroxyl and peroxyl radicals that are generated in 

plants during environmental stress [95,272], a role that has been suggested to involve metal- and 

DNA-binding [96,97,133,224]. The metals reported to interact with citrus dehydrins, by virtue of 

histidine-rich domains, are Fe3+, Co2+, Ni2+, Cu2+, and Zn2+, but not Mg2+, Ca2+, and Mn2+ [96]. 

However, Ca2+-binding has been reported for other dehydrins and shown to depend on their 

phosphorylation state [7,108]. In general, then, the associations of dehydrins with Ca2+ and Zn2+ 

appear to be the most physiologically significant, and we focus on the latter cation in this study 

[82,96,97,224]. 
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3.2.1. Thellungiella salsuginea dehydrins 
 

We report here on studies of two dehydrin proteins TsDHN-1 and TsDHN-2 derived 

from the plant Thellungiella salsuginea (salt-lick mustard, saltwater cress; also called 

Thellungiella halophila) [301]. The classification of TsDHN-1 (acidic, calculated pI 5.25) is 

conservatively S1K3, or Y1S1K4 if one interprets two additional segments more liberally; for 

TsDHN-2 (slightly basic, calculated pI 7.91), the classification is conservatively Y2S1K3 or 

potentially Y3S1K3, with roughly 9 glycine-rich φ-segments as well (Figure 3.1). The cloning, 

over-expression, purification, and first characterization of recombinant TsDHN-1 and TsDHN-2 

have been recently described [209]. These proteins were also shown to undergo partial ordering 

in association with membranes of various lipid compositions, mimicking the plant plasma, 

mitochondrial, and chloroplast membranes. Reducing the temperature also appeared to induce 

and/or stabilize ordered secondary structure.  

We extend our first study here by investigating the effects of zinc on the secondary 

structures of TsDHN-1 and TsDHN-2 in both free and membrane-associated form (using lipid 

compositions mimicking the plasma, mitochondrial, and chloroplast membranes). Using circular 

dichroism and attenuated total reflection (ATR) - Fourier transform infrared (FTIR) 

spectroscopy, we demonstrate that zinc-association significantly increases the proportion of 

ordered secondary structure in each protein (induced disorder-to-order transition), and further 

that low temperatures increase the degree of order of each dehydrin.  
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Figure 3.1. Amino acid sequences and classification of Thellungiella salsuginea dehydrins 
(A) TsDHN-1 (acidic, 267 residues, Mr 30140.3 Da, theoretical pI 5.25, net charge -19 at 
neutral pH) and (B) TsDHN-2 (basic, 215 residues, Mr 21435.1 Da, theoretical pI 7.91, net 
charge +1 at neutral pH). In each panel, two representations are used. First, the sequences 
are given with the following colour scheme: (red – P and acidic residues D, E, N, Q; blue – 
basic residues H, K, R; green – hydrophobic residues V, L, I, F, W, M, Y; and black for all 
other residues – G, S, T, C, A). Shaded regions show our interpretation of Y, S, and K 
motifs for both proteins, with additional glycine-rich φ-segments for TsDHN-2. Second, 
each primary structure representation is visually-enhanced via hydrophobic cluster 
analysis (HCA) [41,75], using symbols ( , T; , S; , G; , P), and colours (red – P and 
acidic residues D, E, N, Q; blue – basic residues H, K, R; green – hydrophobic residues V, 
L, I, F, W, M, Y; and black for all other residues – G, S, T, C, A). The Y-, K-, S-, and φ-
segments are marked. The Y- (consensus sequence (V/T)D(E/Q)YGNP), K- (consensus 
sequence EKKGIMDKIKEKLPG), S- (run of 5 or 6 Ser, a phosphorylation sink), and φ- 
(run of polar residues, many Gly) segments are identified. At the amino terminus of each 
sequence is a Y-like segment that we denote Y’. Dehydrin TsDHN-1 can be classified as 
S1K3, or possibly Y1S1K4 if one includes the lysine-rich cluster (denoted K’) that does not 
exactly match the consensus, and if one includes the Y-like segment (denoted Y’) at the 
amino-terminus. By the same reasoning, dehydrin TsDHN-2 can be classified as Y2S1K3φ9, 
or possibly Y3S1K3φ9. The sequence panels in this figure have been partially adapted from 
[209].  
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These results support the hypothesis that dehydrins stabilize plant outer and organellar 

membranes in conditions of reduced water content such as low temperature, and further that zinc 

sequestration may be an important co-factor in stabilization.  

 
3.3. MATERIALS AND METHODS 
 

3.3.1. Materials  
 

Most chemicals were reagent grade and acquired from either Fisher Scientific 

(Unionville, ON) or Sigma-Aldrich (Oakville, ON). Electrophoresis grade chemicals were 

purchased from ICN Biomedicals (Costa Mesa, CA) or Bio-Rad Laboratories (Mississauga, ON). 

Protein over-expression, purification, and reconstitution were performed as previously described 

[209]. The stable isotopic compound 2H2O was obtained from Cambridge Isotope Laboratories 

(C.I.L., Andover, MA). The lipids phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

1,2-dimyristoyl-sn-glycero-3-phospho-rac-(1-glycerol) (DMPG), phosphatidylinositol (PI), 

phosphatidylserine (PS), and cholesterol (Chol) were obtained from Avanti Polar Lipids 

(Alabaster, AL). The lipids DGDG (digalactosyldiacylglycerol), MGDG 

(monogalactosyldiacylglycerol), and SQDG (sulfonoquinovosyl diacylglycerol) were obtained 

from Lipid Products (Nutfield Nurseries, Redhill, Surrey, UK). 

 

3.3.2. Protein over-expression and purification  
 

The TsDHN-1 and TsDHN-2 proteins were purified as previously described in Chapter 

2 [209]. Protein preparations were dialyzed extensively against 50 mM ammonium bicarbonate 
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(pH 7.3), which is volatile, and were lyophilized for long-term storage. There were thus no salts 

in the lyophilized proteins, and they were reconstituted by dissolving them in a suitable buffer. 

For use here, the TsDHN-1 and TsDHN-2 samples were dissolved in HEPES buffer (20 mM 

HEPES-NaOH, pH 7.3, 100 mM NaCl) at a concentration of 10 mg/mL (0.36 mM and 0.48 mM, 

respectively). Since these proteins lacked tryptophanyl residues, the extinction coefficients were 

exceedingly low and the protein concentration was determined by weighing lyophilized proteins 

on large scale (~10 mg) and aliquotting known amounts. Protein solutions were stored at -20oC.  

 

3.3.3. Binding of Zn2+ by TsDHN-1 and TsDHN-2 – Isothermal titration calorimetry 
 

Isothermal titration calorimetry (ITC) experiments were carried out using a VP-ITC 

instrument from Microcal Inc. (Northampton, MA). Lyophilized variants of TsDHN-1 and 

TsDHN-2 were dissolved in buffer (20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl), and 

extensively dialyzed against the same solution (at least 2 changes). Following the dialysis, the 

protein was filtered (0.22 μm pore size) and the concentration was estimated using a 

bicinchoninic acid assay (BCA), where TsDHN-1 and TsDHN-2 at known concentrations were 

used as standards. The stock solutions of 5 or 2.5 mM ZnCl2 were prepared in the same buffer 

prior to each experiment. Samples were degassed in a Thermovac (Northhampton, MA) at 23°C 

for 10 min. The Zn2+ solution was injected into the sample cell, containing 100 μM of TsDHN-1 

or TsDHN-2 variant in the above solution. Typically, for TsDHN-1, the titrations were carried 

out with a preliminary injection of 2 μL followed by 29 injections of 10 μL of 5 mM ZnCl2, with 

a 300 s spacing between each injection. For TsDHN-2, the titrations were carried out with a 

preliminary injection of 3 μL followed by 24 injections of 5 μL of 2.5 mM ZnCl2, and then 17 
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injections of 7 μL of 2.5 mM ZnCl2, with a 300 s spacing between each injection. All 

experiments were carried out in triplicate at 23°C.  

Before analysis, data from the preliminary 3 μL injections were discarded, and heats of 

dilution of the ligand into solution of 20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl (in the 

absence of protein) were subtracted from the Zn2+ into TsDHN-1/TsDHN-2 titration 

experiments. In the analyses presented here, the last several points in the titration curves were 

fitted with linear regression for the purpose of baseline correction. The corrected data were 

integrated and plotted as a function of the molar ratio, and the binding isotherms obtained were 

fitted to the Origin “one set of sites” model for both proteins (Origin 5.0, Microcal) (cf., 

[163,269,279]). 

 

3.3.4. Circular dichroism (CD) spectroscopy 
 

The effects of Zn2+ on the protein secondary structure in buffer alone (in 20 mM HEPES-

NaOH, pH 7.3, 100 mM NaCl) were studied by CD spectroscopy on a JASCO J-815 

spectropolarimeter (Japan Scientific, Tokyo), equipped with a re-circulating water bath. The scan 

rates were 50 nm/min, and the band resolution was 1 nm. The protein concentration was 1.4 

mg/mL (0.047 mM) for TsDHN-1 (Mr = 30.1 kDa), and 1.3 mg/mL (0.06 mM) for TsDHN-2 

(Mr = 21.4 kDa). The sample volume was 70 μL in a demountable quartz cuvette with a path-

length of 0.01 cm. The CD experiments in the presence of Zn2+ were done with a molar protein 

to Zn2+ ratio of 1:10, in order to ensure saturation of all binding sites. The CD spectra were 

collected from 30ºC to 5ºC with 5ºC intervals. Four successive scans were recorded, the sample 

blank was subtracted, and the scans were averaged. The data averaging and smoothing (using the 
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Savitzky-Golay algorithm) operations were accomplished with OriginPro (Version 8, OriginLab 

Corporation, Northampton, MA).  

 

3.3.5. Lipid vesicle preparation and protein reconstitution for ATR-FTIR 
spectroscopy 
 

Large unilamellar vesicles (LUVs) were formed as described in Chapter 2 by extrusion 

method. The lipid compositions were chosen to mimic one of the following plant membranes: 

plasma (PC:PS:PI, 33:47:20 by wt%), mitochondrial (PC:PS:PE:Chol, 27:25:29:20 by wt%), or 

chloroplast (MGDG:DGDG:SQDG:PC:DMPG:PI, 51:26:7:3:9:1 by wt%) [103]. The sizes of 

vesicles were measured to be approximately 100 nm, using a dynamic light scattering (DLS) 

Zetasizer Nano-S model ZEN1600 instrument (633 nm “red” laser; Malvern Instruments).  

For reconstitution, the desired amount of protein (in 20 mM HEPES-NaOH, pH 7.3, 100 

mM NaCl) was added to the LUVs at a lipid-to-protein ratio of 1:1 by weight. The protein-LUV 

complexes were used within 1 h of preparation for FTIR measurements. The lipid-to-protein 

ratio was chosen to assure a significant signal-to-noise ratio.  

First, 5 mM Zn2+ in 20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl was added to the 

protein solution to achieve a concentration of 0.36 mM for TsDHN-1 and 0.48 mM for TsDHN-2 

(to reach the molar zinc to protein ratio of 10:1). After allowing the proteins to interact with Zn2+ 

for 5 minutes at room temperature, LUVs were added to reach a protein-lipid ratio of 1:1 (wt:wt), 

followed by a further incubation of 10-15 minutes at room temperature. After incubation, the 

protein-LUV complexes (with or without Zn2+) were spun down in a table-top centrifuge at 14 
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000 rpm (18 000 x g) for 1 hour. After removing the supernatant, the aggregate was used for 

ATR-FTIR analysis. 

 

3.3.6. Attenuated total reflection (ATR)-Fourier transform infrared (FTIR) 
spectroscopy 
 

The effects of Zn2+ on the protein secondary structure when associated with membranes 

were studied with a Bruker Optics Vertex 70 FTIR spectrometer equipped with a liquid nitrogen-

cooled mercury cadmium telluride (MCT) detector. A vertical PIKE MIRacle Micro ATR 

accessory (PIKE Technologies, Madison, WI) combined with a 1-reflection diamond ATR 

crystal unit with a diameter of 6 mm was used. The crystal was cleaned by isopropanol, followed 

by double-distilled H2O. The crystal surface was dried under nitrogen flow before use. All 

experiments were conducted at room temperature (~22oC). For each spectrum, 1000 

interferograms were collected, and Fourier-transformed to give a resolution of 2 cm-1. To 

minimize the spectral contributions from atmospheric water vapour, the optic and sample 

compartments of the spectrometer were purged continuously with dry nitrogen. 

Aliquots of about 30 μL of this protein-lipid complex solution were added onto a one-

reflection diamond ATR crystal one at a time, followed by 45 minutes incubation in a desiccator 

under vacuum to form a dry film. A second layer of deposition was necessary to yield a high 

signal-to-noise ratio spectrum with the amide I signal around 0.6 O.D. (optical density). Spectra 

ranging from 950 cm-1 to 1750 cm-1 were collected while a stream of nitrogen gas, containing 

rich 2H2O vapour, flowed over the sample on the crystal with the aid of a home-built bubbler. 

The spectra, collected after the complete H2O/2H2O exchange, were used for secondary structure 
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analysis. The completion of H2O/2H 2O exchange was confirmed when the spectra in the amide II 

region did not change further. A typical measurement needed about 90 to 120 μg of either 

TsDHN-1 or TsDHN-2. 

 

3.3.7. ATR-FTIR data analysis  
 

The overlapping bands in the ATR-FTIR spectra were resolved by Fourier self-

deconvolution (FSD) using OMNIC software (Thermo Fisher Scientific, Waltham, MA) and the 

PeakFit program (version 4.12, Seasolve Software Inc., San Jose, CA). The conditions were 

chosen to minimise the increase in noise, and the appearance of side-chain lobes, while achieving 

maximum band narrowing.  

Since all the FTIR measurements were done here in a saturated 2H 2O environment, the 

band located between 1600 cm-1 to 1700 cm-1 can be considered to be due to C=O stretching 

only.  

 

3.4. RESULTS and DISCUSSION 
 

3.4.1. Metal-binding by dehydrins – physiological significance 
 

Hydroxyl and peroxyl radicals are generated in plants during environmental stress. Citrus 

dehydrins are known to have a scavenging role against hydroxyl radicals and peroxyl radicals 

[272]. It has been suggested that citrus dehydrins play this role through metal ion binding 

[96,97], by virtue of their enhanced proportion of histidyl residues [107,150,252]. The metal-
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binding activity of the citrus dehydrin CuCOR15 has been studied by immobilized metal affinity 

chromatography, showing the importance of a double-His and a His-X3-His motifs [96,97]. It 

had been previously shown that a double-His motif binds metal ions more strongly than a single 

His residue [88]. 

In turn, the physiological significance of metal-binding by dehydrins has been proposed 

to revolve around DNA-binding. One of the best-characterized DNA-binding motifs is present in 

the C2H2-type zinc finger proteins, of which 176 members have been revealed by in silico 

analysis to be present in Arabidopsis thaliana [68]. Most (about two-thirds) of these proteins are 

plant-specific. Plant zinc finger domains differ from those found in yeast and animals by being 

separated by long spacers of various length and sequences, instead of being clustered. They also 

contain a conserved QALGGH motif (not found in yeast or animals), which has been shown to 

have a crucial role in DNA binding in vitro.  

Although the C2H2 type zinc finger proteins are well-characterized with regards to their 

zinc-dependent DNA-binding activity, recent studies have suggested that dehydrins (which are 

not zinc finger proteins) also have zinc-enhanced DNA-binding activity. For example, five 

histidine residues near the N-terminus of the tomato abscisic acid stress ripening protein ASR1 

were first suggested to be responsible for its DNA-binding, in the absence of any other well-

known DNA-binding motif [133]. Subsequently, the central or C-terminal regions were also 

shown to play a role [224]. Zinc-dependent DNA-binding activity was also observed in the citrus 

dehydrin CuCOR15, with other cations (Mg2+, Ca2+, Mn2+, Ni2+, Cu2+) having little or no effect 

[82,97]. Furthermore, zinc induces ordered secondary structure in both the CuCOR15 and Apo-

ASR1 dehydrins, further examples of ligand-induced order in IDPs. We concentrate in this study 
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on the interactions of Thellungiella dehydrins with zinc in the absence and presence of 

membranes. 

 
 

3.4.2. Binding of Zn2+ by TsDHN-1 and TsDHN-2 – Isothermal Titration 
Calorimetry 
 

The association of TsDHN-1 or TsDHN-2 with Zn2+ was elucidated by isothermal 

titration calorimetry. Figure 3.2 presents results from a typical ITC experiment, which was 

performed in triplicate for each dehydrin protein. In each experimental run, Zn2+ was injected 

into the sample cell containing a known amount of TsDHN-1 or TsDHN-2, to reach the final 

protein to ligand molar ratio of 1 to 11 or 1 to 5, respectively. The Origin Microcal software for 

isothermal titration calorimetry integrates the areas under the peaks in isothermal titration curves 

to obtain the change in heat (qi) associated with ligand injection. Throughout the experiment, the 

total concentrations of reactants, [M1]T and [M2]T, are known and used as independent variables. 

Nonlinear regression analysis of qi, the dependent variable, allows estimation of the 

thermodynamic parameters (Ka and ΔH, and thus, ΔS) as follows. First, we used the following 

(Equation 3-1):  

(Equation 3-1) 

qi = VΔH ([M1M2]i - [M1M2]i-1),  

where ΔH is the enthalpy of binding of reactants M1 and M2 in the constant calorimetric cell 

volume (V) during titration i. The analytical solution for the concentration of complex M1M2 

upon titration i is described by (Equation 3-2): 
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(Equation 3-2) 

[M1M2]i =
1+ n[M2]T ,iKa[M1]T ,i − (1+ n[M2]T ,iKa +Ka[M1]T ,i)

2 − 4n[M2]T ,iKa
2[M1]T ,i

2Ka

,  

where n is the number of independent binding sites, [M1]T,i and [M2]T,i are the total 

concentrations of macromolecule and ligand, respectively, in the cell after injection i. Finally, ΔS 

is calculated from (Equation 3-3): 

(Equation 3-3) 

 ΔG = -RT ln Ka = ΔH – TΔS 

The Origin 5.0 software package (Microcal option) applies the above equations to fit the 

binding isotherm. The data were fitted to the Origin “one set of sites” model for both proteins, 

although the “two sets of independent sites” model was also investigated for TsDHN-1 (cf., 

[163,269,279]). The parameters derived from these fittings are summarized in Tables A-9 and 

A-10 [279,295]. Standard errors originated from the fitting procedures at the 95% confidence 

level in the determination of the parameters. 

We first describe the data and analysis for TsDHN-1. According to the isothermal 

titration curve obtained for titration of TsDHN-1 with Zn2+, the binding sites in this protein could 

not be completely saturated with Zn2+ (Figure 3.2-A). The last six points in the isothermal 

titration curve were linearly fitted to determine the heat of dilutions, and were subtracted from 

the raw data. Therefore, even though we are confident here about the values for n and Ka that are 

calculated for TsDHN-1 (Table 1), we do not consider that either the ∆H or -T∆S values are 

reliable (cf., [(Velazquez-Campoy et al. 2004)]). These data were fitted to the “one set of sites 
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model”, but could also be fitted to a binding model with two sets of binding sites [(Tong et al. 

2006; Velazquez-Campoy et al. 2004)]. Here, for simplicity, we present the results only with the 

“one set of sites model”, which yielded n=2.3 (meaning at least 2 zinc ions per protein, and a 

dissociation constant also in the low micromolar range, 45 µM. Most probably for TsDHN-1, 

after the first two sites are saturated, less specific binding of Zn2+ occurs.  

 TsDHN-2 associated with Zn2+ at a 1:1 molar ratio (Figure 3.2-B, Table A-10). For this 

protein, the last five points in the isothermal titration curve were linearly fitted to determine the 

heat of dilutions, and were subtracted from the raw data (Figure 3.2-B). The data were fitted to 

the Origin “one set of sites” model [163], yielding n=1.03 (essentially 1 zinc ion per protein) and 

a dissociation constant in the low micromolar range, 26 µM (Table A-10). The association was 

accompanied by a decrease in ∆H and ∆G, suggesting that these interactions are enthalpy driven, 

and probably predominantly electrostatic. The slight increase of entropy may be due to the 

release of previously oriented water of solvation [201,243]. 
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Figure 3.2. Isothermal titration calorimetry (ITC) of the interaction of zinc with (A) 
TsDHN-1, and (B) TsDHN-2, in 20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl. The 
isothermal titration calorimetry curves for both proteins were fitted to a model 
representing one set of binding sites. Thermodynamic parameters thereby derived are 
given in Tables A-9 and A-10. 

 

3.4.3. Effect of Zn2+ on the TsDHN-1 and TsDHN-2 structures – CD spectroscopy 
 

We studied the effects of Zn2+ on the secondary structure compositions of TsDHN-1 and 

TsDHN-2 by CD spectroscopy of the proteins in buffer alone (Figures 3.3 and 3.4). There was 

no detectable precipitation or aggregation of either protein upon addition of cation. At 30oC and 

in the absence of Zn2+, a deep trough at 197 nm is observed for both TsDHN-1 and TsDHN-2 

(Figure 3.3-A, 3.4-A), indicating that these proteins are mostly random coil under these 
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conditions, with the TsDHN-2 being slightly more ordered than TsDHN-1. This trough shifts 

towards 205 nm and becomes weaker with decreasing temperature, suggesting a slight cold-

stabilization of ordered structure. 

For TsDHN-1, in the presence of Zn2+, the CD spectra do not change as dramatically with 

decreasing temperature as in its absence, suggesting structural stabilization by this cation 

(compare Figure 3.3-A with 3.3-B). In Figure 3.3-B, the negative minimum at 197 nm is much 

weaker in the presence of Zn2+ than in the absence of Zn2+ (Figure 3.3-A). The difference 

spectrum (Figure 3.3-C, obtained by subtracting the spectrum in the absence of Zn2+ from the 

spectrum in the presence of Zn2+), suggests that ordered secondary structures (probably β-turn 

and β-sheet) are induced in this dehydrin by the presence of Zn2+ at 30°C (Figure 3.3-C). At low 

temperature, the presence of Zn2+ resulted in a redistribution of secondary structure components 

rather than inducing ordered secondary structures (Figure 3.3-D).  
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Figure 3.3. Solution CD spectra of TsDHN-1 in 20 mM HEPES-NaOH, pH 7.3, 100 mM 
NaCl, in the (A) absence and (B) presence of Zn2+, at different temperatures. (C, D) The 
differences of CD spectra obtained at 30oC and 5oC, respectively (spectrum with zinc minus 
spectrum without zinc at particular temperature). 
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Figure 3.4. Solution CD spectra of TsDHN-2 in 20 mM HEPES-NaOH, pH 7.3, 100 mM 
NaCl, in the (A) absence and (B) presence of Zn2+, at different temperatures. (C, D) The 
differences of CD spectra obtained at 30oC and 5oC, respectively (spectrum with zinc minus 
spectrum without zinc at particular temperature). In the presence of zinc, there is a gain of 
ordered secondary structure at 30oC under these conditions. 
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For TsDHN-2 (Figure 3.4-B), the addition of Zn2+ again rendered the spectra insensitive 

to temperature. The difference spectra (Figure 3.4-C, 3.4-D) obtained by subtracting the 

spectrum in the absence of Zn2+ from the spectrum in the presence of Zn2+, suggest, that ordered 

secondary structures are induced at higher temperature, but only redistribution of secondary 

structures occurs in the presence of Zn2+ at lower temperature.  

It has become apparent in recent years that the left-handed poly-proline type II (PPII) 

conformation is an important component of intrinsically disordered proteins (briefly reviewed in, 

e.g., [102,205,212,238]). The CD spectrum of the poly-proline type II conformation is 

characterised by a positive maximum at 223 nm and a negative minimum at 197 nm. However, 

in many cases the negative minimum due to the α-helical component masks the positive 

maximum at 223 nm. The PPII conformation is thus best discerned by comparing CD spectra 

over a range of temperatures [237,238]. A temperature-difference spectrum, obtained by 

subtracting the high temperature spectrum from the low temperature one, allows for the 

“amplification” of the signal from the PPII helix. Here, neither of the difference spectra obtained 

by subtracting the 30°C spectra from the 5ºC spectra of TsDHN-1 and TsDHN-2 (Figure 3.5) 

suggests the presence of the PPII conformation under the particular conditions (pH, temperature, 

ionic strength) examined here.  

 

3.4.4. Rationale for choice of lipids for LUV preparation 
 

The major plant membrane lipid components are glycolipids and phospholipids, with 

composition depending on the type of organelle. The plant plasma membrane contains mostly  
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Figure 3.5. The differences of solution CD spectra obtained in the presence of zinc at 5oC 
and 30oC (lower temperature spectrum minus higher temperature spectrum) for (A) 
TsDHN-1, and (B) TsDHN-2, discounting the presence of a zinc-induced (or zinc-stabilized) 
poly-proline type II (PPII) conformation in TsDHN-1 and TsDHN-2 in solution. 
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Figure 3.6. Demonstration of peak-fitting process for ATR-FTIR spectra. (A) Attenuated 
total reflection Fourier-transform infrared spectra of TsDHN-2, associated with 
chloroplast-LUVs at a wt:wt lipid-to-protein ratio of 1:1 in 2H2O (solid line) at 22oC. (B) 
Fourier self-deconvolution of an unprocessed ATR-FTIR spectrum of TsDHN-2, associated 
with chloroplast-LUVs at a wt:wt lipid-to-protein ratio of 1:1 in 2H2O at 22oC, using 
OMNIC software with a bandwidth at a half-height of 15 cm-1 and an enhancement value 
of 1.8. (C) Second derivative of the ATR-FTIR spectrum (panel A) for secondary structure 
determination by PEAKFIT software. (D) Analysis of the ATR-FTIR spectrum (panel A) 
for secondary structure determination by PEAKFIT software – the baseline-corrected 
spectra of the TsDHN-1 and TsDHN-2 proteins reconstituted in LUVs of differing lipid 
compositions, were deconvoluted using a mixed Gaussian and Lorentzian band shape. 
Auto-fits of the self-deconvoluted spectra of the original spectra were performed until the 
coefficient of determination (r2) was larger than 0.99.  

 

phospholipids, with negligible amounts of other lipids. On the other hand, the predominant lipids 

in plant chloroplast membranes are glycolipids, or galactolipids such as 
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monogalactosyldiglyceride (MGDG), digalactosyldiglyceride (DGDG), and sulfolipid (SQDG) 

[103]. Different environmental conditions, such as the pH of the soil and low temperature, have 

been shown to influence the ratio of the galactolipids [280]. The presence of galactolipids is 

crucial for plant growth under normal phosphate limiting conditions. However, it has been 

reported that MGDG destabilizes plant lipid during cold stress [110,189]. The ratio of different 

lipids also varies depending on the tissue type, and affects the activities of enzymes such as 

phospholipase A [285]. In this and in our previous study [209], we thus compared the 

interactions of Thellungiella dehydrins with membranes of different lipid compositions in order 

to gain a broader perspective on their potential roles in different plant cell compartments. 

 

3.4.5. Effect of Zn2+ on the membrane-reconstituted TsDHN-1 and TsDHN-2 
structures – ATR-FTIR spectroscopy 
 

Since large lipid-protein aggregates cannot be studied by solution CD spectroscopy, 

ATR-FTIR spectroscopy was applied to study the effect of Zn2+ on the membrane-associated 

TsDHN-1 and TsDHN-2 proteins. The procedure of peak-fitting is illustrated in Figure 3.6. 

Our first experiment was a control to see the effects of the cation on the lipids alone. The 

ATR-FTIR spectra of LUVs derived from lipid mixtures mimicking the compositions of plasma, 

chloroplast, or mitochondrial membranes, all collected in the absence of protein, contained 

ν(C=O), symmetric δ(CH2), and asymmetric δ(CH2) modes at 1734, 1465, and 1414 cm-1,  
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Figure 3.7. Effects of Zn2+ on ATR-FTIR spectra, absorbance versus wavenumber, at room 
temperature (22oC), for LUVs alone in the absence of protein. The LUV lipid compositions 
mimic the plant (A) plasma (PM_LUV), (B) chloroplast (CHLOR_LUV), or (C) 
mitochondrial (MITOCH_LUV) membranes.  
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respectively (Figures 3.7-A to 3.7-C). In the presence of Zn2+, an additional peak at 1593 cm-1 

was observed. None of the LUV-alone (no protein) spectra showed significant absorption in the 

amide region, except for that mimicking the mitochondrial membrane (Figure 3.7-C). For these 

LUVs, there is a new unique band located at around 1620 cm-1 due to the ν(COO-) of PS, which 

shifts to 1640 cm-1 upon addition of Zn2+. The LUV samples mimicking the composition of 

plasma and mitochondrial membranes became more compact (condensed acyl chains) upon 

interaction with Zn2+, due to charge screening, causing them to attach more strongly to the ATR 

crystal (cf., [242]). This effect is indicated by larger carbonyl lipid peak areas in the presence of 

Zn2+ (Figure 3.7-A, 3.7-C). 

The addition of Zn2+ to either membrane-reconstituted TsDHN-1 or TsDHN-2 caused 

significant changes in the ATR-FTIR spectra (Figures 3.8 and 3.9). All infrared spectra 

(Figures 3.8-A-C and 3.9-A-C) were normalized by the carbonyl peak areas after base line 

corrections. In the presence of Zn2+, TsDHN-1 and TsDHN-2 interact with membranes much less 

than in its absence, except in the case of TsDHN-2 interacting with LUVs mimicking the 

composition of the plasma membrane. It has been reported that Zn2+ forms bridges between 

neighboring negatively-charged phospholipid head groups, thus stabilizing the lipid membranes 

in their gel phase [22].  

When TsDHN-1 or TsDHN-2 bound to Zn2+ comes in contact with lipid membranes, the 

Zn2+ ions are perhaps removed from the proteins and interact instead with the phospholipid head 

groups, limiting the interactions of the proteins with lipid membranes. For TsDHN-1, peaks at 

1593 cm-1 were observed, which might be due to lipids. 
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In order to determine the effect of Zn2+ on the secondary structures of the proteins 

themselves, the FTIR spectra were corrected for the LUVs background, followed by 

normalization, such that the area between the linear baseline and the spectra between the region 

1700 cm-1 and 1500 cm-1 was unity (Figures 3.8-D-F and 3.9-D-F). The peak at 1564 cm-1 

(Figures 3.8-D, 3.8E) or 1550 cm-1 (Figure 3.8-F), for TsDHN-1, could arise due to the ν(COO-

) vibration of Glu or Asp side-chains, respectively. The peak at 1575 cm-1 for TsDHN-2 (Figures 

3.9-D-F), could arise due to the ν(COO-) vibration of Asp side-chains. In the presence of Zn2+, 

the peak at 1564 cm-1 for TsDHN-1 disappears, and instead a peak at 1605-1610 cm-1 is 

observed, indicating the involvement of the side-chain ν(COO-) for interaction with Zn2+ 

(Figures 3.8-D, 3.8-E) [175,185]. In addition, peaks at around 1674 cm-1 are also observed for 

plasma membrane or chloroplast membrane reconstituted TsDHN-1 (Figure 3.8-D, 3.8-E). 

In the FTIR spectra of membrane-reconstituted TsDHN-2, a peak shifted from 1648 to 

1632 cm-1 in the presence of Zn2+ suggesting a change in conformation from random coil to β-

sheet (Figures 3.9-D-F) [15,40,149,250,251]. There was little change observed in the peak 

located at 1575 cm-1 in the presence of Zn2+ for TsDHN-2, suggesting that the side-chains of this 

dehydrin are not involved in interacting with Zn2+ to any significant extent [175]. 

 

3.4.6. Zinc-induced ordered secondary structure in TsDHN-1 and TsDHN-2 
 

All FTIR spectra were fitted with multiple Gaussian and Lorentzian peaks for detailed 

secondary structure analysis as illustrated in Figure 3.6, and as previously described in detail 

[209,242]. Partial overlaps of the amide I band with the deuterated side-chain at around 1564 cm-

1 for TsDHN-1, and at 1575 cm-1 for TsDHN-2, were observed. Therefore, all peaks located in 
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the region between 1600 and 1500 cm-1, after baseline correction, were included during curve 

fitting. Detailed predictions of the proportions of different types of secondary structures (α-helix, 

β-strand, and random coil) are given in Tables A-11 to A-13. It should be cautioned that the 

calculations of overall secondary structure composition from such spectra will vary depending on 

how peak identification, baseline correction, and peak-fitting are performed. Our method is 

summarized in Figure 3.6. Therefore, we restrict ourselves here to reporting on clear trends, as 

we have previously done for these dehydrins and for myelin basic protein [209,242]. Detailed 

spectral analysis shows that both TsDHN-1 and TsDHN-2 gain more ordered secondary structure 

in the presence of Zn2+, particularly β-sheet (Figure 3.10). The anti-parallel β-sheet becomes 

more pronounced in the secondary structure of TsDHN-1, whereas the parallel β-sheet is more 

pronounced in TsDHN-2. However, the extent in increase of ordered structure is more 

pronounced for TsDHN-2. For TsDHN-1, there is no significant change in the random coil 

structure, but there is an increase of turn structures and a decrease in the side-chain contributions. 

Little change in side-chain contributions due to Zn2+ is observed for TsDHN-2. There is also a 

synergistic effect of lipid composition, as TsDHN-1 gains more ordered secondary structure 

when associated with LUVs mimicking the lipid compositions of chloroplast membranes 

(Figures 3.10-A and 3.10-B). The FTIR spectra for TsDHN-1 associated with LUVs mimicking 

the composition of mitochondria were not of suitable quality for secondary structure analysis 

with the above method, and are not presented. 
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Figure 3.10. Effect of Zn2+ on secondary structure composition of membrane-associated 
(A, C) TsDHN-1 and (B, D, E) TsDHN-2 at room temperature (22oC). The LUV lipid 
compositions mimic the plant (A, B) plasma (PM_LUV), (C, D) chloroplast 
(CHLOR_LUV), or (E) mitochondrial (MITOCH_LUV) membranes. Error bars represent 
the standard deviation of triplicate measurements. 
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It has been suggested that dehydrins retain their intrinsically disordered conformation in the 

formation of hydrogels in conditions of drought, thereby avoiding structural collapse that well-

folded proteins would undergo [177]. Our results here demonstrate that dehydrins undergo a 

disorder-to-order transition in association with membranes and zinc. These new data extend our 

previous study in which we demonstrated induced order in these same dehydrins upon membrane 

association at low temperatures [209]. Thus, the conformational space sampled by dehydrins in 

vivo would depend on their particular environment within the cell – the proteins at a membrane 

interface would be more ordered than those within the bulk hydrogel. 

 

3.4.7. Significance of zinc sequestration by Th. salsuginea dehydrins 

The sequestration of heavy metals such as zinc has been documented for several LEA 

proteins and dehydrins [7,108,304,309]. More recently, it has been reported that Zn2+ promotes 

the association of citrus dehydrins with DNA, and that this association was mediated by domains 

enriched in histidyl and lysyl residues [97]. This mechanism makes sense since poly-lysine 

chains have long been used as a coating to fix DNA to solids [67], and it is known that His-His 

or His-X3(4)-His motifs, or combinations thereof, can bind to macromolecules chelating metal 

ions (such as DNA) through Zn2+ intermediates [276].  

Here, TsDHN-1 is an acidic S1K3 type dehydrin containing a His-His pair (residues 250 

and 251, counting the N-terminal Met as #1) which may play a role in promoting the ordered 

secondary structure in the presence of Zn2+. In contrast, TsDHN-2 contains two His-His pairs 

(residues 72 and 73, and 152 and 153), which may play a role in promoting ordered secondary 

structure in the presence of Zn2+. In addition, the negatively-charged side-chains in TsDHN-1 

may also interact with Zn2+. Previously and independently, studies on Brassica juncea dehydrins 
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led to the suggestion that they confer heavy metal tolerance [304]. Our results here indicate that 

zinc sequestration by free or membrane-associated Th. salsuginea dehydrins results in induced 

ordered structure, the physiological significance of which remains to be determined. We suggest 

here that zinc may be important also for membrane-stabilization via dehydrins in plants 

subjected to extremes of cold or drought. 

 

3.5. CONCLUSIONS 

We have investigated the interactions of Th. salsuginea dehydrins TsDHN-1 and 

TsDHN-2 with Zn2+ and membranes, in vitro, to gain further insight into their physiological 

roles. Using a combination of complementary spectroscopic methods, we have shown that both 

proteins associate with membranes of different lipid compositions, and thereby gain ordered 

secondary structure, consistent with other dehydrins that have been investigated 

[142,143,244,245]. These strong membrane interactions of both dehydrins, with concomitant 

induced folding (ordered secondary structure formation) support the hypothesis that they protect 

plant plasma and organellar membranes under conditions of extreme cold [21,308]. Zinc has 

been shown to stabilize ordered secondary structure in many intrinsically disordered proteins 

(briefly reviewed in, e.g., [242]). Here, the divalent cation Zn2+ has been shown to have a strong 

stabilizing effect on both dehydrin structures, both free and in membrane-bound form, indicating 

a synergistic interaction and potentially a further mechanism for cold-stabilization. 
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Chapter 4: Interactions of Thellungiella salsuginea 
dehydrins TsDHN-1 and TsDHN-2 with plant 
mitochondrial-mimetic membranes – Surface morphology 
and single-molecule force measurements show differential 
bilayer stabilization at cold and ambient temperatures, and 
reveal tertiary and quaternary associations 
 

 

This work is being prepared for publication, with the following authors: Luna N. Rahman, 
Fraser McKay, Maximiliano Giuliani, Amanda Quirk, Barbara A. Moffatt, George Harauz, 
John R. Dutcher. 

 

Statement of work done:  

The monolayer compression studies and measurement of thickness of monolayer during 

compression were done by Mr. Fraser McKay. The fittings of force distance curves in the single 

molecule force spectroscopy studies were done by Dr. Maximiliano Giuliani. Dr. Amanda Quirk 

assisted with the experiments involving the cold-stage. 
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4.1 ABSTRACT 
 

Dehydrins (group 2 late embryogenesis abundant proteins) are intrinsically-disordered 

proteins that are expressed in plants experiencing extreme environmental conditions such as 

drought or low temperature. Their roles include stabilizing cellular proteins and membranes, and 

sequestering metal ions. Here, we investigate the membrane interactions of the acidic dehydrin 

TsDHN-1 and the basic dehydrin TsDHN-2 derived from the crucifer Thellungiella salsuginea 

that thrives in the Canadian sub-Arctic. We show using compression studies with a Langmuir-

Blodgett trough, and atomic force microscopy, that both dehydrins can stabilize lipid monolayers 

and bilayers with a lipid composition mimicking the composition of the plant mitochondrial 

membrane, which had previously been shown to induce ordered secondary structures in the 

proteins. Ellipsometry of the monolayers during compression showed an increase in monolayer 

thickness upon introducing TsDHN-1 (acidic) at 4oC and TsDHN-2 (basic) at room temperature. 

The latter dehydrin only stabilized monolayers containing cholesterol. These results support the 

hypothesis that acidic dehydrins stabilize plant plasma and organellar membranes in conditions 

of cold stress. Single molecule force spectroscopy of both proteins pulled from supported lipid 

bilayers indicated the formation of tertiary conformations in both proteins, and potentially a 

dimeric association for TsDHN-2. 
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4.2 INTRODUCTION 
 

Crop yields are severely affected by various environmental stresses such as low 

temperature and drought. Low temperature may lead to poor germination, stunted seedlings, 

yellowing of leaves (chlorosis), reduced leaf expansion and wilting, and eventual tissue necrosis. 

However, low temperature tolerant plants have evolved many ways to cope with environmental 

stresses. One response to these conditions is the induction of genes that encode the late 

embryogenesis abundant (LEA) proteins [19,118]. To date, the group 2 LEA proteins, also 

known as dehydrins, have been the most extensively investigated [5,56,69,145,264]. The way in 

which LEA proteins in general, and dehydrins in particular, function to protect plants from 

environmental stress is thought to involve diverse mechanisms as previously reviewed, e.g., 

[5,37,69,208,209,271]. They are proposed to stabilize and maintain the integrity of intracellular 

enzymes [49,89,115,146,147,267], plasma and organellar membranes [70,117,208,209], actin 

microfilaments [2,210], the extracellular matrix [20], and nucleic acids [97]. Most LEA proteins 

are intrinsically-disordered proteins [177,214,267]. It is generally accepted that the intrinsically-

disordered and extended conformation of LEA proteins allows them to sequester water and 

sugars in a tightly hydrogen-bonded network to form a hydrocolloid or gel [177,265]. They have 

also been proposed to sequester calcium, and scavenge heavy metals such as Zn2+, Cd2+, Cu2+, 

and free radicals in vivo [7,82,95,96,108,180,208,224,304]. Dehydrins are characterized by the 

presence of one or more K-segments, lysine-rich domains that have the potential for electrostatic 

and hydrophobic interactions with membranes attributed to the formation of amphipathic α-

helices [72,143]. They also may have Y-, S-, and φ-segments which define their specific 

classification [42,56]. 
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The dehydrins TsDHN-1 and TsDHN-2 are homologues of the dehydrin RAB18, which 

was first investigated by Wong and colleagues [301], and were originally isolated from 

Thellungiella salsuginea (salt cress, also called Thellungiella halophila), a close relative of 

Brassica spp. The amino acid sequences of TsDHN-1 and TsDHN-2 are shown in Figure 4.1. 

Both of these proteins are of the YnSK2 class, although the former is acidic (calculated pI 5.25, 

Mr 30140.3 Da) and the latter is slightly basic (calculated pI 7.91, Mr 21435.1 Da). We have 

previously reported that TsDHN-1 and TsDHN-2 gain secondary structure upon association with 

large unilamellar vesicles (LUVs) that mimic the plant plasma and organellar membranes in vitro 

[209], that zinc induces further disorder-to-order transitions under such conditions [208], and that 

phosphorylation of these proteins facilitates actin assembly [210]. Reducing the temperature also 

appeared to induce and/or stabilize ordered secondary structure [209]. These structural 

characteristics of TsDHN-1 and TsDHN-2 highlight their functions in facilitating cold and 

drought tolerance in Th. salsuginea, by both membrane and cytoskeletal stabilization.  

In the present study, we have examined the interaction of TsDHN-1 and TsDHN-2 with 

membranes using several model systems: lipid monolayers, supported lipid bilayers formed by 

the Langmuir-Blodgett/Langmuir-Schaefer touch technique, and supported lipid bilayers formed 

by vesicle fusion techniques. In these experiments, we have evaluated the stability of the 

membranes in terms of the maintenance of its surface pressure and fluidity following the 

introduction of the dehydrin molecules. By using monolayer compression techniques in a 

Langmuir-Blodgett trough, we demonstrate that the acidic TsDHN-1 stabilizes lipid monolayers 

with a lipid composition mimicking the plant mitochondrial membrane at 4oC, whereas the basic 

TsDHN-2 stabilizes lipid monolayers with the same composition at room temperature. The latter 

dehydrin only stabilizes monolayers containing cholesterol. 
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A 

 

B 

 

Figure 4.1. Amino acid sequences of the Th. salsuginea dehydrins TsDHN-1 (acidic) and 
TsDHN-2 (basic), showing the characteristic K-segments, S-segments, Y-segments, and φ-
segments. This figure has been adapted from references [208,209]. The predictions of 
segments with ordered secondary structures (α-helix or β-strand) were derived from the 
Yaspin software package [160]. “NLS” denotes a predicted nuclear-localization signal (cf., 
[210]). 
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Topographic studies of supported lipid bilayers, using atomic force microscopy, were in 

agreement with these results. Single-molecule force spectroscopy measurements were consistent 

with the formation of α-helical and β-strand secondary structure, defined tertiary arrangements, 

and dimerization by TsDHN-2. Atomic force microscopy topographic studies of supported lipid 

bilayers are in agreement with the results of the monolayer compression experiments. Single 

molecule force spectroscopy measurements are consistent with the formation of α-helical and β-

strand secondary structure, defined tertiary arrangements, and dimerization of TsDHN-2. The 

present results on dehydrin-membrane interactions, together with the results of previous studies 

support the hypothesis that dehydrin molecules associate with and protect plant plasma and 

organellar membranes under conditions of extreme cold [21,308]. 

 

4.3 MATERIALS AND METHODS 

 

4.3.1. Materials  
 

Chemicals used for these studies were reagent grade unless otherwise stated and were 

acquired from either Fisher Scientific (Unionville, ON) or Sigma-Aldrich (Oakville, ON). 

Electrophoresis grade chemicals were purchased from ICN Biomedicals (Costa Mesa, CA) or 

Bio-Rad Laboratories (Mississauga, ON). The Ni2+-NTA (nitrilotriacetic acid) agarose beads 

were purchased from Qiagen (Mississauga, ON). The lipids phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), and cholesterol (Chol) were obtained 

from Avanti Polar Lipids (Alabaster, AL). Polystyrene (Mn=205x103, polydispersity index = 1.8) 

was purchased from Polymer Source (Dorval, QC, Canada). Muscovite mica was purchased 
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from Structure Probe (Westchester, PA). Silicon wafers (boron-doped with orientation [100]) 

were purchased from WaferNet (San Jose, CA). 

 

4.3.2. Recombinant dehydrin over-expression and purification 
 

The TsDHN-1 and TsDHN-2 proteins were purified as previously described using a 

SUMO-expression system [210]. Protein preparations were dialyzed extensively against 50 mM 

ammonium bicarbonate (pH 7.5), which is volatile, and lyophilized for long-term storage. There 

were thus no salts in the lyophilized proteins, and they were reconstituted by dissolving them in a 

suitable buffer. For use here, the TsDHN-1 and TsDHN-2 samples were dissolved in 20 mM 

HEPES-NaOH, pH 7.3, 100 mM NaCl at a concentration of 10 mg/mL (0.36 mM and 0.48 mM, 

respectively). Since these proteins lacked tryptophanyl residues, the extinction coefficients were 

exceedingly low and the protein concentration was determined by weighing lyophilized proteins 

in large scale (~10 mg), and aliquotting known amounts. Protein solutions were stored at -20oC.  

 

4.3.3. Lipid monolayer stabilization and thickness determination in a Langmuir-
Blodgett trough 
 

Lipid solutions (2 mg/mL) in chloroform were used to study the effects of acidic and 

basic dehydrins on membranes of various compositions. A volume of 4 µL of the lipid solution 

was spread on the surface of a buffer (20 mM HEPES-NaOH, 100 mM NaCl, pH 7.3) within a 

KSV-mini Langmuir-Blodgett trough (KSV-NIMA, Espoo, Finland). The excess chloroform was 

allowed to evaporate for a period of 30 minutes before the monolayer was compressed to a 
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selected initial surface pressure. After obtaining an equilibrated Langmuir isotherm, the protein 

(TsDHN-1 or TsDHN-2) was introduced into the sub-phase using a syringe without collapsing 

the lipid monolayer, and the change in surface pressure was observed due to the interactions of 

the proteins with the lipid monolayer.  

The change in monolayer thickness on the water surface due to the introduction of the 

protein into the sub-phase was determined by null-ellipsometry measurements, using an Optrel 

GbR Multiskop instrument operating at a He-Ne laser wavelength of 633 nm. The angle of 

incidence, measured with respect to the water surface normal, was chosen to be θi = 23°. The 

ellipsometry measurement allows the determination of a polarizer angle (P) and analyser angle 

(A) to obtain a minimum of reflected intensity at the photodetector. By using an optical layer 

model described by Fresnel’s equations, the measured values of P and A allowed the calculation 

of the surface layer thickness, assuming that the index of refraction of the lipid layer is given by 

nL = 1.5. 

 

4.3.4. Substrate preparation for atomic force microscopy (AFM) measurements at 
ambient temperature 
 

 Supported lipid bilayers were prepared using the Langmuir-Blodgett/Langmuir-Schaefer 

touch method [152,200]. Briefly, a volume of 4 µL (2 mg/mL in chloroform) of lipid solution 

(PC:PS at a molar ratio of 85:15; or PC:PS:Chol at a molar ratio of 51:9:40; or PC:PS:PE:Chol, 

27:25:29:20 by weight percentage mimicking the composition of the plant mitochondrial 

membrane) was spread on the surface of a buffer (20 mM HEPES-NaOH, 100 mM NaCl, pH 

7.3) within a KSV Mini Langmuir-Blodgett trough. After 30 minutes, which allowed the excess 
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chloroform to evaporate, the monolayer was compressed to an initial surface pressure of 20 

mN/m. After obtaining an equilibrated Langmuir-Blodgett isotherm, a lipid monolayer was 

transferred to a freshly-cleaved mica surface using the Langmuir-Blodgett method with a transfer 

speed of 2 mm min-1. A second lipid monolayer was then transferred onto the same substrate 

using the Langmuir-Schaefer touch method at a constant surface pressure of 20 mN/m and at a 

transfer speed of ~2 mm min-1, forming a lipid bilayer on the mica surface.  

 

4.3.5. Substrate preparation for AFM at different temperatures 
 

For topographic studies of lipid bilayers at variable temperature, lipid bilayers were 

formed on freshly-cleaved mica by a vesicle fusion method using large unilamellar vesicles 

(LUVs) that were prepared as previously described [208,209]. Briefly, lipid stocks with 

compositions mimicking the plant mitochondrial membrane in chloroform mixtures were 

prepared at the desired mass ratio (PC:PS:PE:Chol, 27:25:29:20 by wt%) [103,209]. The solvent 

was evaporated under a mild flow of nitrogen gas, and subsequently kept under vacuum 

overnight for complete removal of the residual chloroform. Lipid mixtures were rehydrated in 

buffer (20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl) at room temperature overnight with 

vigorous shaking and three freeze-thaw cycles. The freeze-thaw cycles allowed the formation of 

asymmetric lipid bilayers. Large unilamellar vesicles (LUVs) were formed by extruding lipid 

mixtures (61 times at 45oC) through a polycarbonate membrane with a 100 nm pore size. 

Suspensions of LUVs were incubated on freshly-cleaved mica for 60 min, and then rinsed with 

buffer (20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl) to remove the unfused membranes.  
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4.3.6. Substrate preparation for single molecule force spectroscopy 
 

 For single molecule force spectroscopy measurements, either dehydrin TsDHN-1 or 

TsDHN-2 was then applied to freshly-cleaved mica, or to a polystyrene film spin-coated onto a 

silicon wafer, or to a lipid bilayer on freshly-cleaved mica prepared by the vesicle fusion method.  

 Polystyrene surfaces were prepared by spin-coating a 2% polystyrene solution in toluene 

onto a 1-cm2 silicon wafer at 2500 RPM for 30 s (Headway Research, Model EC101D, Garland, 

USA). The coated surfaces were annealed at 50oC overnight and were used within a week. The 

thickness of each polystyrene layer, as measured using a custom-built, single-wavelength, 

nulling ellipsometer, was chosen to be approximately 100 nm. 

 

4.3.7. Surface topography studies at ambient temperature using AFM  
 

 The supported PC:PS:PE:Chol lipid bilayers formed by the vesicle fusion method were 

imaged in the absence and in the presence of each dehydrin, in 20 mM HEPES-NaOH, pH 7.3, 

100 mM NaCl, using a commercial atomic force microscope (Multimode AFM with a 

Nanoscope IV controller, Veeco, Santa Barbara, CA) in contact mode in liquid. Si3N4 cantilevers 

with a spring constant of 0.2-0.6 N m-1 (Veeco/Bruker AXS, Santa Barbara, CA) were used for 

imaging in liquid. The contact mode was chosen, since it allowed us to image and collect force-

distance curves on the same area of the sample without changing the cantilever. For all imaging 

measurements, the maximum loading force was limited to a very low value (< 1 nN) and a 

scanning rate of 2-3 Hz was used to minimize tip-induced changes to the morphology of the 

samples. The spring constant was determined using the thermal noise technique provided with 
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the instrument software. Topography and deflection mode images were obtained simultaneously 

at ambient temperature, but quantitative information was obtained from the topographic images 

only. 

 

4.3.8. Surface topography studies at variable temperature using AFM 
 

Lipid bilayers formed on freshly-cleaved mica by a vesicle fusion method were imaged in 

20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl using an Agilent 5500 SPM (Agilent 

Technologies, Palo Alto, CA, USA) with a tapping mode (non-magnetic acoustic AC mode) 10 

μm scanner. We used AFM cantilevers with a spring constant of 42 N m-1 (Nanoworld 

Innovative Technologies, Neuchâtel, Switzerland) and a custom-built fluid cell for imaging in 

liquid. A scanning rate of 2-3 Hz was used to minimize tip-induced changes to the morphology 

of the samples. Topography, amplitude, and phase mode images were obtained simultaneously at 

ambient temperature, 5ºC, or 45ºC. Quantitative information was obtained from the topographic 

images. A heating plate compatible with the Agilent 5500 SPM was used to maintain the cell 

temperature at 45ºC. A home-built Peltier cold plate was used to maintain the cell temperature at 

5-15ºC. A gravity fed water cooling system was used to prevent overheating of the Peltier plate 

during the cooling of the sample. The temperature of the cell was measured with a K-type 

(chromel-alumel) thermocouple 
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4.3.9. Single molecule force spectroscopy measurements and force-distance curve 
analysis 
 

 For single molecule force spectroscopy (SMFS) measurements, we measured dehydrin 

TsDHN-1 or TsDHN-2 molecules on freshly-cleaved mica, polystyrene films on silicon wafers, 

and lipid bilayers (prepared by the vesicle fusion method) that were deposited onto freshly-

cleaved mica. The SMFS experiments were performed using a commercial AFM (Multimode 

AFM with a Nanoscope IV controller, Veeco, Santa Barbara, CA) that was equipped with a 

closed loop z-axis scanner (PicoForce module) and Si3N4 cantilevers with a spring constant of 

0.2-0.6 N m-1 (Veeco/Bruker AXS, Santa Barbara, CA). After collecting several force-distance 

curves in the absence of protein, the surface (freshly-cleaved mica, or a polystyrene film on a 

silicon wafer, or a lipid bilayer on freshly-cleaved mica) was incubated with 40 µL of TsDHN-1 

or TsDHN-2 (2 mg/mL) in 20 mM HEPES-NaOH, pH 7.3, 100 mM NaCl at a concentration of 

10 mg/mL for 30 minutes. After rinsing the substrates with the buffer several times, the sample 

was placed into the AFM fluid cell. The surface of the Si3N4 AFM cantilevers is considered to be 

electrically neutral at pH 6-8.5 due to the equal density of silanol and silylamine groups [234]. 

Therefore, the C-terminus of the protein may interact with the silylamine groups in the Si3N4 

cantilevers. Force-distance curves were measured using a z-velocity of 500 nm/s, both on 

approach and retraction, with an interaction time of ~1 s between the AFM tip and the sample 

surface. The maximum loading force was limited to a very low value (~1 nN) to minimize 

damage to the sample surface.  
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Automated processing of large sets of force-distance curves 

 In general, the force-distance curves collected for the TsDHN-1 or TsDHN-2 proteins 

contained saw-tooth peak features, which were analysed by fitting to the worm-like chain model 

(Equation 4-1): 

(Equation 4-1) 

 

 

 

 using only one free parameter: the contour length Lc, which is the length of the completely-

stretched molecule [39]. In Equation 4-1, kB is Boltzmann’s constant, T is the absolute 

temperature, x  is the distance between the AFM tip and the surface, and Lp is the persistence 

length, which describes the chain stiffness. Values of Lp have been determined previously using 

AFM for various polypeptides and the measured values range between 0.3 nm and 1 nm 

[33,219]. In this study, the value of Lp was chosen to be 0.4 nm, which is comparable to the size 

of a single amino acid residue.  

 To obtain statistically relevant information from the force-distance curves, it is necessary 

to collect many force-distance curves and to use a consistent, robust procedure to identify and 

analyse force-distance curves that are judged to be acceptable. Manual procedures for identifying 

and analysing large numbers of curves are time intensive and subject to bias. Instead, we have 

established a minimum set of criteria by which to judge the acceptability of a given force-

distance curve that allowed us to implement automated processing of the curves. A curve was 
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considered to be acceptable if it contained at least one saw-tooth peak with a maximum force that 

was larger than the noise background, and if the last peak occurred at a tip-sample separation 

distance x that was sufficiently large, which excluded saw-tooth peaks that were due to non-

specific interactions between the AFM tip and the sample. In addition, curves that contained a 

significant slope in the baseline, as determined from a linear fit to the non-contact portion of the 

force-distance curve, were excluded. The above procedure allowed us to construct reliable 

histograms of the measured contour length Lc. 

 To perform automated analysis of the force-distance curves, the raw data was exported in 

ASCII format from the data acquisition software. These files were batch processed using custom 

routines written in Octave [66] (http://www.octave.org). The raw extension data values were 

converted to distance from the substrate, and the raw force data values were shifted so that the 

average of the force values measured for the largest 20% of the distance data values was zero 

(see Figure 4.2). A local minimum algorithm was applied to find a set of preliminary 

detachment points. These initial detachment points were evaluated in terms of a series of criteria 

that were developed to eliminate ill-behaved local minima (highlighted in green in Figure 4.2). 

The regions between consecutive detachment points (e.g., region I in Figure 4.2) were fitted to 

Equation 1 to obtain the best-fit value of the contour length Lc. The fitting was performed using 

a Levenberg-Marquardt nonlinear regression with two fixed parameters, Lp = 0.4 nm and F(0) = 

0, and one free parameter, Lc. In some situations, the fitting was highly sensitive to the initial 

guess of Lc. To overcome this sensitivity, fits were performed using 20 different initial guesses, 

which were chosen as 20 equidistant points extending from the local minimum (e.g., the red 

arrow on the horizontal axis in Figure 4.2) to an additional distance of 50 nm from the substrate. 

Using only those fits that converged, the mean of the best-fit Lc values was taken as the final 
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contour length value. Also, for each of the force-distance curves included in the calculation of 

the mean value of Lc, a plot of the force-distance curve together with the best-fit WLC curves 

was exported. These plots were examined to check if the mean Lc value was consistent with the 

experimental points. If not, the data sets were fitted manually (using the Nanoscope software) 

and, if the resulting Lc value was also not consistent with the data, the data set was discarded. 

 

 A set of criteria was developed and applied to identify and discard ill-behaved local 

minima in the measured force values (such as those indicated by a green ellipse in Figure 4.2). 

To analyse each local minimum in the force, the average value of the force on either side of the 

minimum was calculated (Fl, the average force to the left side of the local minimum, and Fr, the 

average force to the right side of the local minimum, averaged over 12 adjacent data points). A 

valid minimum satisfied the following criteria: (1) Fl < Fr, (2) Fl < -20 pN, and (3) Fl – Fr < -10 

pN. All other local minima were discarded. We note that the force values used in applying the 

evaluation criteria were the raw measured force values, with no smoothing of the data, as shown 

in Figure 4.2. 
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Figure 4.2. Example of a force-distance curve for AFM pulling on a TsDHN-1 protein on 
mica. For clarity, only 30% of the measured points are shown. The algorithm that was used 
to analyse the force-distance curves selects a local minimum to determine distinct regions 
of the force-distance curve. The well-behaved local minima (as indicated by the red arrow 
on the horizontal axis) were taken as initial guesses for Lc in the non-linear regression of 
the data (indicated by Region I). The inset shows a schematic representation of the AFM 
pulling process.  

 

 
 
4.4. RESULTS and DISCUSSION 
 

4.4.1. Over-expression and purification of TsDHNs 
 

We used the small ubiquitin-related modifier (SUMO) linked with a hexahistidine tag to 

over-express the Th. salsuginea dehydrins TsDHN-1 and TsDHN-2 in E. coli BL21-

CodonPlus(DE3)-pLysS cells (Stratagene). The SUMO-fusion expression system is generally 

used to increase the solubility of over-expressed proteins in bacterial systems [164,230]. A 

hexahistidine tag on the N-terminus of SUMO facilitates purification by nickel-chelating affinity 
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chromatography, and the SUMO tag at the N-terminus of the protein of interest can subsequently 

be cleaved. We have previously used this expression system to produce recombinant peptide 

fragments of myelin basic protein [13], and of the Th. salsuginea dehydrins TsDHN-1 and 

TsDHN-2 [210] (see also Chapter 5), with high yields for structural and functional studies. 

 

4.4.2. Stabilization of model lipid membranes (monolayers and supported bilayers) 
at ambient temperature by TsDHN-1 and TsDHN-2 
 

 The effects of TsDHN-1 and TsDHN-2 on the stability of bio-mimetic model membranes 

were studied by lipid monolayer compression on a Langmuir-Blodgett trough. Initially, two 

different monolayer systems were studied: (i) PC:PS at a molar ratio of 85:15, and (ii) 

PC:PS:Chol at a molar ratio of 51:9:40. (A third monolayer system, consisting of 27:25:29:20 

PC:PS:PE:Chol by weight is described below.) The lipid monolayers at the air/buffer interface 

were compressed to a surface pressure of 15 mN/m. After the surface pressure stabilized, the 

protein was injected into the sub-phase, and the change in surface pressure for fixed monolayer 

surface area was monitored. A typical isotherm is shown in Figure 4.3.The insertion of TsDHN-

1 into the sub-phase caused the collapse of the surface pressure, indicating destabilization of both 

types of lipid monolayers [17] (Figure 4.4-A). The insertion of TsDHN-2 induced a slight 

increase in the surface pressure in the presence of cholesterol, but a decrease in the surface 

pressure in the absence of cholesterol (Figure 4.4-B). Other proteins, such as fibronectin, 

cytochrome C, and myelin basic protein, are known to increase the surface pressure upon 

insertion into the sub-phase (e.g., [162,165,174,278]). The increase in surface pressure is due to 

non-specific hydrophobic or electrostatic interactions between the lipid monolayer and the 

proteins, which is an indication of membrane stabilization by the proteins. These results suggest 
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that TsDHN-2 stabilizes the membrane only in the presence of cholesterol, which is similar to 

that reported recently for myelin basic protein [249].  

 Fluctuating lipid domains in cellular or model membranes at the nanometer scale have 

been reported [79,173,179,181,193]. The dynamic lateral organization is regulated by factors 

such as lipid-protein interactions, the nature of the lipid head group, the lipid acyl-chain length, 

hydrophobic mismatch, exposure to drug compounds [125,260,261,292,296]. The phase of the 

membrane specifically is regulated by factors such as temperature change, lipid-protein 

interactions, ionic strength, and pH [6,79,106,134,141,217,232]. 
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Figure 4.3. Time dependence of surface pressure ΠSP at fixed monolayer surface area 
following insertion of TsDHN-2 into a monolayer composed of plant mitochondrial lipids 
(PC:PS:PE:Chol at a 27:25:29:20 weight ratio). The monolayer is compressed from an 
initial surface pressure (time-point #1) to a specified surface pressure (time-point #2), and 
allowed to equilibrate until injection of protein into the sub-phase (time-point #3). An 
initial loss of surface pressure is followed by an increase (time-point #4) and gradual re-
equilibration as the protein interacts with the monolayer (time-point #5). 
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Figure 4.4. Time dependence of surface pressure ΠSP at fixed monolayer surface area 
following the injection of TsDHN-1 or TsDHN-2 in the sub-phase for monolayers composed 
of either (A) PC:PS at an 85:15 molar ratio, or (B) PC:PS:Chol at a 51:9:40 molar ratio. 

 

 



 

 
 

113

 Here, we have investigated the interactions of TsDHN-1 and TsDHN-2 with membranes 

of various lipid compositions using atomic force microscopy imaging and single molecule force 

spectroscopy. Supported lipid bilayer layers of different compositions (PC:PS at 85:15 molar 

ratio; PC:PS:Chol at 51:9:40 molar ratio; or PC:PS:PE:Chl at 27:25:29:20 weight ratio) prepared 

by the Langmuir-Schaefer touch method were used as model biomembranes. After rinsing the 

substrate with buffer several times, AFM measurements were performed.  

 In all cases, phase segregation of lipids was observed (Figure 4.5 and Figure 4.6). A 

height difference of 2 nm between the ordered gel phase and the fluid phase was observed in 

topographic images of lipid bilayers composed of 85:15 PC:PS in the absence of either TsDHN-1 

or TsDHN-2 (Figure 4.5). A smaller height difference between the domains and fluid phase was 

observed in the case of lipid bilayers composed of 51:9:40 PC:PS:Chol (Figure 4.6). The 

diameter of the domains of the ordered phase ranged from 0.2 µm to 1 µm for both cases. The 

larger domains were no longer observed after introducing either TsDHN-1 or TsDHN-2 to the 

supported lipid bilayers composed of 85:15 PC:PS (Figure 4.5). In the presence of cholesterol 

(i.e., lipid composition of 51:9:40 PC:PS:Chol), TsDHN-2 caused the formation of very 

organized domains which had lateral dimensions of 2-4 µm, and were ~2 nm higher than the 

fluid phase, whereas the introduction of TsDHN-1 resulted in domains of irregular shape (Figure 

4.6).  
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Figure 4.5. Topographic and deflection atomic force microscopy images for a supported 
lipid bilayer prepared by the Langmuir-Schaefer technique with PC:PS at an 85:15 molar 
ratio (A, D, G), following the insertion of TsDHN-1 (B, E, H), and following the insertion of 
TsDHN-2 (C, F, I). The line scans given at the bottom of the figure correspond to the red 
lines shown in panels (G, H, I). The scale bars represent 2 µm in all panels. 
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Figure 4.6. Topographic and deflection atomic force microscopy images for a supported 
lipid bilayer prepared by the Langmuir-Schaefer technique with PC:PS:Chol at a 51:9:40 
molar ratio (A, D), following the insertion of TsDHN-1 (B, E), and following the insertion of 
TsDHN-2 (C, F). The line scans given at the bottom of the figure correspond to the red lines 
shown in panels (D, E, F). The scale bars represent 2 µm in all panels. 
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4.4.3. Stabilization of mitochondrial-mimetic lipid membranes at various 
temperatures by TsDHN-1 and TsDHN-2 
 

 To study a more biologically relevant system, a lipid composition mimicking the plant 

mitochondrial membrane with 27% PC, 25% PS, 29% PE, and 20% cholesterol (by weight) was 

chosen [208,209]. The thickness of the monolayer formed at the air-buffer interface in a KSV 

Mini Langmuir-Blodgett trough was measured in situ using ellipsometry with an initial surface 

pressure of 15 mN/m. Each dehydrin protein was then introduced into the sub-phase after the 

monolayer surface area had been fixed. At 25oC, the introduction of the acidic dehydrin TsDHN-

1 caused very little change in the monolayer thickness or surface pressure (Figure 4.7-A, 4.7-C), 

whereas the introduction of the basic dehydrin TsDHN-2 increased the surface pressure 

dramatically and the monolayer thickness increased significantly by 0.88 nm (Figures 4.7-B, 

4.7-D). The increase in surface pressure due to the interaction of TsDHN-2 with the lipid 

monolayer was significant, 5-7 mN/m (Figure 4.7-B), which is comparable to that observed for 

the interaction of myelin basic protein and membranes [61,90,91,192,227], suggesting a strong 

interaction between the basic dehydrin and the lipid monolayer. An initial surface pressure above 

22 mN/m did not result in any increase in surface pressure after the introduction of the basic 

dehydrin TsDHN-2 into the sub-phase (Figure 4.8).  
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Figure 4.7. Time dependence of surface pressure ΠSP and monolayer thickness at fixed 
monolayer surface area following the injection of TsDHN-1 and TsDHN-2 in the sub-phase 
for monolayers composed of plant mitochondrial lipids (PC:PS:PE:Chol at a 27:25:29:20 
weight ratio). 
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Figure 4.8. (A) Time dependence of surface pressure ΠSP following the injection of TsDHN-
2 in the sub-phase for monolayers composed of plant mitochondrial lipids (PC:PS:PE:Chol 
at a 27:25:29:20 weight ratio) that were spread at various initial surface pressures. The 
time-points are explained in the caption to Figure 4.2. (B) The dependence on the initial 
surface pressure Πi of the increase in surface pressure (ΔΠSP) following the injection of 
TsDHN-2 protein in the sub-phase. 
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 At 4oC, the interaction of the acidic dehydrin TsDHN-1 with the plant mitochondrial lipid 

monolayer was found to be stronger than for the basic TsDHN-2, suggested by the increase in 

both monolayer thickness and surface pressure (compare Figure 4.7-E, 4.7-G with Figure 4.7-F, 

4.7-H). In the absence of TsDHN-1 or TsDHN-2, the thickness of the monolayer ranged between 

2.8 to 3.4 nm at 25oC, whereas the thickness ranged between 4.5 to 5.2 nm at 4oC (Figure 4.7-C, 

4.7-D, 4.7-G, 4.7-H). The increase in thickness of this monolayer may correspond to a transition 

to a more densely-packed lipid layer at lower temperature. 

 Supported lipid bilayers with a lipid composition mimicking the plant mitochondrial 

membrane (27% PC, 25% PS, 29% PE, and 20% cholesterol, by weight) were formed by the 

Langmuir-Schaefer method. Domains of diameter 0.2 – 0.4 µm were observed in the supported 

lipid bilayers with this lipid composition in the absence of protein (Figure 4.9-A, 4.9-D). In the 

presence of the acidic dehydrin TsDHN-1, small domains or aggregates were observed, 

occasionally forming larger domains (Figure 4.9-B, 4.9-E). In contrast, in the presence of the 

basic dehydrin TsDHN-2, domains were more ordered, as indicated by the increased height 

differences between the domains and the fluid phase (Figure 4.9-C, 4.9-F). Phase separations 

observed in the case of supported lipid bilayers prepared by the vesicle fusion method were in 

agreement with these results (Figures 4.10, 4.11, and 4.12). It can be concluded that TsDHN-2 

is able to stabilize a physiologically-relevant model membrane bilayer at ambient temperature. 
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Figure 4.9. Atomic force microscopy deflection (A, B, C) and topographic (D, E, F) images 
following insertion of TsDHN-1 or TsDHN-2 into a supported lipid bilayer prepared by the 
Langmuir-Schaefer technique using plant mitochondrial lipids (PC:PS:PE:Chol at a 
27:25:29:20 weight ratio), showing redistribution of fluid and gel domains at ambient 
temperature. The line scans in the middle of the figure correspond to the red lines shown in 
the corresponding panels above and below. The scale bars represent 1 µm in all panels. 
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Figure 4.10. Amplitude and phase mode images by atomic force microscopy of a supported 
lipid bilayer prepared by a vesicle-fusion technique using plant mitochondrial lipids 
(PC:PS:PE:Chol at a 27:25:29:20 weight ratio), at different temperatures, in the absence of 
protein, showing redistribution of fluid and gel domains with decreasing temperature. The 
line scans given in the middle of the figure correspond to the red lines shown in the 
corresponding panels above and below. The scale bars represent 500 nm in all panels. 
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Figure 4.11. Amplitude and phase mode images by atomic force microscopy of supported 
bilayer prepared with plant mitochondrial lipids (PC:PS:PE:Chol at a 27:25:29:20 weight 
ratio) at different temperatures, in the presence of the acidic dehydrin TsDHN-1, showing 
redistribution of fluid and gel domains with decreasing temperature. The line scans given 
in the middle of the figure correspond to the red lines shown in the corresponding panels 
above and below. The scale bars represent 500 nm in all panels. 
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Figure 4.12. Amplitude and phase mode images by atomic force microscopy of supported 
bilayer prepared with plant mitochondrial lipids (PC:PS:PE:Chol at a 27:25:29:20 weight 
ratio) at different temperatures, in the presence of the basic dehydrin TsDHN-2, showing 
redistribution of fluid and gel domains with decreasing temperature. The line scans given 
in the middle of the figure correspond to the red lines shown in the corresponding panels 
above and below. The scale bar represents 500 nm in all panels. 



 

 
 

124

 

 

 

 

Figure 4.13. Amplitude mode images by atomic force microscopy of supported bilayer 
prepared with plant mitochondrial lipids (PC:PS:PE:Chol at a 27:25:29:20 weight ratio) at 
45oC, in the presence of the acidic dehydrin TsDHN-1 or the basic dehydrin TsDHN-2. The 
scale bar represents 500 nm in all panels. 
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 In the absence of protein, a transition from the lipid fluid phase to the gel phase was 

observed at 10oC in lipid bilayers of this composition (Figures 4.10-A, 4.-10C). At 5oC, a large 

proportion of the lipid bilayer was in the gel phase, as would be expected (Figure 4.10-D). Loss 

of membrane functionality is expected at very low temperatures due the lack of membrane 

fluidity. Membrane fluidity was maintained in the presence of TsDHN-1 at 10oC and its 

interaction with the supported lipid bilayer, which was indicated by the observation of 

coexistence of the gel and fluid phases (Figures 4.11-A-4.11-C). On the other hand, TsDHN-2 

produced phase separations with domains with no definable shapes (Figures 4.12-A, 4.12-B). 

Neither protein had any influence on the phase state of the supported lipid bilayer at 45oC 

(Figures 4.13-A-4.13-C). From these results, we suggest that TsDHN-1 might have a role in 

maintaining membrane fluidity during low temperature stress, thereby protecting membrane 

functionality [235]. 

 

4.4.4. Comparison of single molecule force spectroscopy on different substrates 
 

 Single molecule force spectroscopy is a useful tool for measuring forces at the single 

molecule level. For example, it allows the distinction between inter- and intra-molecular 

interactions that stabilize proteins [126,136]. Surface-associated proteins can be unfolded in a 

controlled manner during a force spectroscopy experiment. With a single protein molecule 

adsorbed to the surface and adhered to the AFM tip, the protein unfolds as the tip-sample 

separation is increased, until contact between the tip and the protein molecule is broken. By 

plotting the force experienced by the AFM tip as a function of tip-sample separation (force-

distance curves), characteristic information about the conformation and oligomerization of the 
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proteins is obtained. Force-distance curves for TsDHN-1 or TsDHN-2 adsorbed onto freshly-

cleaved mica, a polystyrene film on a silicon wafer, and a lipid bilayer on freshly-cleaved mica, 

are shown in Figure 4.14. A significant proportion (~8%) of the retraction curves contained saw-

tooth peak features, consisting of a nonlinear increase in the force with separation, followed by 

an abrupt return to zero force. Typically, the force-distance curves contained several saw-tooth 

peaks, and each peak was fit to the worm-like chain model (Equation 4-1). From these fits to 

each saw-tooth peak, the length of the unfolded segment of the protein was obtained, allowing 

the determination of the number of amino acids in the unfolded segment. 

 Since the distances between successive saw-tooth peaks, ΔLc, were not well defined, 

information on the conformation of the proteins was not reliable. However, statistical analysis of 

a large number of force-distance curves produced reliable information about the contour length, 

Lc. It is apparent in the histograms of contour lengths (Figure 4.15) and of the corresponding 

unfolding forces (Figure 4.16) that the underlying substrates affect the oligomerization of the 

protein species. For the mica surface, a single peak was observed in each histogram shown in 

Figure 4.15-A and Figure 4.15-B, centred at Lc = 88 ± 11 nm for TsDHN-1, and at Lc = 71 ± 7 

nm for TsDHN-2. The contour length values determined for TsDHN-1 and TsDHN-2 on mica 

are slightly less than the fully extended lengths of the monomeric forms of the proteins: 

excluding the N-terminal methionyl residue which is cleaved post-translationally, TsDHN-1 is 
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Figure 4.14. Typical force-distance curves, showing the pulling of TsDHN-1 or TsDHN-2 
from various surfaces: freshly-cleaved mica, a silicon wafer spin-coated with polystyrene, 
or a lipid bilayer (PC:PS:PE:Chol at a 27:25:29:20 weight ratio) on freshly-cleaved mica. 
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266 amino acids long, corresponding to a fully extended length of 106.4 nm, and TsDHN-2 is 

214 amino acids long, corresponding to a fully extended length of 85.6 nm (Figure 4.1). The 

measured contour lengths are slightly smaller than the actual contour lengths because one does 

not pick up each protein precisely at one terminus. Since the mica surface is hydrophilic, it is 

quite possible that proteins associated with this surface will exhibit conformations similar to 

those in solution.  

 The oligomerization of TsDHN-1 molecules was not affected by association with either a 

lipid bilayer deposited on a mica surface or a polystyrene film on a silicon wafer, as indicated by 

the observation of single peaks in the contour length histograms shown in Figure 4.15-C and 

Figure 4.15-E. In contrast, a significantly smaller second peak was observed for TsDHN-2 in 

each histogram shown in Figure 4.15-D and Figure 4.15-F. These results suggest that the basic 

TsDHN-2 molecules dimerize to some extent when they are associated with a hydrophobic 

surface. The contour lengths determined for TsDHN-1 or TsDHN-2 when associated with a lipid 

bilayer deposited on a mica surface were smaller than when associated with a mica surface (Lc = 

61 ± 3 nm for TsDHN-1 and Lc = 67 ± 5 nm for TsDHN-2), which we interpret as representing a 

tertiary compaction. The differences in the Lc values could be partially due to different anchoring 

points on different surfaces, but the magnitude of these differences cannot be due only to this 

reason. We consider that tertiary folding of both TsDHN-1 and TsDHN-2 was induced by 

association with lipids, which is consistent with secondary structure disorder-to-order transitions 

previously observed for the same dehydrins by FTIR spectroscopy [208,209].  
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Figure 4.15. Contour-length histograms obtained in single molecule force spectroscopy 
experiments for TsDHN-1 and TsDHN-2 on different surfaces. The peaks correspond to the 
most probable contour lengths of TsDHN-1 or TsDHN-2. 
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Figure 4.16. Unfolding-force histograms obtained in single molecule force spectroscopy 
experiments for TsDHN-1 and TsDHN-2 on different surfaces. The peaks correspond to the 
most probable unfolding forces. 

 



 

 
 

131

 

The unfolding forces corresponding to the measured monomeric contour length values 

are 77 ± 2 pN for TsDHN-1 and 82 ± 2 pN for TsDHN-2 associated with mica (Figure 4.16-A 

and Figure 4.16-B, respectively). These values are comparable to the unfolding forces of α-

helical domains in another intrinsically-disordered protein, α-synuclein [170,306,307]. When 

associated with a lipid bilayer, the dehydrins showed two different unfolding force peaks 

centered at 70 ± 1 pN and 150 ± 8 pN for TsDHN-1; and 72 ± 2 pN and 117 ± 9 pN for TsDHN-

2, as shown in Figure 4.16-C and Figure 4.16-D, respectively. The lower unfolding force peaks 

are comparable to the unfolding force peaks observed for these proteins associated with a 

hydrophobic surface such as polystyrene (Figure 4.16-E and Figure 4.16-F). The higher 

unfolding force peaks are similar to the unfolding forces of titin [137,218,220] and tenasin 

[47,191], which are in the range of 80-300 pN. For the dehydrins, these higher unfolding forces 

could be attributed to formation of a β-sheet, the presence of which was previously suggested by 

FTIR spectroscopy studies of the dehydrins [208,209]. The force required to unfold a primarily 

α-helical domain is much smaller, usually (15-25 pN), as observed in spectrin [221]. The β-rich 

structures are more mechanically stiff, since the direction of force applied is perpendicular to the 

hydrogen bond network in the protein, instead of parallel as in α-helical proteins [247].  

Generally, α-helical proteins have been less significantly studied by AFM compared to β-

rich proteins. Dramatic structural changes have been observed upon the interaction of α-

synuclein with membranes, for which three α-helices are formed in the N-terminal region of α-

synuclein, with the C-terminal segment remaining unstructured. The α-helical region of α-

synuclein has been shown to remain conserved, even when associated with membranes 

[170,253,306,307]. In dehydrins, the K-segments are generally considered to form amphipathic 
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α-helices [70,72,143,178], and we have previously assumed this property to hold also for the two 

Th. salsuginea dehydrins [208,209]. The three K-segment regions at the N-terminus of TsDHN-1 

are predicted by the Yaspin software package to have a propensity to form α-helices [160] 

(Figure 4.1). One K-segment at the N-terminus of TsDHN-2 also is predicted to have a 

propensity to form an α-helix (Figure 4.1). Curiously, two other K-segments of this basic protein 

were predicted to be able to form a β-structure. The contour lengths and unfolding forces 

determined by single molecule force spectroscopy for TsDHN-2 are consistent with the 

formation of β-strands as the driving force of oligomerization of TsDHN-2 [62,248,258].  

 

4.5. CONCLUDING REMARKS 
 

Intrinsically-disordered proteins are generally highly modified, especially by 

phosphorylation [120], and are multifunctional, with multiple interacting partners and diverse 

disorder-to-order transitions [266,268,275]. The conformations of intrinsically-disordered 

proteins are dynamic and highly dependent on environmental conditions such as temperature, 

pH, and salt concentrations [273,274], as occur in plants undergoing abiotic stress [288], and as 

has been recognized for dehydrins in particular [177,178,254]. Such considerations have 

motivated us to investigate the potential physiological roles of TsDHN-1 and TsDHN-2 in 

maintaining the drought and cold tolerance of Th. salsuginea, particularly by stabilizing cellular 

membranes and cytoskeleton [208-210]. In the present study, we have investigated further the 

interactions of Thellungiella salsuginea dehydrins TsDHN-1 and TsDHN-2 with membranes 

with a lipid composition mimicking the composition of the plant mitochondrial membrane in 

vitro to gain further insight into their physiological roles. Applying monolayer compression 

techniques and atomic force microscopy, we demonstrate that the acidic TsDHN-1 stabilizes 
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lipid monolayers as well as bilayers at 4oC, whereas the basic TsDHN-2 stabilizes lipid 

monolayers and bilayers with the same composition at room temperature. These observations are 

consistent with other dehydrins from other plants that have been investigated [142,143,244,245]. 

From our single molecule force spectroscopy analysis, we conclude that both TsDHN-1 and 

TsDHN-2, upon adsorption on to a lipid bilayer with a lipid composition mimicking the 

composition of the plant mitochondrial membrane, gain a more compact tertiary structure. The 

interactions between TsDHN-1 and TsDHN-2 and the phospholipid membranes are expected to 

be primarily electrostatic, but also hydrophobic to some extent. These strong but different 

membrane interactions between dehydrins and the membranes, observed here and previously 

[208,209], give rise to concomitant induced folding (ordered secondary structure formation, 

compaction, and dimerization in the case of TsDHN-2). Collectively, these results support the 

hypothesis that they associate with and protect plant plasma and organellar membranes under 

conditions of extreme cold [21,308]. 
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Chapter 5: Phosphorylation of Thellungiella salsuginea 
dehydrins TsDHN-1 and TsDHN-2 facilitates cation-induced 
conformational changes and actin assembly 
 

 

This work has been published: 

L.N. Rahman, G.S.T. Smith, V.V. Bamm, J.A. Voyer-Grant, B.A. Moffatt, J.R. Dutcher, G. 
Harauz, Phosphorylation of Thellungiella salsuginea dehydrins TsDHN-1 and TsDHN-2 
facilitates cation-induced conformational changes and actin assembly, Biochemistry 50 (2011) 
9587-9604. 
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Mrs. J. A.M. Voyer-Grant. Dr. V.V. Bamm provided innumerable helpful suggestions 

throughout this work.  
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5.1. ABSTRACT 
 

Dehydrins may stabilize proteins and membrane structures during environmental stress, 

and can sequester and scavenge metal ions. Here, we investigate how the conformations of two 

dehydrins from Thellungiella salsuginea, denoted as TsDHN-1 (acidic) and TsDHN-2 (basic), 

are affected by pH, interactions with cations and membranes, and phosphorylation. Both 

TsDHN-1 and TsDHN-2 were expressed as SUMO-fusion proteins for in vitro phosphorylation 

by casein kinase II (CKII), and structural analysis by CD and ATR-FTIR spectroscopy. We show 

that the poly-proline II conformation can be induced in the dehydrins by their environmental 

conditions, including changes in the concentration of divalent cations such as Ca2+. Actin 

assembly by these dehydrins was assessed by sedimentation assays, and viewed by transmission 

electron and atomic force microscopy. Phosphorylation enabled both dehydrins to polymerize 

actin filaments. These results support the hypothesis that dehydrins stabilize the cytoskeleton in 

conditions of stress, and further that phosphorylation may be an important feature of this 

stabilization.  
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5.2. INTRODUCTION 
 

Dehydrins are proposed to stabilize and maintain the integrity of intracellular enzymes 

[89,115,146,147,267], plasma and organellar membranes [70,117,208,209], actin microfilaments 

[2], the extracellular matrix [20], and nucleic acids [97]. Most LEA proteins are intrinsically 

disordered proteins (IDPs) [177,214,267]. The S-segments, as well as the adjacent serine and 

tyrosine residues flanking these segments, in dehydrins are predicted to be putative sites of 

phosphorylation by kinases such as CKI (casein kinase I), CKII (casein kinase II), and PKC 

(protein kinase C) [7,70,108,129,171,177]. Reversible phosphorylation is an important post-

translational modification in eukaryotic organisms, which provides a regulatory mechanism to 

control the activity, function, and/or translocation of proteins [70,186,203]. The dehydrin 

ERD14, which accumulates in Arabidopsis during early responses to dehydration, is 

phosphorylated in vivo, and four CKII (casein kinase II) phosphorylation sites for this protein 

have been identified in vitro [7]. The dehydrin RAB17 has also been shown to be phosphorylated 

in vivo [127,283]. 

 In several cases, it has been shown that dehydrin phosphorylation promotes ion binding 

[7,108]. For instance, dephosphorylation of the vacuole membrane-associated protein VCaB45 

by alkaline phosphatase reduced its ability to bind Ca2+; when phosphorylated by CKII in vitro, 

the protein regained its ability to bind Ca2+ [108]. Similarly, the ion-binding property of ERD10 

was demonstrated to be enhanced by phosphorylation [7]. It has been shown that the 

phosphorylation-regulated ion binding activity is generally conserved in the acidic subfamily of 

dehydrins. For instance, acidic Arabidopsis COR47 and ERD10 possess ion-binding properties 

that are similar to those of ERD14 [147], and their ability to bind metal ions is prevented by 

treatment with shrimp alkaline phosphatase.  
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Based on amino acid alignments, COR47, ERD10, and ERD14 possess 43% sequence 

similarity in their S-segments, and in the immediate regions surrounding the S-segments. 

Mutation in this region prevented phosphorylation as well as binding to Ca2+. A dehydrin lacking 

an S-segment, XERO2, was unable to be phosphorylated and did not bind to Ca2+, providing 

evidence that the S-segment may be essential for the ion-binding properties of dehydrins 

[146,147]. Since the amphipathic α-helices of the K-segments of dehydrins are adjacent to the 

sites of phosphorylation, this post-translational modification may regulate the intra- and inter-

molecular interactions between hydrophobic sites, which in turn, may play a role in the 

polymerization and/or stabilization of cytoskeletal proteins. In particular, the dehydrin ERD10 

has been shown to associate with actin stress fibres in transfected rat fibroblasts [2], and it is 

suggested below that plant dehydrins, in general, may associate with actin in specific 

physiological roles. 

The dehydrins TsDHN-1 and TsDHN-2 are homologues of the dehydrin RAB18, which 

was first investigated by Wong and colleagues [301]. Both of these proteins are of the YnSK2 

class, although the former is acidic (calculated pI 5.25, Mr 30140.3 Da) and the latter is slightly 

basic (calculated pI 7.91, Mr 21435.1 Da). We have previously reported that TsDHN-1 and 

TsDHN-2, originally isolated from Thellungiella salsuginea (salt cress, also called Thellungiella 

halophila), a close relative of Brassica spp., gain secondary structure upon association with large 

unilamellar vesicles (LUVs) that mimic the plant plasma membrane in vitro [208,209]. We have 

thus begun to study the structural characteristics of TsDHN-1 and TsDHN-2 in order to 

understand better their functions in facilitating cold and drought tolerance in Th. salsuginea 

[208,209], roles that may be anticipated to extend significantly beyond membrane stabilization.  
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In this current investigation, we have examined how phosphorylation of TsDHN-1 and 

TsDHN-2 can affect their structures, alter their ability to polymerize and stabilize actin, and also 

alter their ability to bind the divalent cations Ca2+ and Zn2+. Using circular dichroism (CD) 

spectroscopy, we show that both phosphorylated TsDHN-1 and TsDHN-2 gain poly-proline II 

(PPII) structure with decreasing temperature, a conformation adopted by many intrinsically 

disordered proteins for interactions with various ligands [212]. Using attenuated total reflection 

Fourier transform infrared (ATR-FTIR) spectroscopy, we demonstrate that phosphorylation 

induces ordered secondary structure in each membrane-associated protein (induced folding), and 

that association of Zn2+ does not further induce significantly more ordered secondary structure in 

the phosphorylated TsDHN-1 and TsDHN-2, as seen in the unphosphorylated TsDHN-1 and 

TsDHN-2. We also investigate the stabilization of actin filaments by phosphorylated TsDHN-1 

and TsDHN-2 by a fluorescence-based polymerization assay, transmission electron microscopy, 

and atomic force microscopy. We observe that only the phosphorylated TsDHN-1 and TsDHN-2 

polymerize actin filaments. These results suggest that phosphorylation of TsDHN-1 and TsDHN-

2 may increase or alter their interactions with the cytoskeleton, which in turn, may stabilize 

organellar and plasma membranes in vivo, thus mitigating the effects of environmental stresses 

experienced by this organism. 

 

5.3. MATERIALS AND METHODS 
 

5.3.1. Materials  
 

Chemicals used for these studies were reagent grade unless otherwise stated and were 

acquired from either Fisher Scientific (Unionville, ON) or Sigma-Aldrich (Oakville, ON). 
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Electrophoresis grade chemicals were purchased from ICN Biomedicals (Costa Mesa, CA) or 

Bio-Rad Laboratories (Mississauga, ON). The Ni2+-NTA (nitrilotriacetic acid) agarose beads 

were purchased from Qiagen (Mississauga, ON). Heavy water (2H2O) was obtained from 

Cambridge Isotope Laboratories (Andover, MA). The lipids phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylglycerol (PG), dimyristoylphosphatidylglycerol 

(DMPG), phosphatidylinositol (PI), phosphatidylserine (PS), and cholesterol (Chol) were 

obtained from Avanti Polar Lipids (Alabaster, AL). The lipids digalactosyldiacylglycerol 

(DGDG), monogalactosyldiacylglycerol (MGDG), and sulfonoquinovosyl diacylglycerol 

(SQDG) were obtained from Lipid Products (Nutfield Nurseries, Redhill, Surrey, UK).  

 

5.3.2. Recombinant dehydrin over-expression and purification 
 

The previously described pTYB2TsDHN-1 and pTYB2TsDHN-2 vectors [208,209] were 

used as template DNA to perform polymerase chain amplification reactions (PCR) to generate 

inserts for TsDHN-1 and TsDHN-2 (GenBank accession numbers 1347304 and DN776754.1, 

respectively). The PCR reactions that yielded cDNA product coding for the full-length coding 

region of TsDHN-1 and TsDHN-2 were TA-cloned into the Champion™ pET-SUMO 

Expression System (Invitrogen Life Technologies, Burlington, ON). All synthetic 

oligonucleotides were purchased from the Laboratory Services Division (University of Guelph, 

ON). For insert amplification of TsDHN-1, the following oligonucleotide primers were used: 5’-

ATGGCGGAAGAGTACAAGAACG-3’ and 5’-TAAGCATCAGACTCTTTTTC-3’. For the 

TsDHN-2 insert, the following oligonucleotide primers were used: 5’-

ATGGCGTCTTACCAGAACCG-3’ and 5’-TTAACGACCACCACCACCAGG-3’. All PCRs 

were performed using Taq polymerase (Invitrogen, Burlington, ON) using the following cycle 
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parameters: initial denaturation temperature of 92°C for 10 min, 25 cycles of 92°C for 1 min, 

55°C for 30 sec, 72°C for 2 min, followed by a final extension of 72°C for 7 min. The PCR 

products were cloned directly into the pET-SUMO vector and 1 µL from each ligation reaction 

was transformed into One Shot® TOP10 Chemically Competent E. coli (Invitrogen, Burlington, 

ON). Several bacterial colonies were inoculated and the plasmids were isolated using the High 

Pure Plasmid Isolation Kit (Roche Applied Sciences), and positive plasmids were confirmed by 

sequencing (Laboratory Services Division, University of Guelph, ON). Plasmids coding for the 

SUMO-TsDHN fusion proteins were transformed into E. coli BL-21-CodonPlus (DE3)-pLysS 

cells (Stratagene, La Jolla, CA) for over-expression and purification. 

A 20 mL Luria-Bertani overnight culture, containing 30 μg/mL kanamycin (Kan) and 34 

μg/mL chloramphenicol (Cam), was inoculated using a single E. coli colony transformed with 

either the pET-SUMO-TsDHN-1 or pET-SUMO-TsDHN-2 plasmid. The following day, the 20 

mL culture was transferred to 1.5 L of 2xYT (yeast-tryptone) media containing the same 

concentration of antibiotics, and grown at 37°C to an optical density (600 nm) of 0.4-0.6. From 

here, the cultures were induced for 3 h with 1 mM IPTG (isopropyl-β-D-thiogalactopyranoside). 

The cell pellet was then collected by centrifugation (6371 x g, 10 min at 4°C) and resuspended in 

45 mL Lysis Buffer [1xPBS (2 mM KH2PO4, 8 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl) 

containing 150 mM NaCl, 10 mM imidazole and 1% (vol/vol) Triton X-100; pH 8.0]. The cells 

were homogenized, and 45 µL of 1 M PMSF (phenylmethylsulphonyl fluoride) dissolved in 

dimethyl sulphoxide (DMSO) was added to the lysate. The lysate was stirred on ice for 40 min 

and frozen for 1 h at -20°C. It was then thawed and centrifuged at 27216 x g, for 30 min at 4°C. 

The supernatant was collected and stored at -20°C until use. 
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The Ni-NTA column was prepared with a bed volume of 4.5 mL (9 mL of 50% slurry 

solution (Qiagen, Mississauga, ON). All solutions added to the column were filtered with a 0.45 

µm filter (Millipore, Etobicoke, ON). The column was first equilibrated with 45 mL of Lysis 

Buffer before loading the crude lysate. The column was washed with 40 mL of Wash Buffer 1 

(1xPBS containing 150 mM NaCl, 10 mM imidazole; pH 8.0), and then with 40 mL of Wash 

Buffer 2 (1xPBS containing 15 mM imidazole; pH 8.0). The protein was eluted in 1.4 mL 

fractions with 28 mL Elution Buffer (1xPBS containing 500 mM imidazole; pH 8.0). The 

absorbance at 280 nm was measured for each fraction.  

To determine the purity of the protein and confirm the elution fractions containing 

protein, the samples were analysed by 12% SDS-PAGE. The fractions containing protein were 

combined and diluted to 50 mL with Dialysis Buffer (1xPBS with 10% glycerol; pH 8.0). The 

protein was then loaded into pre-soaked dialysis tubing (6000-8000 MWCO; Fisher Scientific, 

Ottawa, ON) and dialyzed for 12 h in 2 L Dialysis Buffer, with one change of buffer. After 

dialysis, the absorbance at 280 nm was read to estimate the concentration of protein using an 

extinction coefficient of 0.058 M-1cm-1 for SUMO-tagged TsDHN-1, and 0.404 M-1cm-1 for 

SUMO-tagged TsDHN-2. The primary sequence analysis suite at the website 

<http://www.expasy.org/tools/aldente/> was used to calculate these extinction coefficients in 6.0 

M guanidine hydrochloride, 0.02 M phosphate buffer, pH 6.5 [1]. 

Recombinant SUMO protease was expressed from a pET28b plasmid (Novagen, 

Gibbstown, NJ) containing His-tagged Ulp(403-621), which was a kind gift from Dr. 

Christopher Lima (Sloan-Kettering Institute, NY) [176]. Protease digestion was performed using 

1 µg of protease per 1000 µg of protein. Additionally, 2 mM dithiothreitol (DTT) was added to 

the digestion mixture. The mixture was incubated at 30°C for 3 h. Samples were taken at the 
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beginning, and then at several time-points during the digestion. Analysis by SDS-PAGE (12% 

separating and 5% stacking gel) was used to confirm a complete digest.  

After cleavage of the SUMO-fusion protein, the mixture was passed through another Ni-

NTA column to separate the protease and SUMO-tag from the protein of interest. The 4.5 mL 

Ni-NTA column was equilibrated with 40 mL Equilibration Buffer (1xPBS containing 150 mM 

NaCl, 10 mM imidazole; pH 8.0). The digestion mixture was loaded onto the column and 

washed with 30 mL Wash Buffer 1 (1xPBS containing 10 mM imidazole; pH 8.0). The column 

was washed again with Wash Buffer 2 (1xPBS containing 15 mM imidazole; pH 8.0). Finally, 30 

mL of elution buffer was added to the column to elute all bound proteins. Samples from all steps 

were analyzed by SDS-PAGE (12% separating and 5% stacking gel) to determine the presence 

and purity of the protein of interest.  

The fractions containing protein were combined and loaded into pre-soaked dialysis 

tubing (6000-8000 MWCO; Fisher Scientific, Ottawa, ON). Four changes of 50 mM ammonium 

bicarbonate, and two changes of ddH2O water, were used for dialysis. The samples were then 

filtered using a 0.45 µm filter to remove precipitated protein and then frozen at -80°C before 

lyophilisation.  

 

5.3.3. TsDHN-1 and TsDHN-2 in vitro phosphorylation 
 

For in vitro phosphorylation, 60 nmol TsDHN-1 (1.8 mg) or 90 nmol (1.8 mg) TsDHN-2 

in Kinase Buffer (20 mM Tris-HCl, 0.35 M NaCl, 1 mM EDTA, 10 mM MgCl2, 2 mM DTT, pH 

7.5), reacted with 600 nmol ATP in the presence of 20 U or 30 U Casein Kinase II (CKII, 
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BIOMOL Research Laboratories, Plymouth Meeting, Pennsylvania), respectively. The reaction 

proceeded first at 30ºC for 5 h, and was continued overnight at 4ºC. For phosphoprotein analysis, 

polyacrylamide gels containing protein mixtures were fixed overnight with 100 mL of 50% 

methanol with 10% acetic acid. After removing excess methanol and acetic acid by rinsing the 

gels twice with MilliQ water, the fixed gels were stained with ProQ Diamond (Molecular Probes, 

Invitrogen, Burlington, ON) gel stain for 90 min, and then destained with 20% acetonitrile, 50 

mM sodium acetate, pH 4.0. The ProQ diamond stain specifically binds to proteins with 

phosphate groups on serine, threonine, and tyrosine residues, enabling their detection by 

fluorescence [124]. Stained gels were visualized with a Typhoon 9400 variable imager 

(Amersham Biosciences, Sunnyvale, CA) at 620 nm with excitation at 532 nm. The gels were 

stained subsequently with Sypro Ruby stain (Molecular Probes, Invitrogen, Burlington, ON) for 

total protein detection [305]. The phosphorylation of each dehydrin was further confirmed and 

quantified by mass spectrometry (Protein Analysis Facility, Hospital for Sick Children, Toronto). 

 

5.3.4. Reversed-phase HPLC 
 

Reversed-phase high performance liquid chromatography (HPLC) was employed to 

assess the final purity of the TsDHN-1 and TsDHN-2 proteins, and for the recovery of 

phosphorylated TsDHN-1 and TsDHN-2, following the purification procedure. Our previously 

published protocol was used, with minor modifications [13,14]. The HPLC system comprised a 

Waters 626 Gradient Pump, a Waters 2487 Variable Wavelength Dual Channel UV Detector, 2 

mL sample loop (50 μL sample loop was used for assessing purity), and a Waters Symmetry 

300TM C18 column (5 µm, 4.6 mm diameter x 150 mm length). The column was maintained at 
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25ºC and the absorbance at 214 nm was followed for detecting a pure protein fraction. The flow 

rate was maintained at 1 mL min-1. Acetonitrile and trifluoroacetic acid (TFA) were used as the 

mobile phase and ion-pairing agent, respectively. After 2 min of loading time at 10% acetonitrile 

and 0.1% TFA, the linear elution gradients started from 10% to 50% acetonitrile, and 0.1% 

trifluoroacetic acid, at a rate of 1% acetonitrile per min, followed by 5% acetonitrile per min for 

an additional 10 min. 

 

5.3.5. Circular dichroism spectroscopy 
 

The effects of pH, phosphorylation, temperature, and divalent cations on the protein 

secondary structure in buffer alone (20 mM Tris-HCl, pH 7.3, 100 mM NaCl) were studied by 

CD spectroscopy on a JASCO J-815 spectropolarimeter (Japan Scientific, Tokyo), equipped with 

a re-circulating water bath. Both proteins were used at a concentration of 1.5 mg/mL (0.049 mM 

for TsDHN-1, Mr = 30.1 kDa, and 0.070 mM for TsDHN-2, Mr = 21.4 kDa). The scan rate was 

50 nm/min, and the band resolution was 1 nm. The sample volume was 70 μL in a demountable 

quartz cuvette with a path-length of 0.01 cm. The CD experiments in the presence of Zn2+ or 

Ca2+ were done with a molar protein to cation ratio of 1:10, in order to ensure saturation of all 

binding sites. The CD spectra were collected from 5ºC to 45ºC with 10ºC intervals. Six 

successive scans were recorded, the sample blank was subtracted, and the scans were averaged. 

The data averaging and smoothing (using the Savitzky-Golay algorithm) operations were 

accomplished with OriginPro (Version 8, OriginLab Corporation, Northampton, MA). All CD 

spectroscopic experiments were performed in triplicate, and representative spectra are presented. 
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5.3.6. Lipid vesicle preparation and protein reconstitution for ATR-FTIR 
spectroscopy 
 

Large unilamellar vesicles (LUVs) were prepared as described in Chapter 2. The lipid 

compositions were chosen to mimic one of the following plant membranes: plasma (PC:PS:PI, 

33:47:20 by wt%), or chloroplast (MGDG:DGDG:SQDG:PC:DMPG:PI, 51:26:7:3:9:1 by wt%) 

as we have previously described [208,209]. The sizes of vesicles were measured to be 

approximately 100 nm, using a dynamic light scattering (DLS) Zetasizer Nano-S model 

ZEN1600 instrument (633 nm “red” laser; Malvern Instruments, Southboro, MA, US).  

For reconstitution, the desired amount of protein (in 20 mM Tris-HCl, pH 7.3, 100 mM 

NaCl) was added to the LUVs at a lipid-to-protein ratio of 1:1 by weight. The protein-LUV 

complexes were used within 1 h of preparation for ATR-FTIR measurements. The lipid-to-

protein ratio was chosen to assure a significant signal-to-noise ratio.  

First, 5 mM Zn2+ in 20 mM Tris-HCl, pH 7.3, 100 mM NaCl was added to the protein 

solution to achieve a concentration of 0.36 mM for phosphorylated TsDHN-1, and 0.48 mM for 

phosphorylated TsDHN-2 (to reach the molar zinc to protein ratio of 10:1). After incubation of 

the proteins with Zn2+ for 5 min at room temperature, LUVs were added to reach a protein-lipid 

ratio of 1:1 (wt:wt), followed by a further incubation of 10-15 min at room temperature. 

Following this incubation, the protein-LUV complexes (with or without Zn2+) were centrifuged 

in a table-top centrifuge (18 000 x g) for 1 h. After removing the supernatant, the aggregate was 

used for ATR-FTIR analysis. 
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5.3.7. Attenuated total reflection (ATR)-Fourier transform infrared (FTIR) 
spectroscopy 
 

The effects of Zn2+ on the protein secondary structure when associated with membranes 

were studied with a Bruker Optics IFS 66v/S FTIR spectrometer equipped with a liquid nitrogen-

cooled mercury cadmium telluride (MCT) detector. A vertical PIKE MIRacle Micro ATR 

accessory (PIKE Technologies, Madison, WI) combined with a one-reflection diamond ATR 

crystal unit with a diameter of 6 mm was used. The crystal was cleaned with isopropanol, 

followed by MilliQ H2O. The crystal surface was dried under nitrogen flow before use. All 

experiments were conducted at room temperature (~22oC). For each spectrum, 1000 

interferograms were collected, and Fourier-transformed to give a resolution of 2 cm-1. To 

minimize the spectral contributions from atmospheric water vapour, the optic and sample 

compartments of the spectrometer were purged continuously with dry nitrogen. 

Aliquots of about 30 μL of solutions of complexes of TsDHN-1/TsDHN-2 with LUVs 

were added onto a one-reflection diamond ATR crystal one at a time, followed by a 45-min 

incubation in a desiccator under vacuum to form a dry film. A second layer of deposition was 

necessary to yield a high signal-to-noise ratio spectrum with the amide I signal around 0.6 O.D. 

(optical density). Spectra ranging from 950 cm-1 to 1750 cm-1 were collected while a stream of 

nitrogen gas, containing 2H2O vapour, flowed over the sample on the crystal with the aid of a 

home-built bubbler. The spectra, collected after the complete H2O/2H2O exchange, were used for 

secondary structure analysis. The completion of H2O/2H2O exchange was confirmed when the 

spectra in the amide II region did not change further. A typical measurement needed about 90 to 

120 μg of either phosphorylated TsDHN-1 or TsDHN-2. All ATR-FTIR spectroscopic 

experiments were performed in triplicate, and representative spectra are presented. The 



 

 
 

147

overlapping bands in the ATR-FTIR spectra were resolved by Fourier self-deconvolution (FSD) 

using OMNIC software (Thermo Fisher Scientific, Waltham, MA) and the PeakFit program 

(version 4.12, Seasolve Software, San Jose, CA) as described in Chapters 2 and 3. The 

conditions were chosen to minimize the increase in noise, and the appearance of side-chain 

lobes, while achieving maximum band narrowing.  

All the ATR measurements were done here in a saturated 2H2O environment and 

therefore the bands located between 1600 cm-1 to 1700 cm-1 can be considered to be due 

primarily to C=O stretching, with contributions from Asn and Glu to some degree. 

 

5.3.8. Purification of actin from chicken muscle 
 

Actin was extracted from chicken muscle acetone powder using an established protocol 

[196]. Briefly, acetone is used to extract protein from chicken muscle, yielding a powder that is 

washed with chloroform to remove lipids. Actin can be induced to undergo reversible 

polymerization in vitro – G-actin (globular actin) is stable in G-buffer (2 mM Tris-HCl, pH 8.0, 

0.2 mM ATP, 0.2 mM CaCl2, 0.2 mM 2-mercaptoethanol), whereas F-actin (fibrous actin, or 

microfilaments) can be formed in F-buffer (G-buffer with the addition of 50 mM KCl, 1 mM 

EGTA, 2 mM MgCl2). By successive cycles of actin polymerization followed by high-speed 

centrifugation, actin can be extracted to a high degree of purity from muscle acetone powder 

[197]. Here, the purity of G-actin obtained after two successive cycles of polymerization and 

depolymerization, was checked using MALDI-TOF mass spectrometry, supported by SDS-

PAGE, and no further purification steps were required, consistent with our previous experience 

using this procedure [12,13]. 
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In order to prevent proteolytic activity towards G-actin during extraction, all solutions 

used in the extraction procedure were freshly prepared. The concentration of G-actin was 

estimated by measuring the absorbance of the solution at 280 nm, and applying an extinction 

coefficient of 0.62 L g-1 cm-1 as previously used [4]. Actin suspended in the depolymerization or 

G-buffer was aliquoted into 1 mL microfuge tubes, and flash-frozen in liquid nitrogen and stored 

in -80ºC until used. The labelling of actin with pyrene was performed as we have previously 

described [12]. 

 

5.3.9. Actin polymerization assay 
 

 To study dehydrin-induced actin polymerization in vitro, 15 µM actin in G-buffer with 

5% of it labelled with pyrene, was added to 60 µM TsDHN-1 or TsDHN-2 or phosphorylated 

TsDHN-1 or TsDHN-2 in G-buffer to give a final concentration of actin of 5 µM and of the 

dehydrins ranging from 0 to 24 µM. The molar ratios of [actin]:[dehydrin] thus ranged from 1:0 

to 1:4.8. As a control, actin polymerization (formation of microfilaments, or F-actin) could also 

be induced in vitro by F-buffer (G-buffer with additional 50 mM KCl, 1 mM EGTA, 2 mM 

MgCl2) alone. The polymerization of actin was followed by measuring the change in 

fluorescence intensity of pyrene-labelled actin employing an automated microplate fluorescence 

reader (Polarstar Omega; BMG Labtech GmbH, Offenburg, Germany), using a 367-10 nm filter 

for the excitation channel and a 405-10 nm filter for the emission channel. After shaking the 

plate for 30 s, the emission intensity was measured for 40 min at 27ºC.  

The effect of unphosphorylated TsDHN on phosphorylated TsDHN-induced actin 

polymerization was determined using a previously described spectroscopic method [24]. Briefly, 
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to 3.3 nmol of G-actin in 1800 μL G-buffer, we added 9.9 nmol or 13.2 nmol of phosphorylated 

TsDHN-1 or TsDHN-2 in 100 μL G-buffer, to evaluate different [dehydrin]:[actin] molar ratios, 

and followed the increase in pyrene fluorescence intensity (excitation at 365 nm and emission at 

410 nm), using a PTI Alphascan-2 spectrofluorimeter (PTI - Photon Technology International, 

London, ON), until a plateau was achieved. Then 9.9 nmol of unphosphorylated TsDHN-1 or 

TsDHN-2 in 100 μL G-buffer was added and the emission was measured for another 30 min. The 

samples were stirred continuously during measurements. The experiment was performed at 27°C 

and the final molar ratio of [actin]:[Phos-TsDHN]:[TsDHN] was 1:3:3 or 1:4:3. 

  

5.3.10. Transmission electron microscopy 
 

 Transmission electron microscopy was applied to study the morphology of the actin 

assembly affected by unphosphorylated and phosphorylated TsDHNs. Samples were prepared as 

previously described [12,13]. Briefly 5 µM G-actin was allowed to interact with 

unphosphorylated or phosphorylated TsDHN in G-buffer, at an [actin]:[dehydrin] molar ratio of 

1:3 or 1:4, for 40 min at 27ºC. In some cases, F-buffer or unphosphorylated TsDHN was added 

to the polymerized G-actin. Samples were adsorbed onto 200-mesh Formvar-coated copper grids 

and stained with 2% uranyl acetate and blotted dry before being examined immediately with a 

Philips CM10 transmission electron microscope (Eindhoven, The Netherlands). 
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5.3.11. Actin bundling and actin-TsDHNs binding 
 

 The binding to and bundling of actin by dehydrin was studied using a sedimentation 

assay that we have previously used to study cytoskeletal assembly by myelin basic protein 

[12,13]. Here, different variants of dehydrin (unmodified TsDHN-1 or TsDHN-2, or 

phosphorylated TsDHN-1 or TsDHN-2) in G-buffer, were added to actin in G-buffer to give a 

final [actin]:[TsDHN] molar ratio of 1:3.6 and a final volume of 100 µL. After incubating the 

reaction mixtures for 1 h at 27ºC, the samples were centrifuged at either low speed (18,000 x g) 

or high speed (100,000 x g). Since only the dehydrins that were bound to assembled actin 

precipitated, and the unbound dehydrin or unbundled actin remained in the supernatant, the 

bound and unbound dehydrins could be differentiated. The low-speed centrifugation sedimented 

the highly-bundled actin, whereas the high-speed centrifugation sedimented the polymerized F-

actin as well.  

After transferring 80 μL of supernatant of each sample into separate microfuge tubes, 

they were mixed with 20 μL of 5x sample buffer (60 mM Tris-HCl, pH 6.8, 25% glycerol, 2% 

SDS, 14.4 mM β-mercaptoethanol, and 0.1% bromophenol blue). The pellets were resuspended 

in 25 μL of 5x sample buffer, and a final volume of 100 μL was reached with 75 μL of MilliQ 

H2O. Samples (20 μL) from both pellets and supernatants were boiled for 5 min and analyzed for 

the presence of dehydrin and actin by 14% discontinuous SDS−PAGE [12,13]. Following 

electrophoresis, the gels were stained for 20 min [10% (vol/vol) acetic acid, 45% (vol/vol) 

methanol, and 0.1% (wt/vol) Coomassie Blue R-250], and destained [10% (vol/vol) acetic acid 

and 10% (vol/vol) methanol] overnight. 
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5.3.12. Atomic force microscopy  
 

 Samples were prepared as described above followed by fixation with 1% glutaraldehyde 

for 30 s. An amount of 50 μL of a sample was adsorbed onto a freshly cleaved mica or silicon 

wafer spin coated with poly-methyl methacrylate (PMMA). Unattached actin assemblies were 

rinsed off with MilliQ H2O. The samples were imaged in 20 mM Tris-HCl buffer, pH 7.3, in 

tapping mode with an Agilent 5500 SPM (Agilent Technologies, Palo Alto, CA) closed-loop 

small scanner with a lateral scan range of 10 µm x 10 µm. A tapping mode tip with a spring 

constant of 42 N m-1 (Nanoworld Innovative Technologies, Neuchâtel, Switzerland), and a 

homemade fluid cell, were used for imaging in liquid. Imaging was performed with typical 

resonance frequencies of 53-54 kHz in buffer and scanning rates of 2-3 kHz to avoid detrimental 

effects on the morphology of samples. Topography, amplitude, and phase mode images were 

obtained simultaneously at an ambient temperature in order to have a good understanding of the 

samples. However, quantitative information was obtained from the topographic images only. 

 

5.4. RESULTS 
 

5.4.1. Over-expression and purification of TsDHNs 
 

One of the many methods to prevent in vivo degradation and obtain good yields of 

recombinant proteins or short polypeptides during expression in prokaryotic cells (E. coli) is to 

express them as fusion proteins from which target proteins or peptides can be released by 

enzymatic cleavage. Here, we used the small ubiquitin-related modifier (SUMO) linked with a 

hexahistidine tag to over-express the Th. salsuginea dehydrins TsDHN-1 and TsDHN-2 in E. 
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coli BL21-CodonPlus(DE3)-pLysS cells (Stratagene). The SUMO-fusion expression system is 

generally used to increase the solubility of over-expressed proteins in bacterial systems. A 

hexahistidine tag on the N-terminus of SUMO facilitates purification, and the SUMO tag at the 

N-terminus of the protein of interest can subsequently be cleaved. We have previously used this 

expression system to produce recombinant peptide fragments of myelin basic protein with high 

yields for structural and functional studies [13]. 

Here, the cDNAs encoding TsDHN-1 and TsDHN-2 were cloned into the Champion™ 

pET-SUMO Expression System. Plasmids that were confirmed by sequencing to encode the 

TsDHN-1 and TsDHN-2 proteins were transformed into E. coli BL-21-CodonPlus(DE3)-pLysS 

cells (Stratagene) and expressed in 2xYT, pH 7.3 (Figure 5.1). Pure recombinant proteins 

containing the His6-SUMO-tag at their N-terminus were obtained from the lysates of the 

harvested cells by applying affinity-based chromatography with a Ni2+-NTA column (Figures 

5.2-A, 5.2-B). The SUMO-tag was successfully cleaved by digesting with SUMO protease for 3 

h, and was separated from the pure proteins by applying a second affinity-based chromatography 

with a Ni2+-NTA column. During this second subtractive chromatography step, the cleaved 

SUMO-tag along with the SUMO protease bound to the column, since they both contained 

hexahistidine affinity tags, whereas the untagged dehydrins of interest were recovered in the 

flow-through (F.T.) and wash fractions. The efficiency of proteolytic cleavage was evaluated by 

SDS-PAGE; it should be noted that aberrant migration of these dehydrins on these gels is 

characteristic of IDPs (Figure 5.2) [214]. The yield of dehydrins was ∼15 mg from 1 L of 

culture, which is much higher than the yield obtained by us previously with the purification 

method using IMPACT  
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Figure 5.1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis pattern of 
expression of SUMO-tagged (A) TsDHN-1 (major band at roughly 70 kDa, predicted Mr 
30140.3 Da), and (B) TsDHN-2 (major band at roughly 45 kDa, predicted Mr 21435.1 Da). 
The molecular masses of markers are indicated in kDa 

 

 



 

 
 

154

 
 

Figure 5.2. Purification of recombinant Th. salsuginea dehydrins TsDHN-1 and TsDHN-2. 
Sodium dodecyl sulphate polyacrylamide gel electrophoresis pattern of purification of (A) 
TsDHN-1 (major band at roughly 45 kDa, predicted Mr 30140.3 Da), and (B) TsDHN-2 
(major band at roughly 25 kDa, predicted Mr 21435.1 Da) by Ni2+-NTA affinity 
chromatography. The abnormal migration of these dehydrins is characteristic of 
intrinsically disordered proteins [214], and is especially marked for TsDHN-1 due to its 
high net charge [209]. The molecular masses of markers are indicated in kDa. Here, “F.T.” 
represents “flow-through”. 
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(Intein Mediated Purification with an Affinity Chitin-Binding Tag) affinity chromatography 

[208,209]. 

 

5.4.2. Phosphorylation of TsDHNs 
 

Phosphorylation sites in TsDHN-1 and TsDHN-2 are predicted to reside on large 

numbers of serine and threonine residues, based on several eukaryotic protein phosphorylation 

sites prediction programs such as Netphos, NetphosK, and Scansite 

(http://www.cbs.dtu.dk/services/NetPhosK/) (Figure 5.3). The dehydrins TsDHN-1 and TsDHN-

2 were predicted by Netphos to contain 17 and 9 possible phosphorylation sites, respectively 

(results not shown). Both NetphosK and Scansite predicted that the most probable sites for 

phosphorylation by CKII were the seryl residue at position 124 in TsDHN-1, and the seryl 

residue at position 101 in TsDHN-2. We chose this kinase to use for in vitro phosphorylation to 

be consistent with previous studies on other dehydrins [7,108]. 

Here, the extent of phosphorylation of TsDHN-1 and TsDHN-2 in vitro by CKII was 

confirmed by phosphoprotein staining of a polyacrylamide gel containing the Th. salsuginea 

proteins (results not shown) and by electrospray ionization (ESI) mass spectrometry (Figure 

5.4). The latter data indicate that there were predominantly two phosphorylation events for 

TsDHN-1, and predominantly one phosphorylation event for TsDHN-2. Dehydrin preparations 

such as these were used throughout the rest of this study to study the effects of phosphorylation 

on their secondary structure in diverse environments (aqueous environments at different pH 

values and temperatures, and in membrane-associated form), and on their interactions with 

divalent cations and with actin. 
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Figure 5.3. Prediction of sites for phosphorylation in TsDHN-1 and TsDHN-2 determined 
by NetphosK at Expasy server (http://www.cbs.dtu.dk/services/NetPhosK/).  
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Figure 5.4. Mass spectra (ESI- -TOF) for in vitro phosphorylated TsDHN-1 and TsDHN-2. 
Spectra indicates that major population of TsDHN-1 (Mr = 30140 kDa) is phosphorylated 
at two sites and of TsDHN-2 (Mr = 21435.1 Da) is phosphorylated at one site. 
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5.4.3. Secondary structures of TsDHNs – effects of pH 
 

In our previous studies, we have shown by CD spectroscopy that TsDHN-1 and TsDHN-

2 in aqueous solution are mostly in a random coil conformation; ATR-FTIR spectroscopy 

revealed that they gained ordered secondary structure upon membrane- and/or cation-association 

[208,209]. Here, we have next studied the effects of pH on the secondary structure compositions 

of TsDHN-1 and TsDHN-2 in buffer alone (Figure 5.5). We confirmed that both TsDHN-1 and 

TsDHN-2 are in a primarily random coil configuration at pH 7.3, which is indicated by the peak 

minima at around 200 nm. The peak minima shifted toward 205 nm at pH 6.4 and pH 5.8, 

suggesting that the protein becomes slightly more ordered at these lower pH values. However a 

further decrease of the pH resulted in a shift of the peak minimum back to a shorter wavelength. 

Under normal conditions, the pH of the plant cytosol is around 7.5, whereas the pH of the 

apoplast and vacuolar lumen is 5.5. The pH of the cytosol declines during stress due to the shift 

in Ca2+-concentration [132,148]. The change in intracellular Ca2+-concentration is usually 

compensated by monovalent cations such as protons, and such changes in pH can act as a 

secondary messenger in response to stress in plants [167,225]. These considerations, and our 

results obtained here, suggest that dehydrins might undergo pH-induced conformational changes 

during stressful environmental conditions, thereby facilitating specific protein-protein 

interactions. 
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5.4.4. Secondary structures of TsDHNs – effects of phosphorylation and 
temperature  
 

The CD spectra of unphosphorylated and phosphorylated TsDHN-1 and TsDHN-2 were 

first obtained at ambient temperature in Tris-HCl buffer, 100 mM NaCl, pH 7.3. The change in 

secondary structure composition of TsDHN-1 and TsDHN-2 upon phosphorylation was not 

significant under these experimental conditions (Figures 5.6-A, 5.6-B).  

Next, we evaluated the effects of temperature on the secondary structure composition of 

phosphorylated dehydrins, for comparison with our previous study on the unmodified proteins in 

solution, where we observed some cold-stabilization of ordered structure [208]. An increase in 

intensity of the positive band above wavelength 215 nm, and a decrease in intensity of the 

negative band around 200 nm, were observed with decreasing temperature for the 

phosphorylated TsDHNs, at both lower and higher pH values (Figures 5.6-C to 5.6-F). This 

observation indicates that low temperature-induced folding is less pronounced in the 

phosphorylated TsDHNs, compared to the unphosphorylated TsDHNs that were studied in this 

way previously [208]. However, this feature is common in peptides containing poly-proline type 

II (PPII) structures. In many cases, the negative minimum due to the α-helical component masks 

the positive maximum at 223 nm. The PPII conformation is thus best discerned by comparing 

CD spectra over a range of temperatures [237].  

A temperature-difference spectrum, obtained by subtracting the high temperature 

spectrum from the low temperature one, allows for the “amplification” of the signal from the 

PPII helix, and is used to study both peptides and proteins (e.g., [102,205]). The PPII 

conformations are evident in both phosphorylated dehydrins as indicated by the minima near 197 

nm and the maxima at approximately 215 nm in the difference spectra (insets in Figures 5.6- C 
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to 5.6-F). The decrease in the differences in intensities at 220 nm and 197 nm with increasing 

temperature is most probably due to an unfolding process, rather than to folding or to 

redistribution of the secondary structure components (Figure 5.7). An isodichroic point is also 

observed at 208 nm confirming a transition from random coil to PPII conformations. It has 

become apparent in recent years that the PPII conformation is an important component of 

intrinsically disordered proteins (reviewed in [102,212]). The observations here of induced PPII 

conformations in these Th. salsuginea dehydrins are suggestive of their multifunctionality, and 

consistent with observations of this conformation in other dehydrin species [244]. 
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Figure 5.5. Effects of pH on the secondary structure composition of unmodified TsDHN-1 
and TsDHN-2, studied by solution CD spectroscopy. Results shown are representative of 
experiments performed in triplicate. 
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Figure 5.6. Effects of phosphorylation, temperature, and pH on the secondary structure 
composition of TsDHN-1 and TsDHN-2, studied by solution CD spectroscopy. (A, B) CD 
spectra showing the effect of phosphorylation on the proteins’ secondary structure. (C, D) 
CD spectra showing the effect of temperature on the phosphorylated proteins’ secondary 
structure at pH 7.3. (E, F) CD spectra showing the effect of temperature on the 
phosphorylated proteins’ secondary structure at pH 5.8. The difference spectra obtained 
by subtracting the CD spectra at 45ºC from the CD spectra at 5ºC are shown in the 
respective insets. Arrows show the direction of change with decreasing temperature. 
Results shown are representative of experiments performed in triplicate. 
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5.4.5. Secondary structures of phosphorylated TsDHNs – effects of cations  
 

Cation-binding has a significant effect on the secondary structure of phosphorylated 

TsDHNs. In the case of phosphorylated TsDHN-1, the addition of Zn2+ (Figures 5.8-A, 5.8-C) 

induced ordered secondary structure (β-turns) only at lower pH (pH 5.8). However, the addition 

of Ca2+ (Figures 5.8-B, 5.8-D) induced β-turns in phosphorylated TsDHN-1, regardless of pH. 

Only small changes in the secondary structure composition of phosphorylated TsDHN-2 were 

observed in the presence of Zn2+ (Figures 5.8-E, 5.8-G), although a gain in PPII conformation 

was observed in the presence of Ca2+ (Figures 5.8-F, 5.8-H). The secondary structures of 

phosphorylated TsDHNs were not significantly affected by temperature in the presence of Zn2+.  

In the presence of Ca2+, the secondary structure of phosphorylated TsDHN-1 was also not 

significantly affected by temperature. However, the PPII conformation was enhanced at low 

temperature in the case of phosphorylated TsDHN-2. Besides being an essential nutrient, Ca2+ 

also is an important secondary messenger during plant development as well as during various 

environmental stresses [169,215,216]. The change in pH and/or concentration of Ca2+, can also 

regulate the organization of the cytoskeleton [132]. Phosphorylation of dehydrins may thus serve 

to accentuate these responses in vivo. The ATR-FTIR spectra of the unphosphorylated TsDHNs 

showed peak maxima located between 1640-1645 cm-1 (Figure 5.9). These peaks shifted to 

1650-1652 cm-1 for the phosphorylated TsDHNs, indicating a transition from random coil 

structure to α-helical structures upon phosphorylation. The band between 1700 cm-1 and 1800 

cm-1 arises due to the free and H-bonded C=O group from lipid molecules. This band is of 

significantly higher intensity in the case of phosphorylated TsDHN-1 and TsDHN-2, suggesting 

a weaker membrane-adhering ability of the phosphorylated proteins.  
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Detailed spectral analysis showed that both TsDHN-1 and TsDHN-2, when bound to 

lipids, gained more ordered secondary structure upon phosphorylation. The random coil 

component was reduced noticeably for chloroplast and plasma membrane LUV-associated Phos-

TsDHN-1, with the formation of mainly α-helices and β-sheets to a lesser extent (Tables A-14, 

Tables A-16; Figures 5.10-A to 5.10-D). For phosphorylated TsDHN-2, the changes were not 

so dramatic (Tables A-15, Tables A-17; Figures 5.10-E to 5.10-H). For both unmodified and 

phosphorylated TsDHNs in membrane-associated form, some additional ordered secondary 

structure was promoted in the presence of Zn2+, consistent with our previous study on the 

unmodified proteins [208]. 
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Figure 5.7. (A,B) Molar ellipticity [θ]MRW at 208 nm, and the differences of molar ellipticity, 
Δ[θ]MRW(220-197) for TsDHN-x at variable temperatures at pH 7.3. (C,D) Molar ellipticity 
[θ]MRW at 208 nm, and the differences of molar ellipticity, Δ[θ]MRW(220-197) for TsDHN-x at 
variable temperatures at pH 5.8. The graphs indicate the presence of the PPII 
conformation in both phosphorylated TsDHN-1 and TsDHN-2, regardless of pH. 
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Figure 5.8. Effects of divalent cations on the secondary structure composition of 
phosphorylated TsDHN-1 and TsDHN-2, studied by solution CD spectroscopy. (A-D) The 
differences of CD spectra of phosphorylated TsDHN-1 in 20 mM HEPES-NaOH, 100 mM 
NaCl, obtained with or without cations at (A, B) pH 7.3 or (C, D) pH 5.8. (E-H) The 
differences of CD spectra of phosphorylated TsDHN-2 in 20 mM HEPES-NaOH, 100 mM 
NaCl, obtained with or without cations at (E, F) pH 7.3, or (G, H) pH 5.8. Results shown 
are representative of experiments performed in triplicate. 
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Figure 5.9. Effects of phosphorylation of TsDHN-1 (right panel) and TsDHN-2 (left panel), 
reconstituted with LUVs, on their ATR-FTIR spectra at room temperature (25ºC). The 
LUV lipid compositions mimic the plant (A, B) chloroplast or (C, D) plasma membranes. 
Results shown are representative of experiments performed in triplicate. 
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Figure 5.10. Effect of Zn2+ on the proportion of secondary structure types of membrane-
associated (A, B) phosphorylated TsDHN-1, (C, D) unphosphorylated TsDHN-1, (E, F) 
phosphorylated TsDHN-2, and (G, H) unphosphorylated TsDHN-2, at room temperature 
(25ºC). The LUV lipid compositions mimic the plant (A, C, E, G) chloroplast or (B, D, F, H) 
plasma membranes. Error bars represent the standard deviation of triplicate 
measurements. Note that the remainder of the structure (to 100%) is contributed by the 
side-chains. 
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5.4.6. The degree of actin polymerization is affected by phosphorylation of TsDHNs 
in vitro 
 

 Apart from a report of a dehydrin-actin interaction observed in transfected fibroblasts [2], 

the idea of dehydrins stabilizing cytoskeletal organization in plant cells undergoing 

environmental stress has received little attention, to our knowledge. Since IDPs are 

multifunctional and polymorphic, we have hypothesized that one of the TsDHN proteins, or the 

other, would facilitate actin assembly much in the way that other IDPs such as myelin basic 

protein do [101,102], and that post-translational modifications such as phosphorylation, and/or 

environmental conditions such as temperature or presence of divalent cations, can modulate this 

interaction. Here, the polymerization of G-actin in the absence and in the presence of F-buffer, or 

of unphosphorylated or phosphorylated TsDHNs at an [actin]:[TsDHNs] molar ratio of 1:3.2, 

was followed by measuring the change in fluorescence intensity of pyrene-labelled actin at 410 

nm. A striking difference was observed between the unphosphorylated and phosphorylated 

TsDHNs in the rate of actin polymerization (Figure 5.11-A). In the presence of 

unphosphorylated TsDHNs, the emission fluorescence intensity at 410 nm did not change with 

time. However, in the presence of phosphorylated TsDHNs, the emission fluorescence intensity 

at 410 nm increased with time, reaching equilibrium within 25 min. The increase in the emission 

fluorescence intensity was more significant in the case of phosphorylated TsDHN-2. It is evident 

from this assay that both phosphorylated TsDHNs can polymerize actin in vitro at pH 7.3, 

whereas unphosphorylated TsDHNs have no effect on G-actin polymerization. Examination of 

the final state of the polymerization reaction by transmission electron microscopy revealed that 

only the phosphorylated TsDHNs cross-linked and bundled actin (Figures 5.11-D, 5.11-E,  
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5.11-H). The presence of larger microfilament bundles was observed at a lower [actin]:[TsDHN] 

molar ratio of 1:3.8 (Figures 5.11-F, 5.11-I).  

The bundling of G-actin by the phosphorylated TsDHNs was confirmed by atomic force 

microscopy. Bundles with diameters ranging from 25-55 nm were observed (Figures 5.12-A, 

5.12-E) in the presence of phosphorylated TsDHN-1 at an [actin]:[TsDHN-2] molar ratio of 

1:3.2. Actin bundles became more organized (Figures 5.12-B, 5.12-F) at a lower 

[actin]:[TsDHN-1] molar ratio of 1:3.8. Actin bundles with diameters ranging from 30 to 70 nm 

were observed (Figures 5.12-C, 5.12-G) in the presence of phosphorylated TsDHN-2 at an 

[actin]:[TsDHN-2] molar ratio of 1:3.2. Larger actin bundles (Figures 5.12-D, 5.12-H) were 

observed at an [actin]:[TsDHN-2] molar ratio of 1:3.8. In the case of salt-induced actin 

polymerization (F-buffer), the diameters of the actin bundles were within 50 to 70 nm (Figure 

5.12K). The G-actin alone is shown as a negative control (Figure 5.12-L). Actin bundling was 

not observed in the presence of the unphosphorylated TsDHN-1 or TsDHN-2 (Figures 5.12-I, 

5.12-J, respectively).  

 

5.4.7. Actin bundling and actin−TsDHNs binding 
 

 The strength of the actin-TsDHNs interaction and its potential to induce actin bundling 

was further assessed by a sedimentation assay, in which centrifugation of the polymerization 

reaction mixture at a low speed allowed only bundled actin to precipitate. The distributions of the 

proteins were assessed by SDS-PAGE analysis of the supernatant and the pellets. It is shown in 

Figure 5.13, that both unmodified TsDHN-1 (Figure 5.13-A, lane 2) and unmodified TsDHN-2  
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Figure 5.11. Polymerization of actin by the phosphorylated dehydrins TsDHN-1 and 
TsDHN-2 from Th. salsuginea. (A) Polymerization of pyrene-labelled G-actin into F-actin 
bundles induced by unphosphorylated and phosphorylated TsDHNs with time, as a 
function of the change in emission fluorescence intensity. (B, C) Electron micrographs of 
G-actin incubated with (B) G-buffer or (C) F-buffer are shown as negative and positive 
controls, respectively. (D-I) Electron micrographs of G-actin incubated with (D, G) 
unphosphorylated TsDHNs, or (E, F, H, I) phosphorylated TsDHNs. Specific actin to 
dehydrin molar ratios are as follows: (D) [actin]:[unmodified TsDHN-1] at 1:3.2; (E) 
[actin]:[phosphorylated TsDHN-1] at 1:3.2; (F) [actin]:[phosphorylated TsDHN-1] at 1:3.8; 
(G) [actin]:[unmodified TsDHN-2] at 1:3.2; (H) [actin]:[phosphorylated TsDHN-2] at 1:3.2; 
(I) [actin]:[phosphorylated TsDHN-2] at 1:3.8. 
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Figure 5.12. Morphology of actin assembly in the presence of unphosphorylated and 
phosphorylated TsDHNs observed by atomic force microscopy. The G-actin was allowed to 
interact with TsDHNs in the environmental conditions described in Figure 7. (A, E) 
Phosphorylated TsDHN-1 and actin at an [actin]:[phosphorylated TsDHN-1] molar ratio of 
1:3.2. (B, F) Phosphorylated TsDHN-1 and actin at an [actin]: [phosphorylated TsDHN-1] 
molar ratio of 1:3.8. (C, G) Phosphorylated TsDHN-2 and actin at an 
[actin]:[phosphorylated TsDHN-2] molar ratio of 1:3.2. (D, H) Phosphorylated TsDHN-2 
and actin at an [actin]:[phosphorylated TsDHN-2] molar ratio of 1:3.8. (I) Unmodified 
TsDHN-1 and actin at an [actin]:[unmodified TsDHN-1] molar ratio of 1:3.2. (J) 
Unmodified TsDHN-2 and actin at an [actin]:[unmodified TsDHN-2] molar ratio of 1:3.2. 
(K) Salt-induced F-actin. (L) G-actin alone. The scale bars represent 500 nm in each panel. 
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(Figure 5.13-B, lane 2) remained in the supernatants. Actin also remained in the supernatants in 

both cases, indicating that actin was still in the monomeric form (G-actin). Thus, the unmodified 

TsDHNs did not induce assembly of G-actin, consistent with the fluorescence data (Figure 5.11-

A) and acting as a negative control.  

In the case of phosphorylated TsDHN-1 and TsDHN-2, both were found along with actin 

in the isolated pellets (Figure 5.13-A, lane 5; Figure 5.13-B, lane 5), suggesting that 

phosphorylated TsDHNs induce bundling of actin and remain bound to the filaments. Although 

no band (Figure 5.13-A, lane 4) for actin in the supernatant was observed in the case of 

phosphorylated TsDHN-1, a strong band (Figure 5.13-B, lane 4) was observed in the case of 

phosphorylated TsDHN-2, indicating that phosphorylated TsDHN-1 was more efficient in 

bundling actin. In order to assess the interaction between the TsDHNs and G-actin, a high speed 

centrifugation assay was performed, in which F-actin (unbundled and bundled) would sediment 

to the bottom of the tube. These results showed that unmodified TsDHN-2 also interacts with G-

actin, presumably to form amorphous assemblies (Figure 5.13-D, lane 3), even though it does 

not polymerize G-actin as assessed by a pyrene fluorescence assay (Figure 5.13-A). To a lesser 

extent, this same interaction occurs for unmodified TsDHN-1 (Figure 5.13-C, lane 3). 
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Figure 5.13. Low-speed (A,B) and high-speed (C,D) co-sedimentation assay of actin in the 
presence of unphosphorylated and phosphorylated TsDHN-1 and TsDHN-2. 
Unphosphorylated or phosphorylated TsDHNs were incubated with G-actin in a 3.6:1 
molar ratio at 27°C in G-buffer and then centrifuged (18,000 x g for low-speed, 100,000 x g 
for high-speed, room temperature, 2 h). Actin alone was used as the negative control. The 
supernatants and pellets were resuspended in sample buffer as described in Materials and 
Methods, and electrophoresed on 14% SDS-PAGE gels. 
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5.4.8. The effect of unphosphorylated TsDHNs on pre-polymerized actin  
 

To see if unphosphorylated dehydrins had an effect on actin assemblies that had 

previously been polymerized by the phosphorylated form, a variation of the fluorescence 

polymerization assay was performed. First, phosphorylated TsDHN-1 or TsDHN-2 was added to 

G-actin at a 1:3.0 or 1:4.0 molar ratio, and was incubated for roughly 25 min to effect actin 

polymerization to proceed to its maximal level. Then, the corresponding unmodified form was 

added to achieve final molar ratios of [actin]:[Phos-TsDHN]:[TsDHN] of 1:3:3 or 1:4:3. The 

results are compiled in Figure 5.14. Addition of unphosphorylated TsDHN-1 had no influence 

on the fluorescence intensity of the actin polymerized to its maximum level by phosphorylated 

TsDHN-1 (Figure 5.14-A). However, the addition of unphosphorylated TsDHN-2 to F-actin 

increased the fluorescence intensity further (Figure 5.14-B), probably due to its ability to bind 

actin even in the unmodified form (Figure 5.13-D, lane 3). This binding could produce higher 

ordered actin bundles and, therefore, cause an additional increase in fluorescence intensity. The 

F-buffer alone had no effect on the pre-polymerized actin (Figure 5.14-C, 5.14-D).  

The observed morphologies of the actin assemblies studied by transmission electron 

microscopy support the results obtained by fluorescence measurements (Figure 5.15). The 

change in the morphology of the actin assemblies induced by phosphorylated TsDHN-1 was 

observed with the addition of unphosphorylated TsDHN-1 (Figure 5.15-A, 5.15-B). More 

organized actin sheets were observed when unmodified TsDHN-2 was added to the actin 

assembles induced by phosphorylated TsDHN-2 (Figures 5.15-D, 5.15-E), thus supporting the 

results presented in Figure 5.14-B. No change in the morphology of the actin assemblies induced 

by any of the phosphorylated TsDHNs was observed when F-buffer alone was added to the 

assemblies (Figures 5.15-C, 5.15-F). 
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Figure 5.14. Effect of (A) unmodified TsDHN-1 or (B) unmodified TsDHN-2, on actin that 
had been pre-polymerized by phosphorylated TsDHN-1 or TsDHN-2, respectively, studied 
by measuring the change in fluorescence intensity. (C, D) Effect of F-buffer on actin that 
had been pre-polymerized by phosphorylated TsDHN-1 or TsDHN-2, respectively, studied 
by measuring the change in fluorescence intensity. Results shown are representative of 
experiments performed in triplicate. 
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Figure 5.15. Effect of unmodified TsDHN on pre-polymerized F-actin: electron 
micrographs of Phos-TsDHN-1-polymerized G-actin incubated with (A, B) 
unphosphorylated TsDHN-1 at an [actin]:[Phos-TsDHN]:[TsDHN] molar ratio of 1:3:3 
(panel A) and 1:4:3 (panel B); (C) Phos-TsDHN-1-polymerized G-actin incubated with F-
buffer; (D, E) Phos-TsDHN-2-polymerized G-actin incubated with unphosphorylated 
TsDHN-2 at an [actin]:[Phos-TsDHN]:[TsDHN] molar ratio of 1:3:3 (panel D) and 1:4:3 
(panel E); (F) TsDHN-2 polymerized G-actin incubated with F-buffer (F). 
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5.5. DISCUSSION 
 

Intrinsically disordered proteins are generally highly modified, especially by 

phosphorylation [120], and are multifunctional, with multiple interacting partners and diverse 

disorder-to-order transitions [266,268,275]. The conformations of IDPs in general are dynamic 

and highly dependent on environmental conditions such as temperature, pH, and salt 

concentrations [273,274], as occur in plants undergoing abiotic stress [288], as has been 

recognized for dehydrins in particular [177,178,254]. Such considerations have motivated us to 

investigate further potential physiological roles of TsDHN-1 and TsDHN-2 in maintaining the 

drought and cold tolerance of Th. salsuginea [208,209]. Here specifically, we have examined the 

effects of phosphorylation and divalent cations on the secondary structure of these dehydrins, 

because regular secondary structure elements induced in this way during the abiotic stress 

response may represent pre-formed recognition elements for binding other proteins 

[266,268,275]. Moreover, we have investigated a new potential function of dehydrins in 

stabilizing the actin cytoskeleton of plant cells undergoing environmental stress. 

Our results here show that neither the acidic TsDHN-1 nor the basic TsDHN-2 alone 

gains any ordered secondary structure upon phosphorylation except when associated with LUVs. 

This observation is in agreement with previous work where it has been shown that 

phosphorylated and unphosphorylated COR47 have similar secondary structure compositions 

[177]. The α-helical component of the secondary structure in the phosphorylated COR47 is 

promoted in the presence of 50% glycerine. Other macromolecules such as sucrose or glucose 

did not cause any significant change in secondary structure in the phosphorylated COR47. Here, 

in particular, both the acidic and basic phosphorylated Th. salsuginea dehydrins gain PPII 

structure with decreasing temperature. Hallmarks of IDPs are their association with multiple 
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binding partners, often with concomitant disorder-to-order transitions of the binding segments 

[266,268,275]. Since the PPII conformation is an important component of IDPs in general 

[102,212], and is required for specific associations such as with SH3-domains in particular [102], 

the observations here of induced PPII conformations in Th. salsuginea dehydrins, and elsewhere 

in other dehydrin species [244], support the scenario of dehydrin multifunctionality in 

maintaining plant cell stress response. We thus suggest here that the phosphorylated TsDHN 

variants interact with other ligand molecules through the PPII at low temperature. We have also 

shown here by ATR-FTIR spectroscopy that phosphorylated TsDHN-1 and TsDHN-2 have a 

diminished ability to bind to LUVs, but they interact with and polymerize G-actin. The weaker 

ability to bind to negatively-charged membranes is expected as the phosphorylation results in a 

reduction of charge in the proteins. 

Other intrinsically disordered proteins are also known to regulate actin polymerization. It 

has been shown in previous studies that classic 18.5-kDa myelin basic protein (MBP), and the 

microtubule assembly protein tau via its proline-rich domain, were able to polymerize, bundle, 

and link actin to phospholipid membranes [101,104]. Post-translational modifications such as 

phosphorylation or deimination of MBP, or phosphorylation of tau, are known to enhance the 

ability of these proteins to polymerize G-actin [ibid.]. Here, we have shown that phosphorylation 

of Th. salsuginea dehydrins enables them to polymerize actin in vitro, which supports future 

study of this phenomenon in vivo. There are examples of physiologically significant 

phosphorylation-regulated actin polymerization by other plant proteins [51,52,277,286]. 

Phosphorylation of the protein TaADF, the wheat (Triticum aestivum) actin depolymerization 

factor, has been shown to decrease the rate of depolymerization of F-actin and increase the 
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stability of F-actin [194]. Stabilization of F-actin may, in turn, contribute to membrane 

stabilization in plants undergoing stress [113]. 

Actin polymerization in plants is also regulated by pH as seen in animals. The LIM 

domain (double zinc finger motif, named after its initial discovery in the proteins Lin11, Isl-1, 

and Mec-3) containing proteins are known to interact with actin in animal and plant cells in a 

pH-dependent manner. It has been shown that a widely-expressed LIM domain containing plant 

protein, WLIM, is able to polymerize G-actin regardless of pH value, but a pollen-specific 

protein PLIM is only able to polymerize actin at lower pH (pH 6.9) [139,195,289]. In the present 

study, we have shown that TsDHN-1 and TsDHN-2 are able to polymerize G-actin and bundle F-

actin at pH 7.3 only upon phosphorylation.  

Actin dynamics may have a role in protecting plant cells during low temperature stress. 

Actin-reorganizing factors such as ADFs and elongation factor-1 are up-regulated 

[53,64,140,259] in acclimated plant cells by low temperature. It is also known that the proportion 

of phosphorylated dehydrins is elevated at low temperature in cold-acclimated plants [194]. 

Depolymerization of actin by ADFs may prevent expansion-induced cell lysis during freeze-

thaw cycles. In more extreme situations, programmed cell death initiated in response to 

environmental stress involves actin polymerization/depolymerization dynamics, and may be 

induced by Ca2+-signalling [73,84,85,213,241]. Actin depolymerization causes elevation of 

intracellular Ca2+-concentration in the olive tree, and this increase is enhanced during cold stress 

[58]. The involvement of dehydrins in such cytoskeletal remodelling events is worthy of further 

study. Moreover, there are many examples of mammalian proteins that are CKII substrates 

whose nuclear localization has been proposed to be regulated by phosphorylation [186], and it 
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would be of interest to investigate potential intracellular trafficking of phosphorylated dehydrins 

in plant cells undergoing abiotic stress. 

In summary, we have shown here that various environmentally-induced conditions such 

as changes in intracellular pH and cation concentration, as well as phosphorylation, regulate the 

folding of TsDHN-1 and TsDHN-2 with or without their association with a membrane. Calcium 

induces a PPII conformation in phosphorylated TsDHN-2, which may aid it in polymerizing G-

actin. The TsDHN conformations and activities modulated by phosphorylation, cation-binding, 

and temperature and pH changes, appear to play an important role in regulating actin 

polymerization dynamics. Taken together, our results presented here support the hypothesis that 

dehydrins may also play a role in stabilizing the cytoskeleton of Th. salsuginea cells undergoing 

periods of extreme drought and cold stress. 
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Chapter 6: Conclusions and Future Directions 
 

Although crop yield is intensely affected by adverse environmental conditions, there are 

certain plants which are able to withstand these stresses through multifaceted signaling 

pathways. Identifying the key molecules and understanding their role in the signaling pathways 

in stress-tolerant plants would allow us to avoid loss in crop yield by molecular breeding 

approaches. Dehydrins are expressed in plants experiencing extreme environmental conditions 

such as drought or low temperature. The aim of this work was to investigate the role of two 

dehydrins, denoted as TsDHN-1 (acidic) and TsDHN-2 (basic), from Thellungiella salsuginea in 

protecting biomembranes and cytoskeletal proteins during the condition of cold stress. Here, we 

showed using transmission-Fourier transform infrared (FTIR) spectroscopy that ordered 

secondary structure was induced and stabilized in these proteins by association with large 

unilamellar vesicles emulating the lipid compositions of plant plasma and organellar membranes. 

Moreover, this induced folding was enhanced at low temperatures. We showed using circular 

dichroism (CD) and attenuated total reflection (ATR) - Fourier transform infrared (FTIR) 

spectroscopy that ordered secondary structure was induced and stabilized in these proteins, both 

in free and vesicle-bound form, by association with zinc. In membrane-associated form, both 

proteins were shown to have an increased proportion of β-strand conformation induced by the 

cation, in addition to the amphipathic α-helices formed by their constituent K-segments. Protein 

structure stabilization through association with a lipid bilayer was verified from our single-

molecule force spectroscopy (SMFS) studies. Our monolayer compression studies in Chapter 4 

showed that the TsDHN-1 was able to stabilize lipid monolayers of composition mimicking plant 

mitochondria at 4oC. With our atomic force microscopy studies on supported lipid bilayers with 

the same composition, we showed that the liquid crystalline to gel phase transition was inhibited 
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in the presence of TsDHN-1. These results in total support the hypothesis that dehydrins stabilize 

plant plasma and organellar membranes in conditions of cold stress, and further that zinc may be 

an important co-factor in stabilization. Whereas dehydrins in the cytosol of a plant cell 

undergoing dehydration or temperature stress form bulk hydrogels and remain primarily 

disordered, dehydrins with specific membrane- or protein-associations will have induced ordered 

secondary structures. 

Here, we also investigated how the conformations TsDHN-1 and TsDHN-2 are affected 

by pH, interactions with cations and membranes, and phosphorylation. Both TsDHN-1 and 

TsDHN-2 were expressed as SUMO-fusion proteins for in vitro phosphorylation by casein 

kinase II (CKII), and structural analysis by CD and ATR-FTIR spectroscopy. Actin assembly by 

these dehydrins was assessed by sedimentation assays, and viewed by transmission electron and 

atomic force microscopy. We showed that Ca2+ promoted the poly-proline type II conformation 

in phosphorylated TsDHN-2 but not in phosphorylated TsDHN-1 with decreasing temperature. 

Both TSDHN-1 and TsDHN-2 were phosphorylated by CKII kinase in vitro, as predicted by 

several eukaryotic protein phosphorylation site prediction programs such as Netphos, NetphosK, 

and Scansite (http://www.cbs.dtu.dk/services/NetPhosK/).  

A track of serine residues followed by acidic residues has been previously suggested to 

be a consensus site for CKII phosphorylation in a RAB17 homolog (maize DHN1) [127]. Similar 

sites are present in both TSDHN-1 (residues 107-128) and TsDHN-2 (residues 97-104). 

However, it is yet to be examined whether CKII localizes with any of the dehydrins in vivo. It 

has been shown with live cell fluorescence imaging that RAB17 colocalizes with specific CKII 

subunits. Colocalization studies with CKII-β showed distribution of RAB17 and CKII-β in both 

the cytosol and the nucleus. Deletion of the CKII phosphorylation site from the RAB17 sequence 
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enables the protein to translocate to the cytosol [3,222]. Similar studies are warranted with the T. 

salsuginea dehydrins. 

Phosphorylation has been shown by ithers to be a relevant step of nuclear localization of 

dehydrin. Maize DHN1 which was localized in the nucleus contains a short basic domain RRKK, 

besides a site for CKII phosphorylation [127]. The short basic domain resembles the nuclear 

localization signal (NLS) in proteins like Nopp140 and yeast NSR1 in mammalian cells. It has 

been shown that mutation in the CKII phosphorylation site in DHN1 prevents phosphorylation 

and nuclear localization [127]. The presence of a nuclear localization signal domain and a CKII 

phosphorylation site in the acidic TsDHN-1 suggests that it can be targeted to the nucleus. It may 

also target the basic dehydrin, which does not have an NLS domain, to the nucleus by co-

transport or other means. Although dehydrins lacking S-segments and short basic residues are 

usually localized in the cytosol, there are others (e.g., ERD10 and VCa45) which are localized in 

the nucleus even though they do not contain an S-segment or NLS [5]. The pathway for nuclear 

location in the absence of a NLS domain is still unknown. It is possible that dehydrins lacking an 

NLS domain, such as PCA-60, may bind to a protein containing a NLS domain and thereby be 

targeted to the nucleus. 

We have shown that neither the acidic TsDHN-1 nor the basic TsDHN-2 polymerize 

actin filaments at alkaline pH. However, phosphorylation enabled both dehydrins to polymerize 

actin filaments, such as occurs in the cytosols of plant cells undergoing environmental stress. 

Whether these dehydrins are able to polymerize actin filaments in a physiologically relevant 

environment, more specifically in membrane-mimicking conditions, and whether post-

translational modification will modulate these interactions under such conditions, still remains to 

be investigated. It has been shown that other intrinsically disordered proteins are also able to 
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polymerize and bundle actin filaments, in a manner regulated by phosphorylation, acylation, and 

myristoylation. For example, the most cationic and the least cationic isomers of the classic 18.5-

kDa myelin basic protein (MBP), C1 and C8, are known to polymerize and bundle actin 

microfilaments and microtubules. Much of this work has been performed in our laboratory, and it 

is worthwhile to review this interaction in some detail because similar studies could be 

performed with TsDHN-1 and TsDHN-2, to assess further their role in plant cytoskeletal 

stabilization. 

The polymerization of G-actin by C1 and C8 is found to be reversible in the presence of 

calmodulin [13,23]. Phosphorylation of the proteins reduced their ability of polymerization 

which is agreement with the polymerization G-actin by tau. In the presence of DPC 

(dodecylphosphocholine) micelles, the interaction between the most cationic recombinant murine 

C1 (rmC1) and actin becomes more specific. The least cationic recombinant C8 (rmC8) is able to 

polymerize G-actin at a much lesser extent in this physiologically-relevant environment [13]. 

The interactions between G-actin and rmC1 or rmC8 have been suggested to be electrostatic. The 

reduced ability of rmC8 to polymerize G-actin can be explained by the reduced charge of the 

protein due to the interaction with DPC micelles.  

Although it has been shown by magic angle spinning solid-state NMR studies that the 

entire molecule of rmC1 is involve in the interaction with G-actin, polymerization studies with 

the deletion-mutant of rmC1 indicate that the C-terminus of the protein has greater ability to 

polymerize G-actin than the N-terminus [12-14]. The difference in the polymerization ability of 

the two termini of the protein is enhanced in the presence of DPC micelles [12,14]. 

Phosphorylation of the rmC1 with MAPK does not influence the specificity of interaction with 

actin. It can be suggested that the interaction is not merely electrostatic but partially sequence-
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specific. By applying various biophysical techniques, it has been shown that the N-terminal 

peptide of rmC1 contains a domain capable of initiating Ca-CAM induced G-actin 

polymerization [12,208]. Therefore, the sequences in TsDHN-2 responsible for actin 

polymerization, as well as the effects of pH and other post-translational modifications besides 

phosphorylation, should be explored.  

These in vitro studies can also be extended in cellulo. Multiple basic residues distributed 

along the sequence allowed rmC1 to cross-link two or more actin filaments at the same time and 

bundle them. It has been shown also that rmC1 is able to cross-link actin to microtubules 

[25,27,28]. In animal cells, several other proteins have been identified as cross-linkers of 

microfilaments and microtubules. Associations of microfilaments to microtubules have been 

shown in plant cells, by a variety of microscopy studies. How the cross-linking is mediated in 

plant cells is not certain yet. A calponin homology domain in kinesin-14 has shown 

microfilament to microtubule cross-linking ability [74]. It is possible that dehydrins may have a 

microfilament to microtubule cross-linking ability. Coordination and cross-talk between the two 

cytoskeletal proteins is important for cell elongation and cell expansion. 

The role of dehydrins as a microtubule-stabilizing factor has been suggested, but has not 

yet been confirmed experimentally. The dynamic nature of microtubules is regulated by 

temperature. Low temperature is known to depolymerize microtubules and cause destruction in 

the microtubule network [310]. Cotton seeds treated with ABA have been shown to prevent the 

destruction of the microtubule network. The STOP (Stable-Tubulin-Only-Polypeptide) protein, a 

subgroup of microtubule-associated proteins (MAPs), is known to be responsible for stabilization 

of microtubules at chilling temperatures in animal cells. They are mainly localized in neuronal 

cells. Inhibition of STOP in neuronal cells completely suppresses cold stability and drug 
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resistance properties of the neuronal cell. It was considered that these proteins are unique in 

nature and have specific properties which are absent in other MAPs. The myelin basic protein 

(MBP) was the first one, other than STOP protein which showed microtubule cold-stabilization 

ability in vitro and in vivo [23,26,28]. It is an oligodendrocyte-specific protein. The stabilization 

of microtubules by MBP is regulated by temperature, interactions with Ca2+-calmodulin, protein 

kinases, and by deimination [202,310]. Again, such in vitro studies remain to be performed on 

the dehydrins TsDHN-1 and TsDHN-2. 

 Using genetic mouse models and RNA interference methods, it has been revealed that 

MBP plays a microtubule-stabilization role in cold environments in the absence of STOP 

proteins. Cells deficient in STOP proteins or MBP were obtained by transfecting progenitor glial 

cells with STOP siRNA or MBP siRNA. The role of MBP or STOP protein in stabilization of 

microtubules was examined by immunoflurescence techniques [31,32]. STOP proteins have not 

been reported in a plant cells until now. Microtubule stabilization is important for cell 

elongations in plants. We have shown here that phosphorylated TsDHN-1 and TsDHN-2 are able 

to polymerize actin at ambient temperature. It is possible that these dehydrins may also act like 

STOP proteins in conditions of stress. Microtubule-binding and microtubule-assembly assays at 

variable temperature would suggest to us the ability of these dehydrins for cold stabilization. 

Immunofluorescence studies in vivo will confirm the physiological relevance of the actin and 

tubulin polymerization by dehydrins.  

Phosphorylation of the S-segments is also an important modulator of dehydrin function. 

Phosphorylation has been indicated to “tune” the association of another cold-induced dehydrin 

(Lti30) with membranes [70]. Aggregation of Lti30 is induced as a result of vesicle binding as it 

has been reported for other positively-charged dehydrins. Phosphorylation of Lti30 prevents the 
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formation of larger aggregates. Applying differential scanning calorimetry, it has been shown 

that Lti30 decreased the phase transition temperature of LUVs with a composition of 

DMPC:DMPG at a 1:1 molar ratio, indicating a membrane stabilization role of this protein at 

low temperature. However, an increase in phase transition temperature is observed in the 

presence of phosphorylated Lti30. Phosphorylation-regulated membrane binding is also reported 

for disordered MARCKs proteins, where phosphorylation prevented aggregate formation upon 

membrane binding [70]. 

In Chapter 5, we showed that phosphorylation did not affect the secondary structure of 

TsDHN-1 or TsDHN-2 in solution. However, phosphorylation significantly stabilized the 

secondary structure upon membrane association. In Chapter 4, we showed applying SMFS, that 

the basic TsDHN-2 underwent oligomerization upon binding to a supported lipid bilayer. 

Oligomerization was not observed for the acidic TsDHN-1. Future SMFS studies with CKII-

phosphorylated dehydrins, or with recombinant pseudo-phosphorylated dehydrins, pulled from 

supported lipid bilayers will give us further insight into the role of phosphorylation in membrane 

binding. Determining the phase transition temperature of LUVs with any composition, in the 

absence and in presence of TsDHN-1 or TsDHN-2, would confirm the membrane-stabilization 

role of these dehydrins during cold stress. Using phosphorylated TsDHN-1 or TsDHN-2 would 

let us know whether phosphorylation may tune their membrane stabilization. 

Solid-state 31P NMR studies of LUVs with or without Lti30 showed that the negatively-

charged membrane surfaces composed of DMPG, DOPS, or DMPA were significantly perturbed 

by Lti30. Membrane binding was established through interactions between the positively-

charged residues in the proteins with the negatively-charged groups in the membranes [70]. The 

involvement of K-segments has been indicated for several dehydrins, e.g., Lti29 (SK2), ERD14 
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(SK2), and maize DHN1 (YSK2) [142,143]. However, the presence of K-segments alone did not 

confirm membrane-binding ability, as observed in the case of GmDHN1 [244]. The flanking 

histidine residues, which regulate the protonation state of the K-segment, may be responsible to 

facilitate K-segment-mediated membrane binding. Performing solid-state 31P NMR studies of 

LUVs, with or without TsDHN-1 and TsDHN-2, would shed light on the mechanism of 

membrane binding. Solution NMR spectroscopy is also a powerful tool for intrinsically-

disordered proteins, and can be used to define transient secondary structure elements, effects of 

zinc and/or TFE and/or phosphorylation, and/or temperature [157-159]. 

Phosphorylation occurs at specific amino acid side-chains in proteins. Various kinases are 

responsible for mediating phosphorylation. In plants, there are over one thousand kinases, which 

is a much larger number compared to the number present in animals. Each protein can be 

modified at multiple sites with the same kind of kinase, or different kinases at the same time, 

leading to the formation of numerous variants of proteins. Depending on the site of 

phosphorylation, different cell functions, such as enzyme activity, substrate specificity, choosing 

a binding partner or choosing a location in the cell, are regulated. Identifying these modified 

forms of proteins can help us understand various cell signaling pathways. Proteomics have been 

applied to identify numerous proteins induced by various stresses in plants [50,236]. However 

due to the complexity of the proteome facilitated by post-translational modifications, mass 

spectrometry is not able to resolve the extracts from the whole cell [11,184]. Organelle 

purifications, and pre-fractionation of proteins and peptides, may lead to improved coverage. The 

N-terminal labeling of microsomal peptides with a trimethoxyphenyl phosphonium (TMPP) 

derivative, followed by a quantitative assessment of phosphopeptides with a spectral counting 

method, allows the quantitative identification of phosphoproteins [105]. Such studies on 
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Thellungiella salsuginea would shed further light on this plant’s remarkable resistance to 

extreme environments. 
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APPENDICES 
 
TABLES 
 

Table A-1. Analysis of FTIR spectra for secondary structure components of TsDHN-1 bound to 
large unilamellar lipid vesicles mimicking the plant plasma membrane (PC:PE:PI at 33:47:20 by 
wt%), with a lipid-to-protein ratio of 1:1 by wt. The columns show the percentage area of each 
peak, with errors representing the standard deviation of two replicates. 

 

Secondary Structure 
Components of TsDHN-1 

λmax, cm-1 22oC 17oC 12oC 7oC 2oC 

Side-chain contribution 1613 5±1 6±1 6±1 6±1 6±1 

β-strand 1632 26±1 27±4 31±3 30±2 30±4 

Random coil 1645 30±3 26±2 21±6 21±1 21±2 

α-helix 1658 18±1 21±1 23±0 25±2 25±5 

Turn 1670 13±2 12±2 10±2 10±0 10±2 

β-strand 1681 5±1 6±2 6±0 4±1 4±0 

Side-chain contribution 1693 3±1 2±2 3±1 4±1 4±0 
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Table A-2. Analysis of FTIR spectra analysis for secondary structure components of TsDHN-2 
bound to large unilamellar lipid vesicles mimicking the plant plasma membrane (PC:PE:PI at 
33:47:20 by wt%), with a lipid-to-protein ratio of 1:1 by wt. The columns show the percentage 
area of each peak, with errors representing the standard deviation of two replicates. 

 

Secondary Structure 
Components of TsDHN-2 

λmax, cm-1 22oC 17oC 12oC 7oC 2oC 

Side-chain contribution 1612 7±4 12±1 7±5 11±0.5 7±1 

β-strand 1620 18±2 18±0.5 19±2 21±0.5 29±2 

Random coil 1643 38±3 30±2 34±4 22±1 19±3 

α-helix 1658 28±1 21±1 27±5 25±1 33±1 

Turn 1668 5±1 12±3 8±2 9±3 3±1 

β-strand 1676 6±5 7±5 4±1 9±1 8±5 

Side-chain contribution 1691 2±2 2±1 1±2 2±2 1±1 

 

  



 

 
 

193

 

Table A-3. Analysis of FTIR spectra for secondary structure components of TsDHN-1 bound to 
large unilamellar lipid vesicles mimicking the plant chloroplast membrane 
(MGDG:DGDG:SQDG:PC:DMPG:PE:PI at 51:26:7:3:9:1 by wt%), with a lipid-to-protein ratio 
of 1:1 by wt. The columns show the percentage area of each peak, with errors representing the 
standard deviation of two replicates.  

 

Secondary Structure 
Components of TsDHN-1 

λmax, cm-1 22oC 17oC 12oC 7oC 2oC 

Side-chain contribution 1613 12±0 7±2 8±0 10±1 8±2 

β-strand 1632 32±4 44±2 45±3 44±4 45±3 

Random coil 1645 27±4 13±0 10±4 10±0 9±1 

α-helix 1658 13±4 16±3 19±1 17±3 21±5 

Turn 1670 9±0 5±0 8±2 8±0 8±1 

β-strand 1681 4±4 13±3 6±2 7±0 6±2 

Side-chain contribution 1693 3±2 2±1 4±2 3±3 4±2 
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Table A-4. Analysis of FTIR spectra for secondary structure components of TsDHN-2 bound to 
large unilamellar lipid vesicles mimicking the plant chloroplast membrane 
(MGDG:DGDG:SQDG:PC:DMPG:PE:PI at 51:26:7:3:9:1 by wt%), with a lipid-to-protein ratio 
of 1:1 by wt. The columns show the percentage area of each peak, with errors representing the 
standard deviation of two replicates. 

 

Secondary Structure 
Components of TsDHN-2 

λmax, cm-1 22oC 17oC 12oC 7oC 2oC 

Side-chain contribution 1612 10±1 10±1 9±1 2±1 4±4 

β-strand 1620 32±1 35±1 33±4 44±1 43±4 

Random coil 1643 26±3 25±1 23±2 21±0 18±1 

α-helix 1658 17±1 18±0 18±1 23±0 22±4 

Turn 1668 8±0 6±2 8±0 6±2 5±1 

β-strand 1676 4±2 4±1 6±1 4±1 4±2 

Side-chain contribution 1693 3±2 2±1 3±2 5±3 4±2 
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Table A-5. Analysis of FTIR spectra for secondary structure components of TsDHN-1 and 
TsDHN-2 alone, at the same protein concentrations for samples described in Tables A-1 to A-4. 
The columns show the percentage area of each peak. “ND” means “not detected”. 

 

Components 
of TsDHN-1 

λmax, 

cm-1 

22oC 5oC Components 
of TsDHN-2 

λmax, 

cm-1 

22oC 5oC 

Side-chain 
contribution 

1615 15 13 Side-chain 
contribution 

1615 18 14 

β-strand 1634 ND 13 β-strand 1634 ND 11 

Random Coil 1642 51 44 Random coil 1642 51 46 

α-helix 1658 5 2 α-helix 1658 7 4 

Turn 1667 29 27 Turn 1667 22 26 
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Table A-6. Analysis of FTIR spectra for secondary structure components of TsDHN-1 and 
TsDHN-2 bound to large unilamellar lipid vesicles mimicking the plant plasma membrane 
(PC:PE:PI at 33:47:20 by wt%), with a lipid-to-protein ratio of 3:1 by wt. The columns show the 
percentage area of each peak, with errors representing the standard deviation of two replicates. 

 

Components 
of TsDHN-1 

λmax, 

cm-1 

22oC 17oC 12oC Components 
of TsDHN-2 

λmax, 

cm-1 

22oC 17oC 12oC 

Side-chain 
contribution 

1609 10±4 10±1 13±0 Side-chain 
contribution 

1609 4±1 6±1 7±3 

β-strand 1629 49±2 56±1 57±1 β-strand 1629 20±2 19±0 20±1 

Random Coil 1644 12±1 13±1 12±2 Random coil 1641 31±1 20±4 14±0 

α-helix 1657 7±0 7±1 7±1 α-helix 1648 25±2 30±1 31±5 

Turn 1665 6±2 5±0 3±0 Turn 1664  12±1 14±2 

β-strand 1683 6±0 3±0 3±0 Turn 1671 12±2 10±2 9±3 

Side-chain 
contribution 

1695 10±4 6±1 5±1 β-strand 1681 8±0 3±1 5±2 
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Table A-7. Analysis of FTIR spectra for secondary structure components of TsDHN-1 and 
TsDHN-2 bound to large unilamellar lipid vesicles mimicking the plant chloroplast membrane 
(MGDG:DGDG:SQDG:PC:DMPG:PE:PI at 51:26:7:3:9:1 by wt%), with a lipid-to-protein ratio 
of 3:1 by wt. The columns show the percentage area of each peak, with errors representing the 
standard deviation of two replicates. 

 

Components 
of TsDHN-1 

λmax, 

cm-1 

22oC 17oC 12oC Components 
of TsDHN-2 

λmax, 

cm-1 

22oC 17oC 12oC 

Side-chain 
contribution 

1609 13±0 10±2 12±6 Side-chain 
contribution 

1612 11±2 9±2 11±5 

β-strand 1629 58±0 50±2 56±4 β-strand 1624 52±0 55±2 54±1 

Random coil 1644 17±0 15±1 14±0 Random coil 1642 27±0 28±1 10±1 

α-helix 1657 7±2 8±2 6±0 α-helix 1648 4±0 6±3 17±1 

Turn 1665 2±0 6±1 4±0 Turn 1663 6±0 2±0 10±4 

β-strand 1683 1±0 6±1 7±0 Turn 1671    

Side-chain 
contribution 

1695 2±1 5±1 1±1      
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Table A-8. Analysis of FTIR spectra for secondary structure components of TsDHN-1 and 
TsDHN-2 bound to large unilamellar lipid vesicles mimicking the plant mitochondrial membrane 
(PC:PS:PE:Chl at 27:25:29:20 by wt%), with a lipid-to-protein ratio of 3:1 by wt. The columns 
show the percentage area of each peak, with errors representing the standard deviation of two 
replicates. 

 

Components 
of TsDHN-1 

λmax, 

cm-1 

22oC 17oC 12oC Components 
of TsDHN-2 

λmax, 

cm-1 

22oC 17oC 12oC 

Side-chain 
contribution 

1609 15±0 7±1 9±0 Side-chain 
contribution 

1609 3±0 5±2 10±5 

β-strand 1629 49±1 66±1 73±1 β-strand 1629 17±1 32±4 44±2 

Random coil 1644 22±0 15±1 8±2 Random coil 1641 39±6 17±1 16±5 

α-helix 1657 2±1 5±1 5±0 α-helix 1648 24±2 30±3 12±1 

Turn 1665 6±0 3±0 3±0 Turn 1661 -- -- 10±0 

β-strand 1683 6±0 2±0 1±2 Turn 1672 7±1 8±2 3±2 

Side-chain 
contribution 

1695  2±1 2±0 β-strand 1679 10±5 8±0 5±0 
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Table A-9. Thermodynamic parameters for association of TsDHN-1 with Zn2+. Standard errors 
originated from the fitting procedures at the 95% confidence level in the determination of the 
parameters.  

 

 

* All three parameters (n, Ka, and ΔH) were iterated to produce the best fit to the 
experimental data using a model representing one set of binding sites. 

  

n* Ka (M-1) ΔH  

(kcal mol-1) 

-TΔS  

(kcal mol-1) 

    

2.3±0.07 (2.2±0.2)×x104 -3.04±0.01 (not 
reliable) 

2.8 (not reliable) 
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Table A-10. Thermodynamic parameters for association of TsDHN-2 with Zn2+. Standard errors 
originated from the fitting procedures at the 95% confidence level in the determination of the 
parameters. 

 

n* Ka (M-1) ΔH  

(kcal mol-1) 

-TΔS 

 (kcal mol-1) 

    

1.03±0.03 (3.9±0.4)×104 -2.85±0.11 3.6 

 

* All three parameters (n, Ka, and ΔH) were iterated to produce the best fit to the 
experimental data using a model representing one set of binding sites. 
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Table A-11. Effect of zinc on secondary structure components of TsDHN-1 and TsDHN-2 
bound to large unilamellar vesicles mimicking the plant plasma membrane (PC:PE:PI at 
33:47:20 by wt%), with a 1:10 molar ratio of TsDHN-x:Zn2+. The columns show the percentage 
area of each peak, with errors representing the standard deviation of two replicates of data sets. 
The values will not necessarily add up precisely to 100% because of rounding errors. 

 

TsDHN-1 λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

TsDHN-2 λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

Side-chain 
contribution  

  Side-chain 
contribution 1517 3.3±0.5 2.7±1

Side-chain 
contribution 

1535  

 

6.2±0.7

Side-chain 
contribution 

1546 2.6±0.1 5.2±1

Side-chain 
contribution 1555 1.3±0.7 

Side-chain 
contribution 1562 7.1±0.1 9.1±1

Side-chain 
contribution 1565 17.0±1.0 6.4±0.2

Side-chain 
contribution 1579 11.3±0.2 9.5±0.3

Side-chain 
contribution 1609 11.3±0.6 7.1±1.1

Side-chain 
contribution 1609 11.8±0.2 12.6±0.3

β-strand  1625 12.9±0.2 19.6±0.3 β-strand  1627 17.2±0.5 25.4±0.5

Random coil 1647 37.5±0.7 31.5±0.9 Random coil 1644 28.3±0.6 15.8±4

Turn 1672 17.8±0.6 23.7±0.5 Turn 1658  12.4±4

Side-chain 
contribution 1699 2.4±0.2 5.5±0.4

Turn 
1671 14.0±0.5 5.7±3

 

  

Anti-parallel 

β-strand 1684 4.3±0.1 2.8±1

Total  100.2% 100.0%  99.9% 101.2%
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Table A-12. Effect of zinc on secondary structure components of TsDHN-1 and TsDHN-2 
bound to large unilamellar lipid vesicles mimicking the plant chloroplast membrane 
(MGDG:DGDG:SQDG:PC:DMPG:PE:PI at 51:26:7:3:9:1 by wt%), with a 1:10 molar ratio of 
TsDHN-x:Zn2+. The columns show the percentage area of each peak, with errors representing the 
standard deviation of two replicates of datasets. The values will not necessarily add up precisely 
to 100% because of rounding errors. 

 

TsDHN-1 λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

TsDHN-2 λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

 
  

Side-chain 
contribution 1514 1.2±0.5 1.6±4.0

Side-chain 
contribution 

1540-
43 3.3±0.6 2.7±0

Side-chain 
contribution 1543  3.5±2.0

Side-chain 
contribution 

1562-
65 17.8±0.7 6.8±0.3

Side-chain 
contribution 1562 9.6±1.0 7.2±0.7

Side-chain 
contribution 

1582-
85 10.5±1.4 5.1±0.4

Side-chain 
contribution 1578 8.7±2.0 8.8±4.0

Side-chain 
contribution 1602  10.8±0.2

Side-chain 
contribution 1596  7.5±3.0

Side-chain 
contribution 

1611-
14 5.5±0.4 2.4±0.1

Side-chain 
contribution 1613 8.5±1.0 10.8±0.5

β-strand  1627-
28 12.6±1.5 17.2±0.5

β-strand  
1629 13.3±2.0 17.6±1.4

Random 
coil 

1642-
45 25.7±1.2 22.4±0.2

Random 
coil 1643 25.7±1.0 12.4±2.2

α-helix 1659 8.9±1.2 7.0±0.3 α-helix 1651 11.8±1.0 10.7±1.6

Turn 1671-
73 15.7±1.2 25.5±0.2

Turn 
1663 13.6±1.7 12.0±1.0

 

  

Anti-parallel

β-strand 1679 7.7±1.6 7.8±1.3

Total  100.0% 99.9%  100.1% 100.0%

 



 

 
 

203

 

Table A-13. Effect of zinc on secondary structure components of TsDHN-1 and TsDHN-2 
bound to large unilamellar lipid vesicles mimicking the plant mitochondrial membrane 
(PC:PS:PE:Chol at 27:25:29:20 by wt%), with a 1:10 molar ratio of TsDHN-x:Zn2+. The 
columns show the percentage area of each peak, with errors representing the standard deviation 
of two replicates of datasets. The values will not necessarily add up precisely to 100% because of 
rounding errors. 

 

Components 
of TsDHN-2 

λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

Side-chain 
contribution 1551 2.9±1.0 3.6±0.2

Side-chain 
contribution 1567 6.3±0.7 9.4±0.11

Side-chain 
contribution 1581 5.9±1.0 8.3±0.5

Side-chain 
contribution 1593 6.3±1.0 3.0±0.6

Side-chain 
contribution 1611 7.5±0.7 9.1±0.4

β-strand  1629 19.2±1.0 24.7±1.3

Random coil 1646 25.7±1.0 19.9±1.5

Turn 1660 17.4±0.7 14.2±1.5

 1672 5.5±0.9

β-strand  1678 9.1±1.0 2.1±0.3

Total 100.3% 99.9%

 

 

  



 

 
 

204

 

Table A-14. Effect of zinc on the secondary structure components of unphosphorylated and 
phosphorylated TsDHN-1 bound to large unilamellar vesicles mimicking the plant chloroplast 
membrane (MGDG:DGDG:SQDG:PC:DMPG:PE:PI at 51:26:7:3:9:1 by wt%), with a 1:10 
molar ratio of [TsDHN-x]:[Zn2+]. The columns show the percentage area of each peak, with 
errors representing the standard deviation of two replicates of data sets. The values will not 
necessarily add up precisely to 100% because of rounding. 

 

TsDHN-1 λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

Phos-
TsDHN-1 

λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

Side-chain 
contribution 

1540-
43 3.3±0.6 2.7±0

Side-chain 
contribution  

Side-chain 
contribution 

1562-
65 17.8±0.7 6.8±0.3

Side-chain 
contribution  

Side-chain 
contribution 

1582-
85 10.5±1.4 5.1±0.4

Side-chain 
contribution  

Side-chain 
contribution 1602  10.8±0.2

Side-chain 
contribution 1596 7.7±0.8 7.7±0.9

Side-chain 
contribution 

1611-
14 5.5±0.4 2.4±0.1

Side-chain 
contribution 1613 4.7±0.6 4.9±0.0

β-strand  1627-
28 12.6±1.5 17.2±0.5

β-strand  
1629 12.5±.4 11.2±2.2

Random 
coil 

1642-
45 25.7±1.2 22.4±0.2

Random 
coil 1643 16.9±1.4 16.2±2.5

α-helix 1659 8.9±1.2 7.0±0.3 α-helix 1651 30.7±2.2 29.8±3.4

Turn 1671-
73 15.7±1.2 25.5±0.2

Turn 
1663 19.3±1.2 21.3±4.0

 

  

Anti-parallel 

β-strand 1679 6.4±0.2 7.8±2.2

    1693 1.9±1.4 1.1±0.3

Total  100.0% 99.9%  100.2% 100.1%
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Table A-15. Effect of zinc on the secondary structure components of unphosphorylated and 
phosphorylated TsDHN-2 bound to large unilamellar vesicles mimicking the plant chloroplast 
membrane (MGDG:DGDG:SQDG:PC:DMPG:PE:PI at 51:26:7:3:9:1 by wt%), with a 1:10 
molar ratio of [TsDHN-x]:[Zn2+]. The columns show the percentage area of each peak, with 
errors representing the standard deviation of two replicates of data sets. The values will not 
necessarily add up precisely to 100% because of rounding. 

 

TsDHN-2 λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

Phos-
TsDHN-2 

λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

Side-chain 
contribution 1514 1.2±0.5 1.6±4.0

Side-chain 
contribution  

Side-chain 
contribution 1543  3.5±2.0

Side-chain 
contribution 1546 6.6±0.3 8.7±1.2

Side-chain 
contribution 1562 9.6±1.0 7.2±0.7

 
 

Side-chain 
contribution 1578 8.7±2.0 8.8±4.0

Side-chain 
contribution 1574 4.4±0.2 5.5±.4

Side-chain 
contribution 1596  7.5±3.0

 
 

Side-chain 
contribution 1613 8.5±1.0 10.8±0.5

Side-chain 
contribution 1610 4.2±0 4.4±.2

β-strand  1629 13.3±2.0 17.6±1.4 β-strand  1627 13.2±1.3 11.5±0.3

Random 
coil 1643 25.7±1.0 12.4±2.2

Random 
coil 1640 17.9±3.3 13.3±1.1

α-helix 1651 11.8±1.0 10.7±1.6 α-helix 1653 24.7±0.7 29.3±1.0

Turn 1663 13.6±1.7 12.0±1.0 Turn 1668 17.1±2.2 18.3±0.7

Anti-parallel 

β-strand 1679 7.7±1.6 7.8±1.3

Anti-parallel 

β-strand 1680 6.3±0.8 8.1±.2

Total  100.1% 100.0%  100.0% 100.1%
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Table A-16. Effect of zinc on the secondary structure components of unphosphorylated and 
phosphorylated TsDHN-1 bound to large unilamellar vesicles mimicking the plant plasma 
membrane (PC:PE:PI at 33:47:20 by wt%), with a 1:10 molar ratio of [TsDHN-x]:[Zn2+]. The 
columns show the percentage area of each peak, with errors representing the standard deviation 
of two replicates of data sets. The values will not necessarily add up precisely to 100% because 
of rounding. 

 

TsDHN-1 λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

Phos-
TsDHN-1 

λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

Side-chain 
contribution 

1535  

 

6.2±0.7

Side-chain 
contribution 

 

Side-chain 
contribution 1555 1.3±0.7 

Side-chain 
contribution 1549 6.8±0.3 9.9±0.1

Side-chain 
contribution 1565 17.0±1.0 6.4±0.2

Side-chain 
contribution 1616 7.5±0.6 4.1±2.0

Side-chain 
contribution 1609 11.3±0.6 7.1±1.1

β-strand  
1630 9.4±.9 10.8±3.7

β-strand  1625 12.9±0.2 19.6±0.3 Random coil 1640 17.8±0.8 15.0±1.2

Random coil 1647 37.5±0.7 31.5±0.9 α-helix 1653 29.1±0.6 30.4±3.8

Turn 1672 17.8±0.6 23.7±0.5 Turn 1670 13.1±2.4 18.0±0.7

Side-chain 
contribution 

1699 2.4±0.2 5.5±0.4

Anti-parallel 

β-strand 1679 10.0±0.8 8.2±0.6

 
  

Side-chain 
contribution 1693 6.3±2.8 3.7±0.5

Total  100.2% 100.0%  100.0% 100.0%
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Table A-17. Effect of zinc on the secondary structure components of unphosphorylated and 
phosphorylated TsDHN-2 bound to large unilamellar vesicles mimicking the plant plasma 
membrane (PC:PE:PI at 33:47:20 by wt%), with a 1:10 molar ratio of [TsDHN-x]:[Zn2+]. The 
columns show the percentage area of each peak, with errors representing the standard deviation 
of two replicates of data sets. The values will not necessarily add up precisely to 100% because 
of rounding. 

 

TsDHN-2 λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

Phos-
TsDHN-2 

λmax, 

cm-1 

No Zn2+ With 
Zn2+ 

Side-chain 
contribution 1517 3.3±0.5 2.7±1

Side-chain 
contribution  

Side-chain 
contribution 1546 2.6±0.1 5.2±1

Side-chain 
contribution  

Side-chain 
contribution 1562 7.1±0.1 9.1±1

Side-chain 
contribution  

Side-chain 
contribution 1579 11.3±0.2 9.5±0.3

Side-chain 
contribution 1549 6.8±0.3 1.4±0.6

Side-chain 
contribution 1609 11.8±0.2 12.6±0.3

Side-chain 
contribution 1616 7.5±0.6 3.2±0.5

β-strand  1627 17.2±0.5 25.4±0.5 β-strand  1630 9.4±.9 14.0±0.6

Random coil 1644 28.3±0.6 15.8±4 Random coil 1640 17.8±0.8 21.9±0.2

α-helix 1658  12.4±4 α-helix 1653 29.1±0.6 30.2±0.1

Turn 1671 14.0±0.5 5.7±3 Turn 1670 13.1±2.4 19.9±0.3

Anti-parallel 

β-strand 1684 4.3±0.1 2.8±1

Anti-parallel 

β-strand 1679 10.0±0.8 5.7±0

Side-chain 
contribution   

Side-chain 
contribution 1693 6.3±2.8 3.6±0.1

Total  99.9% 101.2 %  100.0% 100.0%

 

  



 

 
 

208

 

REFERENCES 
 

 [1] C. Abergel, B. Coutard, D. Byrne, S. Chenivesse, J.B. Claude, C. Deregnaucourt, T. 
Fricaux, C. Gianesini-Boutreux, S. Jeudy, R. Lebrun, C. Maza, C. Notredame, O. 
Poirot, K. Suhre, M. Varagnol, J.M. Claverie,  Structural genomics of highly 
conserved microbial genes of unknown function in search of new antibacterial 
targets, J. Struct. Funct. Genomics 4 (2003) 141-157. 

 [2] M. Abu-Abied, L. Golomb, E. Belausov, S. Huang, B. Geiger, Z. Kam, C.J. Staiger, E. 
Sadot,  Identification of plant cytoskeleton-interacting proteins by screening for 
actin stress fiber association in mammalian fibroblasts, Plant J. 48 (2006) 367-
379. 

 [3] G. Acquaah,  Principles of Plant Genetics and Breeding, Blackwell Publishing, Oxford, 
UK. SB123, 2007. 

 [4] M.A.M. Ahmed, V.V. Bamm, L. Shi, M. Steiner-Mosonyi, J.F. Dawson, L. Brown, G. 
Harauz, V. Ladizhansky,  Induced secondary structure and polymorphism in an 
intrinsically disordered structural linker of the CNS: Solid-state NMR and FTIR 
spectroscopy of myelin basic protein bound to actin, Biophys. J. 96 (2009) 180-
191. 

 [5] C. Allagulova, F.R. Gimalov, F.M. Shakirova, V.A. Vakhitov,  The plant dehydrins: 
structure and putative functions, Biochemistry (Moscow) 68 (2003) 945-951. 

 [6] P.F. Almeida, A. Pokorny, A. Hinderliter,  Thermodynamics of membrane domains, 
Biochim. Biophys. Acta 1720 (2005) 1-13. 

 [7] M.K. Alsheikh, B.J. Heyen, S.K. Randall,  Ion binding properties of the dehydrin ERD14 
are dependent upon phosphorylation, J. Biol. Chem. 278 (2003) 40882-40889. 

 [8] A. Amtmann,  Learning from evolution: Thellungiella generates new knowledge on 
essential and critical components of abiotic stress tolerance in plants, Mol. Plant 2 
(2009) 3-12. 

 [9] A. Arbuzova, D. Murray, S. McLaughlin,  MARCKS, membranes, and calmodulin: 
kinetics of their interaction, Biochim. Biophys. Acta 1376 (1998) 369-379. 

 [10] J.L. Arrondo, A. Muga, J. Castresana, F.M. Goni,  Quantitative studies of the structure of 
proteins in solution by Fourier-transform infrared spectroscopy, Prog. Biophys. 
Mol. Biol. 59 (1993) 23-56. 



 

 
 

209

 [11] T. Asano and T. Nishiuchi,  Comparative analysis of phosphoprotein expression using 
2D-DIGE, Methods Mol. Biol. 744 (2011) 225-233. 

 [12] V.V. Bamm, M.A. Ahmed, G. Harauz,  Interaction of myelin basic protein with actin in 
the presence of dodecylphosphocholine micelles, Biochemistry 49 (2010) 6903-
6915. 

 [13] V.V. Bamm, De Avila M., G.S.T. Smith, M.A. Ahmed, G. Harauz,  Structured functional 
domains of myelin basic protein: Cross talk between actin polymerization and 
Ca(2+)-dependent calmodulin interaction, Biophys. J. 101 (2011) 1248-1256. 

 [14] V.V. Bamm and G. Harauz,  Expression and purification of the active variant of 
recombinant murine Golli-interacting protein (GIP) - characterization of its 
phosphatase activity and interaction with Golli-BG21, Protein Expr. Purif. 62 
(2008) 36-43. 

 [15] J. Bandekar,  Amide modes and protein conformation, Biochim. Biophys. Acta 1120 
(1992) 123-143. 

 [16] S. Baoukina, L. Monticelli, S.J. Marrink, D.P. Tieleman,  Pressure-area isotherm of a 
lipid monolayer from molecular dynamics simulations, Langmuir 23 (2007) 
12617-12623. 

 [17] S. Baoukina, L. Monticelli, H.J. Risselada, S.J. Marrink, D.P. Tieleman,  The molecular 
mechanism of lipid monolayer collapse, Proc. Natl. Acad. Sci. U. S. A. 105 
(2008) 10803-10808. 

 [18] A. Barth,  Infrared spectroscopy of proteins, Biochim. Biophys. Acta 1767 (2007) 1073-
1101. 

 [19] M. Battaglia, Y. Olvera-Carrillo, A. Garciarrubio, F. Campos, A.A. Covarrubias,  The 
enigmatic LEA proteins and other hydrophilins, Plant Physiol. 148 (2008) 6-24. 

 [20] M. Battaglia, R.M. Solorzano, M. Hernandez, S. Cuellar-Ortiz, B. Garcia-Gomez, J. 
Marquez, A.A. Covarrubias,  Proline-rich cell wall proteins accumulate in 
growing regions and phloem tissue in response to water deficit in common bean 
seedlings, Planta 225 (2007) 1121-1133. 

 [21] E.H. Beck, S. Fettig, C. Knake, K. Hartig, T. Bhattarai,  Specific and unspecific 
responses of plants to cold and drought stress, J. Biosci. 32 (2007) 501-510. 

 [22] H. Binder, K. Arnold, A.S. Ulrich, O. Zschörnig,  The effect of Zn(2+) on the secondary 
structure of a histidine-rich fusogenic peptide and its interaction with lipid 
membranes, Biochim. Biophys. Acta 1468 (2000) 345-358. 

 [23] J.M. Boggs,  Myelin Basic Protein Interactions With Actin and Tubulin in Vitro: Binding, 
Assembly, and Regulation, in: J.M.Boggs (Ed.), Myelin Basic Protein, 



 

 
 

210

Intrinsically Disordered Proteins, Nova Science Publishers, New York, 2008, pp. 
149-167. 

 [24] J.M. Boggs, G. Rangaraj, W. Gao, Y.M. Heng,  Effect of phosphorylation of myelin 
basic protein by MAPK on its interactions with actin and actin binding to a lipid 
membrane in vitro, Biochemistry 45 (2006) 391-401. 

 [25] J.M. Boggs, G. Rangaraj, Y.M. Heng, Y. Liu, G. Harauz,  Myelin basic protein binds 
microtubules to a membrane surface and to actin filaments in vitro: Effect of 
phosphorylation and deimination, Biochim. Biophys. Acta 1808 (2011) 761-773. 

 [26] J.M. Boggs, G. Rangaraj, Y.-M. Heng, G. Harauz,  Myelin basic protein binds 
microtubules to a membrane surface in vitro: Effect of phosphorylation and 
deimination, J. Neurochem. 108 (Supplement 1) (2009) 64. 

 [27] J.M. Boggs, G. Rangaraj, C.M.D. Hill, I.R. Bates, Y.M. Heng, G. Harauz,  Effect of 
arginine loss in myelin basic protein, as occurs in its deiminated charge isoform, 
on mediation of actin polymerization and actin binding to a lipid membrane in 
vitro, Biochemistry 44 (2005) 3524-3534. 

 [28] J.M. Boggs, G.S.T. Smith, M. De Avila, G. Harauz,  Mutations in SH3-ligand domain of 
myelin basic protein alter process development and protein localization in 
oligodendrocytes, Transactions of the American Society for Neurochemistry 42nd 
Annual Meeting (2011). 

 [29] G.B. Borovskii, I.V. Stupnikova, A.I. Antipina, S.V. Vladimirova, V.K. Voinikov,  
Accumulation of dehydrin-like proteins in the mitochondria of cereals in response 
to cold, freezing, drought and ABA treatment, BMC. Plant Biol. 2 (2002) 5. 

 [30] G.B. Borovskii, I.V. Stupnikova, A.I. Antipina, V.K. Voinikov,  Accumulation of 
proteins immunochemically related to dehydrins in mitochondria of plants 
exposed to low temperature, Dokl. Biochem. 371 (2000) 46-49. 

 [31] C. Bosc, A. Andrieux, D. Job,  STOP proteins, Biochemistry 42 (2003) 12125-12132. 

 [32] C. Bosc, E. Oenarier, A. Andrieux, D. Job,  STOP proteins, Cell Struct. Funct. 24 (1999) 
393-399. 

 [33] C. Bouchiat, M.D. Wang, J. Allemand, T. Strick, S.M. Block, V. Croquette,  Estimating 
the persistence length of a worm-like chain molecule from force-extension 
measurements, Biophys. J. 76 (1999) 409-413. 

 [34] P.C. Braga and D. Ricci,  Atomic Force Microscopy. Biomedical Methods and 
Applications.Methods in Molecular Biology, Humana Press, Totowa, NJ, 2004. 

 [35] L.A. Bravo, T.J. Close, L.J. Corcuera, C.L. Guy,  Characterization of an 80-kDa 
dehydrin-like protein in barley responsive to cold acclimation, Plant Physiol 106 
(1999) 177-183. 



 

 
 

211

 [36] L.A. Bravo, J. Gallardo, A. Navarrete, N. Olave, J. Martinez, M. Alberdi, T.J. Close, L.J. 
Corcuera,  Cryoprotective activity of a cold-induced dehydrin purified from 
barley, Physiologia Plantarum 118 (2003) 262-269. 

 [37] F. Brini, A. Yamamoto, L. Jlaiel, S. Takeda, T. Hobo, H.Q. Dinh, T. Hattori, K. 
Masmoudi, M. Hanin,  Pleiotropic effects of the wheat dehydrin DHN-5 on stress 
responses in Arabidopsis, Plant Cell Physiol 52 (2011) 676-688. 

 [38] M. Burzynski and A. Zurek,  Effects of copper and cadmium on photosynthesis in 
cucumber cotyledons, PHOTOSYNTHETICA 45 (2): 239-244, 2007 45 (2007) 
239-244. 

 [39] C. Bustamante, D.A. Erie, D. Keller,  Biochemical and structural applications of 
scanning force microscopy, Current Opinion in Structural Biology 4 (1994) 750-
760. 

 [40] D.M. Byler and H. Susi,  Examination of the secondary structure of proteins by 
deconvolved FTIR spectra, Biopolymers 25 (1986) 469-487. 

 [41] I. Callebaut, G. Labesse, P. Durand, A. Poupon, L. Canard, J. Chomilier, B. Henrissat, 
J.P. Mornon,  Deciphering protein sequence information through hydrophobic 
cluster analysis (HCA): current status and perspectives, Cell. Mol. Life Sci. 53 
(1997) 621-645. 

 [42] S.A. Campbell and T.J. Close,  Dehydrins: Genes, proteins, and associations with 
phenotypic traits, New Phytol. 137 (1997) 61-74. 

 [43] S.A. Campbell, D.E. Crone, T.L. Ceccardi, T.J. Close,  A ca. 40 kDa maize (Zea mays 
L.) embryo dehydrin is encoded by the dhn2 locus on chromosome 9, Plant Mol. 
Biol. 38 (1998) 417-423. 

 [44] J.J. Caramelo and N.D. Iusem,  When cells lose water: Lessons from biophysics and 
molecular biology, Prog. Biophys. Mol. Biol. 99 (2009) 1-6. 

 [45] P. Carjuzaa, M. Castellion, A.J. Distefano, V.M. del, S. Maldonado,  Detection and 
subcellular localization of dehydrin-like proteins in quinoa (Chenopodium quinoa 
Willd.) embryos, Protoplasma 233 (2008) 149-156. 

 [46] J.F. Carpentar and J.H. Crowe,  The mechanism of cryoprotection of proteins by solutes, 
Cryobiology 25 (1988) 244-255. 

 [47] M. Carrion-Vazquez, A.F. Oberhauser, S.B. Fowler, P.E. Marszalek, S.E. Broedel, J. 
Clarke, J.M. Fernandez,  Mechanical and chemical unfolding of a single protein: a 
comparison, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 3694-3699. 

 [48] T.L. Ceccardi, N.C. Meyer, T.J. Close,  Purification of a maize dehydrin, Protein Expr. 
Purif. 5 (1994) 266-269. 



 

 
 

212

 [49] S. Chakrabortee, R. Tripathi, M. Watson, G.S. Schierle, D.P. Kurniawan, C.F. Kaminski, 
M.J. Wise, A. Tunnacliffe,  Intrinsically disordered proteins as molecular shields, 
Mol. Biosyst. 8 (2012) 210-219. 

 [50] A. Chattopadhyay, P. Subba, A. Pandey, D. Bhushan, R. Kumar, A. Datta, S. 
Chakraborty, N. Chakraborty,  Analysis of the grasspea proteome and 
identification of stress-responsive proteins upon exposure to high salinity, low 
temperature, and abscisic acid treatment, Phytochemistry 72 (2011) 1293-1307. 

 [51] C.W. Chen, Y.W. Yang, H.S. Lur, Y.G. Tsai, M.C. Chang,  A novel function of abscisic 
acid in the regulation of rice (Oryza sativa L.) root growth and development, 
Plant Cell Physiol. 47 (2006) 1-13. 

 [52] C.Y. Chen, A.Y. Cheung, H.M. Wu,  Actin-depolymerizing factor mediates Rac/Rop 
GTPase-regulated pollen tube growth, The Plant Cell 15 (2003) 237-249. 

 [53] C.Y. Chen, E.I. Wong, L. Vidali, A. Estavillo, P.K. Hepler, H.M. Wu, A.Y. Cheung,  The 
regulation of actin organization by actin-depolymerizing factor in elongating 
pollen tubes, The Plant Cell 14 (2002) 2175-2190. 

 [54] S. Chong, F.B. Mersha, D.G. Comb, M.E. Scott, D. Landry, L.M. Vence, F.B. Perler, J. 
Benner, R.B. Kucera, C.A. Hirvonen, J.J. Pelletier, H. Paulus, M.Q. Xu,  Single-
column purification of free recombinant proteins using a self-cleavable affinity 
tag derived from a protein splicing element, Gene 192 (1997) 271-281. 

 [55] A. Choucair, M. Chakrapani, B. Chakravarthy, J. Katsaras, L.J. Johnston,  Preferential 
accumulation of A beta(1-42) on gel phase domains of lipid bilayers: an AFM and 
fluorescence study, Biochim. Biophys. Acta 1768 (2007) 146-154. 

 [56] T.J. Close,  Dehydrins: A commonality in the response of plants to dehydration and low 
temperature, Physiologia Plantarum 100 (1997) 291-296. 

 [57] J.H. Crowe, J.F. Carpenter, T.J. Anchordoguy,  Are freezing and dehydration similar 
stress vectors? A comparison of modes of interaction of stabilizing solutes with 
biomolecules, Cryobiology 27 (1990) 219-231. 

 [58] S. D'Angeli, R. Malho, M.M. Altamura,  Low-temperature sensing in olive tree: calcium 
signalling and cold acclimation, Plant Science 165 (2003) 1303-1313. 

 [59] J. Danyluk, M. Houde, E. Rassart, F. Sarhan,  Differential expression of a gene encoding 
an acidic dehydrin in chilling sensitive and freezing tolerant gramineae species, 
FEBS Lett. 344 (1994) 20-24. 

 [60] J. Danyluk, A. Perron, M. Houde, A. Limin, B. Fowler, N. Benhamou, F. Sarhan,  
Accumulation of an acidic dehydrin in the vicinity of the plasma membrane 
during cold acclimation of wheat, Plant Cell 10 (1998) 623-638. 



 

 
 

213

 [61] R.A. Demel, Y. London, W.S. Geurts van Kessel, F.G. Vossenberg, L.L. van Deenen,  
The specific interaction of myelin basic protein with lipids at the air-water 
interface, Biochim. Biophys. Acta 311 (1973) 507-519. 

 [62] C.M. Dobson,  Protein misfolding, evolution and disease, Trends Biochem. Sci. 24 
(1999) 329-332. 

 [63] Z. Dosztanyi, V. Csizmok, P. Tompa, I. Simon,  IUPred: web server for the prediction of 
intrinsically unstructured regions of proteins based on estimated energy content, 
Bioinformatics 21 (2005) 3433-3434. 

 [64] M.A. Dunn, A. Morris, P.L. Jack, M.A. Hughes,  A low-temperature-responsive 
translation elongation factor 1 alpha from barley (Hordeum vulgare L.), Plant 
Molecular Biology 23 (1993) 221-225. 

 [65] H.J. Dyson and P.E. Wright,  Coupling of folding and binding for unstructured proteins, 
Curr. Opin. Struct. Biol. 12 (2002) 54-60. 

 [66] J.W. Eaton, D. Bateman, S. Hauberg,  GNU Octave Manual Version 3, Network Theory 
Ltd., Bristol, UK, 2008. 

 [67] M.B. Eisen and P.O. Brown,  DNA arrays for analysis of gene expression, Methods 
Enzymol. 303 (1999) 179-205. 

 [68] C.C. Englbrecht, H. Schoof, S. Bohm,  Conservation, diversification and expansion of 
C2H2 zinc finger proteins in the Arabidopsis thaliana genome, BMC Genomics 5 
(2004) 39. 

 [69] S.K. Eriksson and P. Harryson,  Dehydrins: Molecular Biology, Structure, and Function, 
in: U.Lüttge (Ed.), Plant Desiccation Tolerance, Ecological Studies, Springer-
Verlag, Berlin, Heidelberg, 2011, pp. 289-304. 

 [70] S.K. Eriksson, M. Kutzer, J. Procek, G. Grobner, P. Harryson,  Tunable membrane 
binding of the intrinsically disordered dehydrin lti30, a cold-induced plant stress 
protein, Plant Cell 23 (2011) 2391-2404. 

 [71] J.L. Fauchère and V. Pliska,  Hydrophobic parameters P of amino acid side chains from 
the partitioning of N-acetyl-amino acid amides, Eur. J. Med. Chem. 18 (1983) 
369-375. 

 [72] E.E. Findlater and S.P. Graether,  NMR assignments of the intrinsically disordered K2 
and YSK2 dehydrins, Biomol. NMR Assign. 3 (2009) 273-275. 

 [73] V.E. Franklin-Tong and C.W. Gourlay,  A role for actin in regulating 
apoptosis/programmed cell death: evidence spanning yeast, plants and animals, 
Biochem. J. 413 (2008) 389-404. 



 

 
 

214

 [74] N. Frey, J. Klotz, P. Nick,  Dynamic bridges - a calponin-domain kinesin from rice links 
actin filaments and microtubules in both cycling and non-cycling cells, Plant Cell 
Physiol. 50 (2009) 1493-1506. 

 [75] C. Gaboriaud, V. Bissery, T. Benchetrit, J.P. Mornon,  Hydrophobic cluster analysis: an 
efficient new way to compare and analyse amino acid sequences, FEBS Lett. 224 
(1987) 149-155. 

 [76] A. Garay-Arroyo, J.M. Colmenero-Flores, A. Garciarrubio, A.A. Covarrubias,  Highly 
hydrophilic proteins in prokaryotes and eukaryotes are common during conditions 
of water deficit, J. Biol. Chem. 275 (2000) 5668-5674. 

 [77] J.M. George,  The synucleins, Genome Biol 3 (2002). 

 [78] M.C. Giocondi, F.Besson, P.Dosset, P.Milhiet, C.L.Grimellec,  Remodeling of ordered 
membrane domains by GPI-anchored intestinal alkaline phosphatase, Langmuir 
23 (2007) 9358-9364. 

 [79] M.C. Giocondi and G.C. Le,  Temperature dependence of the surface topography in 
dimyristoylphosphatidylcholine/distearoylphosphatidylcholine multibilayers, 
Biophys. J. 86 (2004) 2218-2230. 

 [80] M.C. Giocondi, L. Pacheco, P.E. Milhiet, G.C. Le,  Temperature dependence of the 
topology of supported dimirystoyl-distearoyl phosphatidylcholine bilayers, 
Ultramicroscopy 86 (2001) 151-157. 

 [81] J.A. Godoy, R. Lunar, S. Torres-Schumann, J. Moreno, R.M. Rodrigo, J.A. Pintor-Toro,  
Expression, tissue distribution and subcellular localization of dehydrin TAS14 in 
salt-stressed tomato plants, Plant Mol. Biol. 26 (1994) 1921-1934. 

 [82] Y. Goldgur, S. Rom, R. Ghirlando, D. Shkolnik, N. Shadrin, Z. Konrad, D. Bar-Zvi,  
Desiccation and zinc binding induce transition of tomato abscisic acid stress 
ripening 1, a water stress- and salt stress-regulated plant-specific protein, from 
unfolded to folded state, Plant Physiol. 143 (2007) 617-628. 

 [83] E. Goormaghtigh, R. Gasper, A. Benard, A. Goldsztein, V. Raussens,  Protein secondary 
structure content in solution, films and tissues: Redundancy and complementarity 
of the information content in circular dichroism, transmission and ATR FTIR 
spectra, Biochim. Biophys. Acta 1794 (2009) 1332-1343. 

 [84] C.W. Gourlay and K.R. Ayscough,  A role for actin in aging and apoptosis, Biochemical 
Society Transactions 33 (2005) 1260-1264. 

 [85] C.W. Gourlay and K.R. Ayscough,  The actin cytoskeleton: a key regulator of apoptosis 
and ageing?, Nature Reviews. Molecular Cell Biology 6 (2005) 583-589. 

 [86] H. Greenway,  Salt responses of enzymes from species differing in salt tolerance, Plant 
Physiol 49 (1972) 256-259. 



 

 
 

215

 [87] M. Griffith, M. Timonin, A.C. Wong, G.R. Gray, S.R. Akhter, M. Saldanha, M.A. 
Rogers, E.A. Weretilnyk, B. Moffatt,  Thellungiella: an Arabidopsis-related 
model plant adapted to cold temperatures, Plant Cell Environ. 30 (2007) 529-538. 

 [88] H. Gusman, U. Lendenmann, J. Grogan, R.F. Troxler, F.G. Oppenheim,  Is salivary 
histatin 5 a metallopeptide?, Biochim. Biophys. Acta 1545 (2001) 86-95. 

 [89] S. Haaning, S. Radutoiu, S.V. Hoffmann, J. Dittmer, L. Giehm, D.E. Otzen, J. Stougaard,  
An unusual intrinsically disordered protein from the model legume Lotus 
japonicus stabilizes proteins in vitro, J. Biol. Chem. 283 (2008) 31142-31152. 

 [90] H. Haas and H. Möhwald,  Specific and unspecific binding of concanavalin A at 
monolayer surfaces, Thin Solid Films 180 (1989) 101-110. 

 [91] H. Haas, R. Steitz, A. Fasano, G.M. Liuzzi, E. Polverini, P. Cavatorta, P. Riccio,  
Laminar order within Langmuir-Blodgett multilayers from phospholipid and 
myelin basic protein: a neutron reflectivity study, Langmuir 23 (2007) 8491-8496. 

 [92] B. Han, D.W. Hughes, G.A. Galau, J.D. Bewley, A.R. Kermode,  Changes in late-
embryogenesis-abundant (LEA) messenger RNAs and dehydrins during 
maturation and premature drying of Ricinus communis L. seeds, Planta 201 
(1997) 27-35. 

 [93] H.G. Hansma, J. Vesenka, C. Siegerist, G. Kelderman, H. Morrett, R.L. Sinsheimer, V. 
Elings, C. Bustamante, P.K. Hansma,  Reproducible imaging and dissection of 
plasmid DNA under liquid with the atomic force microscope, Science 256 (1992) 
1180-1184. 

 [94] P.K. Hansma, J.P. Cleveland, M. Radmacher, D.A. Walters, P.E. Hillner, M. Bezanilla, 
M. Fritz, D. Vie, H.G. Hansma, C.B. Prater, J. Massie, L. Fukunaga, J. Gurley, V. 
Elings,  Tapping mode atomic-force microscopy in liquids, Appl Phys Lett 64 
(1994) 1738-1740. 

 [95] M. Hara, M. Fujinaga, T. Kuboi,  Radical scavenging activity and oxidative modification 
of Citrus dehydrin, Plant Physiol. Biochem. 42 (2004) 657-662. 

 [96] M. Hara, M. Fujinaga, T. Kuboi,  Metal binding by Citrus dehydrin with histidine-rich 
domains, J. Exp. Bot. 56 (2005) 2695-2703. 

 [97] M. Hara, Y. Shinoda, Y. Tanaka, T. Kuboi,  DNA binding of Citrus dehydrin promoted 
by zinc ion, Plant Cell Environ. 32 (2009) 532-541. 

 [98] M. Hara, S. Terashima, T. Fukaya, T. Kuboi,  Enhancement of cold tolerance and 
inhibition of lipid peroxidation by citrus dehydrin in transgenic tobacco, Planta 
217 (2003) 290-298. 

 [99] M. Hara, S. Terashima, T. Kuboi,  Characterization and cryoprotective activity of cold-
responsive dehydrin from Citrus unshiu, J. Plant Physiol. 158 (2001) 1333-1339. 



 

 
 

216

 [100] G. Harauz, N. Ishiyama, C.M.D. Hill, I.R. Bates, D.S. Libich, C. Farès,  Myelin basic 
protein - diverse conformational states of an intrinsically unstructured protein and 
its roles in myelin assembly and multiple sclerosis, Micron 35 (2004) 503-542. 

 [101] G. Harauz, V. Ladizhansky, J.M. Boggs,  Structural polymorphism and 
multifunctionality of myelin basic protein, Biochemistry 48 (2009) 8094-8104. 

 [102] G. Harauz and D.S. Libich,  The classic basic protein of myelin - conserved structural 
motifs and the dynamic molecular barcode involved in membrane adhesion and 
protein-protein interactions, Current Protein and Peptide Science 10 (2009) 196-
215. 

 [103] J.L. Harwood,  Plant Acyl Lipids: Structure, Distribution, and Analysis, in: P.K.Stumpf 
and E.E.Conn (Eds.), Lipids: Structure and Function, vol. 4, The Biochemistry of 
Plants: A Comprehensive Treatise, Academic Press, New York, 1980, pp. 2-56. 

 [104] H.J. He, X.S. Wang, R. Pan, D.L. Wang, M.N. Liu, R.Q. He,  The proline-rich domain of 
tau plays a role in interactions with actin, BMC Cell Biol. 10 (2009) 81. 

 [105] D. Heintz, S. Gallien, V. Compagnon, A. Berna, M. Suzuki, S. Yoshida, T. Muranaka, 
A.V. Dorsselaer, C. Schaeffer, T.J. Bach, H. Schaller,  Phosphoproteome 
exploration reveals a reformatting of cellular processes in response to low sterol 
biosynthetic capacity in Arabidopsis, J. Proteome Res. (2012). 

 [106] A.B. Hendrich, K. Michalak, O. Wesolowska,  Phase separation is induced by 
phenothiazine derivatives in phospholipid/sphingomyelin/cholesterol mixtures 
containing low levels of cholesterol and sphingomyelin, Biophys. Chem. 130 
(2007) 32-40. 

 [107] S. Herzer, K. Kinealy, R. Asbury, P. Beckett, K. Eriksson, P. Moore,  Purification of 
native dehydrin from Glycine Max cv., Pisum sativum, and Rosmarinum 
officinalis by affinity chromatography, Protein Expr. Purif. 28 (2003) 232-240. 

 [108] B.J. Heyen, M.K. Alsheikh, E.A. Smith, C.F. Torvik, D.F. Seals, S.K. Randall,  The 
calcium-binding activity of a vacuole-associated, dehydrin-like protein is 
regulated by phosphorylation, Plant Physiol. 130 (2002) 675-687. 

 [109] D.K. Hincha, U. Heber, J.M. Schmitt,  Proteins from frost-hardy leaves protect 
thylakoids against mechanical freeze-thaw damage in vitro, Planta 180 (1990) 
416-419. 

 [110] D.K. Hincha, A.E. Oliver, J.H. Crowe,  The effects of chloroplast lipids on the stability 
of liposomes during freezing and drying, Biochim. Biophys. Acta 1368 (1998) 
150-160. 

 [111] F.A. Hoekstra, E.A. Golovina, F.A. Tetteroo, W.F. Wolkers,  Induction of desiccation 
tolerance in plant somatic embryos: how exclusive is the protective role of 
sugars?, Cryobiology 43 (2001) 140-150. 



 

 
 

217

 [112] J.H. Hoh, R. Lal, S.A. John, J.P. Revel, M.F. Arnsdorf,  Atomic force microscopy and 
dissection of gap junctions, Science 253 (1991) 1405-1408. 

 [113] P. Hohenberger, C. Eing, R. Straessner, S. Durst, W. Frey, P. Nick,  Plant actin controls 
membrane permeability, Biochim. Biophys. Acta 1808 (2011) 2304-2312. 

 [114] M. Houde, C. Daniel, M. Lachapelle, F. Allard, S. Laliberte, F. Sarhan,  
Immunolocalization of freezing-tolerance-associated proteins in the cytoplasm 
and nucleoplasm of wheat crown tissues, Plant J. 8 (1995) 583-593. 

 [115] S. Hughes and S.P. Graether,  Cryoprotective mechanism of a small intrinsically 
disordered dehydrin protein, Protein Sci. 20 (2011) 42-50. 

 [116] T. Hughes, B.Strongin, F.P.Gao, V.Vijayvergia, D.D.Busath,  AFM visualization of 
mobile influenza A M2 molecules in planar bilayers, Biophys. J. 87 (2004) 311-
322. 

 [117] M. Hundertmark, R. Dimova, J. Lengefeld, R. Seckler, D.K. Hincha,  The intrinsically 
disordered late embryogenesis abundant protein LEA18 from Arabidopsis 
thaliana modulates membrane stability through binding and folding, Biochim. 
Biophys. Acta 1808 (2011) 446-453. 

 [118] M. Hundertmark and D.K. Hincha,  LEA (late embryogenesis abundant) proteins and 
their encoding genes in Arabidopsis thaliana, BMC Genomics 9 (2008) 118. 

 [119] M.A. Hussain, A.Agnihotri, C.A.Siedlecki,  AFM imaging of ligand binding to platelet 
integrin aIIbβ3 receptors reconstituted into planar lipid bilayers, Langmuir 21 
(2005) 6979-6986. 

 [120] L.M. Iakoucheva, P. Radivojac, C.J. Brown, T.R. O'Connor, J.G. Sikes, Z. Obradovic, 
A.K. Dunker,  The importance of intrinsic disorder for protein phosphorylation, 
Nucleic Acids Res. 32 (2004) 1037-1049. 

 [121] G. Inan, Q. Zhang, P. Li, Z. Wang, Z. Cao, H. Zhang, C. Zhang, T.M. Quist, S.M. 
Goodwin, J. Zhu, H. Shi, B. Damsz, T. Charbaji, Q. Gong, S. Ma, M. Fredricksen, 
D.W. Galbraith, M.A. Jenks, D. Rhodes, P.M. Hasegawa, H.J. Bohnert, R.J. Joly, 
R.A. Bressan, J.K. Zhu,  Salt cress. A halophyte and cryophyte Arabidopsis 
relative model system and its applicability to molecular genetic analyses of 
growth and development of extremophiles, Plant Physiol 135 (2004) 1718-1737. 

 [122] A.M. Ismail, A.E. Hall, T.J. Close,  Allelic variation of a dehydrin gene cosegregates 
with chilling tolerance during seedling emergence, Proc. Natl. Acad. Sci. U. S A 
96 (1999) 13566-13570. 

 [123] A.M. Ismail, A.E. Hall, T.J. Close,  Purification and partial characterization of a dehydrin 
involved in chilling tolerance during seedling emergence of cowpea, Plant 
Physiol. 120 (1999) 237-244. 



 

 
 

218

 [124] A.M. Jacob and C.W. Turck,  Detection of post-translational modifications by fluorescent 
staining of two-dimensional gels, Methods Mol. Biol. 446 (2008) 21-32. 

 [125] P.A. Janmey and P.K. Kinnunen,  Biophysical properties of lipids and dynamic 
membranes, Trends Cell Biol. 16 (2006) 538-546. 

 [126] A. Janshoff, M. Neitzert, Y. Oberdörfer, H. Fuchs,  Force spectroscopy of molecular 
systems - single molecule spectroscopy of polymers and biomolecules, Angew. 
Chem. Int. Ed. Engl. 39 (2000) 3212-3237. 

 [127] A.B. Jensen, A. Goday, M. Figueras, A.C. Jessop, M. Pages,  Phosphorylation mediates 
the nuclear targeting of the maize Rab17 protein, Plant J. 13 (1998) 691-697. 

 [128] S.G. Jepson and T.J. Close,  Purification of a maize dehydrin protein expressed in 
Escherichia coli, Protein Expr. Purif. 6 (1995) 632-636. 

 [129] X. Jiang and Y. Wang,  Beta-elimination coupled with tandem mass spectrometry for the 
identification of in vivo and in vitro phosphorylation sites in maize dehydrin 
DHN1 protein, Biochemistry 43 (2004) 15567-15576. 

 [130] C. Jung,  Insight into protein structure and protein-ligand recognition by Fourier 
transform infrared spectroscopy, J. Mol. Recognit. 13 (2000) 325-351. 

 [131] A. Kacperska,  Plant Responses to Low Temperature: Signaling Pathways Involved in 
Plant Acclimation, in: R.Margesin and F.Schirmer (Eds.), Cold-Adapted 
Organisms. Ecology, Physiology, Enzymology and Molecular Biology, Springer-
Verlag, Berlin, Heidelberg, New York, 1999, pp. 79-104. 

 [132] M.A. Kader and S. Lindberg,  Cytosolic calcium and pH signaling in plants under salinity 
stress, Plant. Signal. Behav. 5 (2010) 233-238. 

 [133] Y. Kalifa, A. Gilad, Z. Konrad, M. Zaccai, P.A. Scolnik, D. Bar-Zvi,  The water- and 
salt-stress-regulated Asr1 (abscisic acid stress ripening) gene encodes a zinc-
dependent DNA-binding protein, Biochem. J. 381 (2004) 373-378. 

 [134] M.J. Karnovsky,  Lipid domains in biological membranes: their structural and functional 
perturbation by free fatty acids and the regulation of receptor mobility. Co-
presidential address, Am. J. Pathol. 97 (1979) 212-221. 

 [135] C. Kaye, L. Neven, A. Hofig, Q.B. Li, D. Haskell, C. Guy,  Characterization of a Gene 
for Spinach CAP160 and Expression of Two Spinach Cold-Acclimation Proteins 
in Tobacco, Plant Physiol 116 (1998) 1367-1377. 

 [136] A. Kedrov, M. Krieg, C. Ziegler, W. Kühlbrandt, D.J. Muller,  Locating ligand binding 
and activation of a single antiporter, EMBO Rep. 6 (2005) 668-674. 



 

 
 

219

 [137] M.S. Kellermayer, C. Bustamante, H.L. Granzier,  Mechanics and structure of titin 
oligomers explored with atomic force microscopy, Biochim. Biophys. Acta 1604 
(2003) 105-114. 

 [138] S.M. Kelly, T.J. Jess, N.C. Price,  How to study proteins by circular dichroism, Biochim. 
Biophys. Acta 1751 (2005) 119-139. 

 [139] T. Khurana, B. Khurana, A.A. Noegel,  LIM proteins: association with the actin 
cytoskeleton, Protoplasma 219 (2002) 1-12. 

 [140] K. Kielbassa, H.J. Muller, H.E. Meyer, F. Marks, M. Gschwendt,  Protein kinase C delta-
specific phosphorylation of the elongation factor eEF-alpha and an eEF-1 alpha 
peptide at threonine 431, J. Biol. Chem. 270 (1995) 6156-6162. 

 [141] V. Kiessling, C. Wan, L.K. Tamm,  Domain coupling in asymmetric lipid bilayers, 
Biochim. Biophys. Acta 1788 (2009) 64-71. 

 [142] M.C. Koag, R.D. Fenton, S. Wilkens, T.J. Close,  The binding of maize DHN1 to lipid 
vesicles. Gain of structure and lipid specificity, Plant Physiol. 131 (2003) 309-
316. 

 [143] M.C. Koag, S. Wilkens, R.D. Fenton, J. Resnik, E. Vo, T.J. Close,  The K-segment of 
maize DHN1 mediates binding to anionic phospholipid vesicles and concomitant 
structural changes, Plant Physiol. 150 (2009) 1503-1514. 

 [144] K. Kosova, L. Holkova, I.T. Prasil, P. Prasilova, M. Bradacova, P. Vitamvas, V. 
Capkova,  Expression of dehydrin 5 during the development of frost tolerance in 
barley (Hordeum vulgare), J. Plant Physiol. 165 (2008) 1142-1151. 

 [145] K. Kosova, P. Vitamvas, I.T. Prasil,  The role of dehydrins in plant response to cold, 
Biologia Plantarum 51 (2007) 601-617. 

 [146] D. Kovacs, B. Agoston, P. Tompa,  Disordered plant LEA proteins as molecular 
chaperones, Plant Signal. Behav. 3 (2008) 710-713. 

 [147] D. Kovacs, E. Kalmar, Z. Torok, P. Tompa,  Chaperone activity of ERD10 and ERD14, 
two disordered stress-related plant proteins, Plant Physiol. 147 (2008) 381-390. 

 [148] H. Koyama, T. Toda, T. Hara,  Brief exposure to low-pH stress causes irreversible 
damage to the growing root in Arabidopsis thaliana: pectin-Ca interaction may 
play an important role in proton rhizotoxicity, J. Exp. Bot. 52 (2001) 361-368. 

 [149] S. Krimm and J. Bandekar,  Vibrational spectroscopy and conformation of peptides, 
polypeptides, and proteins, Adv. Protein Chem. 38 (1986) 181-364. 

 [150] C. Kruger, O. Berkowitz, U.W. Stephan, R. Hell,  A metal-binding member of the late 
embryogenesis abundant protein family transports iron in the phloem of Ricinus 
communis L, J. Biol. Chem. 277 (2002) 25062-25069. 



 

 
 

220

 [151] D.J. Laird, M.M. Mulvihill, J.A. Lillig,  Membrane-induced peptide structural changes 
monitored by infrared and circular dichroism spectroscopy, Biophys. Chem. 145 
(2009) 72-78. 

 [152] I. Langmuir and V.J. Schaefer,  Activities of urease and pepsin monolayers, Journal of 
the American Chemical Society 60 (1938) 1351-1360. 

 [153] I. Langmuir and D.F. Waugh,  The adsorption of proteins at oil-water interfaces and 
artificial protein-lipoid membranes, Journal of General Physiology 21 (1938) 745-
755. 

 [154] Z.V. Leonenko and D.T.Cramb,  Revisiting lipid - general anesthetic interactions (I): 
thinned domain formation in supported planar bilayers induced by halothane and 
ethanol, Can. J. Chem 82 (2004) 1128-1138. 

 [155] J. Levitt,  Responses of Plants to Environmental Stresses, Academic Press, New York, 
1980. 

 [156] W. Li, R. Wang, M. Li, L. Li, C. Wang, R. Welti, X. Wang,  Differential degradation of 
extraplastidic and plastidic lipids during freezing and post-freezing recovery in 
Arabidopsis thaliana, Journal of Biological Chemistry 283 (2008) 461-468. 

 [157] D.S. Libich, M.A.M. Ahmed, L. Zhong, V.V. Bamm, V. Ladizhansky, G. Harauz,  Fuzzy 
complexes of myelin basic protein - NMR spectroscopic investigations of a 
polymorphic organizational linker of the central nervous system, Biochem. Cell 
Biol. (Special Issue on Protein Folding: Principles and Diseases) 88 (2010) 143-
155. 

 [158] D.S. Libich and G. Harauz,  Backbone dynamics of the 18.5 kDa isoform of myelin basic 
protein reveals transient α-helices and a calmodulin-binding site, Biophys. J. 94 
(2008) 4847-4866. 

 [159] D.S. Libich and G. Harauz,  Solution NMR and CD spectroscopy of an intrinsically 
disordered, peripheral membrane protein: evaluation of aqueous and membrane-
mimetic solvent conditions for studying the conformational adaptability of the 
18.5 kDa isoform of myelin basic protein (MBP), Eur. Biophys. J. 37 (2008) 
1015-1029. 

 [160] K. Lin, V.A. Simossis, W.R. Taylor, J. Heringa,  A simple and fast secondary structure 
prediction method using hidden neural networks, Bioinformatics 21 (2005) 152-
159. 

 [161] R.C. MacDonald, R.I. MacDonald, B.P. Menco, K. Takeshita, N.K. Subbarao, L.R. Hu,  
Small volume extrusion apparatus for preparation of large, unilamellar vesicles, 
Biochim. Biophys. Acta 1061 (1993) 297-303. 



 

 
 

221

 [162] W. MacNaughtan, K.A. Snook, E. Caspi, N.P. Franks,  An X-ray diffraction analysis of 
oriented lipid multilayers containing basic proteins, Biochim. Biophys. Acta 818 
(1985) 132-148. 

 [163] V. Majava, M.V. Petoukhov, N. Hayashi, P. Pirila, D.I. Svergun, P. Kursula,  Interaction 
between the C-terminal region of human myelin basic protein and calmodulin: 
analysis of complex formation and solution structure, BMC Struct. Biol. 8 (2008) 
10. 

 [164] M.P. Malakhov, M.R. Mattern, O.A. Malakhova, M. Drinker, S.D. Weeks, T.R. Butt,  
SUMO fusions and SUMO-specific protease for efficient expression and 
purification of proteins, J. Struct. Funct. Genomics 5 (2004) 75-86. 

 [165] A. Mardilovich and E. Kokkoli,  Patterned biomimetic membranes: effect of 
concentration and pH, Langmuir 21 (2005) 7468-7475. 

 [166] K. Maruyama, M. Takeda, S. Kidokoro, K. Yamada, Y. Sakuma, K. Urano, M. Fujita, K. 
Yoshiwara, S. Matsukura, Y. Morishita, R. Sasaki, H. Suzuki, K. Saito, D. 
Shibata, K. Shinozaki, K. Yamaguchi-Shinozaki,  Metabolic pathways involved 
in cold acclimation identified by integrated analysis of metabolites and transcripts 
regulated by DREB1A and DREB2A, Plant Physiol. 150 (2009) 1972-1980. 

 [167] Y. Mathieu, J.P. Jouanneau, S. Thomine, D. Lapous, J. Guern,  Cytosolic protons as 
secondary messengers in elicitor-induced defence responses, Biochem. Soc. 
Symp. 60 (1994) 113-130. 

 [168] M. Mayhew and F.U. Hartl,  Molecular Chaperon Proteins,  1996, pp. 922-937. 

 [169] C. Mazars, S. Bourque, A. Mithofer, A. Pugin, R. Ranjeva,  Calcium homeostasis in plant 
cell nuclei, New Phytol. 181 (2009) 261-274. 

 [170] C. McAllister, M.A. Karymov, Y. Kawano, A.Y. Lushnikov, A. Mikheikin, V.N. 
Uversky, Y.L. Lyubchenko,  Protein interactions and misfolding analyzed by 
AFM force spectroscopy, J. Mol. Biol. 354 (2005) 1028-1042. 

 [171] P.A. Mehta, K.C. Rebala, G. Venkataraman, A. Parida,  A diurnally regulated dehydrin 
from Avicennia marina that shows nucleo-cytoplasmic localization and is 
phosphorylated by casein kinase II in vitro, Plant Physiol. Biochem. 47 (2009) 
701-709. 

 [172] E. Meyer,  Scanning Probe Microscopy: The Lab on a Tip, Springer, Berlin, 2004. 

 [173] P.E. Milhiet, M.C. Giocondi, G.C. Le,  AFM imaging of lipid domains in model 
membranes, ScientificWorldJournal. 3 (2003) 59-74. 

 [174] Y. Min, T.F. Alig, D.W. Lee, J.M. Boggs, J.N. Israelachvili, J.A. Zasadzinski,  Critical 
and off-critical miscibility transitions in model extracellular and cytoplasmic 
myelin lipid monolayers, Biophys. J. 100 (2011) 1490-1498. 



 

 
 

222

 [175] M. Mizuguchi, R. Fujisawa, M. Nara, K. Nitta, K. Kawano,  Fourier-transform infrared 
spectroscopic study of Ca2+-binding to osteocalcin, Calcif. Tissue Int. 69 (2001) 
337-342. 

 [176] E. Mossessova and C.D. Lima,  Ulp1-SUMO crystal structure and genetic analysis reveal 
conserved interactions and a regulatory element essential for cell growth in yeast, 
Mol. Cell 5 (2000) 865-876. 

 [177] J.M. Mouillon, S.K. Eriksson, P. Harryson,  Mimicking the plant-cell interior under water 
stress by macromolecular crowding: Disordered dehydrin proteins are highly 
resistant to structural collapse, Plant Physiol. 148 (2008) 1925-1937. 

 [178] J.M. Mouillon, P. Gustafsson, P. Harryson,  Structural investigation of disordered stress 
proteins. Comparison of full-length dehydrins with isolated peptides of their 
conserved segments, Plant Physiol. 141 (2006) 638-650. 

 [179] O.G. Mouritsen and K. Jorgensen,  Small-scale lipid-membrane structure: simulation 
versus experiment, Curr. Opin. Struct. Biol. 7 (1997) 518-527. 

 [180] P. Mu, D. Feng, J. Su, Y. Zhang, J. Dai, H. Jin, B. Liu, Y. He, K. Qi, H. Wang, J. Wang,  
Cu2+ triggers reversible aggregation of a disordered His-rich dehydrin MpDhn12 
from Musa paradisiaca, J. Biochem. 150 (2011) 477-482. 

 [181] S. Mukherjee and F.R. Maxfield,  Membrane domains, Annu. Rev. Cell Dev. Biol. 20 
(2004) 839-866. 

 [182] D.J. Muller, D. Fotiadis, S. Scheuring, S.A. Muller, A. Engel,  Electrostatically balanced 
subnanometer imaging of biological specimens by atomic force microscope, 
Biophys J 76 (1999) 1101-1111. 

 [183] R. Munns and M. Tester,  Mechanisms of salinity tolerance, Annu. Rev. Plant Biol. 59 
(2008) 651-681. 

 [184] H. Nakagami, N. Sugiyama, K. Mochida, A. Daudi, Y. Yoshida, T. Toyoda, M. Tomita, 
Y. Ishihama, K. Shirasu,  Large-scale comparative phosphoproteomics identifies 
conserved phosphorylation sites in plants, Plant Physiol 153 (2010) 1161-1174. 

 [185] M. Nara, M. Tanokura, T. Yamamoto, M. Tasumi,  A comparative study of the binding 
effects of Mg2+, Ca2+, Sr2+, and Cd2+ on calmodulin by Fourier-transform 
infrared-spectroscopy, Biospectroscopy 1 (1995) 47-54. 

 [186] J.D. Nardozzi, K. Lott, G. Cingolani,  Phosphorylation meets nuclear import: a review, 
Cell Commun. Signal 8 (2010) 32. 

 [187] New England Biolabs,  IMPACT (Intein-Mediated Purification With an Affinity Chitin-
Binding Tag) Manual 
(Http://Www.Neb.Com/Nebecomm/Manualfiles/ManualE6950.Pdf),  New 
England Biolabs, 2010. 



 

 
 

223

 [188] E.T. Nilsen and D.M. Orcutt,  The Physiology of Plants Under Stress: Abiotic Factors,  
John Wiley & Sons, New York, 1996, p.689. 

 [189] G.V. Novitskaya, T.A. Suvorova, T.I. Trunova,  Lipid composition of tomato leaves as 
related to plant cold tolerance, Russian Journal of Plant Physiology 47 (2000) 
728-733. 

 [190] M. Nylander, J. Svensson, E.T. Palva, B.V. Welin,  Stress-induced accumulation and 
tissue-specific localization of dehydrins in Arabidopsis thaliana, Plant Mol. Biol. 
45 (2001) 263-279. 

 [191] A.F. Oberhauser, P.E. Marszalek, H.P. Erickson, J.M. Fernandez,  The molecular 
elasticity of the extracellular matrix protein tenascin, Nature 393 (1998) 181-185. 

 [192] R.G. Oliveira and B. Maggio,  Compositional domain immiscibility in whole myelin 
monolayers at the air-water interface and Langmuir-Blodgett films, Biochim. 
Biophys. Acta 1561 (2002) 238-250. 

 [193] L. Opilik, T. Bauer, T. Schmid, J. Stadler, R. Zenobi,  Nanoscale chemical imaging of 
segregated lipid domains using tip-enhanced Raman spectroscopy, Phys. Chem. 
Chem. Phys. 13 (2011) 9978-9981. 

 [194] F. Ouellet, E. Carpentier, M.J. Cope, A.F. Monroy, F. Sarhan,  Regulation of a wheat 
actin-depolymerizing factor during cold acclimation, Plant Physiology 125 (2001) 
360-368. 

 [195] J. Papuga, C. Hoffmann, M. Dieterle, D. Moes, F. Moreau, S. Tholl, A. Steinmetz, C. 
Thomas,  Arabidopsis LIM proteins: a family of actin bundlers with distinct 
expression patterns and modes of regulation, The Plant Cell 22 (2010) 3034-3052. 

 [196] J.D. Pardee and J.A. Spudich,  Purification of muscle actin, Methods Cell Biol. 24 (1982) 
271-289. 

 [197] J.D. Pardee and J.A. Spudich,  Purification of muscle actin, Methods Enzymol. 85 Pt B 
(1982) 164-181. 

 [198] P.J. Patty and B.J. Frisken,  The pressure-dependence of the size of extruded vesicles, 
Biophys. J. 85 (2003) 996-1004. 

 [199] M.S. Pedras and Q.A. Zheng,  Metabolic responses of Thellungiella halophila/salsuginea 
to biotic and abiotic stresses: Metabolite profiles and quantitative analyses, 
Phytochemistry 71 (2010) 581-589. 

 [200] M.C. Petty,  Langmuir-Blodgett Films - An Introduction, Cambridge University Press, 
Cambridge (UK), 1996. 

 [201] M.M. Pierce, C.S. Raman, B.T. Nall,  Isothermal titration calorimetry of protein-protein 
interactions, Methods 19 (1999) 213-221. 



 

 
 

224

 [202] F. Pirollet, J. Derancourt, J. Haiech, D. Job, R.L. Margolis,  Ca(2+)-calmodulin regulated 
effectors of microtubule stability in bovine brain, Biochemistry 31 (1992) 8849-
8855. 

 [203] A. Plotnikov, E. Zehorai, S. Procaccia, R. Seger,  The MAPK cascades: Signaling 
components, nuclear roles and mechanisms of nuclear translocation, Biochim. 
Biophys. Acta 1813 (2011) 1619-1633. 

 [204] E. Polverini, A. Fasano, F. Zito, P. Riccio, P. Cavatorta,  Conformation of bovine myelin 
basic protein purified with bound lipids, Eur. Biophys. J. 28 (1999) 351-355. 

 [205] E. Polverini, G. Rangaraj, D.S. Libich, J.M. Boggs, G. Harauz,  Binding of the proline-
rich segment of myelin basic protein to SH3-domains - Spectroscopic, microarray, 
and modelling studies of ligand conformation and effects of post-translational 
modifications, Biochemistry 47 (2008) 267-282. 

 [206] T. Puhakainen, M.W. Hess, P. Makela, J. Svensson, P. Heino, E.T. Palva,  
Overexpression of multiple dehydrin genes enhances tolerance to freezing stress 
in Arabidopsis, Plant Mol. Biol. 54 (2004) 743-753. 

 [207] T. Puhakainen, C. Li, M. Boije-Malm, J. Kangasjarvi, P. Heino, E.T. Palva,  Short-day 
potentiation of low temperature-induced gene expression of a C-repeat-binding 
factor-controlled gene during cold acclimation in silver birch, Plant Physiol. 136 
(2004) 4299-4307. 

 [208] L.N. Rahman, V.V. Bamm, J.A.M. Voyer, G.S. Smith, L. Chen, M.W. Yaish, B.A. 
Moffatt, J.R. Dutcher, G. Harauz,  Zinc induces disorder-to-order transitions in 
free and membrane-associated Thellungiella salsuginea dehydrins TsDHN-1 and 
TsDHN-2: a solution CD and solid-state ATR-FTIR study, Amino Acids 40 
(2011) 1485-1502. 

 [209] L.N. Rahman, L. Chen, S. Nazim, V.V. Bamm, M.W. Yaish, B.A. Moffatt, J.R. Dutcher, 
G. Harauz,  Interactions of intrinsically disordered Thellungiella salsuginea 
dehydrins TsDHN-1 and TsDHN-2 with membranes - synergistic effects of lipid 
composition and temperature on secondary structure, Biochem. Cell Biol. 88 
(2010) 791-807. 

 [210] L.N. Rahman, G.S.T. Smith, V.V. Bamm, J.A. Voyer-Grant, B.A. Moffatt, J.R. Dutcher, 
G. Harauz,  Phosphorylation of Thellungiella salsuginea dehydrins TsDHN-1 and 
TsDHN-2 facilitates cation-induced conformational changes and actin assembly, 
Biochemistry 50 (2011) 9587-9604. 

 [211] S. Rajesh and A. Manickam,  Prediction of functions for two LEA proteins from mung 
bean, Bioinformation 1 (2006) 133-138. 

 [212] A. Rath, A.R. Davidson, C.M. Deber,  The structure of "unstructured" regions in peptides 
and proteins: role of the polyproline II helix in protein folding and recognition, 
Biopolymers 80 (2005) 179-185. 



 

 
 

225

 [213] T.J. Reape and P.F. McCabe,  Apoptotic-like regulation of programmed cell death in 
plants, Apoptosis : An International Journal on Programmed Cell Death 15 (2010) 
249-256. 

 [214] V. Receveur-Bréchot, J.M. Bourhis, V.N. Uversky, B. Canard, S. Longhi,  Assessing 
protein disorder and induced folding, Proteins 62 (2006) 24-45. 

 [215] A.S. Reddy,  Calcium: silver bullet in signaling, Plant Sci. 160 (2001) 381-404. 

 [216] V.S. Reddy and A.S. Reddy,  Proteomics of calcium-signaling components in plants, 
Phytochemistry 65 (2004) 1745-1776. 

 [217] D.A. Redfern and A. Gericke,  pH-dependent domain formation in phosphatidylinositol 
polyphosphate/phosphatidylcholine mixed vesicles, J. Lipid Res. 46 (2005) 504-
515. 

 [218] M. Rief, M. Gautel, H.E. Gaub,  Unfolding forces of titin and fibronectin domains 
directly measured by AFM, Adv. Exp. Med. Biol. 481 (2000) 129-136. 

 [219] M. Rief, M. Gautel, F. Oesterhelt, J.M. Fernandez, H.E. Gaub,  Reversible unfolding of 
individual titin immunoglobulin domains by AFM, Science 276 (1997) 1109-
1112. 

 [220] M. Rief and H. Grubmuller,  Force spectroscopy of single biomolecules, Chemphyschem 
3 (2002) 255-261. 

 [221] M. Rief, J. Pascual, M. Saraste, H.E. Gaub,  Single molecule force spectroscopy of 
spectrin repeats: low unfolding forces in helix bundles, J. Mol. Biol. 286 (1999) 
553-561. 

 [222] M. Riera, M. Figueras, C. López, A. Goday, M. Pagès,  Protein kinase CK2 modulates 
developmental functions of the abscisic acid responsive protein Rab17 from 
maize, PNAS 101 (2004) 9879-9884. 

 [223] P.L. Rinne, P.L. Kaikuranta, L.H. van der Plas, S.C. van der,  Dehydrins in cold-
acclimated apices of birch (Betula pubescens ehrh.): production, localization and 
potential role in rescuing enzyme function during dehydration, Planta 209 (1999) 
377-388. 

 [224] S. Rom, A. Gilad, Y. Kalifa, Z. Konrad, M.M. Karpasas, Y. Goldgur, D. Bar-Zvi,  
Mapping the DNA- and zinc-binding domains of ASR1 (abscisic acid stress 
ripening), an abiotic-stress regulated plant specific protein, Biochimie 88 (2006) 
621-628. 

 [225] W. Roos, K. Viehweger, B. Dordschbal, B. Schumann, S. Evers, J. Steighardt, W. 
Schwartze,  Intracellular pH signals in the induction of secondary pathways - the 
case of Eschscholzia californica, J. Plant Physiol. 163 (2006) 369-381. 



 

 
 

226

 [226] T. Rorat, B.M. Szabala, W.J. Grygorowicz, B. Wojtowicz, Z. Yin, P. Rey,  Expression of 
SK(3)-type dehydrin in transporting organs is associated with cold acclimation in 
Solanum species, Planta 224 (2006) 205-221. 

 [227] C.M. Rosetti, B. Maggio, R.G. Oliveira,  The self-organization of lipids and proteins of 
myelin at the membrane interface. Molecular factors underlying the 
microheterogeneity of domain segregation, Biochim. Biophys. Acta 
(Biomembranes) 1778 (2008) 1665-1675. 

 [228] A. Sakai and W. Larcher,  Frost Survival of Plants: Responses and Adaptation to 
Freezing Stress, Springer-Verlag, New York, 1987. 

 [229] F. Sarhan, F. Oullet, A. Vazquez-Tello,  The wheat wcs120 gene family. A useful model 
to understand the molecular genetics of freezing tolerance in cereals, Physiol. 
Plant 101 (1997) 439-445. 

 [230] M. Satakarni and R. Curtis,  Production of recombinant peptides as fusions with SUMO, 
Protein Expr. Purif. 78 (2011) 113-119. 

 [231] K. Schneider, B.Wells, E.Schmelzer, F.Salamini, D.Bartels,  Desiccation leads to the 
rapid accumulation of both cytosolic and chloroplastic proteins in the resurrection 
plant Craterostigma plantagineum Hochst, Planta 189 (1993) 120-131. 

 [232] H.M. Seeger, C.A. Di, A. Alessandrini, P. Facci,  Supported lipid bilayers on mica and 
silicon oxide: comparison of the main phase transition behavior, J. Phys. Chem. B 
114 (2010) 8926-8933. 

 [233] J. Segrest, M. Jones, L.H. De,  The amphipathic helix in the exchangeable 
apolipoproteins: a review of secondary structure and function, J Lipid Res. 33 
(1992) 141-166. 

 [234] T.J. Senden and C.J. Drummond,  Surface-chemistry and tip sample interactions in 
atomic-force microscopy, Colloids and Surfaces A-Physicochemical and 
Engineering Aspects 94 (1995) 29-51. 

 [235] K.J. Seu, L.R. Cambrea, R.M. Everly, J.S. Hovis,  Influence of lipid chemistry on 
membrane fluidity: tail and headgroup interactions, Biophys. J. 91 (2006) 3727-
3735. 

 [236] S. Shi, W. Chen, W. Sun,  Comparative proteomic analysis of the Arabidopsis cbl1 
mutant in response to salt stress, Proteomics 11 (2011) 4712-4725. 

 [237] Z. Shi, C.A. Olson, G.D. Rose, R.L. Baldwin, N.R. Kallenbach,  Polyproline II structure 
in a sequence of seven alanine residues, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 
9190-9195. 

 [238] Z. Shi, R.W. Woody, N.R. Kallenbach,  Is polyproline II a major backbone conformation 
in unfolded proteins?, Adv. Protein Chem. 62 (2002) 163-240. 



 

 
 

227

 [239] T. Shimizu, Y. Kanamori, T. Furuki, T. Kikawada, T. Okuda, T. Takahashi, H. Mihara, 
M. Sakurai,  Desiccation-induced structuralization and glass formation of group 3 
late embryogenesis abundant protein model peptides, Biochemistry 49 (2010) 
1093-1104. 

 [240] E. Skórzynska-Polit and Z. Krupa,  Lipid Peroxidation in Cadmium-Treated Phaseolus 
coccineus Plants, Arch. Environ. Contam. Toxico 50 (2006) 482-487. 

 [241] A. Smertenko and V.E. Franklin-Tong,  Organisation and regulation of the cytoskeleton 
in plant programmed cell death, Cell Death Differ. 18 (2011) 1263-1270. 

 [242] G.S.T. Smith, L. Chen, V.V. Bamm, J.R. Dutcher, G. Harauz,  The interaction of zinc 
with membrane-associated 18.5 kDa myelin basic protein: an attenuated total 
reflectance-Fourier transform infrared spectroscopic study, Amino Acids 39 
(2010) 739-750. 

 [243] M. Sobhany and M. Negishi,  Characterization of specific donor binding to alpha1,4-N-
acetylhexosaminyltransferase EXTL2 using isothermal titration calorimetry, 
Methods Enzymol. 416 (2006) 3-12. 

 [244] J.L. Soulages, K. Kim, E.L. Arrese, C. Walters, J.C. Cushman,  Conformation of a group 
2 late embryogenesis abundant protein from soybean. Evidence of poly (L-
proline)-type II structure, Plant Physiol. 131 (2003) 963-975. 

 [245] J.L. Soulages, K. Kim, C. Walters, J.C. Cushman,  Temperature-induced extended 
helix/random coil transitions in a group 1 late embryogenesis-abundant protein 
from soybean, Plant Physiol. 128 (2002) 822-832. 

 [246] P.L. Steponkus, M. Uemura, R.A. Joseph, S.J. Gilmour, M.F. Thomashow,  Mode of 
action of the COR15a gene on the freezing tolerance of Arabidopsis thaliana, 
Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 14570-14575. 

 [247] J.I. Sulkowska and M. Cieplak,  Stretching to understand proteins - a survey of the 
protein data bank, Biophys. J. 94 (2008) 6-13. 

 [248] M. Sunde, L.C. Serpell, M. Bartlam, P.E. Fraser, M.B. Pepys, C.C. Blake,  Common core 
structure of amyloid fibrils by synchrotron X-ray diffraction, J. Mol. Biol. 273 
(1997) 729-739. 

 [249] S. Suresh, C. Wang, R. Nanekar, P. Kursula, J.M. Edwardson,  Myelin basic protein and 
myelin protein 2 act synergistically to cause stacking of lipid bilayers, 
Biochemistry 49 (2010) 3456-3463. 

 [250] W.K. Surewicz and H.H. Mantsch,  New insight into protein secondary structure from 
resolution-enhanced infrared spectra, Biochim. Biophys. Acta 952 (1988) 115-
130. 



 

 
 

228

 [251] W.K. Surewicz, H.H. Mantsch, D. Chapman,  Determination of protein secondary 
structure by Fourier transform infrared spectroscopy: a critical assessment, 
Biochemistry 32 (1993) 389-394. 

 [252] J. Svensson, E.T. Palva, B. Welin,  Purification of recombinant Arabidopsis thaliana 
dehydrins by metal ion affinity chromatography, Protein Expr. Purif. 20 (2000) 
169-178. 

 [253] K. Sweers, K. van der Werf, M. Bennink, V. Subramaniam,  Nanomechanical properties 
of alpha-synuclein amyloid fibrils: a comparative study by nanoindentation, 
harmonic force microscopy, and Peakforce QNM, Nanoscale. Res. Lett. 6 (2011) 
270. 

 [254] A.B. Szalaine, D. Kovacs, P. Tompa, A. Perczel,  Full backbone assignment and 
dynamics of the intrinsically disordered dehydrin ERD14, Biomol. NMR Assign. 
5 (2011) 189-193. 

 [255] A. Tantos, P. Friedrich, P. Tompa,  Cold stability of intrinsically disordered proteins, 
FEBS Lett. 583 (2009) 465-469. 

 [256] E. Terzi, G. Holzemann, J. Seelig,  Interaction of Alzheimer beta-amyloid peptide(1-40) 
with lipid membranes, Biochemistry 36 (1997) 14845-14852. 

 [257] A. Thalhammer, M. Hundertmark, A.V. Popova, R. Seckler, D.K. Hincha,  Interaction of 
two intrinsically disordered plant stress proteins (COR15A and COR15B) with 
lipid membranes in the dry state, Biochim. Biophys. Acta 1798 (2010) 1812-
1820. 

 [258] D. Thirumalai, D.K. Klimov, R.I. Dima,  Emerging ideas on the molecular basis of 
protein and peptide aggregation, Curr. Opin. Struct. Biol. 13 (2003) 146-159. 

 [259] M.F. Thomashow,  PLANT COLD ACCLIMATION: Freezing Tolerance Genes and 
Regulatory Mechanisms, Annual Review of Plant Physiology and Plant Molecular 
Biology 50 (1999) 571-599. 

 [260] J.F. Tocanne, L. Cezanne, A. Lopez, B. Piknova, V. Schram, J.F. Tournier, M. Welby,  
Lipid domains and lipid/protein interactions in biological membranes, Chem. 
Phys. Lipids 73 (1994) 139-158. 

 [261] J.F. Tocanne, L. Dupou-Cezanne, A. Lopez,  Lateral diffusion of lipids in model and 
natural membranes, Prog. Lipid Res. 33 (1994) 203-237. 

 [262] D. Tolleter, D.K. Hincha, D. Macherel,  A mitochondrial late embryogenesis abundant 
protein stabilizes model membranes in the dry state, Biochim. Biophys. Acta 1798 
(2010) 1926-1933. 

 [263] D. Tolleter, M. Jaquinod, C. Mangavel, C. Passirani, P. Saulnier, S. Manon, E. Teyssier, 
N. Payet, M.H. Avelange-Macherel, D. Macherel,  Structure and function of a 



 

 
 

229

mitochondrial late embryogenesis abundant protein are revealed by desiccation, 
Plant Cell 19 (2007) 1580-1589. 

 [264] L. Tommasini, J.T. Svensson, E.M. Rodriguez, A. Wahid, M. Malatrasi, K. Kato, S. 
Wanamaker, J. Resnik, T.J. Close,  Dehydrin gene expression provides an 
indicator of low temperature and drought stress: transcriptome-based analysis of 
barley (Hordeum vulgare L.), Funct. Integr. Genomics 8 (2008) 387-405. 

 [265] P. Tompa, P. Banki, M. Bokor, P. Kamasa, D. Kovacs, G. Lasanda, K. Tompa,  Protein-
water and protein-buffer interactions in the aqueous solution of an intrinsically 
unstructured plant dehydrin: NMR intensity and DSC aspects, Biophys. J. 91 
(2006) 2243-2249. 

 [266] P. Tompa and M. Fuxreiter,  Fuzzy complexes: polymorphism and structural disorder in 
protein-protein interactions, Trends Biochem. Sci. 33 (2008) 2-8. 

 [267] P. Tompa and D. Kovacs,  Intrinsically disordered chaperones in plants and animals, 
Biochem. Cell Biol. 88 (2010) 167-174. 

 [268] P. Tompa, C. Szasz, L. Buday,  Structural disorder throws new light on moonlighting, 
Trends Biochem. Sci. 30 (2005) 484-489. 

 [269] K.I. Tong, Y. Katoh, H. Kusunoki, K. Itoh, T. Tanaka, M. Yamamoto,  Keap1 recruits 
Neh2 through binding to ETGE and DLG motifs: characterization of the two-site 
molecular recognition model, Mol. Cell Biol. 26 (2006) 2887-2900. 

 [270] H. Torii and M. Tasumi,  Application of the three-dimensional doorway-state theory to 
analyses of the amide-I infrared bands of globular proteins, J. Chem. Phys. 97 
(1992) 92-98. 

 [271] A. Tunnacliffe and M.J. Wise,  The continuing conundrum of the LEA proteins, 
Naturwissenschaften 94 (2007) 791-812. 

 [272] E.K. Ueda, P.W. Gout, L. Morganti,  Current and prospective applications of metal ion-
protein binding, J. Chromatogr. A 988 (2003) 1-23. 

 [273] V.N. Uversky,  What does it mean to be natively unfolded?, Eur. J. Biochem. 269 (2002) 
2-12. 

 [274] V.N. Uversky,  Intrinsically disordered proteins and their environment: Effects of strong 
denaturants, temperature, pH, counter ions, membranes, binding partners, 
osmolytes, and macromolecular crowding, Protein J. 28 (2009) 305-325. 

 [275] V. Vacic, C.J. Oldfield, A. Mohan, P. Radivojac, M.S. Cortese, V.N. Uversky, A.K. 
Dunker,  Characterization of molecular recognition features, MoRFs, and their 
binding partners, J. Proteome Res. 6 (2007) 2351-2366. 



 

 
 

230

 [276] B.L. Vallee and D.S. Auld,  Zinc metallochemistry in biochemistry, EXS 73 (1995) 259-
277. 

 [277] H.S. van der Honing, N.C. de Ruijter, A.M. Emons, T. Ketelaar,  Actin and myosin 
regulate cytoplasm stiffness in plant cells: a study using optical tweezers, New 
Phytol. 185 (2010) 90-102. 

 [278] N. Van Mau, A.V. Kajava, C. Bonfils, J.C. Martinou, M.C. Harricane,  Interactions of 
Bax and tBid with lipid monolayers, J. Membr. Biol. 207 (2005) 1-9. 

 [279] A. Velazquez-Campoy, S.A. Leavitt, E. Freire,  Characterization of protein-protein 
interactions by isothermal titration calorimetry, Methods Mol. Biol. 261 (2004) 
35-54. 

 [280] V. Velikova, A. Ivanova, I. Yordanov,  Changes in lipid compistion of Phaseolus 
vulgaris leaves after simulating acid rain treatment, Bulg. J. Plant. Physiol. 28 
(2002) 59-65. 

 [281] P.E. Verslues, M. Agarwal, S. Katiyar-Agarwal, J. Zhu, J.K. Zhu,  Methods and concepts 
in quantifying resistance to drought, salt and freezing, abiotic stresses that affect 
plant water status, The Plant Journal 45 (2006) 523-539. 

 [282] V. Vie, M.N. Van, L. Chaloin, E. Lesniewska, G.C. Le, F. Heitz,  Detection of peptide-
lipid interactions in mixed monolayers, using isotherms, atomic force microscopy, 
and Fourier transform infrared analyses, Biophys. J. 78 (2000) 846-856. 

 [283] J. Vilardell, A. Goday, M.A. Freire, M. Torrent, M.C. Martinez, J.M. Torne, M. Pages,  
Gene sequence, developmental expression, and protein phosphorylation of RAB-
17 in maize, Plant Molecular Biology 14 (1990) 423-432. 

 [284] J. Vilardell, M.J. Mártinez-Zapater, J.A., C. Arenas, M.,  Regulation of the rab17 gene 
promoter in transgenic Arabidopsis wild-type, ABAdeficient and ABA-insensitive 
mutants, Plant Mol. Biol. 24 (1994) 561-569. 

 [285] B.S. Vishwanath, W. Eichenberger, F.J. Frey, B.M. Frey,  Interaction of plant lipids with 
14 kDa phospholipase A2 enzymes, Biochem. J. 320 ( Pt 1) (1996) 93-99. 

 [286] D. Volkmann and F. Baluska,  Actin cytoskeleton in plants: from transport networks to 
signaling networks, Microsc. Res. Tech. 47 (1999) 135-154. 

 [287] S. Vucetic, H. Xie, L.M. Iakoucheva, C.J. Oldfield, A.K. Dunker, Z. Obradovic, V.N. 
Uversky,  Functional anthology of intrinsic disorder. 2. Cellular components, 
domains, technical terms, developmental processes, and coding sequence 
diversities correlated with long disordered regions, J. Proteome Res. 6 (2007) 
1899-1916. 

 [288] H. Wang, Z. Wu, Y. Chen, C. Yang, D. Shi,  Effects of salt and alkali stresses on growth 
and ion balance in rice (Oryza sativa L.), Plant Soil Environ. 57 (2011) 286-294. 



 

 
 

231

 [289] H.J. Wang, A.R. Wan, G.Y. Jauh,  An actin-binding protein, LlLIM1, mediates calcium 
and hydrogen regulation of actin dynamics in pollen tubes, Plant Physiol. 147 
(2008) 1619-1636. 

 [290] M.S. Webb, T.C. Irving, P.L. Steponkus,  Effects of plant sterols on the hydration and 
phase behavior of DOPE/DOPC mixtures, Biochim Biophys Acta 1239 (1995) 
226-238. 

 [291] M.S. Webb, M. Uemura, P.L. Steponkus,  A comparison of freezing injury in oat and rye. 
Two cereals at the extremes of freezing tolerance, Plant Physiol 104 (1994) 467-
478. 

 [292] R. Welti and M. Glaser,  Lipid domains in model and biological membranes, Chem. 
Phys. Lipids 73 (1994) 121-137. 

 [293] T. Wieprecht, O. Apostolov, M. Beyermann, J. Seelig,  Thermodynamics of the alpha-
helix-coil transition of amphipathic peptides in a membrane environment: 
implications for the peptide-membrane binding equilibrium, J. Mol. Biol. 294 
(1999) 785-794. 

 [294] M.J. Wise and A. Tunnacliffe,  POPP the question: what do LEA proteins do?, Trends 
Plant Sci. 9 (2004) 13-17. 

 [295] T. Wiseman, S. Williston, J.F. Brandts, L.N. Lin,  Rapid measurement of binding 
constants and heats of binding using a new titration calorimeter, Anal. Biochem. 
179 (1989) 131-137. 

 [296] A. Wisniewska, J. Draus, W.K. Subczynski,  Is a fluid-mosaic model of biological 
membranes fully relevant? Studies on lipid organization in model and biological 
membranes, Cell Mol. Biol. Lett. 8 (2003) 147-159. 

 [297] M. Wisniewski, R. Webb, R. Balsamo, T.J. Close, X.M. Yu, M. Griffith,  Purification, 
immunolocalization, cryoprotective, and antifreeze activity of PCA60: A dehydrin 
from peach (Prunus persica), Physiologia Plantarum 105 (1999) 600-608. 

 [298] W. Witt , A. Buchholz, J.J. Sauter,  Binding of endoamylase to native starch grains from 
poplar wood, Journal of Experimental Botany 46 (1995) 1761-1769. 

 [299] W.F. Wolkers, S. McCready, W.F. Brandt, G.G. Lindsey, F.A. Hoekstra,  Isolation and 
characterization of a D-7 LEA protein from pollen that stabilizes glasses in vitro, 
Biochim. Biophys. Acta 1544 (2001) 196-206. 

 [300] C.E. Wong, Y. Li, A. Labbe, D. Guevara, P. Nuin, B. Whitty, C. Diaz, G.B. Golding, 
G.R. Gray, E.A. Weretilnyk, M. Griffith, B.A. Moffatt,  Transcriptional profiling 
implicates novel interactions between abiotic stress and hormonal responses in 
Thellungiella, a close relative of Arabidopsis, Plant Physiol. 140 (2006) 1437-
1450. 



 

 
 

232

 [301] C.E. Wong, Y. Li, B.R. Whitty, C. Diaz-Camino, S.R. Akhter, J.E. Brandle, G.B. 
Golding, E.A. Weretilnyk, B.A. Moffatt, M. Griffith,  Expressed sequence tags 
from the Yukon ecotype of Thellungiella reveal that gene expression in response 
to cold, drought and salinity shows little overlap, Plant Mol. Biol. 58 (2005) 561-
574. 

 [302] H. Xie, S. Vucetic, L.M. Iakoucheva, C.J. Oldfield, A.K. Dunker, Z. Obradovic, V.N. 
Uversky,  Functional anthology of intrinsic disorder. 3. Ligands, post-translational 
modifications, and diseases associated with intrinsically disordered proteins, J. 
Proteome Res. 6 (2007) 1917-1932. 

 [303] H. Xie, S. Vucetic, L.M. Iakoucheva, C.J. Oldfield, A.K. Dunker, V.N. Uversky, Z. 
Obradovic,  Functional anthology of intrinsic disorder. 1. Biological processes 
and functions of proteins with long disordered regions, J. Proteome Res. 6 (2007) 
1882-1898. 

 [304] J. Xu, Y.X. Zhang, W. Wei, L. Han, Z.Q. Guan, Z. Wang, T.Y. Chai,  BjDHNs confer 
heavy-metal tolerance in plants, Mol. Biotechnol. 38 (2008) 91-98. 

 [305] J.X. Yan, R.A. Harry, C. Spibey, M.J. Dunn,  Postelectrophoretic staining of proteins 
separated by two-dimensional gel electrophoresis using SYPRO dyes, 
Electrophoresis 21 (2000) 3657-3665. 

 [306] J. Yu and Y.L. Lyubchenko,  Early stages for Parkinson's development: alpha-synuclein 
misfolding and aggregation, J. Neuroimmune. Pharmacol. 4 (2009) 10-16. 

 [307] J. Yu, S. Malkova, Y.L. Lyubchenko,  alpha-Synuclein misfolding: single molecule AFM 
force spectroscopy study, J. Mol. Biol. 384 (2008) 992-1001. 

 [308] C. Zhang, Z. Ding, X. Xu, Q. Wang, G. Qin, S. Tian,  Crucial roles of membrane stability 
and its related proteins in the tolerance of peach fruit to chilling injury, Amino 
Acids 39 (2010) 181-194. 

 [309] Y. Zhang, J. Li, F. Yu, L. Cong, L. Wang, G. Burkard, T. Chai,  Cloning and expression 
analysis of SKn-type dehydrin gene from bean in response to heavy metals, Mol. 
Biotechnol. 32 (2006) 205-218. 

 [310] J.L. Zhao, X.J. Li, H. Zhang, Y. Li,  Chilling stability of microtubules in root-tip cells of 
cucumber, Plant Cell Rep. 22 (2003) 32-37. 

 
 


