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 LEA3 proteins are intrinsically disordered proteins expressed during seed 

development and in response to abiotic stress. Limited studies have shown they can 

confer stress tolerance in plants, yet their mechanism remains elusive. This thesis aims 

to further our understanding of the LEA3 group. First, a comprehensive bioinformatics 

analysis revealed two previously undiscovered C-terminal motifs containing conserved 

acidic and hydrophobic residues and four N-terminal motifs. Five general architectures 

were proposed for LEA3 and the physiochemical properties of the different architectures 

showed clustering in a relatively narrow range compared to the previously studied 

dehydrins. The evolutionary analysis revealed that the proteins grouped into clades 

based on their architecture, and that there appears to be at least two distinct groups of 

LEA3 proteins based on their architectures and physiochemical properties. The 

presence of LEA3 proteins in non-vascular plants but their absence in algae suggests 

that LEA3 may have arose in the evolution of land plants. A protocol to express and 

purify AtLEA3-2 with 15N and 13C isotopes in E. coli is described, although the protocol 

can be adapted for any LEA3 with or without isotopic labeling. The AtLEA 3-2 gene was 

cloned into the pET-SUMO vector, which allowed for the SUMO-AtLEA 3-2 fusion 

protein to be purified using Ni-affinity chromatography and, through the use of Ulp1, a



SUMO protease, resulted in an AtLEA 3-2 with a native N-terminus. Lastly, several 

biochemical experiments were performed to elucidate the function of LEA3 proteins. I 

show that the LEA3 proteins are disordered in solution, have regions with propensity for 

order, and are more hydrophobic than other LEA groups. One member, LEA3-4, bound 

Cu2+ and Fe3+ ions with micromolar affinity. All LEA3 proteins were effective 

cryoprotectants of LDH and showed a gain in α-helicity in the presence of SDS, while 

only LEA3-4, showed a gain in α-helicity in the presence of the membrane mimic DPC. I 

used 15N-HSQC NMR to show that the additional W- and DAELR motifs present in 

LEA3-4 are involved in the interaction with DPC. I conclude that the LEA3 group could 

have multiple functions in protecting cells during stress.  
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1 Introduction 

1.1 Plant Stress 

1.1.1 Plant Stressors 

  Plants play a fundamental role in maintaining a stable environment on Earth by 

comprising the backbone of many habitats, serving as a major food source for animals 

and humans, and by producing oxygen; a vital necessity for aerobic life (Shao et al., 

2007). Plants are persistently subjected to adverse abiotic stressors that can limit their 

growth, and potentially result in death. Of the many abiotic stressors, high salinity, 

drought, and cold stress have profound effects on crop productivity worldwide 

(Poltronieri et al., 2011). High salinity is typically observed in the soil and rapidly causes 

osmotic stress, thereby reducing water extraction by roots, which often leads to reduced 

shoot growth. Within the plant, high salt concentrations take longer to accumulate; 

nevertheless, they can be detrimental to the plant by reducing the rate of leaf growth 

and increasing leaf senescence (Munns and Tester, 2008). Drought and cold stress 

both lead to dehydration at the cellular and whole-plant level, thereby preventing 

efficient water usage. Water is important in plants for many reasons, including nutrient 

transport and photosynthesis. Therefore, dehydration at the cellular level can disrupt 

many important biological processes needed for plant growth and survival, while at a 

whole-plant level there is a reduction in leaf size, stem extension, and root proliferation 

(Farooq et al., 2009; Beck et al., 2007). Although plant stress can be initiated by a 

variety of abiotic factors, osmotic stress and dehydration are often the result. Osmotic 

stress and dehydration can have a damaging effect on plant survival due to the 
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production of reactive oxygen species (ROS), which are produced by imbalances in 

electron transport rates, as well as the increased metabolite flux through the 

photorespiration pathway, which increases the oxygen load in tissues. ROS can have 

important roles in cell signaling and homeostasis; however, over-accumulation of ROS 

can lead to oxidative stress, thereby damaging or impairing the function(s) of lipids, 

proteins, and DNA (Oosten et al., 2016).  

 

1.1.2 Plant Stress Response 
 

   As sessile organisms, plants have evolved to respond to these adverse 

environment conditions with diverse morphological and physiological adaptive 

mechanisms. Morphologically, plants will respond to dehydration by modifying root 

architecture to create a deep and thick root system to enhance water capture, and by 

closing stomata and reducing leaf surface area to maximize water preservation 

(Chandra et al., 2001). Some plants will also show increased leaf senescence, whereby 

the leaf undergoes programmed-cell death so that nutrients can be reallocated to other 

parts of the plant (Claeys and Inze, 2013). At the molecular level, there is an 

overproduction of various osmolytes (e.g. amino acids, small dipeptides, sugars, sugar 

alcohols) to aid in regulating water levels, minimizing ROS formation and stabilizing 

enzymes. Certain stresses can cause a more specific response; cold stress is often 

accompanied by an increase in antifreeze protein production to prevent ice formation 

and/or recrystallization of ice (Atici and Nalbantoglu et al., 2003). Certain genes are also 
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upregulated to combat the effects of stressors; amino oxidases increase the production 

of polyamines to help mediate the stress response (Poltronieri et al., 2011); ERECTA, a 

gene that regulates transpiration efficiency, is upregulated and helps the plant maintain 

biomass production (Masle et al., 2005); TNHX1, a proton antiporter, and TVP1, a 

pyrophosphate proton pump, have been linked to improved drought and salt tolerance 

in Arabidopsis thaliana. (Brini et al., 2005) Moreover, there is an upregulation of late 

embryogenesis abundant (LEA) proteins, which have been shown to confer tolerance to 

various stresses that result in desiccation (Olvera-Carillo et al., 2010; Campos et al., 

2013; Furuki et al., 2011).  

 

1.2 Introduction to LEA Proteins 

1.2.1 Discovery of LEA Proteins 

  LEA proteins, as suggested by their name, accumulate in the seed during the 

late stages of embryogenesis. Embryogenesis represents an intense period of growth, 

and morphogenesis, which is necessary for the development of the embryo. The final 

stages of embryogenesis involve a drastic decrease in seed water content to ~10% of 

the normal content and, consequently, the plant transcriptome is altered to favour seed 

germination and acquire desiccation tolerance (Hundertmark and Hincha, 2008; Amara 

et al., 2014). It is during this later stage of embryogenesis in which LEA proteins 

accumulate. LEA proteins were first discovered in the cottonseed species Gossypium 
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hirsutum (Dure et al., 1981). However, it has now been shown that they can be found in 

a multitude of plant species. Further studies revealed that LEA proteins not only 

accumulated in seeds during the later stages of embryogenesis, but also in vegetative 

tissue in response to stress, particularly involving water limitation (Garay-Arroyo et al., 

2000). Interestingly, LEA proteins have also been identified in animals such as 

chironomids, brine shrimp, nematodes and arthropods, and in certain bacteria, such as 

Azobacter (Rodriguez-Salazar et al., 2017; Janis et al., 2017; Hincha and Thalhammer, 

2012). It should be noted that it remains unclear whether the presence of LEA proteins 

in animals and bacteria is a result of convergent evolution, in which the proteins evolved 

separately in different species to fulfill a similar function, or whether there is a common 

ancestor to lea genes that arose from divergent evolution. Organization of LEA proteins 

is performed based on their identified sequence motifs, with many classification systems 

present in LEA protein literature; the Pfam naming system outlined by Hundertmark and 

Hincha, 2008 will be used in this thesis.  

 

1.2.2 Expression and Localization of LEA Proteins 

  Lea expression is induced by abscisic acid (ABA), a hormone that regulates the 

expression of various proteins throughout plant development and in response to 

environmental stress (Siddiqui et al., 1998). It has also been shown that water limitation, 

cold temperatures, light variation, and salinity (all stresses that result in desiccation) can 

cause ABA accumulation, and it is believed that ABA acts as the initial signal for the 

stress response (Chandler and Robertson, 1994; Weatherwax et al., 2016). 
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Consequently, application of exogenous ABA can be used to induce lea expression. lea 

expression is typically highest in seeds during the latter stages of embryogenesis, and 

this is supported by quantitative reverse-transcriptase polymerase chain reaction (RT-

PCR) showing that in A. thaliana, most lea transcript levels were highest in seeds 

(Hundertmark and Hincha, 2008). In A. thaliana, there are 51 identified LEA proteins, 

and it was also found that 22/51 lea genes showed high expression levels in non-seed 

organs in the absence of stress or hormone treatment, while in the presence of stress, 

several lea genes showed an increase in expression in non-seed organs (Hundertmark 

and Hincha, 2008). Many studies have also explored the intracellular localization of LEA 

proteins, which have shown that LEA proteins can be found throughout the cell in 

different intracellular compartments, including the cytosol (Franz et al., 1989; Roberts et 

al., 1993), chloroplasts (Lin and Thomashow, 1992; Ndong et al., 2002), endoplasmic 

reticula (Ukaji et al., 2011), nuclei (Borrell et al., 2002; Riera et al., 2004), and 

mitochondria (Bardel et al., 2002; Grelet et al., 2005; Menze et al., 2009).  

  The correlation between lea expression and stress tolerance has been further 

supported by many in planta studies (Peng et al., 2008; Yin et al., 2006; Houde et al., 

2004; Cheng et al., 2002; Liu et al., 2009; Ochoa-Alfaro et al., 2012), two of which are 

described here. Two LEA1 proteins originally identified in the resurrection plant Borea 

hygrometrica (BhLEA1 and BhLEA2) were over-expressed in transgenic tobacco. The 

plants showed increased water content in leaves and increased photosystem II activity, 

lower membrane permeability, increased superoxide dismutase and peroxidase activities, 

as well as stabilization of certain proteins (ribulose-bisphosphate carboxylase/oxygenase, 



 

 

6 

 

light harvesting complex II and photosystem II) in OEX plants when compared to wildtype. 

This data supports a role for the BhLEA proteins in general protection of the plant cell 

during dehydration involving membrane and protein stability (Liu et al., 2009).  Over-

expression of the cactus pear OpsDHN1 gene in A. thaliana resulted in no phenotypic 

change but did increase the survival rate of plants by 2.5-3-fold after exposure to cold 

stress compared to the wildtype. It was also shown that the OEX plants did not offer 

additional protection again high salt stress, showing that the OpsDHN1 gene must 

specifically be involved in the cold stress response (Ochoa-Alfaro et al., 2012). These 

studies provide evidence of LEA proteins having a protective role in plants against various 

stressors.  

 

1.3 Structure of LEA Proteins 
 

  LEA proteins are hydrophilic, possessing a biased amino composition that is rich 

in glycine and small and/or charged amino acids, while containing fewer non-polar 

and/or hydrophobic amino acids, with cysteine and tryptophan being very rare in LEA 

proteins. As a result of the predominance of hydrophilic amino acids, there is an 

increased interaction of LEA proteins with water, reducing internal hydrophobic 

interactions and resulting in a random coil structure in solution (Battaglia et al., 2008). 

Furthermore, LEA proteins generally meet the criteria defining intrinsically disordered 

proteins (IDPs) 
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1.3.1 Intrinsically Disordered Proteins 

 The folding of proteins typically requires a hydrophobic core which is driven by 

the hydrophobic effect; however, since LEA protein sequences have too few non-polar 

amino acids to drive hydrophobic collapse, they are generally believed to adopt a 

random coil structure in solution. Because of this, LEA proteins are classified as IDPs. 

Disorder predictions tools suggest that 27-41% of all eukaryotic proteins contain 

unstructured regions of at least 50 residues, and that 6-17% of all eukaryotic proteins 

are wholly disordered (Dunker et al., 2001). IDPs challenge the traditional structure-

function paradigm that a defined structure is needed to carry out a specific function. Yet, 

many IDPs carry out roles in signaling pathways, regulatory processes, stress 

responses, and diseases (Uversky et al., 2008; Theillet et al., 2014). In fact, intrinsic 

disorder can be advantageous by allowing high specificity coupled with low affinity, 

since the free energy arising from protein-ligand interactions is reduced by the energy 

required to fold disordered regions (Drobank et al., 2013); structural heterogeneity, 

allowing one protein to bind multiple and differently shaped partners, while allowing 

certain regions to fold accordingly for interactions with specific interfaces (Varadi et al., 

2015; Kriwacki et al., 1996; Bayley et al., 1996); and the creation of large interaction 

surfaces, allowing the protein to surround its partner effectively, thereby reducing the 

reliance on orientation factors (Meador et al., 2016). Altogether, IDPs possess many 

important roles and their flexibility is responsible for their ability to “moonlight”, which 

allows some of them to perform multiple functions (Habachi et al., 2014).  



 

 

8 

 

 

1.3.2 Structural Analysis of LEA Proteins 

  The first structural analysis of a LEA protein was performed by McCubbin et al., 

on a LEA5 protein from Triticum aestivum. Gel filtration sedimentation analysis was 

used to determine the Stokes radius of the protein, which appeared larger than 

expected for a globular protein, indicating a lack of compactness. Viscosity 

measurements supported an asymmetrical and flexible conformation, while far-UV 

circular dichroism (CD) indicated very little secondary structure (McCubbin et al.,1985). 

It became apparent that these findings were typical for many LEA proteins, showing 

they were indeed IDPs. 

   Many structural studies on LEA have provided further support for a disordered 

structure alone in solution (Goyal et al., 2005; Mouillon et al., 2006; Irar et al., 2006; 

Kovacs et al., 2008). Further analysis also established that despite having an unfolded 

structure in solution, some LEA proteins could adopt partial structure. A gain in 

secondary structure could be seen upon drying the LEA proteins or in the presence of a 

potential ligand. This is evident from the CD analysis of soybean LEA4 proteins GmPM1 

and GmPM28, where a negative band was observed around 200 nm, which is 

characteristic of a disordered protein; however, a gain in α-helicity was observed in the 

presence of sodium dodecyl sulfate (SDS) and trifluoroethanol (TFE) , which are 

common helix promoting agents (Shih et al., 2010). Similarly, CD was used to 

investigate the structure of the LEA6 common bean LEA PvLEA6. In solution, a 

minimum in ellipticity was observed at 200 nm, suggesting a disordered state, while 
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upon the addition of increasing concentrations of TFE (0-90%) there was a progressive 

appearance of a positive band at 190 nm and negative bands at 208 and 222 nm 

(Rivera-Najera et al., 2014). Thus, the addition of TFE induced α-helix formation from 

the initial disordered structure. 

Additional CD experiments have been performed to examine the effects of pH 

and temperature on the structure of PvLEA6. The CD spectra of PvLEA3 at pH values 

ranging from 5.7 to 8 were similar, suggesting that changes in amino acid charges lead 

to no detectable changes in protein structure. Interestingly, a difference in CD spectra 

was observed for the different temperatures that were tested (10-80C̊); higher 

temperatures showed a decrease in the intensity of the 200 nm band, while there was 

an increase in the intensity of the negative bands at 210 and 235 nm, suggestive of a 

polyproline type II (PPII) helix or β-like structure (Rivera-Najera et al., 2014). CD was 

also used on dehydrins from A. thaliana to determine if macromolecular crowding 

influenced the structure of the LEA proteins (Mouillon et al., 2008). The motivation for 

this study arises from the fact that in the cell, high concentrations of molecules are 

present (i.e. unlike buffer conditions used during in vitro experiments) and could 

influence the structure of LEA proteins. Their results showed that the CD spectra in the 

presence and absence of molecular crowding agents, Ficoll or Dextran, showed very 

little change, supporting the idea that LEA proteins are disordered in a cellular 

environment, and likely will only gain structure when bound to a ligand (Mouillon et al., 

2008).  
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   Nuclear Magnetic Resonance (NMR) spectroscopy is also very useful for 

examining the partial structure of IDPs, both alone and in the presence of a potential 

ligands. As previously mentioned, PvLEA6 has a disordered structure based on CD 

data. NMR analysis of PvLEA6 revealed narrow dispersion of amide proton chemical 

shifts between 7.7 and 8.5 ppm, indicative of an unstructured state when alone in 

solution. Upon the addition of 62.5% TFE, the amide peaks became dispersed, where 

some HN peaks were below 8.0 ppm and above 8.5 ppm, suggesting a gain in structure 

(Rivera-Najera et al., 2014). When analyzing the wheat LEA protein WC16, NMR was 

used to show that hydrophobic side chains do not form any clustered regions, there is 

no definitive secondary structure, and there was no significant three-dimensional 

structure, suggesting WC16 does not form a rigid structure, but instead favors a random 

state (Sasaki et al., 2014). Even though CD and NMR both provide information on the 

structural state of a protein, the techniques are complimentary; CD provides information 

on global secondary structure while NMR can provide residue-specific information.  

 Another study employed both CD and NMR to analyze the structure of a dehydrin 

called K2 from Vitis riparia. CD was used to show that the spectra of K2 alone had a 

minima at 198 nm (i.e. disordered), while in the presence of liposomes or SDS the 

minimal shifted to 205 nm and a gain in signal was observed at 222 nm, indicative of a 

gain in α-helicity (Clarke et al., 2015). Residue-specific changes in K2 were mapped in 

the presence and absence of SDS micelles. This showed that K2 alone had little 

dispersion in amide proton and nitrogen dimensions, while the presence of SDS caused 

them to spread over a wider range, suggesting that structuring is occurring. More in-
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depth analysis using carbon chemical shifts showed that residues 4-11 and 37-44 

underwent the largest changes in chemical shift. These residues are located inside the 

defining motif for this LEA group, the K-segment, which were proposed to bind to SDS 

(Clarke et al., 2015). 

 

1.4 In vitro LEA Protein Functions 

  LEA protein literature suggests a correlation between lea expression and stress 

tolerance (Peng et al., 2008; Yin et al., 2006; Houde et al., 2004; Cheng et al., 2002; Liu 

et al., 2009; Ochoa-Alfaro et al., 2012); however, the precise molecular function remains 

elusive. Many possible functions for LEA proteins have been elucidated through various 

in vitro experiments. Although these experiments may not be fully representative of the 

in vivo environment, they provide meaningful biochemical information on processes that 

can occur within plant cells. In addition, potential functions that have been proposed for 

LEA proteins from in vitro studies include chaperones/stabilizers, membrane binders, 

metal binders, hydration buffers, and organic glass formers.  

1.4.1 Chaperones/Stabilizers 

  The highly hydrophilic and unstructured nature of LEA proteins allows them to be 

immune to aggregation upon desiccation, freezing, or boiling; therefore, they are ideal 

candidates to protect other proteins under these conditions. A chaperone/stabilizer role 

for LEA proteins is supported by the ability of the LEA1 protein AavLEA1 from 

Aphelenchus avenae to protect the enzyme citrate synthase from desiccation and 
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freezing stress, which was shown by a decrease in aggregation (A340) and retention of 

Citrate Synthase (CS) activity in the presence of LEA protein (Goyal et al., 2005). Two 

Arabidopsis thaliana Dehydrins, ERD10 and ERD14, have been shown to protect 

alcohol dehydrogenase, citrate synthase, and firefly luciferase from thermal 

denaturation, again shown by reduced aggregation of the enzymes (Kovacs et al., 

2008). Numerous studies have identified a role for LEA proteins in cryoprotection (Lin 

and Thomashow, 1992; Goyal et al., 2005; Cuevas-Velazquez et al., 2014). Two LEA 

proteins belonging to the dehydrin family, K2 and YSK2, protected lactate 

dehydrogenase (LDH) from multiple freeze-thaw cycles, shown by the recovery of LDH 

activity after freeze-thaw cycles in the presence of dehydrins (Hughes and Graether, 

2011). 

The detailed mechanism by which LEA proteins can act as 

chaperones/stabilizers has also been investigated. Using various concatemers and 

synthetic peptides of the K2 LEA protein, it was shown that there was a correlation 

between hydrodynamic radius and cryoprotective efficiency, with larger proteins 

showing a better cryoprotective effect. It was also shown that the protein needed 

disordered regions, since using ordered proteins generally resulted in poor protection 

(Hughes et al., 2013). Mutational analysis revealed that the hydrophobic residues in the 

K-segments contributed to the cryoprotection, as mutation of these residues significantly 

reduced cryoprotection (Hara et al., 2017). It is unlikely that this is the only requirement 

for cryoprotection as LEA proteins belonging to other groups, and therefore having 

different sequence organization (i.e. lacking K-segments) have shown to be effective 
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cryoprotectants (Liu et al., 2016; Furuki and Sakurai, 2016). Overall, it is suggested that 

LEA proteins may protect other enzymes using a “molecular shield” mechanism, in 

which LEA proteins localize near the enzyme and, because of their hydrophilic and 

disordered nature, may provide an appropriate environment to stabilize a native and 

functional structure of the enzyme (Hughes et al., 2013). 

 

1.4.2 Membrane Binding 

  During desiccation, membrane protection is crucial for preservation of organellar 

and cellular integrity. Cold stress can result in the fusion of membranes or result in 

membrane leakage, which both have detrimental consequences to the cell. A role for 

LEA proteins in membrane protection has been suggested by several studies. 

Immunodetection was used to determine the sub-cellular localization of the wheat LEA 

protein Wcor410 and showed that it accumulated in the vicinity of plasma membrane 

during cold stress, suggesting it could have a function involving membranes (Danyluk et 

al., 1998). A. thaliana LEA proteins, EDR10 and ERD14, were shown to electrostatically 

interact with phospholipid vesicles using a gel filtration column assay, and CD analysis 

showed that the interaction with the membrane promoted amphipathic α-helix formation 

(Kovacs et al., 2008). Additionally, using differential scanning calorimetry (DSC) and a 

liposome desiccation assay, it was shown that a pea LEA protein could interact and 

provide protection of membranes in the dry state (Tolleter et al., 2007). Other studies 

have showed LEA proteins can reduce the leakage of a dye, carboxyfluorescein, from 

liposomes during freezing, suggesting a role in reducing membrane leakage during cold 
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stress (Moore et al., 2016; Bremer et al., 2016) In addition, it has been shown using 

differential light scattering (DLS) that the presence of LEA proteins can reduce the 

aggregation of liposomes during freezing, suggesting a role in reducing membrane 

fusion (Clarke et al., 2015).    

The exact mechanism by which LEA proteins could bind membranes remains 

unclear, although biophysical analysis has provided some insight. Clarke et al., 

investigated the binding of K2 to liposomes of various combinations of 

phosphatidylcholine (PC), phosphatidic acid (PA), phosphatidylglycerol (PG) and 

phosphatidylserine (PS). More specifically, liposomes with 1:1 compositions of PC:PA, 

PC:PG, and PC:PS were made, and their results showed that K2 could only bind the 

liposomes containing anionic lipids (i.e. PA), suggesting an electrostatic interaction 

(positive functional groups of K2 interacted with the negative phospholipids). They also 

showed using DSC that K2 lowered the transition temperature of the membrane by 3˚C, 

which suggests that the binding of K2 allows the membrane to remain in a more fluid 

state at a lower temperature, which would be essential to allow proper membrane 

fluidity during cold stress (Clarke et al., 2015). Using various biophysical techniques, it 

was shown that in the bound state, the lysine residues of K2 are important for 

membrane binding, whereas as the flanking hydrophobic residues are involved in 

binding but play a lesser role. It was proposed that the disordered nature of the 

unbound protein allows it to act as a molecular shield for proteins, whereas the 

membrane-bound state allows it to protect the membrane from leakage of electrolytes 

or fusion with other membranes (Clarke et al., 2015; Atkinson et al., 2016). Overall, it 
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has been shown in vitro that LEA proteins can offer membrane protection during various 

stressors, and detailed biophysical analysis has revealed possible mechanisms of 

action. Since there are many different LEA proteins that have been shown to interact 

with membranes that may not share a similar sequence to K2, further analysis could 

provide more insight on LEA protein-membrane interactions.  

 

1.4.3 Metal binding 

 Metal ions are important in plants for growth, development, reproduction, and 

many other biological processes. Many dehydrins have showed the ability to bind metal 

ions. ERD10 was able to bind Ca2+ in a phosphorylation-dependent manner (Alshieikh 

et al., 2003). The binding of a citrus LEA protein, CuCOR15, to Ni2+ and Cu2+ has been 

shown (Hara et al., 2005). Through deletion studies, it was shown that a histidine-rich 

sequence near the N-terminus was responsible for the metal binding ability of 

CuCOR15. Interestingly, CuCOR15 was unable to bind other divalent metal ions, such 

as Mg2+, Ca2+, Mn2+, demonstrating that interaction was metal specific (Hara et al., 

2005). Two Group 4 LEA proteins from soybean, GmPM1 and GmPM9, were shown to 

bind Fe3+, Ni2+, Cu2+, and Zn2+. The binding was linked to a higher proportion of histidine 

residues than observed in dehydrins, and it was shown that GmPM1 and GmPM9 could 

efficiently inhibit the production of hydroxyl radicals by binding Fe3+ ions (Liu et al., 

2011). Ions such as Cu2+ and Fe3+ can participate in Fenton chemistry and react with 

molecules such as hydrogen peroxide to form ROS. These ROS can go on to cause 

harmful effects such as damaging proteins, DNA, or causing lipid peroxidation. The 
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binding of ions to these LEA proteins could offer some protection from ROS-mediated 

damage.  Overall, it has been shown that LEA proteins can bind metal ions and have a 

role in protecting from ROS-mediated damage. The precise mechanism of binding 

remains elusive and understanding why specific LEA proteins bind specific metal ions 

requires further investigation.  

 

1.4.4 Other functions 

  Other, less-studied potential functions that have been proposed for LEA proteins, 

including acting as hydration buffers and contributing to the formation of biological 

glasses. 

   Hydration buffers can slow the rate of water loss during desiccation and allow 

adequate water activity for proper biological function (Garay-Arroyo, 2000). A hydration 

buffer role was proposed for the A. thaliana LEA proteins, Atm6, using a knockout 

mutant, whose seeds demonstrated premature dehydration (Manfre et al., 2006). In 

addition, desiccation can result in water content falling below 10%, which can cause the 

cytoplasm to undergo vitrification and enter a “glassy state”. The formation of biological 

glasses in plants is indispensable for surviving dehydration; LEA proteins accumulate to 

high levels in seeds and can contribute to biological glass formation by strengthening 

hydrogen bonding of LEA protein-sugar mixtures (Buitinik and Leprince, 2004). 

  Evidently, many different functions have been suggested for LEA proteins and it 

is becoming more apparent that some LEA proteins can perform multiple functions. A 

mitochondria pea LEA protein and the chloroplast LEA protein COR15 can protect both 
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proteins and membranes (Lin and Thomashow, 1992; Nakayama et al., 2007), a citrus 

LEA protein can bind metal ions and nucleic acids (Hara et al., 2005; Hara et al., 2009), 

and a grapevine LEA protein can bind metals and also DNA to protect it from oxidative 

stress (Boddington and Graether, 2019). The ability of LEA proteins to perform multiple 

functions is termed “moonlighting” and is a common characteristic of IDPs; their 

structural heterogeneity may be associated with greater functional promiscuity (Tompa, 

2005). 

   Seemingly, it has been shown that LEA proteins could have a variety of 

functions, but it is important to understand that although LEA proteins demonstrate 

similar physiochemical properties based on their hydrophilic nature, the great diversity 

in their primary sequences could allow certain LEA proteins to perform specific 

functions. The function(s) of LEA proteins could be further influenced by expression 

patterns, tissue specialization, and localization within the cell. In addition, it is also 

important to consider post-translational modifications (PTMs) that may occur in vivo but 

would not be present when using recombinant proteins for in vitro assays. Using a 2-

dimensional electrophoresis and mass spectrometry approach, it was shown that the 

LEA5 protein Emb564 had a complex combination of PTMs such as phosphorylation, 

acetylation, methylation, and deamination, and it was suggested that these PTMs could 

be critical in protein conformation, subcellular interactions, and/or localization (Amara et 

al., 2012).  Moreover, PTMs have been implicated in the function of LEA proteins, as 

the binding of dehydrin ERD10 to Ca2+ only occurred after ERD10 was phosphorylated 

(Alshieikh et al., 2003). Therefore, when trying to elucidate the function of LEA proteins 
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it is important to use a variety of techniques/approaches to address the many factors 

that can influence their function.  

 

1.5 LEA3 Proteins  

1.5.1 LEA Proteins in A. thaliana 

  A. thaliana is a small dicotyledonous plant species that belongs to the 

Brassicaceae (mustards) family. A. thaliana has been the focus of intense biochemical, 

genetic, and physiology studies for many decades because of several traits that make it 

desirable for laboratory experimentation. It has a fast life cycle that does not depend on 

complex requirements (i.e. light, air, water, and a few minerals are needed), it produces 

numerous self-progeny, can be grown easily inside or outside, and has a relatively small 

genome that can be rapidly manipulated through genetic engineering. Although A. 

thaliana itself is not an economically important plant, it is closely related to many 

economically important ones, such as broccoli, canola, cabbage, and turnips 

(Koornneef and Meinke, 2010). Thus, it is a desirable species to use for laboratory 

experiments, as the information we learn can be applied to other important plants.  

  Fifty-one LEA proteins have been identified in A. thaliana, which are grouped 

based on sequence similarity (Hundertmark and Hincha, 2008). The structure and 

function of many LEA proteins has been investigated, yet their exact in vivo function and 

mechanism of action remain elusive. Dehydrins, are the best characterized of all the 

groups. LEA3 is also of interested due to the lack of previous biochemical 

characterization and predicted localization to the mitochondria and/or chloroplasts 
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(Candat et al., 2014), two important organelles for energy production and 

photosynthesis, respectively. In addition, it is important to investigate different LEA 

groups to determine how they could contribute to the larger goal of understanding why 

so many different LEA proteins exist and determining their specialized functions.  

 

1.5.2 Previous Studies on LEA3 Proteins    

   Currently, very little data exists for the A. thaliana group 3 LEA proteins; however, 

one member, SAG21, which will hereafter be denoted LEA3-2, has prior functional 

investigation. Mowla et al., 2006 used a yeast complementation approach using a Δyap1 

mutant (YAP1 is needed for the expression of many oxidative stress response genes) to 

screen an A. thaliana cDNA library for clones that could grow on media with H2O2 at levels 

that are toxic to a mutant. After an additional round of screening, 12 clones were isolated 

and sequenced, and one of these clones was lea3-2. Northern blot analysis was used to 

explore the tissue distribution of lea3-2; transcripts were detected at low levels in stem, 

root and cauline leaves but were more abundant in flowers, and transcript levels were 

highest in the dark, with levels decreasing after illumination. In addition, moderate 

expression of lea3-2 was induced by spraying 10 mM H2O2 in the presence of light, with 

marked enhancement in expression experienced in darkness, and H2O2 induced LEA3-2 

expression in roots of hydroponically grown plants. Expression in leaves was also induced 

by menadione and paraquat, which are super-oxide generating agents. Expression of 

LEA3-2 in leaves with 50% soil water content (SWC) was barely detectable; however, 

upon further decrease of SWC, lea3-2 expression increased, showing drought-dependent 
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induction. The authors created transgenic plants over-expressing (OEX) lea3-2 to 

observe phenotypic differences when compared to the wild-type (WT) plants. Under 

normal conditions, OEX plants demonstrated increased root and shoot biomass; primary 

and lateral root length were increased, as was rosette fresh weight. When exposed to 

H2O2 stress, OEX plants sustained higher root and shoot growth than the WT plants at 

comparable levels of H2O2, denoting a higher tolerance to H2O2. The authors also showed 

that OEX plants could not prevent the oxidant-dependent decrease in chlorophyll upon 

H2O2 or paraquat exposure, and photosynthetic inhibition was more severe in the OEX 

plants. All together, these results suggest that lea3-2 is upregulated in response to 

oxidative- and/or drought-induced stress, and this up-regulation is beneficial to plant 

growth and survival. They suggested that LEA3-2 may protect cellular components 

against ROS-induced damage or enhance the turnover of specific proteins during stress 

to allow rapid acclimation to the stressful conditions (Mowla et al., 2006).  

  A follow up study was performed by Salleh, et al., 2012 to further explore the 

potential function(s) suggested for LEA3-2 by Mowla and colleagues. To supplement 

the OEX data from the previous work, the authors grew anti-sense (AS) plants with a 

five-fold reduction in LEA3-2 transcripts. A notable difference in above-ground biomass 

was observed; OEX lines produced taller plants with more flowering stalks, while the AS 

plants were shorter, had fewer flowering stalks, less leaves, and less rosette biomass. 

Twenty days after germination, primary root length was comparable between WT and 

OEX plants but were significantly shorter in AS plants. Root hair morphology also 

revealed that OEX plants had longer root hairs, while AS plants had shorter root hairs, 
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although the number of root hairs was similar. The tissue- and stress-responsive 

expression of lea3-2 was investigated next. Plants exposed to an 8-h dark period 

showed expression of lea3-2 in cotyledons and roots, but not in rosettes. Dark-treated 

seedlings showed strong expression throughout root tissues, although it was absent 

from primary and lateral root tips. The authors determined that alongside H2O2 and 

drought, other abiotic stresses can up-regulate lea3-2, such as: cold and salt stress, 

wounding, and growth hormones methyl jasmonate, salicylic acid, and ethylene. A 

relationship between lea3-2 expression and biotic stress was also established. Fungal 

pathogen Botrytis cinereal elicited strong up-regulation at lesion sites and OEX plants 

had reduced fungal growth and germination after 24-h, although after 48-h growth levels 

were comparable to the WT. Bacterial pathogen Pseudomonas syringae was also 

tested, and OEX plants demonstrated reduced bacterial numbers, suggesting some 

level of protection due to LEA3-2 over-expression. 

Lastly, using confocal analysis of plants stably expressing a LEA3-2-YFP fusion 

combined with mitotracker staining, a mitochondrial localization was observed (Salleh et 

al., 2012). Overall, it is suggested that LEA3-2 may play a role in root hair elongation, 

and more specifically, could be an interacting protein that alters the function/stability of 

mitochondrial proteins involved in ROS production or signaling (Mowla et al.,2006; 

Salleh et al., 2012); however, the exact mechanism of action at the cellular level and 

biochemical characterization is lacking. 
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1.6 Rationale and Thesis Objectives 

  To date, most of the biochemical and biophysical analyses performed on LEA 

proteins have involved dehydrins. The motivation to study LEA3 proteins arises from the 

lack of biochemical analysis on this group, which will not help only with our 

interpretation of the  in planta LEA3 studies, but will open new avenues of research that 

can be explored pertaining to the LEA3 group.   

Objective One: Genome-Wide Bioinformatics Analysis of LEA3 Proteins 

  The aim of objective one was to search a large database of plant species 

(Phytozome v13) for LEA3 proteins using the previously defined W-motif. These 

sequences were then analyzed to develop a more rigorous W-motif and discover any 

new motifs. The organization of the motifs was examined to develop possible 

architectures for LEA3 proteins. Analysis was performed on physiochemical properties 

and species distribution of the different architectures of LEA3. Lastly, the evolution of 

LEA3 proteins was explored. 

Objective Two: Create an expression and purification system to produce LEA3 

proteins for characterization  

  The aim of objective two was to develop a protocol that can be used to express 

and purify the LEA3 proteins for structural and functional studies. This protocol can also 

be modified to produced isotopically labelled LEA3 proteins for NMR studies. The 

protocol is applicable for use on other LEA proteins and IDPs, for both unlabelled and 

labelled protein production. 
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Objective Three: Biochemical characterization of LEA3 Proteins  

 The aim of objective three was to biochemically characterize LEA3 proteins 

through functional and structural analysis. Structure was investigated using in silico 

predictions, CD and NMR. Functions that were investigated include enzyme 

cryoprotection, metal binding, and membrane mimetic binding (SDS and DPC micelles). 

Structural changes from ligand binding were observed using CD and NMR.  
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2 Genome-wide Bioinformatics Analyses of LEA3 Proteins 
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2.1 Abstract 

  LEA3 proteins, a family of abiotic stress proteins, are defined by the presence of 

a tryptophan-containing motif, which we name the W-motif. We use Pfam LEA3 

sequences to search the Phytozome database to create a W-motif definition and a 

LEA3 sequence dataset. A comprehensive analysis of these sequences revealed four 

N-terminal motifs, as well as two previously undiscovered C-terminal motifs containing 

conserved acidic and hydrophobic residues. The general architecture of the LEA3 

sequences consisted of an N-terminal motif with a potential mitochondrial transport 

signal and the twin-arginine motif cut-site, followed by a W-motif and often a C-terminal 

motif. Analysis of species distribution of the motifs showed that one architecture was 

found exclusively in Commelinids, while two were distributed evenly over all species. 

The physiochemical properties of the different architectures showed clustering in a 

relatively narrow range compared to the previously studied dehydrins. The evolutionary 

analysis revealed that the different sequences grouped into clades based on 

architecture, and that there appear to be at least two distinct groups of LEA3 proteins 

based on their architectures and physiochemical properties. The presence of LEA3 

proteins in non-vascular plants but their absence in algae suggests that LEA3 may have 

arose in the evolution of land plants. 
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2.2 Introduction 

   Plants are often subjected to a variety of abiotic stresses that can restrict their 

growth and potentially result in death, where drought and cold stresses are thought to 

have the most significant effects on crop growth (Poltronieri et al., 2011). Both of these 

stresses lead to dehydration at the cellular and whole-plant level, causing a decrease in 

photosynthetic reaction rates and an increase in the production of reactive oxygen 

species (ROS). ROS do have roles in cell signaling and homeostasis; however, over-

accumulation of ROS can lead to oxidative stress, thereby damaging or impairing the 

function of DNA, proteins, and lipids (Oosten et al., 2016). 

  As sessile organisms, plants have evolved to respond to adverse environmental 

conditions using a number of different adaptations. They can respond to dehydration by 

modifying their root architecture to create a deep and thick root system to enhance their 

ability to capture soil moisture, and by closing stomata and reducing leaf surface area to 

minimize water loss (Chandra Babu et al., 2001). There is also an overproduction of 

various osmolytes (e.g., sugars, sugar alcohols, small dipeptides, amino acids) to help 

regulate water levels, minimize ROS formation, and stabilize enzymes, as well as the 

synthesis of antifreeze proteins to prevent the formation of ice and/or inhibit ice 

crystallization (Atici and Nalbantoǧlu, 2003; Dolev et al., 2016; Farooq et al., 2009). 

Also, there is an upregulation in the expression of late embryogenesis abundant (LEA) 

proteins, which have been shown to confer dehydration and cold tolerance to plants 

(Olvera-Carrillo et al., 2010; Furuki et al., 2011; Campos et al., 2013). 

  LEA genes appear to be numerous in the plant genome, with 51 lea genes identified 
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in Arabidopsis thaliana (Bies-Ethève et al., 2008; Hundertmark and Hincha, 2008). As 

their name suggests, LEA proteins accumulate in seeds during the later stages of 

embryogenesis but are also expressed in all plant life stages. In adult plants, there is an 

up-regulation of the genes encoding for LEA proteins in vegetative tissues after 

exposure to dehydrative, low temperature, and/or osmotic stresses (Bies-Ethève et al., 

2008; Hundertmark and Hincha, 2008). LEA proteins possess a biased amino acid 

composition that is rich in glycine and other small and/or charged amino acids, while 

containing a minimal number of cysteines, non-polar and aromatic amino acids. The 

prevalence of hydrophilic residues favors the association of LEA proteins with water, 

resulting in an open, random coil structure in solution. Not surprisingly, LEA proteins are 

classified as intrinsically disordered proteins (IDPs), meaning they lack stable 

secondary and tertiary structure (Tompa, 2002; Uversky, 2002). 

   The LEA proteins found in the model plant A. thaliana were grouped based on 

sequence similarity, although the naming convention and grouping remains inconsistent 

in the literature and sequence databases. Here, the Pfam naming system will be used, 

as detailed by Hundertmark and Hincha (Hundertmark and Hincha, 2008).  

  Many plant species possess multiple LEA proteins, and the expression of LEA 

proteins has been in observed in many intracellular compartments, including the cytosol 

(Franz et al., 1989; Roberts et al., 1993), chloroplasts (Lin and Thomashow, 1992; 

Ndong et al., 2002), endoplasmic reticulum (Ukaji et al., 2011), peroxisomes (Cuctler et 

al., 2000), nuclei (Borrell et al., 2002; Riera et al., 2004), and mitochondria (Bardel et 

al., 2002; Grelet et al., 2005; Menze et al., 2009). Group 2 LEA proteins, known as 
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dehydrins, are the best characterized of all the LEA groups (Graether and Boddington, 

2014; Eriksson and Harryson, 2011). Group 3 is also of interest due to localization to 

the mitochondrion (Candat et al., 2014), an important organelle for energy production. 

  Currently, very little specific data exist for the A. thaliana group 3 LEA proteins; 

however, one member, SAG21 (also known as LEA3-2), has been studied. Transgenic 

plants that overexpressed AtLEA3-2 showed a higher root and shoot biomass, under 

both normal growth conditions and in the presence of H2O2 (Mowla et al., 2006). They 

also showed that LEA3-2 is upregulated in response to oxidative- and drought-induced 

stress, and this up-regulation is beneficial to plant growth and survival. A follow-up study 

further explored the potential function of LEA3 proteins by using both overexpression 

and anti-sense LEA3-2 plant lines (Salleh et al., 2012). While overexpression produced 

taller plants with more flowering stalks, the anti-sense plants were shorter, had fewer 

flowering stalks, fewer leaves, and lower rosette biomass. They also showed that the 

protein localized to the mitochondrion (Salleh et al., 2012). These studies suggest that 

LEA3-2 may play a role in the function/stability of mitochondrial proteins involved in 

ROS production or signaling (Mowla et al., 2006; Salleh et al., 2012); however, the 

mechanism of action at the cellular level and biochemical characterization still requires 

further studies. 

  Genome-wide analysis of LEA proteins in a single species have been previously 

performed to evaluate common motifs, expression patterns, evolution, and predicted 

localization (Altungolu et al., 2016, Wang et al., 2006, Pedrosa et al., 2015, Liang et al., 

2016, Lan et al., 2009, Fliliz et al., 2013, Charfeddine  et al, 2015, Hundertmark and 
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Hincha, 2008). Multi-genome analyses on the dehydrin group resulted in a more 

rigorous and consistent motif description (Malik et al., 2017) and provided insight into 

their evolution (Riley et al., 2019). However, to date there is a lack of targeted studies 

investigating other LEA groups, such as LEA3, across multiple plant species. To aid in 

furthering our understanding of LEA3 proteins, we perform multiple bioinformatics 

analyses in here to rigorously define the conserved motifs and architectures in vascular 

and non-vascular plants, and examine how LEA3 proteins are spread throughout plant 

species. 

 

2.3 Results 

2.3.1 Conserved Motifs in Higher Plants 

  The Pfam dataset (PF03242) is a collection of protein sequences that are 

annotated as LEA3, likely due to the presence of a conserved tryptophan-containing 

motif (Altungolu et al., 2016, Wang et al., 2006, Pedrosa et al., 2015, Liang et al., 2016, 

Lan et al., 2009, Fliliz et al., 2013, Charfeddine et al, 2015, Hundertmark and Hincha, 

2008). After eliminating any duplicate sequences, the dataset was used as an input for 

the MEME program to search for the W-motif, which was subsequently used as a 

search motif for FIMO (Grant et al., 2011) against the Phytozome v13 protein, primary 

transcript datasets. All of these protein sequences were used in a re-run of MEME to 

obtain a more comprehensive version of the tryptophan-containing motif (named here 

as the W-motif) and other newly discovered LEA3 protein motifs. The initial analysis 

was performed on vascular plants found in the Phytozome database (defined as higher 
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plants in this paper). 

  A LOGO representation of the W-motif is shown in Fig. 2-1A, which 

demonstrates a conserved tryptophan residue in position 1 (100%). This motif, by 

definition, is present in all LEA3 proteins. Other highly conserved positions (i.e., 

frequency >67%) include prolines at positions 3, 5, and 12, aspartate at position 4, 

threonine at position 7, and glycine at position 8. Position 10 is completely conserved in 

terms of aromatic character. The remaining positions are fairly variable in terms of 

amino acid type and property, although position 2 seems to be predominantly 

hydrophobic. 

  Two motifs towards the C-terminal end were discovered during the search: the 

DAELR and EDVMP motifs (Fig. 2-1 B and C). The motif names are meant to 

emphasize the amino acids that are enriched in the sequence, and not to capture the 

exact motif pattern. The DAELR motif is more common in LEA3 proteins, being detected 

in 75% of the sequences, while EDVMP motif is present in 20% of them. The DAELR 

motif has several completely conserved residues; aspartate at position 3, leucine at 

position 7 and arginine at position 8. The hydrophobic character is preserved at 

positions 2, 4, and 5, with alanine being common in position 5. Negatively charged 

amino acids are common at positions 1 and 6. The last three residues are variable, but 

often contain lysine, asparagine, arginine, and glutamine (i.e., side chains with nitrogen 

groups). For the EDVMP motif, high conservation also exists at several positions: 

glutamate at position 1, valine at positions 3 and 7, methionine at position 4, aspartate 

at position 6, proline at position 8. Alanine is often found at positions 11 and 12. 
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  The motif search also yielded four N-terminal motifs, which we have named as 

MARS, MAARS, MGRX and M[AS][RK] (Fig. 2-1D). The MARS motif is the most 

common among LEA3 proteins (52%), followed by MGRX (28%). The M[AS][RK] and 

MAARS motifs were each found in about 10% of the sequences. The conserved regions 

for the MARS motif include methionine at position 1, alanine at position 2, arginine at 

position 3, serine at position 4 and lysine at position 9. Positions 8, 10, 11, 15 and 19 

are predominantly non-polar. The MAARS motif showed largely a similar pattern other 

than the alanine being conserved at positions 2 and 3. Based on this, we propose that 

the MAARS motif is essentially identical to the MARS motif, with the exception of the 

inserted alanine. Therefore, for the remainder of the paper we combine the two motifs 

into one, which we name the MAaRS motif, where the lowercase ‘a’ represents the 

insertion. 

  The MGRX motif has a conserved methionine in position 1, mostly glycine or 

sometimes alanine in position 2, and arginine in position 3. Positions 6 and 9 are often 

non-polar, and positions 11-13 often contain leucine. The M[AS][RK] motif shows 

considerably less conservation, with only methionine at position 1 and arginine at 

position 15 being >67% conserved. As suggested by the name, position 2 is mainly 

alanine or serine, and position 3 arginine or lysine. Positions 4, 7, 9, 11 and 12 are non-

polar, and serine is often detected at positions 6, 7 and 9. 

  The RRGYA4 motif (Fig. 2-1E), which is found after the N-terminal motif, was 

observed in 67% of the sequences. Positions 1 and 2 are predominantly arginine and 

position 3 is often glycine. Position 4 is predominantly tyrosine, but phenylalanine is also 
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present, suggesting aromatic character is important at this position. The final four 

residues are mainly alanine, with valine, threonine, and serine occurring as well.  

 

 

 

Figure 2-1. Conservation of the W-motif and other motifs in LEA3 proteins.  

A) W-motif. B) DAELR motif. C) EDVMP motif. D) N-terminal motifs (MARS, MAARS, 
MGRX and M[AS][RK]). E) RRGYA4 motif. Amino acids are color-coded by their group 
type. Blue – positively charged (Lys, Arg, His); red – negatively charged (Asp, Glu); 
black – hydrophobic (Ala, Val, Leu, Ile, Pro, Phe, Met), green – polar (Gly, Ser, Thr, Tyr, 
Cys), purple – neutral (Asn, Gln). The heights of the amino acids correspond to their 
level of conservation at that position. 
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2.3.2 LEA3 Protein Architectures and Properties in Higher Plants 

We next examined how the various motifs are arranged in the LEA3 protein 

sequences, which is shown in Fig. 2-2A, and are grouped by their N-terminal motif and 

by the presence and absence of the two C-terminal motifs. The first, and most common 

architecture, consisted of the N-terminal MAaRS motif, followed by the RRGYA4 motif, a 

variable region that contained no identifiable motif, then the W-motif, and finally the C-

terminal DAELR motif (which we denote as the MAaRS-1W architecture). The second 

architecture was identical to MAaRS-1W, except that part of the variable region 

contained a second W-motif (denoted MAaRS-2W). The third architecture possessed 

only the MAaRS motif and the W-motif, without an identifiable RRGYA4 or DAELR motif 

(denoted MAaRS-no DAELR). Of these three architectures, the MAaRS-1W occurred 

88% of the time, the MAaRS-2W occurred in 8% of these sequences and the MAaRS-

1W-no DAELR occurred in 4%. 

  The remaining two architectures contained either the MGRX N-terminal motif or 

the M[AS][RK] N-terminal motif (Fig. 2-2A). In both architectures, the N-terminal motif 

was followed by a variable region, which itself was followed by a W-motif. The 

M[AS][RK] architecture ended with the C-terminal DAELR motif. The MGRX architecture 

contained the EDVMP C-terminal motif, which was not observed in any of the other 

LEA3 architectures. 

  We subsequently analyzed the length (Fig. 2-2B) of the variable regions of the 

different architectures. For sequences containing the RRGYA4 motif, this distance was 

measured from the end of this motif to the beginning of the W-motif, while for the other 
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architectures this distance was measured from the end of the N-terminal motif to 

beginning of the W-motif. The distance between the RRGYA4 and the W-motif ranged 

from 10 to 46 residues, but the majority had 27 to 34 residues (Fig. 2-2B, left panel). 

For the N-terminal to W-motif distance, a range of 10-60 residues was seen, but the 

range of 35-40 residues contains the highest number of sequences (Fig. 2-2B, right 

panel).  

  Although the central region contains no identifiable motif, we examined the 

region to see whether it is truly variable by determining its amino acid composition (Fig. 

2-2C). Across all architectures, alanine, serine and glycine were near or over 10% in 

abundance, while residues that were within the 5-10% range included glutamate, lysine, 

arginine, threonine and valine. Amino acids that were found <1% in abundance were 

cysteine and tryptophan. When breaking down composition by architecture (Fig. 2-2C), 

the percentages changed by small amounts while the patterns stayed for the most part 

the same. One notable exception is for the M[AS][RK] proteins, where the percentage 

for serine decreased from 13% to 7%, with the difference largely taken up by alanine 

increasing from 15% to 24%. 
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Figure 2-2. Major architectures of LEA3 proteins.  

A) Architecture of the LEA3 proteins grouped by the N-terminal motif and by the 
presence and absence of the C-terminal motifs. N-terminal motifs, light blue; RRGYA4 
motif, green; W-motif, red; DAELR motif, purple; EDVMP motif, orange. Bars are not to 
scale. B) Number of residues between the end of the N-terminal motif or the RRGYA4 
motif and the first W-motif. C) Amino acid composition of the variable region. The 
column headers show the single letter abbreviation of the amino acids, while the 
numbers represent the percent of the residues that contain that amino acid. The rows 
represent the composition in either all LEA3 proteins or by the major architectures. 
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2.3.3 Distribution of LEA3 Proteins among Species 

  We next examined the distribution and number of LEA3 proteins in the different 

higher plant species. A full list of architectures by plant species is included as Figure 

S2-1. Most plants (92%) have at least two LEA3 proteins, and on average there are 5 ± 

3 LEA3 proteins per species. At the high end, a few species (8%) have ≥ 10 proteins. At 

the low end, Zostera marina has no LEA3 proteins, whereas Glycine max, Mimulus 

guttatus, Oropetium thomaeum, Dioscorea alata, and Spirodela polyrhiza have only one 

LEA3 protein. While examining initial analysis of the distribution LEA3 architectures 

among all studied species, we observed that Arabidopsis thaliana contained no MGRX 

architectures, whereas the closely related Arabidopsis halleri did. We therefore 

performed a search using FIMO and the EDVMP-motif to search for missing LEA3 

proteins in A. thaliana, and found another LEA3 protein (AT3G19550.1) in this model 

plant that has not been previously identified, and we suggest that it be named AtLEA3-

5. 

  To examine the distribution of LEA3 architectures among plants in more detail, 

we made a simplified grouping of plant species (Fig. 2-3). Because these clades consist 

of a different number of species, all of the population fractions have been reweighted in 

order to normalize the results to facilitate comparison. When looking at the distribution 

of the five architectures across all species groups (Fig. 2-3A), we see that MAaRS-1W 

and MGRX architectures were spread across the species tree. In contrast, the MAaRS-

2W architecture was found predominantly among Malvids, though proteins were found 
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throughout the species tree except for Asterids, while the M[AS][RK] architecture was 

exclusively in the Commelinids. The absence of any C-terminal motif (MAaRS no 

DAELR) was more common in Malvids and Asterids, but were found in the other two 

groups as well. 

  We also examined the distribution of different architectures within each clade 

(Fig. 2-3B). For all groups except for Commelinids, the MAaRS-1W architecture was 

the most abundant one, with the MGRX architecture being the second most common. In 

Commelinids, the M[AS][RK] architecture was the most abundant, while the MAaRS-1W 

and MGRX architectures were the next most abundant, and MAaRS-2W and MAaRS no 

DAELR were rare. 
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Figure 2-3 Distribution of LEA3 architectures in plant clades.  

The different plant species groups were combined into clades, and numbers were 
normalized as described in the Materials and Methods. The numbers represent A) the 
fraction of a plant clade that have one of the architectures, and B) the fraction of a 
protein architecture within one plant clade. 
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2.3.4 Physiochemical Properties of LEA3 

 The three N-terminal motifs (MAaRS, MGRX and M[AS][RK]) were used to divide the 

LEA3 sequences into three groups for the analysis of their physiochemical properties. 

The properties that were analyzed include: isoelectric point (pI, a measure of net 

charge), molecular weight (MW, a measure of size), grand average of hydropathy 

(GRAVY score, i.e. a measure of net hydrophobicity or hydrophilicity) and propensity of 

a protein to fold (FoldIndex score). 

  The distribution of pI scores (Fig. 2-4A) shows that MAaRS and M[AS][RK] LEA3 

proteins have mainly basic pI values that are centered at pH 9.6 and 9.1, respectively, 

and that the majority of their sequences have a pI value between pH 9.0-11.0. There 

are very few acidic pI proteins in this group, with M[AS][RK] proteins being slightly more 

so than MAaRS. The MGRX pI values are distributed over a wider range of values (pH 

5.0-9.5), with the average being near the pI value of 7.0. The MGRX protein did show a 

weakly bimodal distribution, with a large number of proteins having a pI centered near 6, 

and a smaller number having a pI centered around 9. 

  The molecular weight plot (Fig. 2-4B) show that MAaRS and M[AS][RK] proteins 

both have molecular weights that cluster around 9-11 kDa, having an average molecular 

weight of about 10.5 kDa. The MGRX proteins again shows a bimodal distribution, with 

the molecular weight centered at 11 and 13 kDa. 

  Next, the GRAVY scores for the different protein groups were calculated (Fig. 2-

4C), where values greater than zero are an indicator of hydrophobicity, and values less 

than zero are an indicator of hydrophilicity. All LEA3 sequences show a fairly large 
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range of values (between -1.0 and 0.0), showing that all LEA3 proteins are hydrophilic. 

The MAaRS and M[AS][RK] sequences have similar averages of -0.4 and -0.3, while 

the MGRX sequences were slightly more hydrophilic, with an average value of -0.6. 

  Lastly, the FoldIndex score (Fig. 2-4D) was used to assess the propensity of the 

LEA3 proteins to adopt a fold, with scores greater than zero indicating a high propensity 

to fold and scores less than zero indicating that the protein is unlikely to fold, and 

therefore likely be intrinsically disordered. Not surprisingly, the FoldIndex results 

followed a similar pattern to the GRAVY scores, with the moderately hydrophilic MAaRS 

and M[AS][RK] proteins having higher FoldIndex scores, with averages of 0.07 and 

0.09, respectively, and the more hydrophobic MGRX proteins having a slightly lower 

FoldIndex scores (average of 0.03). The MAaRS proteins showed the greatest 

variability in hydrophobicity with values ranging from -0.16 to +0.23, while M[AS][RK] 

was confined to positive values between 0 to 0.5 and MGRX from -0.1 to +0.1. 
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Figure 2-4. Physiochemical Properties of LEA3 Proteins.  

Bean plots of the A) isoelectric point (pI), B) molecular weight (MW), C) GRAVY score 
and D) FoldIndex score of LEA3 proteins grouped by the three major N-terminal 
architectures. The thin bars show the value of an individual protein, the wider black bar 
shows the mean value of an architecture, and the dotted line shows the mean value of 
all protein sequences. The violin shape shows the density of the property values. 
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2.3.5 Analysis of LEA3 Proteins in Lower Plants 

We also performed similar analyses of LEA3 protein sequences from lower plants 

(as defined in Materials and Methods), firstly to see if they are present, and if so, how 

the conserved motifs and physiochemical properties may have changed over a long 

evolutionary time period. From the MEME analysis of lower plants, no common N-

terminal motif was found among all species, though a few proteins had sequences that 

showed some similarity to the N-terminal motifs found in higher plants (data not shown). 

Likewise, no C-terminal motif from higher plants (DAELR or EDVMP) motifs, nor any 

novel C-terminal motifs, were discovered in lower plants. The lower plant W-motif was 

very similar to that of higher plants, with a few small differences (Fig. 2-5A). First, 50% 

of the lower plant sequences had two tryptophan residues to start the motif. Position 11 

in lower plants, which in higher plants is position 10 and predominantly tyrosine, showed 

a more even distribution among aromatic residues in lower plants (Fig. 2-5A). Lastly, 

position 14 seemed to have a highly conserved glutamate residue. A RRGYA4 motif 

was also detected, with the only deviation being less conservation of the arginine in 

position 1, and a greater propensity for valine over alanine or serine to occur at position 

7 (Fig. 2-5B). We also looked at the number of LEA3 proteins in the lower plants (Fig. 

2-5C). For the most part, individual species had 1-3 proteins, with spermatophytes 

having considerably more at 8 (Ginkgo biloba) and 19 (Picea abies).  

  When comparing the physiochemical properties of the lower plants to the higher 

plants, we can see that the average pI (Fig. 2-5D) for lower plants also ranges from pH 

5.0-10.0, with an average pI of 7.4, making them slightly more acidic than the LEA3 
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proteins in higher plants. The MW of lower plant LEA proteins (Fig. 2-5E) ranged from 

9.3 kDa to 39.3 kDa, with an average of 14.8 kDa. The GRAVY scores (Fig. 2-5F) 

ranged from -1.2 to -0.19, with an average of -0.66, while the FoldIndex scores (Fig. 2-

5G) ranged from -0.23 to 0.16, with an average of 0.01.  
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Figure 2-5. LEA3 Proteins in Lower Plants.  

A) W-motif in lower plants in LOGO representation. B) RRGYA4-motif in lower plants in 
LOGO representation. Amino acids are color-coded by their group type. Blue – 
positively charged (Lys, Arg, His); red – negatively charged (Asp, Glu); black – 
hydrophobic (Ala, Val, Leu, Ile, Pro, Phe, Met), green – polar (Gly, Ser, Thr, Tyr, Cys), 
purple – neutral (Asn, Gln). The heights of the amino acids correspond to their level of 
conservation at that position. C) Species tree of LEA3 proteins in lower plants. The 
right-hand column shows the total number of proteins in each species. Bean plots of the 
D) isoelectric point (pI), E) molecular weight (MW), F) GRAVY score and G) FoldIndex 
score of LEA3 proteins in lower plants. The thin bars show the value of an individual 
protein, the wider black bar shows the mean value of an architecture, and the dotted 
line shows the mean value of all protein sequences. The violin shape shows the density 
of the property values. 
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2.3.6 Evolution of LEA3 Proteins 

A phylogenetic tree was constructed using LEA3 protein sequences from both higher 

and lower plants (Fig. 2-6), with the sequences labeled both by species name and by 

architecture. Although the bootstrap values near the middle of the tree are low, the 

clustering of the architectures often into single the same clade indicates that the 

evolutionary relationships can be analyzed. Firstly, the phylogenetic tree justifies the 

division of the different LEA3 proteins by the different architectures. The M[AS][RK] 

architecture formed only one clade, though three MGRX sequences and one lower plant 

sequence were also found within this group. Likewise, the MAaRS-W no DAELR 

architecture was in adjacent clades to the MGRX architecture and the MAaRS-2W 

architecture was found in adjacent clades to the MAaRS-W no DAELR. Somewhat less 

consistency was observed for the MAaRS-1W and MGRX architecture in that they were 

not each found in a single clade; for MAaRS-1W, the sequences formed three large 

clades, while MGRX formed two. Lastly, the lower plants have most species in one 

clade, with two other clades consisting dominantly of sequences from Picea abies and 

Ginkgo biloba LEA3 proteins. 
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Figure 2-6. Evolution of LEA3 genes.  

Phylogenetic tree of LEA3 proteins from higher and lower plants. The tree was created 
using RAxML with 1000 bootstrap replicates. The bootstrap values are shown at each 
node.  The architectures are coded as follows: MAaRS-1W, blue circles; MAaRS-2W, 
blue triangles; MAaRS-no DAELR, blue squares; MGRX, green triangles; M[AS][RK], 
red diamonds; Lower plants, open circles. 
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2.4 Discussion 

2.4.1 LEA3 Protein Sequences Motifs  

Our analysis of the protein sequences (primary transcripts) from the Phytozome v13 

database (Goodstein, et al., 2012) allowed us to identify 458 LEA3 proteins across a 

large diversity of higher plant species (Fig. S2-1). The use of a large number of species 

to search for LEA3 protein sequences provides us with an opportunity to determine 

which residues have been conserved over a long evolutionary time period, and hence 

provide key insight into LEA3 protein mechanisms in future biochemical studies. 

Analysis of the arrangements of the motifs, i.e. the protein architectures, can suggest 

that they may act as paralogs with different functions. 

  The first step was to identify the conserved motifs in this family of intrinsically 

disordered proteins. In addition to the previously identified W-motif, we also discovered 

two C-terminal motifs (named DAELR and EDVMP), four N-terminal motifs (named 

MAaRS, MARS, MGRX and M[AS][RK]) and observed the RRGYA4 motif (Fig. 2-1). 

The W-motif (Fig. 2-1A) has been previously identified as a conserved motif in LEA3 

proteins (Altungolu et al., 2016, Wang et al., 2006, Pedrosa et al., 2015, Liang et al., 

2016, Lan et al., 2009, Fliliz et al., 2013, Charfeddine  et al, 2015, Hundertmark and 

Hincha, 2008). A search of ELM motifs using TOMTOM from the MEME suite (Gupta et 

al., 2007) did not reveal any similar motifs that have been previously described, and the 

lack of any identified biochemical function makes it currently challenging to propose 

anything beyond identifying the conserved residues. 

  The N-terminal motifs and the RRGYA4 motif are likely to be the signals for the 
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localization of LEA3 proteins inside the mitochondrion, which has been both predicted 

(Candat et al., 2014) and experimentally demonstrated for the Arabidopsis thaliana 

LEA3 proteins (Candat et al., 2014; Salleh et al., 2012). Plant mitochondrial-targeting 

peptides typically possess a long stretch of amino acids with propensity to form an α-

helix (i.e. the mitochondrial targeting sequence), followed by a putative cut site that has 

arginine at residues 2 & 3, or residues 3 & 4 (also known as the twin arginine motif), 

tyrosine or phenylalanine at -1, and alanine, serine, and threonine being common in the 

+1 and +2 positions (Sjolin and Glacier, 1998; Huang et al., 2009). However, the 

arginine residues do not seem to be essential, since proteins lacking the arginine 

residues were also found to target to the mitochondria, having phenylalanine or tyrosine 

at the -1 and alanine or serine at the +1 position of the cut site. This may explain why 

some of the LEA3 proteins described here did not have an apparent twin-arginine motif 

yet are still likely to locate to the mitochondrion. An additional reason may be that the N-

terminal motif itself was captured as part of the twin-arginine motif. This is probably the 

case for the M[AS][RK] N-terminal motif, where the two C-terminal end residues are 

enriched in arginine (Fig. 2-1D). 

2.4.2 LEA3 Architectures 

More insight can be found in the analysis of various LEA3 protein architectures (Fig. 

2-2A) and their distribution between (Fig. 2-3A) and within (Fig. 2-3B) plant species. As 

seen in Fig. 2-2A, the LEA3 architectures can be defined by the presence and absence 

of different motifs. We observed that only a few proteins (~2.5%) lacked a conserved C-

terminal motif, suggesting that these motifs must play an important role in the majority of 
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LEA3 proteins. For LEA3 proteins with a C-terminal motif, the most common of these is 

the DAELR motif, which was found in both MAaRS and M[AS][RK] architectures. The 

MGRX architecture is the only architecture to have the EDVMP C-terminal motif. While 

the two motifs are different (Fig. 2-1 B and C), they have some similarity in that both 

are rich in acidic amino acids and have hydrophobic amino acids in the N- and C-termini 

of these motifs. We speculate that the C-terminal motifs may bind to different ligands, 

allowing the W-motif to bridge the same ligand bound by it to two different ligands 

bound by the two different C-terminal motifs. Confirmation of this proposal can come 

from more precise characterization of their location inside the mitochondrion. 

  Our motivation to examine the non-motif containing region of the LEA3 proteins 

(Fig. 2-2 B and C) comes from our work studying the sequence of another group of 

LEA proteins known as the dehydrins, where these regions are known as ϕ-segments. 

We counted the number of residues of this region in LEA3 proteins, which is situated 

between either the RRGYA4 and W-motifs or the N-terminal and W-motifs for 

architectures lacking an apparent RRGYA4 motif (Fig. 2-2B). Interestingly, any 

difference in length seen between proteins containing or lacking the RRGYA4 motif 

corresponds approximately to the length of the RRGYA4 motif itself. The ~8 residue 

difference would further support the possibility of the RRGYA4 motif being partially 

present in other N-terminal motifs, or being present in a slightly altered form in some of 

the sequences that could not be easily identified. 

  In the case of dehydrins, the ϕ-segment was found to be variably in length, 

ranging from 3 to 300 residues, with most being 30-50 residues long. In LEA3 proteins, 
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the length of the non-conserved region was 10-50 residues, but was most commonly 

27-37 residues, thereby being a smaller range than that of the dehydrins. When 

comparing overall amino acid composition of the variable regions between these two 

families of proteins, the most significant differences appear to be that alanine is more 

abundant (~15% in LEA3 vs ~7% in dehydrin), where the opposite is true for glycine 

(~10% in LEA3 vs ~17% in dehydrin). Likewise, a similar exchange occurs between 

threonine and serine, where serine is higher in LEA3 (~13% in LEA3 vs ~4% in 

dehydrin), but threonine is lower (~5% in LEA3 vs ~11% in dehydrin). The importance of 

this is unclear, since both glycine and alanine have similar disorder propensities, and 

both serine and threonine can be phosphorylated, though serine is generally more 

associated with disorder (Campen et al., 2008). 

2.4.3 Properties of LEA3 Proteins 

Previous analysis on biochemical properties of all LEA protein families has shown 

that they have a wide range of molecular weights (5-77 kDa), have pI values that are 

acidic, basic, or neutral, but are similar in that they are highly hydrophilic, and tend to 

have overrepresentation of glycine and underrepresentation of cysteine and aromatic 

amino acids, which explains why these proteins are mostly disordered (Amara et al., 

2014; Jaspard et al., 2012). When comparing LEA3 proteins to other members of the 

LEA protein family, the LEA3 average is on the lower end of the protein size range, with 

a value of 11.1 kDa. The average pI of LEA3 proteins is 9.0; however, the pI values of 

MAaRS and M[AS][RK] proteins are basic, while MGRX proteins have a group of 

proteins that is basic and another group that is acidic. With respect to the predicted 
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structure, the high hydrophilic content is naturally reflected in both the GRAVY and 

FoldIndex scores. LEA3 proteins have an average GRAVY score of -0.44, which despite 

being negative, is higher (i.e. less hydrophilic) than what has been reported for most 

other LEA groups, which tend to cluster around -1.2 (Jaspard et al., 2012). The 

FoldIndex scores correlated with the GRAVY scores, where the FoldIndex scores had 

an average value of +0.06. This value is slightly positive, whereas most other LEA 

proteins have scores that are on the negative side (Jaspard et al., 2002). While 

FoldIndex scores close to zero suggest that the folding cannot be predicted confidently, 

preliminary biophysical results suggest that the Arabidopsis thaliana LEA3 proteins are 

disordered in solution (Singh and Graether, unpublished results).  

2.4.4 LEA3 Evolution 

Several analyses here provide information on the evolution of LEA3 proteins and its 

architectures (Fig. 2-3, Fig. 2-6, and Fig. S2-1). The most notable observation is that 

we could not find any LEA3 proteins in algae (data not shown), despite using 

extensively broad searches with BLAST, FIMO and MAST with generous cut-offs, 

suggesting that the LEA3 proteins arose after the origin of land plants. This observation 

has also been made for LEA5 proteins (Pfam nomenclature, named LEA1 in the paper) 

(Campos et al., 2013), and also appears to be the case for dehydrins (Malik et al., 

2017). For LEA5 proteins, the authors argue that LEA proteins likely represent an 

important evolutionary event as plants moved from an aquatic environment to a 

terrestrial one (Campos et al., 2013). This is further supported by the fact that the 

aquatic species Zostera marina does not have any LEA3 proteins that we could detect, 
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though for this organism the absence likely represents the loss of the gene, an 

observation that has been made for other LEA genes in this species (Olsen et al., 

2016). 

  We also analyzed the distribution of the different architectures in higher plants to 

understand how they may have evolved (Fig. 2-3). With respect to the MAaRS-2W 

architecture, we think that they represent an evolutionary variation of the MAaRS-1W 

protein that likely arose from a duplication of the W-motif, especially since they are 

concentrated in Malvids, though a small number of this architecture was found also in 

Fabids and Commelinids. Similarly, the M[AS][RK] architecture may represent an N-

terminal motif variant of MAaRS-1W that is found in Commelinids (especially in 

grasses), based on both architectures having one W-motif and one DAELR motif (Fig. 

2-2A), and that both have similar values and ranges of their physiochemical properties 

(Fig. 2-4). 

  An architecture that is different from the MAaRS/M[AS][RK] LEA3 proteins is the 

MGRX architecture. This is the only LEA3 protein group to contain the EDVMP motif 

(Fig. 2-2A), and its physiochemical properties are different from the other two (Fig. 2-4). 

Like the MAaRS-1W motif, MGRX proteins are present across all clades (Fig. 2-3A). 

Note that the MGRX architecture was not detected in lower plants, suggesting that the 

MGRX motif arose early in the evolution of land plants. 
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2.5 Materials and Methods 

2.5.1 LEA3 Protein Motifs 

The goal was to first find a plausible W-motif that could be used to perform a more 

exhaustive search to find LEA3 protein sequences in many plant species. The initial 

search for LEA3 protein sequences was performed using the Pfam PF03242 NCBI 

sequences as the query sequences for a BLAST search against all protein sequences 

in the Phytozome v13 (primary transcripts) with an E-value cut-off of 10-6. A list of the 

higher plant genomes that were searched are listed in Table 2-1. Sequences with ≥99% 

identity were trimmed from the results list such that only one sequence example 

remained. To develop a more comprehensive tryptophan containing motif for the next 

search, MEME (Bailey and Elkan, 1994) was run on those sequences using the “any 

number of repeats” mode, searching for 10 sites with a maxsites value of 3000. All other 

parameters were left at their default values. 

  The resulting W-motif sequence was used as the search query with FIMO (Grant 

et al., 2011) against all Phytozome v13 protein sequences from vascular plants (named 

higher plants, listed in Table S1), using a threshold cut-off of 10-7, with all other settings 

at their default values. This threshold value was determined empirically by scanning 

results with cut-off values between 10-5 and 10-12. The 10-7 cut-off was chosen on the 

basis that the W-motif could be detected in the MEME search but would still include 

sequences that may not have been detected by the initial BLAST search. This resulting 

sequence dataset was used for all subsequent analyses.  

  MEME was run on the LEA3 protein sequence dataset to obtain a representative 
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W-motif of LEA3 proteins, and to discover other motifs. Optimal motif widths were 

determined by varying the widths by ± 2 residues based on the initial MEME run, and 

then keeping the motifs with a higher number of positions with conserved (≥67%) 

positions either by amino acid or by same physiochemical property (charged, 

hydrophobic, polar or aromatic). Motifs that occurred in >20% of all sequences were 

further inspected for inclusion as a conserved motif. All searches were performed with 

the “any number of motifs” mode, with the top 10 motifs returned. Motifs were visualized 

using the LOGO representation (Schneider and Stevens, 1990). 

  We separately searched for LEA3 proteins in the genomes of lower plants and 

green algae. A list of the lower plant species, primarily defined as non-vascular plants, 

is included in Table S1 . Exceptions to the non-vascular species is Selaginella 

moellendorfii, which was included as a lower plant because it is the oldest extant 

species among tracheophytes, and the gymnosperms Ginkgo biloba and Picea abies, 

due to their evolution long before angiosperms. A list of the algae species examined is 

included in Table 2-1. For lower plants, a FIMO search was performed using the W-

motif definition from higher plants to create the lower plant sequence dataset with a 

threshold of 10-9. A FIMO search (threshold of 10-4) using the RRGYA4 motif and a 

BLAST search (E-value 0.01) using LEA3 protein sequences from higher plants did not 

find any additional hits. Subsequent analyses (motif discovery) were performed as 

described for higher plants. 

  For algae, BLAST searches (E-value of 0.1) were performed using both higher 

and lower plant LEA3 protein sequences. Motif searches were performed with FIMO 
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(threshold of 0.001) and MAST (E-value of 0.01) using the W-motif, DAELR motif and 

RRGYA4 motif. 

2.5.2 LEA3 Protein Architecture and Species Tree 

The eight motifs discovered by MEME were used as input for MAST (Bailey and 

Gribskob, 1998) in order to define the LEA3 architectures in higher plants. All 

parameters were left at their default settings. To determine the number of residues 

between conserved motifs (i.e. the variable regions of the protein sequences), an in-

house script was developed to analyze the MAST results. Likewise, an in-house written 

script was used to extract all residues not located in the conserved motifs in order to 

determine the amino acid composition of those regions. 

  A phylogenetic tree of all plant species used in this study was created using the 

PhyloT tree generator server (https://phylot.biobyte.de). The NCBI taxonomic reference 

numbers were obtained using the NCBI genome browser, and then used to infer an 

NCBI taxonomic identifier tree. The species were divided into clades consisting of 

Commelinids, Asterids, Malvids, and Fabids. Species falling outside of these groups but 

containing only one or two examples were not included in the analysis. To determine 

the fraction of one architecture within all four clades, the fraction of one architecture was 

first calculated by dividing the number of one architecture in one clade by the total 

number of LEA3 proteins in that clade. This value was then normalized by multiplying it 

by the ratio of the fractional number of LEA3 proteins within a clade divided by the 

number of species within the clade. Likewise, the fraction of an architecture within one 
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clade was calculated by dividing the total number of LEA3 proteins with that architecture 

by total number of LEA3 proteins in that clade. 

2.5.3 LEA3 Protein Properties 

The isoelectric point (pI), size of the protein (molecular weight), hydrophobicity 

(GRAVY score) and overall disorder propensity (FoldIndex) of the LEA3 proteins were 

calculated. Protein sequences were grouped on the basis of the N-terminal motif. 

Analyses were performed using the Gene Infinity Server (http://www.geneinfinity.org) for 

pI, MW, and GRAVY scores (Stothard, 2000), and the FoldIndex server 

(https://fold.weizmann.ac.il) for the FoldIndex score (Prilusky et al., 2005). The data 

were plotted as bean plots using the bean plot package (Kampstra, 2008) in R (R Core 

Team, 2013). 

2.5.4 LEA Gene Evolution 

The sequence dataset was used to create a multiple sequence alignment (MSA) 

using the Multiple Sequence Comparison by Log-Expectation (MUSCLE) tool on the 

EMBL-EBI server (Madeira, et al., 2019). The MSA was then input into ProtTest 3.4.2 

(Abascal et al., 2009) to determine the best-fit model of protein evolution, which 

suggested using the JTT+G model (Jones et al., 1992). Next, the MSA and protein 

evolution model were used to search for the best maximum likelihood (ML) tree using 

RAxML-ng (Kozlov et al., 2019), performing 100 searches starting with 50 random and 

50 parsimony trees. The best tree was used for 1000 bootstrap replicates. The tree was 

visualized using MEGA X (Kumar et al., 2018). 
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2.6 Supplementary Material 

Table 2-1. List of species used in Bioinformatics analysis. 

 Plant species names are divided into higher plants, lower plants, and algae. 

Higher Plants Lower Plants Algae 

Alyssum linifolium Amborella trichopoda Bathycoccus prasinos 

Amaranthus hypochondriacus Azolla filiculoides Chlorella sp. NC64A 

Amborella trichopoda Ginkgo biloba Chlamydomonas reinhardtii 

Anacardium occidentale Marchantia polymorpha Coccomyxa subellipsoidea 

Ananas comosus Physcomitrella patens Cyanidioschyzon merolae 

Aquilegia coerulea Picea abies Dunaliella salina 

Arabidopsis halleri Salvinia cucullate Fragilariopsis cylindrus 

Arabidopsis lyrata Selaginella moellendorffi Micromonas pusilla 

Arabidopsis thaliana Sphagnum fallax Micromonas sp. RCC299 

Asparagus officinalis  Ostreococcus lucimarinus 

Boechera stricta  Ostreococcus tauri 

Brachypodium distachyon  Phaeodactylum tricornutum 

Brachypodium hybridum  Thalassiosira pseudonana 

Brachypodium stacei  Volvox carteri 

Brachypodium sylvaticum   

Brassica oleracea   

Brassica rapa   

Calendula maritima   

Capsella grandiflora   

Capsella rubella   

Carica papaya   
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Cattleya violacea   

Caulanthus amplexicaulis   

Chenopodium quinoa   

Cicer arietinum   

Citrus clementina   

Citrus sinensis   

Corymbia citriodora   

Crambe hispanica   

Cucumis sativus   

Daucus carota   

Dendrocalamus strictus   

Descurainia sophiodes   

Dioscorea alata   

Eruca vesicaria   

Eucalyptus grandis   

Euclidium syriacum   

Eutrema salsugineum   

Fragaria vesca   

Glycine max   

Glycine soja   

Gossypium hirsutum   

Gossypium raimondii   

Helianthus annuus   

Hordeum vulgare   

Isatis tinctoria   
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Kalanchoe fedtschenkoi   

Kalanchoe laxiflora   

Lactuca sativa   

Lepidium sativum   

Linum usitatissimum   

Lunaria annua   

Malcolmia maritima   

Malus domestica   

Manihot esculenta   

Marchantia polymorpha   

Medicago truncatula   

Mimulus guttatus   

Miscanthus sinensis   

Musa acuminata   

Myagrum perfoliatum   

Olea europaea   

Oropetium thomaeum   

Oryza sativa   

Panicum hallii   

Panicum virgatum   

Phaseolus vulgaris   

Physcomitrella patens   

Populus deltoides   

Populus trichocarpa   

Prunus persica   
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Ricinus communis   

Rorippa islandica    

Salix alba   

Sarracenia purpurea   

Selaginella moellendorffi   

Setaria italica   

Setaria viridis   

Solanum lycopersicum   

Solanum tuberosum   

Sorghum bicolor   

Sphagnum fallax   

Spirodela polyrhiza   

Stanleya pinnata   

Theobroma cacao   

Thinopyrum intermedium   

Thlaspi arvense   

Trifolium pratense   

Triticum aestivum   

Vigna unguiculata 

Vitis vinifera 

Zea mays 

Zostera marina 
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Figure S 2-1. LEA3 Proteins in Higher plants by species 

A plant species tree was generated using PhyloT and NCBI genomic reference 
numbers as described in Materials and Methods. The give architectures for each LEA3 
protein are listed. The total for each species is listed in the right-hand column, and the 
total of each architecture are listed on the bottom row.  
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3 Expression and Purification of A. thaliana LEA3 Proteins 

 

 

This chapter was published as a book chapter in Methods in Molecular Biology under: 

Singh, K., and Graether, S. 2020. Expression and Purification of an Intrinsically 
Disordered Protein in Intrinsically Disordered Proteins: Methods and Protocols, Methods 
in Molecular Biology. Springer Nature. 
 

This chapter also includes data on other purification attempts of the full-length and 
truncated AtLEA3 proteins, and a results and discussion section that was not included 
in the original book chapter. 
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3.1 Abstract 

 

   Intrinsically disordered proteins (IDPs) describe a group of proteins that do not 

have a regular tertiary structure and typically have very little ordered secondary 

structure. Despite not following the biochemical dogma of “structure determines 

function” and “function determines structure,” IDPs have been identified as having 

numerous biological functions. We describe here the steps to express and purify the 

intrinsically disordered stress response protein, late embryogenesis abundant protein 3-

2 from Arabidopsis thaliana (AtLEA 3-2), with 15N and 13C isotopes in E. coli, although 

the protocol can be adapted for any IDP with or without isotopic labeling. The AtLEA 3-2 

gene has been cloned into the pET-SUMO vector that in addition to the SUMO portion 

encodes an N-terminal hexahistidine sequence (His-tag). This vector allows for the 

SUMO-AtLEA 3-2 fusion protein to be purified using Ni-affinity chromatography and, 

through the use of ubiquitin-like-specific protease 1 (Ulp1, a SUMO protease), results in 

an AtLEA 3-2 with a native N-terminus. We also describe the expression and 

purification of Ulp1 itself. 
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3.2 Introduction 

 

  Intrinsically disordered proteins (IDPs) are a relatively recently identified 

phenomenon, broadly described as a group of proteins that contain very little defined 

3D structure yet still have important biological functions (Tompa, 2002; Uversky, 2013). 

Over 20 years of research have shown that IDPs have many roles, including 

transcription (Jiangang et al., 2006), cell cycle control (Iakoucheva et al., 2002), and 

protection from stress damage (Sun et al., 2013; Graether and Boddington, 2014). It is 

estimated that ~20% of proteins encoded by eukaryotic genomes are disordered 

(Oldfield et al., 2015), yet many IDPs have not been studied in detail (Varadi et al., 

2014) making them attractive targets for characterization. With this interest also comes 

a need to be able to produce relatively large quantities of protein (milligram scale) for 

structural studies. While eukaryotic expression systems have been used to produce 

recombinant proteins (Gellissen, 2006; Yanaka et al., 2018), the prokaryotic E. coli 

system is by far the most popular, due to its relatively low cost and ease of use 

(Baneyx, 1999). Though many aspects of IDP purification will be similar and even 

identical to ordered proteins, this chapter notes some of the key differences.  

 

  We describe here a protocol to produce an isotopically labeled, fully disordered 

protein for detailed NMR experiments using an E. coli recombinant expression system 

(Graether, 2019). The protocol uses a plant stress protein that is studied in our 

laboratory as an example, the late embryogenesis abundant 3-2 protein from 

Arabidopsis thaliana (AtLEA 3-2, AT3G53770.1). The protein is used with a His-tagged 
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SUMO domain that is used as part of the purification process and results in a mature 

AtLEA 3-2 with a completely native N-terminal sequence after cleavage using the 

protease ubiquitin-like-specific protease 1 (Ulp1) (Reverter and Lima, 2009). Ulp1 

recognizes the structure of the SUMO domain rather than just a cleavage site, allowing 

for precise removal of this domain, leaving no residues from a recognition sequence 

that may interfere with the residual structure of an IDP or its function. Because of their 

inability to crystallize, X-ray crystallography is not typically used to characterize the 

structure of highly disordered proteins. Therefore, characterization of IDPs, such as 

AtLEA 3-2, is performed using various biophysical techniques (Fourier-transform 

infrared spectroscopy, fluorescence resonance energy transfer, and circular dichroism 

(Na et al., 2018)), but residue-specific information without mutation or modification can 

only be obtained by nuclear magnetic resonance (NMR) spectroscopy, and in cell NMR 

promises characterization of IDPs in a near-native environment (Breindel  et al., 2018). 

Another benefit of NMR is that it is not an “all or nothing” technique, with intermediate 

NMR experiments still providing relevant structural information (e.g., amounts of 

residual structure, levels of disorder, and identifying residues involved in ligand binding).  

 

  The protocol presented here pertains to the production of AtLEA 3-2 in M9 

minimal media with 13C-glucose and 15NH4Cl isotopes for detailed analysis of dynamics 

and residual structure by NMR but can be easily adapted to other IDPs and/or for 

growth in rich, unlabeled media for other biophysical experiments. 
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3.3 Materials 

 

  For buffers and solutions, use water with a resistivity of at least 18.2 MΩ•cm, 

whereas for larger volume bacterial media preparations, distilled water can be used. For 

chemicals, use reagent grade or higher. Prepare and store all solutions and buffers at 

4ºC unless stated otherwise. Bacterial media should be sterilized the day before use. 

Sterilization of rich media can be performed using an autoclave; sterilization of solutions 

and minimal media can be performed using a sterile vacuum filter unit for volumes ≥100 

mL and a sterile syringe filter for volumes <100 mL before dispensing into a sterile 

container. Disposal of solutions and spent media must follow all local waste and 

biohazardous material handling regulations. 

  IDPs are especially sensitive to proteases, so all protein purification steps need 

to be performed at 4ºC either through refrigeration or by keeping samples on ice, unless 

stated otherwise. 

3.3.1 Bacterial Host and Plasmid Construct 
 

1. Bacterial cells (i.e. E. coli BL21(DE3)) that have been transformed with pET-

SUMO-AtLEA 3-2 (Uniprot entry Q93WF6) using routine molecular biology 

techniques (see Note 1). 

2. Other bacterial strains (i.e. E. coli BL21(DE3) Rosetta, CD41, and RIPL) that 

have been transformed with pET22b-AtLEA3-2 using routine molecular biology 

techniques.  
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3.3.2 Rich Bacterial Media 
 

1. Lysogeny broth (LB): Weigh 5 g tryptone, 2.5 g yeast extract, 5 g NaCl. Transfer 

to a 2 L baffled flask (see Note 2) and add water to a volume of 500 mL. 

Autoclave and allow for cooling to room temperature (RT). 

2. Kanamycin 50 mg/mL: Weigh 0.5 g kanamycin sulfate. Add water to a volume of 

10 mL. Use a 0.22 μm syringe filter and dispense 1 mL each into ten sterile 1.5 

mL microfuge tubes. Store at -20ºC. 

3. Ampicillin 50 mg/mL: Weigh 0.5 g ampicillin sodium salt. Add water to a volume 

of 10 mL. Use a 0.22 μm syringe filter and dispense 1 mL each into ten sterile 1.5 

mL microfuge tubes. Store at -20ºC. 

3.3.3 M9 Minimal Media 
 

1. 5X M9 salt without nitrogen: Weigh 30 g NaH2PO4, 15 g KH2PO4, 2.5 NaCl. 

Transfer to a 1 L glass bottle. Add up to 1 L of water. Autoclave and allow for 

cooling to RT. 

2. U-13C-glucose 20% (w/v): Weigh 2 g of U-13C-glucose per liter of M9 media to be 

used (see Note 3). Add water to a volume of 10 mL per liter of M9 media to be 

used. Filter with a 0.22 μm syringe filter and dispense into a sterile tube (see 

Note 4). Store at -20ºC unless used immediately. 
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3. MgSO4 1 M solution: Weigh 12.3 g of MgSO4•7H2O. Add water to a volume of 50 

mL. Use a 0.22 μm syringe filter and dispense into a sterile 50 mL conical tube. 

Store at RT. 

4. Trace element mix: Mixture of several trace metals for E. coli growth. Weigh out 

0.6 g CaCl2•2H2O, 0.6 g Fe3SO4•7H2O, 115 mg MnCl2•4H2O, 80 mg CoCl2•6H2O, 

70 mg ZnSO4•7H2O, 2 mg H3BO3, 25 mg (NH4)6Mo2O24•4H2O, 0.5 g 

ethylenediaminetetraacetic acid (EDTA). Add water to a volume of 100 mL and 

stir overnight. Filter through a 0.22 μm syringe filter to remove particulate matter. 

Store at RT. 

5. Thiamine 10% (w/v) solution: Weigh out 2.5 g thiamine hydrochloride. Add water 

to a volume of 25 mL. Use a 0.22 μm syringe filter and dispense into a sterile 50 

mL conical tube. Cover in foil and store at RT.  

6. Isopropyl β-D-1-thiogalactopyranoside (IPTG) 0.4 M solution: Weigh 0.953 g of 

IPTG. Add water to a volume of 10 mL. Use a 0.22 μm syringe filter and dispense 

1 mL into ten sterile 1.5 mL microfuge tubes. Store at -20ºC. 

7. 100X Basal Medium Eagle Vitamin Solution. Store at -20ºC. 

8. M9 media: Add 200 mL 5X M9 Salt without nitrogen, 4 mL 1 M MgSO4•7H2O, 1 g 

15NH4Cl, 500 μL 10% (w/v) thiamine solution, 1 mL Trace element mix, 10 mL 

100X Basal Medium Eagle Vitamin Solution or equivalent. Add water up to 1 L. 

Sterilize using vacuum filtration. 
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3.3.4 Urea Purification 

1. Urea Solubilization Buffer: 50 mM NaH2PO4, 8 M Urea, pH 7.0. Weigh out 138   

g of NaH2PO4, 48.05 g Urea. Add water to a volume of 100 mL and adjust the pH 

to 7.0 using concentrated HCl. 

2. Urea Purification Buffer: 20 mM NaAc, pH 5.0. Weight out 1.72 g of sodium 

acetate. Add water to a volume of 1L and adjust the pH to 5.0 using concentrated 

HCl. Filter using a 0.22 μm vacuum filter 

 

3.3.5 TCA Precipitation 

1. Resuspension Buffer: 50 mM Tris, pH 8.0. Weigh out 6.06 g Tris. Add water to 

a final volume of 1 L and adjust the pH to 8.0 using concentrated HCl. Filter using 

a 0.22 μm vacuum filter. 

2. Ethylenediaminetetraacetic Acid: 0.5 M EDTA. Weigh out 14.61 g EDTA. Add 

water to a final volume of 100 mL. Filter using a 0.22 μm vacuum filter. 

2. Trichloroacetic acid: 100% TCA. Weigh out 22.02 g TCA. Add water to a final 

volume of 10 mL.  

3. Trichloroacetic acid: 40% TCA. Weigh out 8.81 g TCA. Add water to a final 

volume of 10 mL. 

4. Cation-exchange Binding Buffer: 20 mM NaAc, pH 5.0. Weigh out 1.72 g 

NaAc. Add water to a volume of 1 L and adjust the pH to 5.0 using concentrated 

HCl. Filter using a 0.22 μm vacuum filter. 
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3.3.6 AtLEA3-2 Cation-exchange Purification 

1. Cation-exchange Binding Buffer: 20 mM NaAc, pH 5.0. Weigh out 1.72 g 

NaAc. Add water to a volume of 1 L and adjust the pH to 5.0 using concentrated 

HCl. Filter using a 0.22 μm vacuum filter. 

2. Cation-exchange Elution Buffer: 20 mM NaAc, 1 M NaCl, pH 5.0. Weigh out 

1.72 g NaAc, 58.44 g NaCl. Add water to a volume of 1 L and adjust the pH to 

5.0 using concentrated HCl. Filter using a 0.22 μm vacuum filter. 

3. Cation-exchange column: 5 mL HiTrap HP column or equivalent. Prepare, 

clean, and store column as directed by manufacturer.  

 

3.3.7 SUMO-LEA3-2 Purifications Steps 1 and 2 

1. Ni-affinity Binding Buffer: 20 mM Tris-HCl, 0.5 M NaCl, 10 mM imidazole. Weigh 

out 2.42 g Tris, 29.22 g NaCl, 0.68 g imidazole. Add water to a volume of 1 L and 

adjust the pH to 8.0 using concentrated HCl. Filter using a 0.22 μm vacuum filter. 

2. Ni-affinity Elution Buffer: 20 mM Tris-HCl, 0.5 M NaCl, 500 mM imidazole. Weigh 

out 2.42 g Tris, 29.22 g NaCl, 34.04 g imidazole. Add water to a volume of 1 L 

and adjust the pH to 8.0 using concentrated HCl. Filter using a 0.22 μm vacuum 

filter. 

3. Ni-affinity Column: 5 mL HisTrap HP column or equivalent. Prepare, store, and 

clean the column as directed by the manufacturer.  
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4. Digestion Buffer: 20 mM Tris-HCl, 150 mM NaCl. Weight out 2.42 g Tris, 8.76 g 

NaCl. Add water to a volume of 1 L and adjust the pH to 8.0 using concentrated 

HCl. Filter using a 0.22 μm vacuum filter. 

5. Dithiothreitol (DTT) 1 M solution: Weigh out 154.3 mg DTT. Dissolve in water to a 

final volume of 1 mL. Store at -20˚C and covered with foil.  

6. HiPrep 26/10 Desalting column. Clean and store according to the manufacturer’s 

instructions. 

7. cOmplete™ EDTA-free Protease Inhibitor Cocktail. Store at -20ºC. 

8. Whatman™ GD/X syringe filter (0.2 μm). 

9. Ulp1. Purified as described in section 3.5.5 

 

3.3.8 High Performance Liquid Chromatography (HPLC) Buffers 

1. HPLC Buffer A: Water with 0.1% (w/v) trifluoroacetic acid (TFA). Measure 1 L of 

water and add 0.651 mL TFA. Filter using a 0.22 μm vacuum filter. Store at RT. 

2. HPLC Buffer B: Acetonitrile with 0.1% (w/v) TFA. Measure 1 L of acetonitrile and 

add 0.651 mL TFA. Filter using a 0.22 μm vacuum filter. Store at RT.  

3. Reversed-phase (RP)-HPLC column. C4 or C18 phase, analytical scale size or 

larger. 
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3.3.9 Ulp1 Purification 

1. 20X Ulp1 Dialysis Buffer: 400 mM Tris-HCl, 3 M NaCl. Weigh out 48.45 g Tris, 

175.32 g NaCl. Add water to a volume of 1 L and adjust the pH to 8.0 using 

concentrated HCl. Filter using a 0.22 μm vacuum filter. 

2. Ulp1 Cell Resuspension buffer: 50 mM Tris-HCl, 20% (w/v) sucrose. Weigh out 

0.61 g Tris, 20 g sucrose. Add water to a volume of 100 mL and adjust pH to 8.0 

using concentrated HCl. Filter using a 0.22 μm vacuum filter.  

3. NaCl 4 M solution: Weigh out 11.69 g NaCl. Add water to a final volume of 50 

mL. Store at 4˚C. 

4. Ulp1 Binding Buffer: 50 mM Tris-HCl, 350 mM NaCl, 10 mM imidazole, 1 mM 

DTT, 0.2% (w/v) Triton X-100. Weigh out 6.06 g Tris, 20.45 g NaCl, 0.15 g DTT, 

0.68 g imidazole, and measure out 2.14 mL Triton X-100. Add water to a volume 

of 1 L and adjust the pH to 8.0 using concentrated HCl. Filter using a 0.22 μm 

vacuum filter.  

5. Ulp1 Elution Buffer: 50 mM Tris-HCl, 350 mM NaCl, 500 mM imidazole, 1 mM 

DTT, 0.2% (w/v) Triton X-100. Weigh out 6.06 g Tris, 20.45 g NaCl, 0.15 g DTT, 

34.04 g Imidazole, and measure out 2.14 mL Triton X-100. Add water to a 

volume of 1 L and adjust the pH to 8.0 using concentrated HCl. Filter using a 

0.22 μm vacuum filter.  

6. Dialysis tubing: 6,000 – 8,000 Da molecular weight cut-off. 
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3.3.10 Tris-Tricine Acrylamide Gel 

 

1. Tricine Gel Buffer: 1.5 M Tris-HCl, 0.3% (w/v) SDS. Weigh out 182 g Tris, 1.5 g 

sodium dodecyl sulfate (SDS). Add water to a volume of 500 mL and adjust the 

pH to 8.45 using concentrated HCl. Filter using a 0.22 μm vacuum filter. 

2. Ammonium persulfate (APS) 5% (w/v) solution: Weigh out 0.5 g ammonium 

persulfate. Add water to a volume of 10 mL. Use 0.22 μm syringe filter and 

aliquot into ten 1 mL fractions. Store at -20ºC. 

3. Water-saturated isobutanol: Mix 20 mL isobutanol with 80 mL water. Shake 

vigorously until mixed, then wait until separated. Store at RT. The isobutanol is in 

the top phase. 

4. 4X Tris-HCl/SDS, pH 6.8: 50 mM Tris, 0.4% (w/v) SDS. Weigh out 6.05 g Tris, 

0.4 g SDS. Add water to a volume of 100 mL and adjust the pH to 6.8 using 

concentrated HCl. Filter using a 0.22 μm vacuum filter. Store at RT. 

5. 2X Tris-Loading Buffer: Weigh out 3.0 g glycerol, 0.8 g SDS, 0.31 g DTT, 2 mg 

Coomassie Brilliant Blue G-250, and measure out 2 mL 4X Tris-HCl/SDS, pH 

6.8. Add water to 10 mL. Aliquot into ten 1 mL fractions and store at -20˚C. 

6. Cathode Buffer: 10 mM Tris-HCl, 10 mM tricine, 0.1% (w/v) SDS. Weigh out 

12.11 g Tris, 17.92 g tricine, 1 g SDS. Add water to a volume of 1 L. Store at RT. 

7. Anode Buffer: 10 mM Tris-HCl. Weigh out 12.11 g Tris. Add water to 500 mL and 

adjust the pH to 8.9 using concentrated HCl. Store at RT. 

8. Stain Solution: Mix 100 mL glacial acetic acid, 500 mL methanol, 400 mL water. 

Add 1 g Coomassie Brilliant Blue R-250. Store at RT. 
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9. Destain Solution: Mix 100 mL glacial acetic acid, 400 mL methanol, 500 mL 

water. Store at RT. 

10. 40% Acrylamide (19:1 acrylamide:bis) solution. Commercial preparation. 

11. Tetramethylethylenediamine (TEMED). 

 

3.4 Methods: Part 1- Expression of full-length and truncated AtLEA3-
2 in pET22b          

 

3.4.1 Protein Expression 

1. AtLEA3-2 was subcloned into pET22b using routine molecular biology 

techniques. AtLEA3-2 in pET22b was transformed into competent E. coli 

BL21(DE3) cells. 

2. Grow the transformed bacteria overnight in a small volume (5 mL) of LB media 

with 50 μg/mL ampicillin (5 μL of stock) at 37ºC with shaking at 250 rpm. 

3. Transfer 500 μL of the overnight growth per 500 mL of LB media containing 50 

μg/mL ampicillin (500 μL of stock). The total amount of media used will depend 

on the amount of protein required and the protein yield per liter media (see Note 

5). 

4. Grow the large volume media at 37ºC until an optical density at 600 nm 

(OD600) of 0.8 is achieved (usually 3-4 hours). 
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5. Induce expression of AtLEA 3-2 with IPTG at a final concentration of 0.4 mM. 

Add 1 mL 0.4 M IPTG per liter of media. Let expression continue for 3 hours at 

37ºC, or overnight at 16ºC. 

6. Collect cells by centrifugation (6,000xg for 15 min) and decant the supernatant 

(i.e. the media). At this point the cells can be frozen at -20ºC and stored. 

 

3.4.2 Cell Lysis  

1. Resuspend the cell pellets in 15 mL water per 2 L bacterial growth, 

supplemented with a protease inhibitor cocktail tablet  

2. Boil the cells for 20 minutes, making sure to agitate the sample every 5 

minutes. 

3. Place the sample on ice until it is comfortable to touch.  

4. Remove cellular debris, un-lysed cells, and insoluble proteins by centrifugation 

at 70,000xg for 30 min. Decant and filter the supernatant using a 0.22 μm PVDF 

filter. 

5. Run a Tris-tricine gel to analyze whether the protein of interest in present in 

the supernatant (i.e. soluble fraction) or pellet (i.e. insoluble fraction) 
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3.4.3 Urea Solubilization 

1. Recover the pellet containing insoluble protein of interest from 3.4.2 step 4. 

2. Resuspend pellet in 5 mL of Urea solubilization buffer. 

3. Incubate the sample for 30 min to 1 hour at 30ºC on a nutator with gentle 

shaking 

4. Remove cellular debris and insoluble proteins by centrifugation at 70,000xg for 

30 min. Decant and filter the supernatant using a 0.22 μm PVDF filter. 

5. Run a Tris-tricine gel to analyze whether the protein of interest in present in 

the supernatant (i.e. soluble fraction) or pellet (i.e. insoluble fraction). If the 

protein is now located in the supernatant, which is the case here, proceed with 

step 6, otherwise a different solubilization method is required. 

6. Prepare the HiPrep 26/10 Desalting column or equivalent by running 1 CV of 

water, followed by 1 CV of Urea Purification Buffer through the column. 

7. Desalt AtLEA 3-2 solubilized in Urea Purification Buffer (load ≤10 mL sample 

per run) with the HiPrep 26/10 Desalting column using the Urea Purification 

Buffer as the pumping solution. Collect the eluted fractions in a 96-well plate. 

8. Run a Tris-tricine gel to analyze which fractions contain the protein of interest 

and pool these fractions. Continue with section 3.4.5. 

3.4.4 TCA Precipitation 

1. Resuspend pellet from 3.4.1 in Resuspension Buffer (20 mL / 1 L of bacterial 

growth). Add 0.5 M EDTA, such that 1 μL is added per every mL of sample. 
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2. Boil sample for 20 minutes, agitation every 5 minutes. 

3. Remove cellular debris and insoluble proteins by centrifugation at 50,000xg for 

15 minutes.  

3. Decant the supernatant and add 40% TCA (v/v) to give a final concentration of 

5% TCA (v/v) and incubate the sample on ice for 30 minutes. 

3. Remove insoluble material by centrifugation at 50,000xg for 15 min. 

4. Add 100% TCA (v/v) to the supernatant to give a final concentration of 25% 

TCA (v/v) and incubate the sample on ice for 30 min. 

5. Collect the pellet by centrifugation at 15,000xg for 15 min. 

6. Resuspend the pellet in 20 mL of Cation-exchange binding buffer. 

3.4.5 Cation Exchange Chromatography 
 

1.  Prepare the 5 mL HiTrap column by washing it with 5 column volumes (CV) of 

Cation-exchange Binding Buffer. Load the filtered cellular supernatant onto the 

column. 

2. Wash the column with 5 CV of Cation-exchange Binding Buffer or until the 

absorbance at 280 nm (A280) returns to baseline. 

3. Elute the AtLEA 3-2 protein using a linear gradient of 10 CV between the 

Cation-exchange Binding Buffer and Cation-exchange Elution Buffer from 0 to 

100% Cation-exchange Elution Buffer at a flowrate of 2.5 mL/min over 20 min. 

Monitor A280 to detect elution of the proteins (see Note 8). Collect 1 mL samples 

in a fraction collector. 



 

 

78 

 

4. Determine which fractions contain the AtLEA 3-2 protein by running individual 

fractions on a Tris-tricine polyacrylamide gel using electrophoresis (see Note 9). 

 

3.4.6 Truncated Expression and Purification 

  A truncated construct of AtLEA3-2 was created by removing the first 28 amino 

acid residues (detailed in Chapter 5), which is believed to be a mitochondrial targeting 

sequence, and subjected to the same methods described in sections 3.4.1 and 3.4.5. 

 

 

3.5 Methods: Part 2- Purification of Isotopically labeled AtLEA3-2 
using pET-SUMO 

 

3.5.1 Protein Expression  

1. It is assumed that the AtLEA 3-2 gene has already been subcloned into a 

plasmid to create pET-SUMO-AtLEA 3-2, which itself has been transformed into 

competent E. coli BL21(DE3) cells. 

2. Grow the transformed bacteria overnight in a small volume (5 mL) of LB media 

with 50 μg/mL kanamycin (5 μL of stock) at 37ºC with shaking at 250 rpm. 

3. Transfer 500 μL of the overnight growth per 500 mL of LB media containing 50 

μg/mL kanamycin (500 μL of stock). The total amount of media used will depend 

on the amount of protein required and the protein yield per liter media (see Note 

5). 
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4. Grow the large volume media at 37ºC until an optical density at 600 nm (OD600) 

of 0.8 is achieved. 

5. Collect the cells in the LB media by centrifugation (6,000xg for 15 min) and 

decant the supernatant (i.e. the media). 

6. Prepare the labeled M9 media. Add kanamycin to a final concentration of 50 

μg/mL (1 mL per liter of M9 media). Preheat to 37ºC. Immediately before use, 

add 10 mL of 20% (w/v) U-13C-glucose per liter of M9 media. 

7. Resuspend the cells in the isotope labeled M9 media. The cells can be 

resuspended in ½ or ¼ the volume of M9 media relative to the LB media to 

enhance expression efficiency (Marley et al., 2001).  

8. Return the cells to the shaker-incubator and allow the cells to grow for 1 h at 

37ºC with 250 rpm shaking to clear unlabeled metabolites. 

9. Induce expression of SUMO-AtLEA 3-2 with IPTG at a final concentration of 0.4 

mM. Add 1 mL 0.4 M IPTG per liter of media. Let expression continue for 16 – 18 

h at 37ºC (see Note 6). 

10. Collect cells by centrifugation (6,000xg for 15 min) and decant the supernatant 

(i.e. the media). At this point the cells can be frozen at -20ºC and stored. 
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3.5.2 Cell Lysis 

1. Resuspend the cell pellet in 10 mL of Ni-Affinity Binding Buffer per liter of original 

LB media in the presence of protease inhibitor cocktail. We typically use ½ of a 

tablet of cOmplete™ EDTA-free Protease Inhibitor Cocktail for 20-30 mL of 

resuspended pellet. 

2. Lyse cells by pulse sonication for a total of 5 minutes, with sonication on for 30 s 

and off for 20 s, and power level 7 on a tip sonicator. Maintain cells on ice 

throughout the process to prevent sample heating (see Note 7). 

3. Remove cellular debris, unlysed cells and insoluble proteins by centrifugation at 

48,000xg for 20 min. 

4. Decant the supernatant and filter using a 0.2 μm Whatman™ GD/X syringe filter 

or equivalent. Ideally, the cellular supernatant should be purified immediately to 

separate AtLEA 3-2 protein from bacterial proteases but can be stored overnight 

at 4ºC if necessary. 

 

3.5.3 Purification Step 1 

1. Prepare the 5 mL Ni-affinity column by washing it with 5 column volumes (CV) of 

Ni-affinity Binding Buffer. Load the cellular supernatant onto the column. 

2. Wash the column with 5 CV of Ni-affinity Binding Buffer or until the absorbance at 

280 nm (A280) returns to baseline. 

3. Elute the His6-SUMO-AtLEA 3-2 protein using a linear gradient of 10 CV between 

the Ni-affinity Binding Buffer and Ni-affinity Elution Buffer from 0 to 100% Ni-
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affinity Elution Buffer at a flowrate of 2.5 mL/min over 20 min. Monitor A280 to 

detect elution of the proteins (see Note 8). Collect 1 mL samples in a fraction 

collector. 

4. Determine which fractions contain the SUMO-AtLEA 3-2 protein by running 

individual fractions on a Tris-tricine polyacrylamide gel using electrophoresis 

(PAGE) (see Note 9). 

5. Prepare the HiPrep 26/10 Desalting column or equivalent by running 1 CV of 

water, followed by 1 CV of Digestion Buffer through the column. 

6. Desalt the pooled fractions of SUMO-AtLEA 3-2 (load ≤10 mL sample per run) 

with the HiPrep 26/10 Desalting column using the Digestion Buffer as the 

pumping solution. Collect the eluted protein in a 50 mL conical tube as a single 

fraction. The typical elution volume is 15 mL. 

7. Determine the concentration of the AtLEA 3-2. Measure the A280 of the eluted 

sample spectrophotometrically (see Note 10). Use the Digestion Buffer as the 

spectrophotometric blank. Calculate the protein concentration using the A280 and 

the mass concentration extinction coefficient (see Note 11). 

8. Adjust the buffer in the SUMO-AtLEA 3-2 sample to contain a final concentration 

of 10% (v/v) glycerol and 2 mM DTT (30 μL of 1 M DTT per 15 mL of sample). 

9. To obtain nearly complete cleavage (>99%) of SUMO-AtLEA 3-2, add Ulp1 (a 

SUMO protease) in an enzyme: protein (w/w) ratio of 1:500. Perform the 

digestion reaction at 30ºC for 1 h before moving to 4ºC overnight. 

 



 

 

82 

 

3.5.4 Purification Step 2 

1. Repeat Steps 1 – 4 in section 3.3 to separate cleaved AtLEA 3-2 protein from the 

His-tagged SUMO domain, uncleaved SUMO-AtLEA 3-2 protein, and any E. coli 

proteins that bound during the first purification. The cleaved AtLEA 3-2 will be in 

the column flowthrough and wash fractions. 

2. Collect the flowthrough and wash as 1 mL fractions and the elution samples into 

a 50 mL conical tube using a fraction collector. 

3. Assess which fractions contain AtLEA 3-2 by using a Tris-tricine PAGE (see 

Note 9). Pool the fractions. 

4. To desalt and remove small contaminants that may not be visible by PAGE, 

perform reversed-phase RP-HPLC. 

5. Add TFA to the sample (0.651 µL/mL sample). Prepare an analytical scale C4 or 

C18 RP-HPLC column as directed by the manufacturer. 

6. Set the flow rate to 1 mL/min and wash the RP-HPLC column with 2 CV of HPLC 

Buffer B, followed by 2 CV of HPLC Buffer A for baseline equilibration. 

7. Inject the sample and elute the protein using a buffer gradient of 0-100% HPLC 

Buffer B over 1 hour. Monitor A280 to detect elution of the protein (see Note 8). 

Collect 1 mL fractions in glass tubes.  

8. Determine which fractions contain the AtLEA 3-2 protein by running samples 

using Tris-tricine PAGE. Pool fractions in a 50 mL conical tube and store the 

protein at -80˚C. 
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9. To remove the TFA and acetonitrile, and prepare the protein for long-term 

storage, lyophilization can be used. If lyophilization is damaging to the protein, 

then alternative approaches are needed to remove these compounds (Dhalmole 

et al., 2010). 

3.5.5 Ulp1 Expression and Purification 

1. It is assumed that the Ulp1 plasmid (Ulp1 gene, coding residues 403-621 in the 

pET 28b vector (Reverter and Lima, 2009) has been transformed into competent 

E. coli BL21(DE3) cells. 

2. Grow the transformed bacteria overnight in a small volume (5 mL) of LB media 

with 50 μg/mL kanamycin (5 μL of stock) at 37ºC with shaking at 250 rpm. 

3. Transfer 2 mL each of the overnight growth into two 500 mL of LB media in a 

baffled flask with 50 μg/mL kanamycin (500 μL of stock). Grow the cells at 37ºC 

with shaking at 250 rpm. 

4. Grow the large volume media until an OD600 of 1 is reached (approximately 3-4 

h) before transferring the media to a shaker-incubator set to 30ºC with sample 

shaking at 250 rpm. 

5. After 1 h at 30ºC, induce expression by adding IPTG to a final concentration of 

0.4 mM (500 μL of 0.4 M IPTG per flask). Let the cells incubate for 3 h. 

6. Pellet the cells by centrifugation at 6,000xg for 30 min. 

7. Resuspend the cells in 15 mL of Ulp1 Cell Resuspension buffer. After 

resuspension, add more Ulp1 Cell Resuspension buffer to attain a final total 

volume of 25 mL. Freeze at -20ºC for overnight storage. 
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8. Thaw cells at room temperature with occasional hand agitation. Add 2.4 mL 4 M 

NaCl, 54.8 μL Triton X-100, 4.2 mg DTT, 18.6 mg imidazole per 25 mL 

resuspended pellet to give final concentrations of 350 mM NaCl, 1 mM DTT, 

0.2% (w/v) Triton X-100 and 10 mM imidazole. 

9. Sonicate the cellular suspension on ice for a total of 10 min with sonication on for 

10 s and off for 10 s, on power setting 5, with a probe tip sonicator. 

10. Remove cellular debris, unlysed cells and insoluble proteins by centrifugation at 

32,000xg for 30 min at 4ºC. Filter supernatant through a 0.2 μm Whatman™ 

GD/X syringe filter.  

11. Prepare a 5 mL HisTrap column or equivalent by washing the column with 5 CV 

Ulp1 Binding Buffer. Load the cellular supernatant onto the column. 

12. Wash the column with 5 CV of Ulp1 Binding Buffer or until the absorbance at 280 

nm (A280) returns to baseline. 

13. Elute the Ulp1 protease with a linear gradient of 10 CV between Ulp1 Binding 

Buffer and Ulp1 Elution Buffer at a flowrate of 2.5 mL/min over 20 min. Collect 

500 μL fractions using a fraction collector. 

14. Examine fractions that contain the protein by running Tris-tricine PAGE. Pool 

fractions containing the purified Ulp1 and dialyze at 4ºC against three changes of 

2 L of Ulp1 Dialysis Buffer. 

15. Determine the protein concentration of Ulp1 by measuring the A280 and using a 

mass extinction coefficient of 1.17 g•L-1•cm-1. Aliquot the protease as 250 μL 

samples. Flash freeze using liquid N2, and store at -80ºC until use. 
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3.5.6 Making a Tris-tricine Polyacrylamide Gel 

1. Prepare the separating gel by adding 3.89 mL water, 5 mL Tricine Gel Buffer, 4.5 

mL 40% acrylamide (19:1 acrylamide:bis) (see Note 12), 2.0 g glycerol in a 50 

mL Erlenmeyer flask. Add 50 µL APS and 15 µL TEMED and cast gel within a 

gel cassette (10 cm x 10 cm x 2 mm). Allow space for the stacking layer, and 

gently overlay the unpolymerized gel solution with water-saturated isobutanol. 

2. Once the separating layer has polymerized, pour off the layer of isobutanol and 

rinse the top of the gel with water. Remove water using a paper towel touched to 

the edge of the separating gel. 

3. Prepare the stacking layer by adding 3.89 mL water, 1.5 mL Tricine-Gel Buffer, 

0.81 mL acrylamide in a 50 mL beaker. Add 50 µL APS and 25 µL TEMED. Add 

the solution to the top of the separating gel. Gently insert a 10-well comb 

immediately, taking care not to introduce air bubbles. 

4. If gels are not to be used that day, wrap in water-soaked paper towels and store 

at 4˚C for up to 5 days. 

3.5.7 Tris-tricine Polyacrylamide Gel Electrophoresis 

1. Take a 10 µL aliquot of the sample and add 10 µL of 2X Tris-Loading Buffer 

2. Heat the samples at 90ºC for 10 minutes. 

3. Set up the electrophoresis chamber by locking in the gels according to the 

manufacturer’s instructions. Add Cathode buffer to the upper buffer chamber 
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(negative electrode), and Anode buffer to the lower buffer chamber (positive 

electrode). 

4. Load 20 µL of each sample in the wells of the gel. 

5. Run the gel at 75 V for 15 min to allow the sample to enter the separating gel, 

then 150 V for 1 hour. In cases where a higher resolution of the gel bands is 

required, lower the second voltage to 120 V. 

6. Following electrophoresis, pry the gel plates open with a plastic spatula. The gel 

will remain on one of the glass plates. Rinse the gel gently with water and 

transfer to a clean plastic container. 

7. Add Stain Solution until the gel is submerged. Let the gel sit in stain for 30 

minutes with gentle shaking. 

8. Remove Stain Solution and add Destain Solution until the gel is submerged. Let 

the gel sit in destain for 1-2 hours with gentle shaking.  

9. Remove Destain Solution and store the gel in water. Take a photograph of the 

gel for analysis (see Note 13) 
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3.6 Results and Discussion 

  The aim of this chapter was to develop a method for the expression and 

purification of IDPs, specifically LEA proteins from A. thaliana for structural and 

functional characterization. Initially, all experiments were performed with AtLEA3-2 

and/or 3-4, although once established, the protocol was used to successfully express 

and purify all four known LEA3 proteins from A. thaliana (see Chapter 4). 

  At first, an expression and purification scheme like what had been successfully 

performed with K2 and YSK2, two dehydrins studied in our lab, was attempted. This 

method involved subcloning the target gene into pET22b, using E. coli BL21(DE3) 

competent cells, and obtaining purified protein after a boiling lysis and single cation-

exchange purification step (Livernois et al., 2009). The first issue arose when AtLEA3-2 

was found in the insoluble fraction. To address this issue, modifications were made at 

various stages of the purification process. First, different protein induction conditions 

were tested. Rather than using the standard 3-hour induction at 37ºC, a shift to 16ºC 

overnight was attempted, since it has been shown that the production of soluble 

eukaryotic proteins can be favored by induction at a lower temperature for a longer time 

period (San-Miguel et al., 2013). Using a lower induction temperature did not affect the 

solubility of AtLEA3-2. Another change was switching the boiling step to sonication, in 

case the boiling treatment promoted precipitation. This was tested after both 16ºC and 

37ºC inductions, but none of these changes affected the solubility of AtLEA3-2 (Fig. 3-

1). Next, multiple different strains of competent cells were tested, including Rosetta 

(DE3), which enhances the expression of eukaryotic proteins that contain rare codons in 
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E. coli (Tegel et al., 2010), C41(DE3), which enhances the expression of toxic proteins 

(Miroux and Walker, 1996), and Origami B(DE3), which enables precise control of 

expression levels by IPTG and facilitates proper disulfide bond formation (Caplan et al., 

2016). In the end, the use of different strains did not result in a significant increase 

expression nor did they resolve the solubility issue (Fig. 3-2). The slight increase in 

expression did not result in enough protein after cell lysis and extraction to continue with 

purification, let alone structural characterization. 

 

 

Figure 3-1. Expression and Solubility tests for AtLEA3-2 

Tris-tricine gel showing A) Expression and solubility conditions tested at 16 ˚C B) 
Expression and solubility conditions tested at 37˚C. The black arrow indicates the 
expected location of AtLEA3-2.   
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Figure 3-2. Expression and Solubility of AtLEA3-2 using Rosetta (DE3). 

Tris-tricine gel showing pre-induction, post-induction, supernatant, and pellet samples of 
AtLEA3-2 expressed in Rosetta (DE3). The black arrow indicates the expected location 
of AtLEA3-2. Similar results were seen with C41(DE3) and OrigamiB (DE3).  
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  Next, urea was used to solubilize AtLEA3-2 in the insoluble bacterial pellet. Urea 

is a commonly used solubilizing agent that acts to disrupt hydrogen bonds and 

hydrophobic interactions between and within proteins, effectively disrupting most 

structure and aggregation (Burgess, 2009). Urea is especially useful if there is an intent 

to purify the target protein in the denatured state, and urea, unlike guanidium 

hydrochloride, can be used on SDS-PAGE gels for analysis (Hwang et al., 2014). Urea 

did solubilize AtLEA3-2 more than had been observed before as shown by the traces of 

protein appearing in the supernatant after urea solubilization (Fig. 3-3). The next step 

was to dilute the urea from the sample for further purification. A drip-dilution technique 

was employed in which the urea-containing supernatant was slowly titrated into 200 mL 

of purification buffer (a 20-fold dilution); however, after concentrating the sample, the 

protein did not remain soluble, resulting in visible precipitation (data not shown). 

As an alternative method, desalting was used to exchange the urea-containing 

buffer into a buffer containing half the amount of urea and repeating the process until 

presumably trace amounts of urea remained. Fractions containing AtLEA3-2 were 

identified on an SDS-PAGE gel (Fig. 3-4) and pooled for cation-exchange 

chromatography. Unfortunately, the protein was not detected after chromatography. It is 

possible that the dilution from buffer and cation-exchange may have diluted the already 

small amount of protein to undetectable levels.  
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Figure 3-3. Urea treatment to solubilize AtLEA3-2. 

Tris-tricine gel showing pre-induction, post-induction, supernatant, supernatant after 8M 
urea treatment, and pellet after 8M urea treatment. The black arrow indicates the 
expected location of AtLEA3-2.   
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Figure 3-4. Desalting AtLEA3-2 after Urea treatment.  

Tris-tricine gel showing supernatant with urea (load) and pellet with urea before 
desalting. All lanes containing no labels are 1 mL fractions collected during desalting.  
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  A TCA precipitation method was employed to increase the yield of solubilized 

AtLEA3-2, which has been shown to work for another LEA protein. It involves boiling the 

bacterial pellet, using a low concentration of TCA to remove contaminating proteins, 

then a higher percentage of TCA to concentrate the LEA protein (Campos et al., 2011). 

As expected, AtLEA3-2 was in the pellet after the second TCA enrichment step (Fig. 3-

5); however, final resuspension of the pellet did not result in higher levels of soluble 

protein than urea treatment, resulting in the same low yield after cation-exchange 

chromatography.  

 The next attempt to increase soluble protein production involved truncating the 

sequence of AtLEA3-2 to exclude a potential targeting pre-sequence. N-terminal 

targeting pre-sequences may form amphipathic α-helices to interact with membranes, 

which can cause solubility issues when alone in solution (Huang et al., 2009; Sjoling et 

al., 1998). AtLEA3-2 was predicted to localize to the mitochondria, so the sequence was 

truncated at a putative cut-site that was determined from the combination of two 

approaches: literature searches on N-terminal mitochondrial pre-sequences in plants 

(Huang et al., 2009; Sjoling et al., 1998) and Mitofate, a mitochondrial pre-sequence 

cut-site prediction tool (Fukasawa et al., 2015). The truncation of AtLEA3-2 did increase 

solubility; however, the overall expression levels remained low (Fig 3-6). The truncated 

AtLEA3-2 construct was subjected to similar expression experimentation (different 

induction temperatures, sonication, use of different competent cell strains), although low 

expression levels were still an issue (Fig 3-6).  
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Figure 3-5. AtLEA3-2 Purification using the TCA Method.  

Tris-tricine gel showing supernatant following original purification protocol, supernatant 
after 8M urea treatment, pellet after addition of TCA to final concentration of 5% (v/v), 
supernatant after addition of TCA to final concentration of 5% (v/v), supernatant after 
addition of TCA to final concentration of 25% (v/v), and pellet after addition of TCA to 
final concentration of 25% (v/v). The black arrow indicates the expected location of 
AtLEA3-2. 
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Figure 3-6. Truncated-AtLEA3-2 Solubility Test. 

Tris-tricine gel showing pre-induction, post-induction, boiled supernatant, boiled pellet, 
sonicated supernatant, and sonicated pellet. The black arrow indicates the expected 
location of AtLEA3-2.   
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The next attempt to improve expression levels and increase protein amount was 

to use the Champion pET-SUMO expression system (Invitrogen, 2010). The system 

allows the fusion of a heterologous protein to small ubiquitin-related modifier (SUMO), 

which is involved in the stabilization of proteins in vivo. This system is also 

advantageous because the SUMO-tag has a hexa-histidine tag to allow for easy 

purification by nickel-affinity chromatography. The SUMO-tag itself can be easily 

cleaved by Ulp1, providing a mature protein with a native N-terminus. The use of the 

pET-SUMO champion system produced soluble truncated AtLEA3-2, with the highest 

expression levels of all tested methods. The protein was then subjected to nickel-affinity 

chromatography to remove contaminating proteins, followed by desalting. After 

digestion with Ulp1, the protein was subjected to a second round of nickel-affinity 

chromatography. Since the SUMO-tag with the hex histidine tag has been cleaved off, 

the mature protein will elute in the flow through. The eluted protein was desalted by 

reversed-phase HPLC using a C4 column. The LEA proteins will associate with the 

hydrophobic stationary phase in the presence of water; however, upon removal of water 

and replacement with acetonitrile, the LEA proteins will favor the polar mobile phase 

and elute from the column. The full purification is presented in Fig 3-7. This method 

produced ~1.5 mg protein per 1 L bacterial culture. Although still not a high yield, this 

allowed the production of enough protein for further structural and biochemical 

characterization.  

 

 



 

 

97 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3-7. Full purification of AtLEA3-2. 

Recombinant expression, purification, and cleavage of AtLEA 3-2. The Tris-tricine gel 
shows the results of the major steps of the purification process. Ladder, broad-range 
molecular weight marker; Pre-induction, whole bacterial cell lysate before adding IPTG; 
Post-induction, whole bacterial cell lysate 16 h after adding IPTG; Load, the sample 
loaded onto the first Ni-affinity purification; Pre-digestion, pooled Ni-affinity fractions 
before Ulp1 digestion; Post-digestion, after Ulp1 digestion and the sample loaded onto 
the second Ni-affinity affinity purification; FPLC#2 Fractions, pooled Ni-affinity fractions 
after Ulp1 digestion; HPLC Fractions, pooled fractions after RP-HPLC purification. 
Arrows and labels on the right indicate where the various proteins are expected to 
migrate. 
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  Here, we present a method using M9 media to uniformly label an IDP with 13C 

and 15N isotopes for NMR studies. Isotopic labelling is important for NMR studies 

because it enhances the sensitivity of NMR and facilitates site-specific information to be 

obtained of proteins larger than 5 kDa. Uniform 13C-, 15N-labelling is a very widespread 

method for protein NMR since it is relatively simple and cost-effective when compared 

to other labelling methods such as selective isotopic labelling or chemical synthesis 

(Hong, 2010). This method allows the production of labelled protein that, using NMR, 

can in principle provide structural constraints about the protein. NMR can be useful in 

full structural determination, but is especially important in studying IDPs, as their 

structural heterogeneity prevents the use of other techniques like X-ray crystallography, 

which requires a mostly rigid structure for crystal formation. Unlike other techniques, 

NMR can provide residue specific information for IDPs, helping elucidate potential 

binding sites and providing insight into their function(s). NMR has also been used to 

study proteins with regions of disorder; global membrane topology and structural 

information of key regions of membrane proteins have been obtained using NMR 

(Radoicic et al., 2014). Overall, NMR can provide important structural information, 

especially for IDPs, and uniform 13C-, 15N-labelling is an essential step to prepare the 

protein for such studies.  
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3.7 Conclusion 

  Isotopic labelling is important for NMR, and uniform 13C-, 15N-labelling is 

commonly employed to achieve labelling because it is inexpensive and relatively simple 

compared to other labelling methods. Described in this chapter is a method to label the 

IDP AtLEA3-2 using M9 media supplemented with 13C-glucose and 15N-ammonium 

chloride to incorporate these isotopes into the protein. Expression and solubility issues 

could not be circumvented by changing expression conditions, altering the method of 

cell lysis, using different strains of competent cells, using urea purification, or using TCA 

precipitation. Ultimately, the commercial Champion pET-SUMO system was used for 

the expression and purification of 13C/15N-AtLEA3-2. Purification was performed using 

nickel-affinity chromatography and cleavage of the SUMO tag was performing using 

Ulp-1, resulting in a native N-terminus that would occur in vivo after the cleavage of the 

mitochondrial targeting sequence. The yield after final purification and desalting was 1.5 

mg protein per 1 L of bacterial culture for unlabeled protein, and 0.25 mg protein per 1 L 

of bacterial culture for 13C/15N-AtLEA3-2. This method can be applied to other IDPs to 

produce unlabeled or isotopically labelled protein.  
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3.8 Notes 

1. For cloned genes containing rare codons, E. coli strains such as Rosetta (DE3) 

may be a more appropriate choice. In some cases, the expressed IDPs are insoluble 

and may end up in inclusion bodies, and other vectors with different tags may be 

needed (Graether, 2019). 

2. Baffled flasks ensure that bacteria are sufficiently aerated. An alternative to 

purchasing baffled flasks is to use Erlenmeyer flasks and have them modified by a 

glass-blowing shop.  

3. The amount of glucose for optimal protein expression should be first determined 

using unlabeled glucose. In cases where only 15N-labeling is required, the amount of 

glucose added to the media can be doubled to 4 g glucose per liter M9. 

4. To avoid potential degradation from heating and sample loss during the autoclave 

process, it is advised to sterilize glucose using a syringe filter. 

5. Several of the growth and expression parameters (induction cell density, induction 

temperature, induction time, IPTG concentration, glucose concentration) may need to 

be optimized for other IDP expression systems. For test cultures to optimize 

expression, 50 mL of media in 250 mL shaker flasks are recommended, since in our 

experience 5 mL of media in test tubes does not faithfully reproduce the aeration 

conditions and bulk volume in a shaker flask. 

6. Most IDPs will have optimal expression levels 3-4 h after induction. 
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7. If the protein is completely disordered or the tag does not encode a structured 

domain, an alternative approach is to boil cells for 20 min to lyse them and cause E. 

coli host proteins to aggregate (Kalthoff, 2003; Livernois et al., 2009). 

8. IDPs not containing tryptophan or tyrosine residues will not absorb light 

appreciably at 280 nm. Alternatively, absorbance at 214 nm can be monitored to 

detect the peptide bond, but non-protein organic molecules will also contribute to the 

absorbance. 

9. Tris-tricine gels are better for separating proteins <40 kDa in size. For larger proteins, 

a Laemmli gel system can be used (Gallagher, 2001). 

10. A ~10-fold dilution may be needed to bring the sample into the linear range of the 

spectrophotometer. 

11. The molar extinction coefficient can be estimated using the protein sequence and 

an online tool (e.g. ExPASy ProtParam - https://web.expasy.org/protparam/), and then 

converted to the mass concentration extinction coefficient by dividing by the molecular 

weight of the protein. 

12. Unpolymerized acrylamide is a neurotoxin and should only be handled while 

wearing appropriate protective gear. Care should be taken with polymerized 

acrylamide, since the unpolymerized form may still be present in small amounts. 

13. The large hydrodynamic radius and unusual amino acid composition of IDPs often 

cause them to migrate at an unexpected molecular weight (MW). Usually, this apparent 
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MW is much larger than its chemical MW. Likewise, the unusual amino acid 

composition may result in weaker straining. We found that for some IDPs, leaving the 

stained gel in water overnight results in darker bands. 
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4 Biochemical Characterization of LEA3 Proteins 

 

This chapter is being prepared to submit to the Journal of Biological Chemistry 

 

Singh, K.K. and Graether, S.P. (2020). Biochemical Characterization of LEA3 Proteins. 
JBC. In prep. 

Author contributions: 
KKS and SPG designed the experiments and performed the analyses. KKS wrote the 
manuscript and SPG revised it. 
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4.1 Abstract 

  Late embryogenesis abundant (LEA) proteins are produced during seed 

embryogenesis and in response to various abiotic stressors. A correlation has been 

established between lea expression and stress tolerance, yet their precise biochemical 

mechanism remains elusive. LEA proteins are rich in hydrophilic amino acids, 

classifying them as intrinsically disordered proteins (IDPs).  Here we perform 

biochemical analysis of the four LEA3 proteins from A. thaliana. We show that the LEA3 

proteins are disordered in solution but have regions predicted to have propensity for 

order, making them more hydrophobic than other LEA groups. One member, LEA3-4, 

can bind Cu2+ and Fe3+ ions with micromolar affinity while the others do not show any 

binding to several metals. All LEA3 proteins were effective cryoprotectants of LDH and 

showed a gain in α-helicity in the presence of SDS, while only LEA3-4 showed a gain in 

α-helicity in the presence of the membrane mimic DPC. We used 15N-HSQC NMR to 

demonstrate that the additional W- and DAELR motifs present in LEA3-4 are involved in 

the interaction with DPC. We conclude the LEA3 group could have multiple functions in 

protecting cells during stress.      
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4.2 Introduction 

 

  Plants are subjected to a variety of adverse abiotic factors that can impede their 

growth and potentially result in death, with high salinity, drought, and cold stress having 

the most profound effects on crop productivity worldwide (Poltronieri et al., 2011). Even 

though plant stress can be initiated by different abiotic factors, the major physiological 

consequences are similar; osmotic stress and dehydration, which can reduce growth. 

Osmotic stress and dehydration can have a damaging effect on plant survival due to 

imbalances in ionic and osmotic homeostasis, impaired photosynthesis and cellular 

energy depletion, as well as oxidative damage to cellular machinery from the production 

of reactive oxygen species (Farooq et al., 2009; Beck et al., 2007). As sessile organisms, 

plants have evolved to respond to these adverse environmental conditions by diverse 

adaptive mechanisms. At the molecular level, one method to combat the effects of stress 

is the upregulation of late embryogenesis abundant (LEA) proteins (Olvera-Carrillo et al., 

2010; Campos et al., 2013; Furuki et al., 2011). 

 LEA proteins are abundant in the plant genome, with 51 lea genes identified in A. 

thaliana (Hundertmark and Hincha, 2008). As their name suggests, LEA proteins 

accumulate in seeds during the later stages of embryogenesis, although accumulation is 

also seen in vegetative tissues after exposure to dehydrative, osmotic, and/or low 

temperature stress (Bies-Ethève et al., 2008; Hundertmark and Hincha, 2008). The 

expression of LEA proteins has been in observed in many cellular compartments, 

including: cytosol (Roberts et al., 2016; Franz et al., 1989),  chloroplasts (Ndong et al., 
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2002; Lin and Thomashow, 1992), endoplasmic reticulum (Ukaji et al., 2016), 

peroxisomes (Cutler et al., 2000), nucleus (Borell et al., 2002; Riera et al., 2004), and 

mitochondria (Bardel et al., 2002; Grelet et al., 2005; Menze et al., 2009). Diverse 

localization may allow LEA proteins to carry out the various functions that have been 

reported, such as: chaperones/stabilizers in protecting enzymes (Goyal et al., 2005; 

Kovacs et al., 2008; Hughes and Graether, 2011; Hughes et al., 2013, Cuevas-Velazquez 

et al., 2014), membrane protectant/stabilizers (Danyluk et al., 1998; Tolleter et al., 2007), 

metal-ion binding (Alsheikh et al., 2005; Hara et al., 2005; Liu et al., 2011), hydration 

buffers (Garay-Arroyo, 2000; Manfre et al., 2006), and organic glass formers (Buitink and 

Leprince, 2004). Some LEA proteins demonstrate moonlighting, which is the ability to 

perform multiple functions (Lin and Thomashow, 1992; Nakayama et al., 2007; Hara et 

al., 2009). 

  The ability to perform such diverse functions can be attributed to the amino acid 

sequences of LEA proteins. LEA proteins possess a biased amino acid composition that 

is rich in glycine and small and/or charged amino acids, while typically lacking aromatic 

and cysteine residues. The over-representation of hydrophilic amino acids and lack of 

hydrophobic amino acids contributes to their lack of secondary and tertiary structure, 

deeming them intrinsically disordered proteins (IDPs). Accordingly, LEA proteins are 

typically grouped based on sequence similarity; however, the naming of the groups 

remains inconsistent throughout literature. We will be following the system used by 

Hundertmark and Hincha, 2008, in which nine groupings exist (Hundertmark and 

Hincha, 2008). Of all the groups, dehydrins are the best studied, with many studies 



 

 

107 

 

reporting on the motifs (Malik et al., 2017), and possible functions of this group (Kovacs 

et al., 2008; Hughes et al., 2013; Hara et al., 2009). A lesser studied group are the 

LEA3 proteins, which have predicted localization to chloroplasts and mitochondria and 

limited biochemical characterization (Candat et al., 2014). In A. thaliana, four LEA3 

proteins have been identified.  

  A LEA3 protein in A. thaliana, SAG21, was found using a yeast complementation 

approach using a mutant of YAP1, which is required for the expression of many 

oxidative response genes. In planta studies performed with SAG21 demonstrated it is 

upregulated in response to oxidative- and/or drought-induced stress, and this 

upregulation is beneficial to plant growth and survival. Confocal microscopy analysis 

revealed localization of SAG21 to the mitochondrion (Mowla et al., 2006). This leads to 

an intriguing possibility that SAG21 is involved in stress tolerance by protection of 

mitochondrial membrane(s) or mitochondrial-associated proteins from the effects of 

oxidative stress. Other studies performed on LEA3 proteins from A. thaliana 

demonstrated a mitochondrial localization for three members, and cytosolic for one 

(Candat et al., 2014, Avelange-Macherel et al., 2018). To date there is limited 

biochemical characterization of the LEA3 group, hence our motivation to perform 

biochemical characterization of four LEA3 proteins from A. thaliana. 
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4.3 Materials and Methods 

4.3.1 Protein Expression and Purification 

  E. coli BL21 (DE3) (Invitrogen) cells were transformed with pET-SUMO plasmid 

previously cloned with LEA3 inserts. Cells were incubated for 3 hours at 37˚C with 

shaking at 180 rpm, then plated on Lysogeny Broth (LB) plates containing 50 µg/mL 

kanamycin. Plates were incubated overnight at 37˚C, and small cultures were 

inoculated with a single colony from these plates in 5 mL LB supplemented with 50 

µg/mL kanamycin. After growing overnight, 1 mL of the small culture was added to 1 L 

of LB media supplemented with 50 µg/mL kanamycin, and cells were grown at 37˚C 

with shaking at 180 rpm. Once the optical density (OD600) of the culture reached 0.6-0.8 

(3-4 hours), protein expression was induced by adding isopropyl-β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM. After induction for 3 

hours, cells were pelleted by centrifugation at 6,000 x g for 15 minutes. The pellets were 

resuspended in 20 mL Binding Buffer (20 mM Tris, 500 mM NaCl, 10 mM Imidazole, pH 

8.0). Cells were lysed by sonication with a macro tip at power level 7, 30 s on and 20 s 

off, for a total run time of 5 minutes. After samples were cooled to room temperature on 

ice, cellular debris was removed by centrifugation at 48,000xg for 20 minutes. Soluble 

protein in the supernatant was collected and filtered through 0.22 μm Whatman GD/X 

syringe filter, and then purified by FPLC using a Ni-NTA column (5 mL HisTrap, GE 

HealthCare). The column was washed with 5 CV of binding buffer, then the protein was 

loaded. The column was then washed with 5 CV of Binding Buffer, followed by 5 CV of 

Elution Buffer (20 mM Tris, 500 mM NaCl, 500 mM Imidazole, pH 8.0), using an elution 
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gradient of 10-500 mM imidazole. Fractions containing SUMO-LEA proteins were 

identified by A280, confirmed by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), pooled, and concentrated (Millipore, 3 kDa cut-off) to ≤10 

mL for buffer exchange into Digestion Buffer (20 mM Tris, 150 mM NaCl, pH 8.0) using 

the HiPrep26/10 column (GE Life Sciences). Following buffer exchange, SUMO-LEA 

samples were digested using Ulp1 at an enzyme to protein mass ratio of 1:500 in 

Digestion Buffer supplemented with 10% glycerol (v/v) and DTT at a final concentration 

of 2 mM. The digestion reaction was incubated at 30˚C for 1 h, then moved to 4˚C 

overnight. Digested SUMO-LEA was subjected to FPLC using a 5 mL HisTrap column. 

LEA protein was eluted in the flow through, which was collected as 1 mL fractions. 

Fractions containing LEA protein were concentrated to ≤5 mL. Trifluoroacetic acid (TFA) 

was added to a final concentration of 0.1% (w/v). LEA samples were desalted using 

reversed-phase high performance liquid chromatography (RP-HPLC) using a C4 

column (BioBasic). The column was washed with water containing 0.1% TFA (w/v) and 

protein was eluted using a linear gradient of 0-100% Acetonitrile with 0.1% TFA (w/v) 

over one hour. Fractions containing LEA proteins were identified by A280, confirmed by 

SDS-PAGE, pooled, and lyophilized for 24 hours before storage at -20˚C.   
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4.3.2 Metal Binding Assay 

  Metal ion and protein interactions were assessed using IMAC (1 mL HisTrap, GE 

Healthcare). The column was washed with 5 CV Elution Buffer (50 mM Tris-HCl, 1 M 

NaCl, 50 mM EDTA pH 7.4), 5 CV of ddH2O, then charged with 3 CV of 100 mM CaCl2, 

MgCl2, CoCl2, FeCl3, ZnCl2, CuCl2, or NiCl2. The column was then washed with 5 CV of 

dH2O, 5 CV of Equilibration Buffer (50 mM Tris-HCl, 1 M NaCl, pH 7.4), and 500 µL of 

0.5 mg/mL LEA protein was loaded onto the column. The column was washed with 5 

CV of Equilibration Buffer (unbound protein elutes), then 5 CV of Elution Buffer (bound 

protein elutes), with 1 mL fractions being collected and 15 µL of each fraction subjected 

to SDS-PAGE analysis.   

 

4.3.3 Isothermal Titration Calorimetry Analysis 

  ITC experiments were performed at 25˚C using the (TA Instruments Nano-ITC). 

Solutions were degassed prior to experiments to avoid air bubbles. Two millimolar Cu2+
 

was dissolved in 10 mM Tris, 100 mM NaCl, pH 7.4. The Cu2+ was titrated into 50 µM 

LEA3-4 (in the same buffer as titrant) with twenty 2 µL injections, and the heat evolved 

or absorbed was measured. Control experiments were performed in which Cu2+ was 

titrated into buffer to account for the heat released from dilution. Similar experiments 

were performed with Fe3+, except the buffers had a pH of 5.5. Data was analyzed using 

NanoAnalyze software. 
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4.3.4 Lactate Dehydrogenase Cryoprotection Assay 

  The cryoprotection assay was performed as previously described (Hughes and 

Graether, 2011). Briefly, LDH was prepared by overnight dialysis against 10 mM sodium 

phosphate, pH 7.4. LEA proteins and control proteins were dissolved in 10 mM sodium 

phosphate, pH 7.4. LDH samples (7.5 µL of 50 µg/mL) were mixed with protein (7.5 µL 

of varying concentrations) or buffer only (7.5 µL) in a 1.5-mL microcentrifuge tube. The 

samples were immersed in liquid nitrogen for 30 seconds and thawed by immersion in a 

circulating water bath at 16˚C for 5 minutes. This treatment was performed a total of five 

times. LDH activity was measured by diluting the enzyme to 0.5 µg/mL into 750 µL of 10 

mM sodium phosphate, pH 7.4, 2 mM NADH and 10 mM pyruvate. Enzyme activity was 

followed on a Cary 100 spectrophotometer (Varian) by measuring the A340 to follow the 

oxidation of NADH. Data from individual assays was plotted as percentage recovery of 

LDH activity versus additive concentration. The results were fitted to: 

% LDH recovery = 
𝑎

1+𝑒
−(𝑥−𝑥0)

𝑏

 

where e is Euler’s number, x is additive concentration, x0 is the percentage recovery in 

the absence of additive and a and b are fitted variables (Hughes et al., 2013). The PD50 

was determined by solving for x at the predicted value of 50% recovery of enzyme 

activity.  
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4.3.5 Structural Analysis by Circular Dichroism 

  CD data were collected using a Jasco-815 CD spectropolarimeter (Easton, MD). 

All protein samples were dissolved in 5 mM sodium phosphate, pH 7.4, at a protein 

concentration of 0.16 mg/mL (15.6 µM). A quartz cuvette with a 2 mm pathlength 

(Hellman, Concord, ON, Canada) containing the protein alone, or with 50 mM SDS or 

10 mM DPC, was scanned from 250-190 nm. Spectra were averaged over 8 

accumulations and smoothing was performed using the Savitzky-Golay algorithm. All 

CD experiments were performed at 25˚C. For the DPC titration, various concentrations 

(0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1, 2, 5, 7.5, and 10 mM) of DPC with 0.16 mg/mL LEA3-

4 were analyzed. 

 

4.3.6 NMR Experiments 

 Uniform 13C/15N-AtLEA3-4 was purified as described above for the unlabeled 

protein, with the following modifications. E. coli BL21(DE3) cell transformed with pET-

SUMO-AtLEA3-4 were grown in LB media at 37ºC until an OD600 of 0.8 was achieved. 

Cells were collected by centrifugation (6000xg for 15 minutes), after which the 

supernatant was decanted. The cells were resuspended in one-quarter the LB volume 

of M9 media containing U-15N-NH4Cl and U-13C-glucose. After shaker-incubation at 

37ºC for 1 h, IPTG was added to a final concentration of 0.4 mM. Expression was 

continued for 16-18 h at 37ºC. The remainder of the purification protocol is identical to 

that of the unlabeled AtLEA3-4. 
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 Purified U-13C/15N-AtLEA3-4 was made into a 600 μL NMR sample containing 

0.65 mM protein in an NMR buffer (20 mM sodium phosphate, pH 6.0, 10 mM NaCl, 

0.01% sodium azide, 0.1 mM dimethyl-4-silapentane-1-sulfonic acid (DSS) and 10% 

D2O (v/v)). All experiments were collected on a Bruker Advance DRX800 spectrometer 

equipped with a triple resonance probe with the sample temperature set to 298 K. 1H, 

13C, and 15N referencing was performed relative to DSS as described previously 

(Wishart et al., 1995). Backbone 1H, 15N and 13Cα chemical shifts and sidechain 13Cβ  

were assigned using 15N-HSQC, HNCACB, CBCA(CO)NH, HNCO and HNCACO 

experiments. Spectra were processed using NMRPipe (Delagio et al., 1995) and 

assignments were made using the CCPNMR Analysis software package, version 2.4 

(Vranken et al., 2005) using routine protein NMR methods. 

For the titration experiments, 15N-HSQC spectra of the protein sample described 

above were collected in the presence of 0, 1, 2, 3, 5, 7.5, 10, 20, 30, 50, 75 and 100 

mM DPC. Analysis of the chemical shift perturbation and calculation of the dissociation 

constant KD were also performed in CCPNMR software. The δ2Δ algorithm was used to 

predict the fractional secondary content on a per residue basis (Camillino et al., 2012). 
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4.4 Results and Discussion 

4.4.1 Structures and IDP Prediction 

  The protein sequences of the four A. thaliana LEA3 proteins are shown in Fig. 4-

1A, with conserved motifs highlighted. The motif shown in red is a common feature of 

LEA3 proteins and is denoted the W-motif because of a completely conserved 

tryptophan residue at the motif’s N-terminus. The cyan highlights the N-terminal motif, 

the magenta a C-terminal motif termed the DAELR motif (see Chapter 2), the green 

shows a motif that sometimes is found after the N-terminal motif. The arrows indicate 

putative cut-sites for removal of an N-terminal sequence. LEA3-1, 3-2, and 3-3 proteins 

possess one copy of each motif, while LEA3-4 lacks the motif sometimes found after the 

N-terminus and has an extra copy of the W-motif. LEA3 proteins are characteristically 

grouped based on the W-motif; however, the N- and C-terminal motifs have only 

recently been identified due to lack of in-depth bioinformatics analysis on the LEA3 

group (see Chapter 2). The putative cut-sites were predicted using MitoFate, since it 

has been shown that LEA3 proteins localize to the mitochondria (Candat et al., 2014, 

Avelange-Macherel et al., 2018); therefore, the truncation would represent the mature 

protein thought to exist in vivo. All constructs used here are without the sequence 

shown before the triangle. 

  Next, we used circular dichroism (CD) to assess the secondary structure content 

of the mature LEA3 proteins in solution. All LEA3 proteins possess similar CD spectra; a 

negative minimum is observed at ~200 nm, and little negative ellipticity is seen above 

~212 nm (Fig. 4-1B), suggesting a disordered structure. These results agree with what 
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has been reported for other LEA proteins in solution (Hara et al., 2001; Kovacs et al., 

2008; Clarke et al., 2015, Lv et al., 2018). The disordered structure of LEA proteins is 

thought to allow them to carry out diverse, and in some cases, multiple functions 

(Battaglia et al., 2008).  

  Although the CD results suggest a disordered structure, we used in silico 

predictors to provide structural information on a per residue basis. In silico predictions 

using the MetaDisorder server on the whole sequences (i.e. including the MTS) suggest 

that the LEA3 proteins are mainly disordered (Fig. 4-1C). The amino acids are scored 

between 0 and 1, where a value above 0.5 suggests disorder, and a value below 0.5 

suggests order. For all four LEA proteins, the residues before the cut site (i.e. the N-

terminal MTS motif) have a propensity favouring an ordered structure, as do the amino 

acids in the W-motif, and specifically both W-motifs for LEA3-4. The amino acids in the 

C-terminal motif also show propensity for order, although to a lesser extent than the 

other regions. The regions between the motifs have values that suggest that the 

proteins are disordered for the most part. Overall, LEA3-4 shows a higher propensity for 

order when compared to the other three LEA proteins, but this is not surprising because 

LEA3-4 has a longer sequence and contains an additional W-motif, which appears to be 

order promoting. It is also not surprising that the N-termini of LEA3 protein are predicted 

to be ordered, because MTSs are known to form amphipathic α-helices (Huang et al., 

2009; Sjoling et al., 1998). 

The W-motif does not have a known function, although the propensity to gain 

structure in this region could make it an attractive target for an interaction site with a 
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potential ligand. This has been shown for the K2 dehydrin, where the residues in K-

segments, which have propensity to form α-helices, showed a gain in α-helicity in the 

presence of SDS, demonstrating that these regions interact with SDS micelles (Clarke 

et al., 2015).  

Despite the CD data showing a disordered structure in solution, the in-silico 

results suggest that there are many regions with propensity to gain order. Overall, the 

LEA3 group has propensity to be less disordered than has been described for other 

LEA proteins (Kovacs et al., 2008; Jaspard et al., 2012). The disordered nature of LEA 

proteins has been attributed to their functional promiscuity and moonlighting capability; 

therefore, a more ordered structure could hinder LEA3 proteins from having these 

characteristics.  
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Figure 4-1. Structures and IDP Prediction 

A) Sequences of AtLEA proteins. Cyan indicates the N-terminal motif, green is the motif 
sometimes present after N-terminal motif, red is the W-motif, and purple is the C-
terminal DAELR motif. The black arrows indicate the predicted cut sites for the 
mitochondrial targeting signal peptides. B) CD spectra of AtLEA proteins in 10 mM Tris, 
pH 8.0. C) In silico disorder prediction using the MetaDisorder server. The different 
colours represent different algorithms and the pink is an average of all algorithms. 
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4.4.2 Metal Binding 

  During stress, metal ions can accumulate to levels that lead to the production of 

ROS, which can be damaging to the cell. ROS can be produced by free catalytic metals, 

such as Fe3+ and Cu2+ by Haber-Weiss and Fenton reactions, or metabolic alterations 

(Letelier et al., 2005; Ravet & Pilon, 2013; DalCorso et al., 2014). The binding of 

dehydrins and LEA4 proteins to various metal ions has been reported (Hara et al., 2009; 

French-Pacheco et al., 2018; Liu et al., 2011).  Also, since a role in tolerance to oxidative 

stress has been previously proposed for LEA3-2 (Salleh et al., 2012), the direct metal ion 

binding abilities of the LEA3 proteins were tested. An IMAC approach was used to initially 

search whether the LEA3 proteins could chelate Ca2+, Mg2+, Co2+, Fe3+, Zn2+, Cu2+, and 

Ni2+. We chose these metals because they are commonly found in in plant 

mitochondria. Bovine serum albumin (BSA) was used as a positive control, as it is 

known to bind Fe3+, Zn2+, Cu2+, and Ni2+ (Ohyoshi et al., 1999; Zhang et al., 2002; Xu et 

al., 2008). As a rapid screening method, we chose to use metal affinity chromatography 

with the column charged with the various metal ions. The chromatography was 

performed at pH 7.4 for all metals except Fe3+, which was performed at pH 5.5 to avoid 

the formation of iron colloids. LEA3-1, 3-2 and 3-3 eluted in the equilibrium buffer for all 

tested metals, suggesting they likely do not bind these metals. LEA3-4 was retained 

when the column was charged with Fe3+ and Cu2+, and was consequently eluted with an 

EDTA wash, indicating that LEA3-4 binds Fe3+ and Cu2+ (Fig. 4-2). 
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Figure 4-2. Metal binding analysis of LEA3-4. 
 

A) AtLEA3-4 loading control B) Tris-tricine gel showing the equilibrium buffer wash and 
elution buffer wash after AtLEA3-4 was added to an IMAC column charged with 0.1 M 
CuCl2. C) Tris-tricine gel showing the equilibrium buffer wash and elution buffer wash 
after AtLEA3-4 was added to an IMAC column charged with 0.1 M FeCl3. The black 
arrow indicates the predicted location of AtlEA3-4. 
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Because IMAC is only a qualitative method, we used ITC analysis to 

quantitatively estimate the binding between proteins and metals (Wilcox, 2008). 

Therefore, ITC experiments were performed to investigate the binding of Fe3+ and Cu2+ 

to LEA3-4. The calorimetric data (Fig. 4-3) was fitted to both a one-site binding model 

for Cu2+, which showed basic exothermic behaviour, and a multiple sites model yielding 

two binding sites for Fe3+, which demonstrated more complex behaviour involving both 

exothermic and endothermic processes. The thermodynamic parameters and binding 

affinities are summarized in Table 4-1. The binding affinity for both metals was in the 

low micromolar range, although the binding affinity of LEA3-4 for Fe3+ is stronger than 

for Cu2+.  

 

Table 4-1. ITC Binding and Thermodynamic Parameters 

ITC parameters for the different metal binding models obtained from NanoAnalyze with 
a 95% confidence interval. 

 

Thermodynamic 
Parameters 

Metal Ion 

 Cu2+ Fe3+ site 1 Fe3+ site 2 

Kd (µM) 12 ± 4 0.9 0.3 

ΔH (kJ/mol) -34 ± 3 24 ± 70 -10 ± 3 

ΔS (J/mol·K) -21 20 9 
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Figure 4-3. ITC Analysis of metal ion and LEA3-4 interaction 

A) Top panel shows the thermogram of 2 mM Cu2+
 (10 mM Tris, 100 mM NaCl, pH 7.4) 

titrated into 50 µM LEA3-4 (in the same buffer as titrant) with twenty 2 µL injections. 
Control experiments were corrected for. The bottom panel shows the best model for 
binding after analysis using NanoAnalyze with a 95% confidence interval. B) The top 
panel shows the thermogram of 2 mM Fe3+

 (10 mM Tris, 100 mM NaCl, pH 5.5) titrated 
into 50 µM LEA3-4 (in the same buffer as titrant) with twenty 2 µL injections. Control 
experiments were corrected for. The bottom panel shows the best model for binding 
after analysis using NanoAnalyze with a 95% confidence interval. 
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In this work, we report the first case of a LEA3 protein binding Fe3+ and Cu2+, 

while it cannot bind Ca2+, Mg2+, Co2+, Zn2+, or Ni2+. Binding occurs in the micromolar 

range, which corresponds with what has been reported for other LEA protein and metal 

interactions (French-Pacheco et al., 2018; Liu et al., 2011). Note that metal binding 

interaction did not cause any structural change, which was examined using CD (Fig 4-

4). It has been suggested that histidine residues are important in protein-metal 

interactions, and in reports of LEA proteins that interact with metals, the LEA proteins 

possess a stretch of histidine residues that are believed to contribute to the interaction 

(Gusman et al., 2001). LEA3-4 contains only one histidine residue, so this is likely not 

the only contributing factor to the metal interaction. Another report showed that the 

copper metalloprotein CusF contained a novel cation-π interaction between copper or 

silver and a tryptophan residue at the metal binding site (Chakravorty et al., 2011). 

Moreover, it has been shown that aromatic residues can participate in the binding and 

stabilization of divalent cations, due to their ability to form multiple interactions, including 

a non-covalent cation-π interaction that is not possible for non-aromatic amino acids 

(Remko et al., 2011). Since LEA3-1, 3-2, and 3-3 all possess a tryptophan residue but 

do not show detectable binding to the divalent cations tested, it is possible that the 

metal binding requires both the extra W-motif and histidine residue exclusively found in 

LEA3-4, although further experiments will be needed to confirm the precise location(s) 

of the metal binding sites. Overall, the interaction between LEA proteins and metal ions 

could suggest a role in scavenging the ions to reduce the damage they could cause. It 

remains unclear what dictates the specificity of the LEA-metal interaction.  
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Figure 4-4. CD Spectra of LEA3-4 in the presence of metal ions. 

CD spectra of AtLEA3-4 in 10 mM Tris alone (pH 7.0; blue), in the presence of Cu2+ (pH 
7.0; grey) or Fe3+ (pH 5.5; orange). 
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4.4.3 LDH Cryoprotection 

  It has previously been shown that freeze-thaw cycles can reduce LDH activity 

(Reyes et al., 2008), and that LEA proteins from various groups have been shown to 

reduce LDH inactivation caused by freeze-thaw damage (Hughes and Graether, 2011; 

He et al., 2011;Liu et al., 2016). However, this function has not yet been investigated for 

LEA3 proteins. Hence, we examined the protective effects of the LEA3 on freeze-thaw 

damage caused to LDH. As shown in Fig. 4-5, BSA has the best cryoprotective effect, 

while all four LEA proteins show similar cryoprotective effects, and lysozyme shows the 

poorest protection. The fitted curves show a sigmoidal shape when plotted as log 

concentration versus percent recovery of LDH activity, showing that below a threshold 

of ~2 µM LEA protein, there is little cryoprotective effect, whereas above ~30 µM, there 

is a saturating effect on enzyme protection.  

The molar concentration required to achieve 50% recovery of LDH activity, 

termed PD50, was calculated and used to assess the efficiency of cryoprotection, where 

a lower PD50 value indicates a protein that is a more efficient cryoprotectant. LEA3-4 

had the lowest PD50 of 8.2 µM, followed by LEA3-3 (8.5 µM), LEA3-2 (11.0 µM), and 

LEA3-1 (11.5 µM). These results show that all LEA3 have similar PD50 values, which 

would suggest they have a similar level of cryoprotective ability. Other studies have 

shown that larger LEA proteins typically demonstrate better cryoprotection, as shown by 

P-80, a 58.5 kDa dehydrin from spinach, which has a much better cryoprotective effect 

than other dehydrins of smaller size (Bravo et al., 2003; Hughes et al., 2013). The 

results are consistent with the LEA3 group studied here, which all have relatively similar 
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molecular weights (6-10 kDa range) and accordingly have similar PD50 values. Also, 

since the LEA3 group is smaller than other LEA proteins, it makes sense that they are 

less efficient at cryoprotection than the larger members of this family.   

LEA proteins have been suggested to act as a molecular shield, where LEA 

proteins surround the LDH molecules to prevent denatured LDH from associating with 

one another (Wise and Tunnacliffe, 2004). 15N-heteronuclear single quantum coherence 

(HSQC) of the minimalistic dehydrin K2 showed no shift in resonances in the presence 

of LDH, suggesting that there is no direct binding, and the addition of salt in the 

cryoprotection assay reduced the cryoprotective ability of K2, suggesting that 

electrostatic interactions may be involved in keeping K2 and LDH in close proximity 

without binding (Hughes and Graether, 2011). Another study by Hughes et al., 2013, 

concluded that a larger hydrodynamic radius improves cryoprotection, and also showed 

that the positive-charged K-segments of K2 alone were not enough to confer protection, 

as the disordered ϕ-segments were also required (Hughes et al., 2013). Since LEA 

proteins from different groups, now including LEA3, have shown cryoprotection of LDH, 

this would suggest that the protective effects of these proteins may be attributed to their 

polar and disordered nature, rather than specific sequence motifs.    
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Figure 4-5. LDH Cryoprotection by LEA3 Proteins 

The protection of LDH activity after freezing and thawing of the enzyme was examined 
in the presence and absence of additives (LEA3-1, LEA3-2, LEA3-3, LEA3-4, BSA, or 
lysozyme) over a range of concentrations. The activity of unfrozen LDH is defined as 
100% activity. Error bars represent the standard deviation of n=3 for all additives. The 

lines represent fits to the sigmoidal equation: % LDH activity = 
𝑎

1+𝑒
−(𝑥−𝑥0)

𝑏

 , where x is the 

concentration of the additive. 
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4.4.4 Structural Analysis 

  LEA proteins, although disordered, can adopt secondary structure in the 

presence of a potential ligand. SDS micelles can also be used as a good substitute to 

mimic interactions between proteins and lipids (Tulumello and Deber, 2009). Therefore, 

we acquired the CD spectra of LEA3 proteins alone and in the presence of SDS, which 

has been shown to promote α-helix formation in other LEA proteins (Ismail et al., 1999; 

Koag et al., 2003; Clarke et al., 2015; Shih et al., 2004). In the absence of SDS, all four 

LEA3 proteins have CD spectra suggesting a disordered structure in solution (Fig. 4-

1B). Next, we examined their spectra in the presence of SDS. These results showed 

that there was a change in all spectra at two negative minima (at ~208 nm and ~222 

nm), which is indicative of a gain in α-helical secondary structure (Fig. 4-6).  

  To determine if this change in structure was specific to SDS, we performed a 

similar experiment with DPC, because phosphocholine is a major constituent of the 

mitochondrial outer membrane (Joulet et al., 2004). Interestingly, the addition of DPC 

did not induce any changes in secondary structure for LEA3-1, 3-2, and 3-3, but caused 

LEA3-4 to gain α-helicity (Fig. 4-7A). This indicates that the change in structure is not 

detergent specific, and can depend on the nature of the head group. 

  To examine the change more closely, a titration was performed in which 

increasing amounts of DPC were added and the gain in α-helicity was monitored by 

plotting the CD signal at 222 nm (Fig. 4-7B). Between 0 and 1 mM DPC, there was very 

little change in signal; however, between 1 and 2 mM the CD signal began to decrease. 

A minimum in the 222 nm signal was reached at 5 mM, thereafter very little change 
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occurred. The decrease in CD signal at 222 nm indicates the transition of a coil 

conformation to an α-helical conformation. The observation that the change becomes 

noticeable around 1 mM corresponds well to the critical micellar concentration (CMC) of 

DPC of 1.1 mM, suggesting that the protein is binding to micelles and not to free DPC 

molecules.   
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Figure 4-6. CD Analysis of LEA3 proteins in presence of SDS. 

CD analysis of LEA3 proteins in 10 mM Tris, pH 8.0 alone (blue) and in the presence of 
50 mM SDS (orange). 
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Figure 4-7. CD Analysis of DPC binding and DPC titration with LEA3-4. 

A) CD analysis of LEA3 proteins in 10 mM Tris, pH 8.0 alone (black) and in the 
presence of 10 mM DPC (red) B) The CD signal at 222 nm was plotted (n=3) for LEA3-4 
in the presence of increasing DPC concentration. 
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Here we show that SDS can promote α-helicity for all four LEA3 proteins, 

whereas DPC only affected the structure of LEA3-4. For LEA3-1, 3-2 and 3-3, a similar 

result was seen with XAO peptide, which gained α-helical character in the presence of 

SDS, but not DPC (Hong et al., 2014). The XAO peptide was cationic, so it was 

proposed that it could favorably interact with anionic SDS. Similar observations were 

seen with the binding of K2 to SDS, in which the positively charged K-segments were 

shown to be the interaction sites using 15N-HSQC (Clarke et al., 2015). This is likely not 

the explanation for our observation since LEA3-1, LEA3-2, and LEA3-3 are not as 

cationic as the XAO peptide or K2. 

  To provide residue-specific information on the LEA3-4 interaction with DPC, we 

analyzed changes in the chemical shifts of LEA3-4 in the presence and absence of DPC 

using NMR, where such changes are interpreted as residues that are binding DPC or 

located adjacent to residues that are binding. The changes observed are highlighted in 

the 15N-HSQC of LEA3-4 in the absence of DPC, shown in red, and at various 

concentrations up to 100 mM DPC, shown in cyan (Fig. 4-8 B). IDPs typically show a 

narrow clustering of amide proton chemical shifts, typically between 7.7 ppm and 8.5 

ppm (Rivera-Najera et al., 2014; Clarke et al., 2015). The amide proton chemical shifts 

for LEA3-4 in the absence of DPC show a wider distribution of shifts between 7.2 ppm 

and 8.8 ppm, suggesting that LEA3-4 is disordered but may be weakly structured. To 

determine which residues in LEA3-4 were affected by DPC binding, we plotted the 

chemical shift differences of the backbone protein and nitrogen amide atoms of the 

bound and unbound forms of LEA3-4 on a per residue basis (Fig. 4-8C). The largest 
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changes (i.e. above one standard deviation of the average, shown with the dotted line) 

occurred in residues 45-47, 54-56, 94-96 and 104-106. Residues 45-47 and 54-56 are 

found in the first W-motif, residues 94-96 are found in the second W-motif, and residues 

104-106 are found in the C-terminal DAELR motif. In addition, residues 64-69, 86-90, 

and 98-103 appeared to be in slow exchange (shown with asterisks), which can be also 

interpreted as residues that are binding DPC. Residues 64-69 are found in what 

appears to be another DAELR motif that occurs after the first W-motif, residues 86-90 

are in the second W-motif, and residues 98-103 are in both the second W-motif and C-

terminal DAELR motif. All other regions showed very little change in their chemical 

shifts (<0.1 ppm), suggesting that only specific parts of the protein are involved in 

binding to the micelle. 
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Figure 4-8. NMR Analysis of DPC Binding 

A) Sequence of mature AtLEA3-4 with motifs highlighted. First W-motif (light red), first 
DAELR motif (light purple), second W-motif (dark red) and second DAELR motif (dark 
purple). B) 15N-HSQC of LEA3-4 alone (cyan) and in the presence of various 
concentrations of DPC (rainbow gradient) up to 100 mM (red). Peak assignments are 
shown as the residue followed by the one letter amino acid code. C) Weighted chemical 
shift differences between bound and unbound forms of AtLEA3-4. The dashed line 
presents one SD above zero. Asterisks indicate peaks undergoing slow or intermediate 
exchange. 
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The residues that showed the largest chemical shifts or were in slow exchange 

are in both W-motifs and both DEALR motifs; hence, these sites are likely involved in 

the interaction of LEA3-4 with DPC. It has been shown that the Prion Protein (PrP) 

interacts with DPC micelles through octa repeats of a WGQPH motif connected by GGG 

linkers (Dong et al., 2007). It was also shown that the tryptophan residues were the 

main contact of interaction, inserting into the DPC micelles. This could be possible for 

LEA3-4 as well as it contains two W-motifs, and both motifs also contain amino acids 

found in the PrP octa repeat motif. LEA3-4 only has two repeats instead of eight, so this 

may be the minimal requirement for an interaction, since the other three LEA3 proteins 

only possess one W-motif and did not show detectable DPC binding. This is further 

supported by a molecular dynamic simulation study on the integral membrane protein 

human multidrug resistance associated protein 1 (hMRP1) interaction with DPC, which 

showed that hMRP1 has two membrane-inserted regions that each contain a tryptophan 

residue that can form cationic-π interactions with the choline groups of DPC or interact 

with the hydrophobic core of the micelle (Abel et al., 2014). To determine the binding 

affinity of LEA3-4, we used resonances of well-separated residues undergoing fast 

exchange to fit a binding equation (see materials and method; Fig. 4-9A). The results 

show that the apparent Kd value is 10 ± 4 mM, suggesting a weak interaction.   

  The localized chemical shift effects observed in the presence of DPC are also 

reflected in gains in the secondary structure of LEA3-4. The program δ2D (Camilloni et 

al., 2012) was used to analyze the HN, Hα, Cα, Cβ, C’, and backbone N chemical shifts 

of LEA3-4 alone and in the presence of DPC. The program predicts the presence of 
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transient secondary structures in disordered proteins; α-helices, β-strands, type II 

polyproline helices (PPII), and coil structures are discriminated based on the combined 

chemical shifts. The top panel of Fig. 4-9B shows the secondary structure probability 

(Pss) for LEA3-4 alone in buffer. The sequence shows a wide distribution of predicted 

secondary structures, with residues 38-74 being mainly β-strand or coil with small 

amounts of PPII, residues 78, 98-102, and 120 being mainly α-helical and residues 110-

114 being predominantly coil. Although there is still a considerable amount of coiled 

structure throughout the sequence, there seems to be more secondary structure 

compared to the dehydrin K2 alone in buffer, which was predominantly coil, with a few 

regions predicted to be β-strand and PPII (Clarke et al., 2015). This supports the 

previously observation of LEA3-4 having wider amide proton chemical shifts than seen 

for other IDPs, suggesting LEA3-4 alone may be weakly structured. 

In the presence of DPC (bottom panel), residues 40, 46-50 (first W-motif), 76-82 

(first DAELR motif), and 90-100 (second W-motif), show a significant gain in α-helicity, 

residues 110-114 gain β-strand, and residues 120-123 lose α-helicity and gain β-strand. 

In the presence of DPC, the gain in α-helicity is seen mainly in the residues found in 

both W-motifs and part of the first DAELR motif, supporting that these motifs are the 

interaction sites with DPC. A similar result was seen with K2 binding SDS micelles, as 

the K-segments transitioned from coil to α-helical structure, showing these regions were 

the site of contact with SDS micelles (Clarke et al., 2015).   
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Figure 4-9. DPC binding analysis and δ2D analysis of chemical shifts 
 
A) Binding curves of AtLEA3-4-micelle interactions of three different residues. B) δ2D 
analysis of chemical shifts. The probability of secondary structure on per residues basis 
was calculated for AtLEA3-4 in the presence (bottom panel) and absence (top panel) of 
DPC micelles. The different secondary structures predicted are coil (white), α-helix 
(red), β-strand (blue), poly-proline type II helix (green). 
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5 General Discussion 

 

A. thaliana LEA3 proteins are insoluble in E. coli 

 Biochemical analysis of the LEA3 proteins required the production of soluble 

LEA3 protein variants. First purification attempts of A. thaliana LEA3 proteins showed 

low expression levels and that they were insoluble when expressed in E. coli; this 

observation has been made for other IDPs as well (Churion and Bondos, 2012). It may 

seem illogical that a polar and charged protein would be insoluble; however, the 

propensity for IDPs to participate in protein-protein interactions may promote this 

behaviour (Linding et al., 2004). IDP aggregation can occur since they can readily form 

hydrogen bonds, have many charged residues to contribute to electrostatic interactions, 

and due to entropic factors associated with protein folding (Linding et al., 2004). To 

overcome the expression issues, at first different strains of E. coli (BL21) and different 

induction temperatures were tested. Overall, these changes had very little effect on the 

expression levels. To overcome the solubility issues, urea treatment and purification 

and TCA precipitation were also tested. Although the urea treatment helped solubilize 

the protein, most of the protein precipitated after removal of the denaturant, despite 

trying to remove the urea in a way that prevents aggregation. TCA precipitation also 

helped with solubility, but protein levels were low after the final enrichment step. The 

small amount of soluble protein was subjected to further separation using 

chromatography, but no traces of it could be found after purification. It is possible that 
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the amount of protein was already so low that further dilution after purification made it 

too low to detect. 

Next, the sequence of AtLEA3-2 was truncated to remove the putative MTS in 

the hopes that this may improve solubility. The cut site was predicted using the MitoFate 

server and further support for the cut site was provided by in vivo evidence showing 

AtLEA3-2 was truncated, with sequencing of the N-terminus agreeing with my predicted 

cut site (Avelange-Macherel et al., 2018). Unfortunately, expression and purification of 

this truncated AtLEA3-2 was also unsuccessful. 

The next consideration was using a tag to aid with expression and solubility. 

When using a tag with IDPs, it is important to consider that the tag could interfere with 

the structure and/or function of the IDP, and this may not become apparent until after 

extensive data collection and analysis. Ideally, the tag should be cleavable so there are 

minimal remnants of the tag in the purified protein. Many tags have shown to help with 

expression, such as maltose-binding protein (Kapust and Waugh, 1999), glutathione-S-

transferase (Smith and Johnson, 1988) and thioredoxin A (LaVallie et al., 2000). 

However, I chose to use a SUMO-tag instead because it contained an N-terminal His-

tag to simply the purification process, and the tag can be cleaved by a highly specific 

SUMO-protease, leaving a native N-terminus. The use of this system produced ~1.5 mg 

/ L of bacterial growth for the LEA3 proteins. 
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LEA3 proteins could perform multiple protective functions 

Many LEA proteins have demonstrated the ability to perform multiple functions, 

termed moonlighting. The COR15 LEA protein can protect both proteins and 

membranes from freezing damage (Lin and Thomashow, 1992; Hakayama et al., 2007), 

a citrus LEA protein binds both metal ions and nucleic acids (Hara et al., 2005; Hara et 

al.,  2009), and a V. riparia dehydrin can bind metal ions and protect DNA from oxidative 

stress (Boddington and Graether, 2019). From the biochemical analysis and their 

disordered nature examined here, it appears this may be the case for LEA3 proteins as 

well.  

In silico predictions indicate that LEA3 proteins are mainly disordered, but there 

are regions with propensity to gain order. Also, it appears that the LEA3 group is more 

hydrophobic than has been reported for other LEA groups (Jaspard et al., 2012).  

Structural analysis using CD showed that the LEA3 proteins are disordered in solution.  

To determine the specific regions of LEA3 proteins that are involved in LDH 

cryoprotection, 15N-HSQC NMR could be used to see if there are any regions directly 

interacting by observing any shifts in resonances. This could be further pursued by 

mutational studies on potential interaction sites. These experiments will provide further 

information on specific sequence requirements (if any) for the cryoprotective ability of 

LEA proteins, although they would be specific to the protection of LDH. Furthermore, 

studies can be performed to test cryoprotective efficiency using other physiologically 

relevant proteins/enzymes or examining protective effects in response to other stressors 
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(e.g. drying, heat, or oxidative stress) to determine if protective effects are protein 

and/or stress specific. Since most LEA3 proteins localize to the mitochondria, studying 

the protection of mitochondrial proteins or enzymes would provide physiologically 

relevant information and would also help determine if the effects seen in the LDH 

cryoprotective assay are specific to that enzyme. If LEA3 proteins could protect other 

proteins, this would support the polar and disordered nature of the sequences being the 

main contribution rather than specific interaction sites.  

Next, the metal binding capabilities of the LEA3 proteins was analyzed. The 

metals tested were chosen because of the physiological relevance of being found in the 

mitochondrion (Tan et al., 2014). LEA3-4 was the only protein to bind any of the tested 

metals, binding Cu2+ and Fe3+, with the interaction affinity shown to be in the low 

micromolar range. Cu2+ and Fe3+ are both important cofactors for many enzymes and 

are essential for proper mitochondria and chloroplast function (Morkunas et al., 2018). 

The physiological concentration of these metals is likely much lower than the 

micromolar range, but during stress these ions will accumulate to higher concentrations 

that could cause damage (e.g. disruption in membrane which could cause ion leakage). 

Plants have developed a complex network to cope with high metal ion concentrations 

such as metal uptake, trafficking, storage, and chelation processes (Morkunas et al., 

2018). Phytochelatins are used to chelate metal ions during stressful conditions, and 

like LEA3-4, can bind metal ions with micromolar affinity (Cobbett, 2000). 

Phytochelatins may offer an advantage since they are much larger, able to coordinate 

many metal ions at once, and can bind many different metal ions. However, LEA3-4 can 
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also provide a similar binding affinity as a smaller protein and can also possibly perform 

other functions as well (e.g. cryoprotection and membrane binding). It is likely that 

LEA3-4 can play a role in sequestering metal ions during stressful conditions, when the 

concentrations are elevated, but this is likely not its main function.  

 

LEA3-4 binds DPC micelles 

Another function that was investigated was membrane binding. This was initially 

assessed by determining if a structural change occurred when binding SDS micelles. 

SDS micelles can be used as a good substitute to mimic interactions between proteins 

and lipids (Tulumello and Deber, 2009), and previous reports have demonstrated that 

some LEA proteins gain structure in the presence of SDS (Tolleter et al., 2007; Clarke 

et al., 2015). All four LEA3 proteins showed a gain in α-helicity, which suggests a likely 

interaction. Since phosphocholine is a major constituent of the mitochondrial membrane 

(Joulet et al., 2014), I then used DPC as a mimic for CD experiments. LEA3-4 showed a 

gain in α-helicity, while the other LEA3 proteins showed no change in structure. 

 To further investigate the interaction between LEA3-4 and DPC, 15N-HSQC NMR 

was used to obtain reside specific information on the interaction. The results indicated 

the interaction was weak (Kd value is 10 ± 4 mM) and the residues that showed the 

largest chemical shifts were in both W-motifs and DAELR motifs. This would suggest 

that both W-motifs and DAELR motifs are required for the LEA3-4 and DPC interaction. 

In addition, none of the other LEA3 proteins tested showed any change in structure in 

CD experiments, and this is likely because they only contain one copy of each motif 
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instead of two; this either is not enough for binding to occur, or the binding is too weak 

to detect in these experiments. This is also supported by studies showing that 

tryptophan residues are important in another protein-DPC interaction (Dong et al., 2007, 

Abel et al., 2014). The additional W-motif in LEA3-4 provides two more tryptophan 

residues, which may allow it to bind DPC, whereas the other LEA3 proteins have only 

one tryptophan. This idea can be further investigated by mutating each tryptophan 

residue individually to see how this might affect the binding. Alternatively, additional 

tryptophan residues could be introduced into the LEA3 proteins that did not bind DPC; 

this would give information on the importance of the tryptophan residues, but also help 

elucidate if the additional DAELR motif in LEA3-4 is essential for the interaction.   

DPC binding could have physiological relevance in membrane binding, although 

the interaction shown here is weak and it remains unclear where precisely LEA3 

proteins are found in the mitochondria. The weak binding could suggest that LEA3 

proteins are localizing near the membrane to offer protection without being strongly 

associated with the membrane, so it is able to perform other functions (e.g. metal 

binding or protecting other proteins). As for the LEA3 proteins that did not show 

detectable binding to DPC, this may be due to the fact that the DPC micelles are not 

perfect mimics of the in vivo situation, in which the fatty acids in the membrane have 

longer acyl chains, and show greater diversity in headgroups (i.e. not just PC). In 

addition, there are other proteins or machinery inserted in the membrane which could 

be specific targets for LEA3 proteins, although this would need to be further explored. 
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A key step in understanding the LEA3 and membrane interaction is to determine 

the specific location in the mitochondria. An in vivo approach to investigating membrane 

binding further could involve a pull-down assay with isolated mitochondria. One sample 

can have intact mitochondria and one can have sonicated mitochondria (to disrupt and 

separate the outer and inner membranes). If LEA3 proteins show an interaction with 

intact mitochondria and sonicated mitochondria, this would suggest they can bind the 

outer membrane, if there is an interaction detected with the sonicated mitochondria but 

not the intact mitochondria, this would suggest they can bind the inner mitochondrial 

membrane.  

To further investigate a possible membrane binding role, I made various 

liposomes with compositions that mimicked the mitochondrial membrane containing 

several combinations of phosphatidylcholine (PC), phosphatidylethanolamine (PE) and 

cardiolipin (CL). CD analysis showed that the LEA3 proteins had no structural change in 

the presence of liposomes composed of PC, POPC, or PE (Fig 5-1). In addition, no 

structural changed was observed for liposomes composed of PC:PE:CL or POPC: 

POPE:CL at ratio of approximately 5:3:1 to mimic the outer mitochondrial membrane 

(Fig 5-2). Lastly, to determine to if a LEA3-liposome interaction might be temperature 

dependent, CD experiments were performed at 4ºC and 25ºC, but these experiments 

also did not show any structural change (Fig 5-3). 

The lack of binding may be due to macroscopic differences; DPC has a small 

chain length in comparison to the PC, PE, and CL used in the liposomes, DPC is fully 

saturated while the liposome components are complex mixtures, and the curvature of 
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the liposome will be different than that formed by DPC micelles (Fiandica and 

Bankiewicz et al., 2013). Although the liposomes experiments did not show structural 

changes for the LEA3 proteins, further experiments can test different compositions of 

PC, PE, and CL, and the incorporation of anionic phospholipids could be tested as well 

because they are known to be essential for certain protein-phospholipid interactions 

(Keller et al., 1991). In addition, since the precise localization within the mitochondria is 

unknown, similar experiments could be performed with a composition mimicking the 

inner mitochondrial membrane. If any of these changes result in a noticeable structural 

change, then various assays can be performed to investigate the possible protective 

effects the LEA3 proteins could have. Many stressors compromise membrane integrity: 

leakage of ions and solutes can promote ROS formation, while cold temperatures could 

promote the fusion of membranes, impeding many biological processes. If an 

appropriate liposome composition is found, a protective role for LEA3 proteins could be 

studied using membrane leakage assays (Moore et al., 2016) and membrane fusion 

assays (Clarke et al., 2015) after freezing or desiccation. 
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Figure 5-1. CD Analysis of LEA3-4 binding different liposomes 

CD spectra of LEA3-4 alone (blue), or in the presence of an equal molar (orange) or 10x 
molar excess (green) of liposomes. A) LEA3-4 with PC, B) LEA3-4 with POPC, C) 
LEA3-4 with PE. Data is shown for LEA3-4, although all LEA3 proteins showed similar 
spectra. 
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Figure 5-2. CD Analysis of LEA3-4 binding liposomes mimicking mitochondrial 
membrane. 

CD spectra of LEA3-4 (blue) in the presence of equal molar (orange), or 10x molar 
excess (green) of liposomes A) LEA3-4 with PC/PE/CL at a ratio of approximately 
5:3:1., B) LEA3-4 with POPC/POPE/CL at a ratio of approximately 5:3:1. Data is shown 
for LEA3-4, although all LEA3 proteins showed similar spectra. 
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Figure 5-3. CD Analysis of LEA3-4 with liposomes at different temperatures. 

CD spectra of LEA3-4 (blue) in the presence of equal molar (orange), or 10x molar 
excess (green) of liposomes A) LEA3-4 with POPC/POPE/CL at 25ºC, B) LEA3-4 with 
POPC/POPE/CL at 4ºC. 
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Importance of different LEA3 Architectures 

Multi-genome analyses on the dehydrin group resulted in a more rigorous and 

consistent motif description (Malik et al., 2017) and provided insight into their evolution 

(Riley et al., 2019). Dehydrins are the most studied LEA group, while very little data 

existed for the LEA3 proteins. This motivated a genome-wide bioinformatics analysis on 

LEA3 sequences. The LEA3 group is identified by the presence of a W-containing motif, 

which was used to identify possible LEA3 sequences from the Pfam database. These 

sequences were then used for a more rigorous search to develop a more thorough 

description of the W-motif and identify new motifs (see Chapter 2).  I identified four 

novel N-terminal motifs and two previously undiscovered C-terminal motifs, from which I 

propose 5 possible architectures (Fig. 2-1 and Fig. 2-2). During the search, I discovered 

a previously unidentified LEA3 protein in A. thaliana. The fifth A. thaliana LEA3 protein 

(AT3G19550.1) was annotated as a “glutamate racemase”; however, I propose it is 

misannotated and should belong to the LEA3 group, since it demonstrates a LEA3 

architecture and has low sequence similarity with other identified glutamate racemases. 

It may be worthwhile to use the newly discovered motifs (i.e. N- and C- terminal motifs) 

to perform a search using FIMO to search all species for other missing LEA3 proteins. 

This could either result in a similar list of sequences to what I found, which would 

suggest that the search that was performed has identified most of the LEA3 sequences 

in each species, or this search could help identify any missing or misannotated LEA3 

sequences. 
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 In addition to discovering new motifs in LEA3, I analyzed the distribution of the 

different architectures within plant families and among plant families (Fig. 2-3). An 

interesting observation seen is that the M[AS][RK] architecture is found exclusively in 

commelinids, and within the commelinid family the M[AS][RK] architecture is the most 

prevalent architecture. It is difficult to say why this architecture is specific to this family, 

although it is likely a variant in the mitochondrial targeting pre-sequence. If this is the 

case, and the N-terminus is cleaved after import into the mitochondria, then there would 

likely be no functional significance for this variation. It could also be possible that the 

variation could prevent the LEA3 sequences from entering the mitochondria, which 

could possibly give the functional significance to the N-terminal motif. Localization 

studies on LEA3 proteins have been performed exclusively on LEA3 proteins from A. 

thaliana (Candat et al., 2014; Avelange-Macherel et al., 2018) which all contain a MARS 

N-terminal motif, so performing similar localization experiments with LEA3 containing 

the M[AS][RK] architectures can provide information on whether this N-terminal 

variation affects localization and potentially function. 

These localization experiments showed that despite LEA3-2 and LEA3-3 proteins 

having MARS-1W architectures, LEA3-2 localized to the mitochondria, while LEA3-3 

was found in the cytosol (Avelange-Macherel et al., 2018). Mutation and localization 

experiments suggested the difference in localization was attributed to a few changes in 

the N-termini motifs. These changes include Q11 in LEA3-3 replaced with V11 in LEA3-

2 (polarity change) and E17/K18 in LEA3-3 replaced with R17/E18 in LEA3-2 (charge 

reversal). However, these observations are not consistent with the other mitochondrial-
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targeting LEA3 proteins, such as LEA3-1 and 3-4, which both show localization to the 

mitochondria yet lack charged residues at positions 17/18. Another difference in the 

sequences of LEA3-2 and 3-3 is after the predicted cut-site of the MTS; the sequence 

AQGSVSSGGRS in LEA3-2 is replaced with KTALD in LEA3-3. It is believed that the 

sequence found after the MTS could be involved in the recognition of the pre-sequence 

cleavage site by proteases (Avelange-Macherel et al., 2018). This is further supported 

by the abundance of residues that can be phosphorylated (i.e. serine and threonine), 

which are found C-terminal of pre-sequence cleavage sites for many Arabidopsis and 

rice mitochondrial proteins (Huang et al., 2009). This is further supported by LEA3-1 

and 3-4 both possessing stretches rich in serine and threonine after the predicted pre-

sequence cleavage sites. It is likely that LEA3-3 lost the mitochondrial-targeting 

sequence either to allow it to perform similar functions on the outside of the 

mitochondria (i.e. the cytosolic side) or to expand LEA3 functionality to other parts of the 

cell, although there is currently no data supporting LEA3 localization to other cellular 

compartments.  

The MGRX architecture is found in all plant families relatively equally, and within 

plant families usually represents 20-30% of the LEA3 proteins. These LEA3 proteins 

demonstrate a wider range of pI values, including many acidic LEA3, a property which is 

not observed in other architectures, and on average the MGRX proteins are larger than 

the other architectures. In addition, the EDVMP C-terminal motif is exclusively found in 

the MGRX architecture. The differences in the physiochemical properties and C-
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terminus could have functional implications, though the lack of biochemical studies 

investigating MGRX LEA3 proteins makes it difficult to elaborate any further. 

The MARS-1W architecture is the most common architecture in all families, 

except commelinids, while the MARS-2W is the least common architecture in all 

families, except in malvids. Of the studied A. thaliana LEA3 proteins, three proteins 

possess a MARS-1W architecture, while one has a MARS-2W architecture. The MARS-

2W architecture could be an evolutionary variant of the MARS-1W architecture that 

arose through a duplication of the W-motif. With the support of the biochemical data 

presented in Chapter 4, there might be functional significance for the duplication (i.e. 

metal binding and membrane binding).  

Conclusions 

 The LEA3 proteins are found in many different species and I have determined 

the common motifs and propose that they be classified using five common 

architectures. With the current data available for LEA3 proteins it difficult to propose 

specific functions for each architecture. I have established a protocol for purification of 

the LEA3 proteins, including unlabeled for functional studies and uniformly labelled 

protein specifically for NMR studies. I have also provided structural data and 

biochemical data on four LEA3 proteins found in A. thaliana and specific membrane 

binding data for the LEA3-4 protein from A. thaliana. The MARS-1W A. thaliana LEA3 

proteins were effective cryoprotectants and showed structural change, suggesting 

binding, in the presence of SDS. The MARS-2W LEA protein (LEA3-4) was an effective 
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cryoprotectant and showed structural change in the presence of SDS, but additionally 

could bind metal ions and DPC micelles. Based on the 15N-HSQC experiments, I 

propose that the additional W-motif accounts for the functional difference in DPC 

binding, and this is likely the case for metal ion binding as well. I also propose that LEA3 

proteins are produced in response to stress, because they are small, highly versatile 

proteins. Since they can perform multiple functions, it would more energetically 

favorable to the cell to produce small, multi-functional proteins rather than larger 

proteins each with a defined function, especially during stressful conditions when 

energy expenditure much be minimized to ensure plant survival. 
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