
THE ROLE OF EUKARYOTIC ELONGATION FACTOR 1B-
GAMMA IN ARABIDOPSIS THALIANA STRESS TOLERANCE

Item Type text; Electronic Thesis

Authors Grimes, Matthew

Citation Grimes, Matthew. (2009). THE ROLE OF EUKARYOTIC
ELONGATION FACTOR 1B-GAMMA IN ARABIDOPSIS THALIANA
STRESS TOLERANCE (Bachelor's thesis, University of Arizona,
Tucson, USA).

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:23:07

Item License http://rightsstatements.org/vocab/InC/1.0/

Link to Item http://hdl.handle.net/10150/192474

http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/192474


 

 

 

 

THE ROLE OF EUKARYOTIC ELONGATION FACTOR 1B-GAMMA 

 

IN ARABIDOPSIS THALIANA STRESS TOLERANCE 

 

By 

 

MATTHEW GRIMES 

 

 

 

 

 

 

 

 

 

 
 A Thesis Submitted to The Honors College  

 

In Partial Fulfillment of the Bachelor’s degree  

 

With Honors in  

 

Biochemistry and Molecular Biophysics 

 

THE UNIVERSITY OF ARIZONA  

 

May 2009 

 

 

 

 

 

 

Approved by: 

 
 
 
 
____________________________     

 

Dr. Elizabeth Vierling         

Biochemistry and Molecular Biophysics 



 

STATEMENT BY AUTHOR 

 

 

I hereby grant to the University of Arizona Library the nonexclusive worldwide right to 

reproduce and distribute my thesis and abstract (herein, the “licensed materials”), in whole or in part, 

in any and all media of distribution and in any format in existence now or developed in the future. I 

represent and warrant to the University of Arizona that the licensed materials are my original work, 

that I am the sole owner of all rights in and to the licensed materials, and that none of the licensed 

materials infringe or violate the rights of others. I further represent that I have obtained all necessary 

rights to permit the University of Arizona Library to reproduce and distribute any nonpublic third 

party software necessary to access, display, run, or print my thesis. I acknowledge that University of 

Arizona Library may elect not to distribute my thesis in digital format if, in its reasonable judgment, 

it believes all such rights have not been secured.  

 

 

 

 

SIGNED: _____________________________ 



1 

 

Abstract 

Translation elongation factors, proteins that regulate peptide bond formation and ensure 

the accuracy of protein synthesis on the ribosome, are vital to cells. Elongation factors are 

implicated as a possible regulatory mechanism for gene expression in the cell. Eukaryotic 

elongation factor 1B gamma (eEF1Bγ) is one of many factors that aids in orchestrating 

translation elongation. In studies of Arabidopsis thaliana plants experiencing heat stress, eEF1Bγ 

was identified complexed with a small heat shock protein, AtHsp17.4C-I. Small heat shock 

proteins (sHSPs) are a family of molecular chaperones that exhibit an increased expression in 

times of cellular stress and function to protect other proteins from irreversible loss of function 

due to denaturation. In Arabidopsis there are two genes encoding eEF1Bγ proteins on 

chromosome 1, AT1G09640 and AT1G57720. The protein products of these genes are 89% 

identical at the amino acid level. Recombinant eEF1Bγ corresponding to the AT1G57720 locus 

has been expressed and purified. The purified protein has allowed further investigation of the 

heat sensitivity of eEF1Bγ and its interaction with sHSPs in vitro. eEF1Bγ specific antiserum has 

been generated and shown to detect the appropriate protein in vivo and used to determine the 

level of eEF1Bγ in both control and heat stressed seedlings. Additionally, the antiserum has 

allowed in vivo analysis of eEF1Bγ solubility and interaction with sHSPs. The function of 

eEF1Bγ is also being investigated through phenotypic analysis of null Arabidopsis mutants with 

T-DNA insertions in the AT1G09640 and AT1G57720 genes. The two T-DNA insertion lines 

have been observed in control conditions and during heat stress to identify any loss-of-function 

phenotype. Through better understanding the role of eEF1Bγ in the cell, it will be possible to 

examine eEF1Bγ function in stress tolerance, to determine the significance of the formation of 

the small HSP-eEF1Bγ complex and to better understand how eEF1Bγ may function in gene 

regulation. 
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Introduction 

Gene regulation is one of the most important ways that cells can respond to 

environmental changes which cause deviation from homeostasis. The process in which genetic 

information is expressed allows cells and organisms to adjust to their environment and 

determines organism phenotype on which natural selection acts. Known widely as the “central 

dogma of biological life,” the pathway from DNA to protein is a complex and essential process. 

The process consists of two main steps, DNA transcription to messenger RNA, and RNA 

translation in which the genetic code is “translated” to protein, major structural and catalytic 

macromolecules in the cell. There are many checkpoints in these two steps to both regulate and 

ensure the accuracy of these processes. Transcription has been widely studied and is known to 

possess many regulatory steps. It seems to be the logical step for regulation because it is the 

point at which DNA is copied to produce RNA. Regulation of the second step, translation, has 

been studied less extensively. However, more and more evidence indicates that gene regulation 

both during and after translation is critical for cells. 

Translation of RNA to produce protein is a complex process. The three main steps in 

translation, all of which take place at the ribosome, are initiation, elongation and termination. 

These intricate steps must be precisely orchestrated in order for successful protein synthesis to 

occur. All steps in translation involve many non-ribosomal protein complexes, known as 

translation factors. Studies in this thesis concern specific factors involved in the elongation step 

(Figure 1). 
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Figure 1: The steps of translation elongation in eukaryotes. (Browning, 1996 (1)) 

 

 In eukaryotic cells there are two main elongation factors (eEFs) required to construct the 

polypeptide chain. The first elongation factor, eEF1, catalyzes the binding of an mRNA codon-

specific aminoacylated-tRNA to the ribosome through GTP-hydrolysis (1-3). The second factor, 

eEF2, then acts to shift the mRNA, allowing the next codon to be read and removing the now 

deacylated-tRNA from the ribosome, making room for a new aminoacylated-tRNA (1). Once 

translation is initiated, the rate of elongation can determine the amount of protein produced and 

impact cellular responses, and thereby regulate gene expression by affecting the efficiency of 

protein synthesis (2, 3). 

 The eukaryotic eEF1 component consists of two separate parts eEF1A and eEF1B. These 

two components are similar to the homologous prokaryotic elongation factors, EF-Tu (thermo-

unstable) and EF-Ts (thermo-stable) (1-3). Thus, the eukaryotic elongation process has been 

modeled after the prokaryotic process. In prokaryotes EF-Tu forms a complex with an 

aminoacylated-tRNA and GTP. Through the hydrolysis of GTP to GDP, EF-Tu undergoes a 

conformational change, and binds the tRNA to the A site of the ribosome. The conformational 

change causes a markedly higher affinity, approximately 100-fold increase, for GDP compared 

to GTP (2, 3). Therefore a GDP exchange factor is necessary to release GDP from the complex. 



4 

 

EF-Ts is the guanine nucleotide exchange factor (GEF) which replaces GDP with GTP, allowing 

EF-Tu to complex with other tRNAs to continue the elongation process (2, 3). In the eukaryotic 

elongation process eEF1A is the homologue of EF-Tu and eEF1B is homologous to EF-Ts. The 

roles of the eukaryotic elongation factors are similar; however, eEF1A exhibits similar affinity 

for GTP and GDP, so the function of eEF1B is thought to increase the rate of eEF1A activity 

(1000 fold) by facilitating the exchange of GDP for GTP, and thus keeping the elongation 

machinery supplied with chemical energy (2, 3). Nevertheless, both eEF1A and eEF1B are 

necessary for efficient translation in the cell. 

 eEF1B is a protein complex as well, comprising multiple components: eEF1Bα, eEF1Bβ, 

eEF1Bγ and eEF1Bδ (Table 1). The presence of each of these subunits is different in different 

organisms, and stoichiometry of the eEF1B complex varies between organisms as well (2). 

eEF1Bα is found in all eukaryotes, it was previously known as eEFβ in animals and fungi and as 

eEFβ’ in plants. eEF1Bβ is found only in plants; it is not present in fungi. eEF1Bδ is found only 

in animals, not in plants (2). eEF1Bα, eEF1Bβ and eEF1Bδ function as a guanine nucleotide 

exchange factors in the elongation process. However eEF1Bγ, previously known as eEF1γ, has 

an unknown function. It has been called a structural protein, theorized to anchor the eEF1B-

eEF1A complex to the membrane of the endoplasmic reticulum (4-6). Therefore, eEF1Bγ may 

act as a scaffold, the physical foundation on which the eEF1B complex forms. Eukaryotic 

elongation factor 1B gamma, eEF1Bγ, from Arabidopsis thaliana is the focus of this study. 

Current Nomenclature Description Past Nomenclature 

eEF1A G-Protein eEF1α 

eEF1Bα Guanine nucleotide exchange factor eEF1β(animal/yeast);eEF1β'(plant) 

eEF1Bβ Guanine nucleotide exchange factor eEF1β (plant) 

eEF1Bδ Guanine nucleotide exchange factor eEF1δ (animal) 

eEF1Bγ Structural protein, unknown function eEF1γ 
Table 1: Nomenclature clarification for proteins in the eEF1B complex in various organisms 
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Identification of eEF1Bγ interaction with small heat shock proteins 

 eEF1Bγ initially became a protein of interest after it was identified in an affinity assay 

conducted to find proteins that specifically interact with an Arabidopsis thaliana small heat 

shock protein (sHSP) during heat stress. Heat shock proteins (HSPs) are molecular chaperones 

that act to halt and reverse the process of protein denaturation and aggregation during times of 

cellular stress. There are two types of HSPs: energy-dependent ATPases that actively 

disassemble and/or refold substrates to their native conformations, and energy-independent 

chaperones that prevent irreversible aggregation by reversibly binding via hydrophobic 

interactions to unfolding substrates suspending them in a soluble chaperone-substrate complex 

(7-11) (Figure 2). 

 
Figure 2: Model for sHSP chaperone action. 

(Lee et al. 1995 (7), 1997 (8); Lee & Vierling 2000 (9), Van Montfort et al. 2001 (11)) 

 

sHSPs are energy-independent molecular chaperones. sHSPs are a family of proteins 

consisting of a highly conserved region of ~90 aa with a β-sandwich structure α-crystallin 
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domain (ACD) bordered by non-conserved sequences of variable length. The size of sHSP 

monomers varies depending on the non-structured sequences, but they are generally 16-42 kDa 

in size (11, 12). The expression and chaperone action of sHSPs are complex processes. Although 

sHSPs are constitutively expressed during early plant development, after maturation their 

expression is induced by cellular stress (6-14).  Upon expression, there are two conformations 

through which plant sHSPs reside in the cell. The native conformation of sHSPs are oligomers, 

but upon application of stress the oligomers dissociate into dimers that actively bind substrates 

(11-14).  

  The diversity of functions, sequences and locations of sHSPs in the cell, as well as the 

ubiquitous nature of these proteins, has lead to the designation of subfamilies of sHSPs. Amino 

acid sequence comparison of plant sHSPs defined 12 unique subfamilies into which the proteins 

could be organized. There are seven subfamilies, or classes, of sHSPs localized to the cytosol or 

nucleus of the cell designated classes 1 through 7 (CI-CVII) (11, 14). The other classes specify 

proteins targeted to mitochondria, chloroplasts, peroxisomes and the endoplasmic reticulum. The 

most abundant of the sHSPs in plants are cytosolic class 1 (CI) sHSPs. After heat stress, this 

class of proteins can approach 1% of total cell protein, making it an extremely important sHSP 

subfamily (15). One member of the subfamily in Arabidopsis was identified in the previously 

noted interaction with eEF1Bγ (Figure 3). Class I Arabidopsis thaliana Heat Shock Protein 17.4 

(AtHsp17.4C-I encoded by gene AT3G46230) with a strep II affinity tag was expressed in 

seedlings at both control temperature and heat stressed conditions (16). Proteins that appeared in 

the heat stressed sample that were absent from the control sample were extracted and identified 

by MS/MS. eEF1Bγ, encoded by gene AT1G57720, was one of the proteins identified in the heat 
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stressed sample. From this result the investigation of eEF1Bγ as well as the eEF1Bγ-sHSP 

complex began.  

 
Figure 3: Proteins associated with sHSPs during heat stress in vivo. 14-day old transgenic Arabidopsis seedlings 
carrying an affinity-tagged AtHsp17.4C-I (strep II tagged) either under a constitutive promoter and kept at 22

o
C 

(control expression) or under its own promoter and heat treated (heat stressed) were used to isolate proteins that 

bound the sHSP specifically during heat stress. The isolated proteins were identified using MS/MS. Arrow indicates 

the location of eEF1Bγ-2 (AT1G57720.1) (16) (E. Basha Unpublished Data). 

 

 

eEF1Bγ 

As previously stated, eEF1Bγ encoded by AT1G57720 was identified in an interaction 

with AtHsp17.4C-I. However, there exist two eEF1Bγ proteins encoded by two distinct genes 

which are approximately 18.3Mbp apart on chromosome 1 in Arabidopsis thaliana, AT1G09640 

and AT1G57720 (Table 2). 

 The protein products of these genes are 89% identical and 94% similar based on amino 

acid sequence (Figure 4). Due to the high degree of similarity between eEF1Bγ-1 and 2 it was 

decided that both proteins would be investigated in this study. 
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Gene name AT1G09640 AT1G57720 

Location on Chr. 1 (bp) 3,119,880 - 3,122,529 21,381,180 - 21,383,944 

Full length (bp) 2649 2764 

Coding region length (bp) 1991 2242 

Protein name eEF1Bγ-1 eEF1Bγ-2 

Length (aa) 414 413 

Molecular weight (Da) 46661.0 46401.0 

Isoelectric point (pI) 5.1319 5.1037 
Table 2: Properties of both elongation factor 1Bγ genes and proteins in Arabidopsis thaliana. Full length gene 

information above indicates the number of base pairs starting at the beginning of the 5’ untranslated region to the 

end of the 3’ untranslated region. Coding region indicates the length in base pairs starting at the start codon and 
ending at the stop codon. All information was collected from the Arabidopsis Information Resource (TAIR) 

database (http://www.arabidopsis.org). 
 

 

 
Figure 4: Amino acid sequence alignment of eEF1Bγ proteins from Arabidopsis thaliana. Top: eEF1Bγ-1 
(AT1G09640.1). Bottom: eEF1Bγ-2 (AT1G57720.1). The alignment was made using ClustalW2, and the two 

sequences were determined to be 89% identical and 94% similar. Identical residues have a black background, 

residues with strong similarity have a dark gray background and residues with weak similarity have a light gray 

background. Above the sequence is the predicted secondary structure of eEF1Bγ generated from the amino acid 

sequence of eEF1Bγ-1 by Domain Identification from Secondary Structure Element Alignment (DomSSEA) on the 

DomPred Protein Domain Prediction Server (http://bioinf.cs.ucl.ac.uk/dompred/). Alpha helices are indicated by 

rectangles and beta sheets are indicated by arrows. Below the sequence the GST-like domain is indicated in blue, 

and the elongation factor domain is indicated in green. 
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eEF1Bγ consists of two hydrophobic domains, a ~200 aa N-terminal glutathione-S-

transferase-like (GST-like) domain and a ~160 aa C-terminal translation elongation factor 

domain, connected by a lysine-rich domain. (2) The GST-like domain is similar to the theta (θ) 

class of GSTs (Figure 5) (2, 3). The translation elongation factor domain is similar to aminoacyl-

tRNA-synthetases (1, 17). eEF1Bγ is also similar to “energy scaffolding proteins” some of which 

bind glutathione, but have dissimilar structures in comparison with GSTs (18). In other work, 

eEF1Bγ was found to have a flexible RNA binding domain that allows it to not only interact with 

the 3’UTR of a human intermediate filament protein, but also with other RNA domains (19). 

This suggests that eEF1Bγ may interact directly with the RNA products of transcription to 

regulate gene expression. 

 

 
Figure 5: Amino acid sequence alignment of eEF1Bγ protein glutathione-S-transferase-like domains with theta-class 

GST domain from Arabidopsis thaliana. Top: GST-like domain of eEF1Bγ-1 (AT1G09640.1). Middle: GST-like 

domain of eEF1Bγ-2 (AT1G57720.1). Bottom: θ-GST domain (AT5G41240.1) identified on the Arabidopsis 

Information Resource (TAIR) database (http://www.arabidopsis.org/). The alignment was made using ClustalW2, 

and the score between the three was determined as 20% identical and 37% similar. Identical residues have a black 

background, residues with strong similarity have a dark gray background and residues with weak similarity have a 

light gray background. Below the sequence a thioredoxin fold region identified in both eEF1Bγ and θ-GST is 
labeled in red. 

 

The structure of eEF1Bγ from Arabidopsis is not currently known. However, in 

Saccharomyces cerevisiae there are two homologous genes, designated CAM1/TEF3 and TEF4, 

which encode two homologous proteins, Tef3p and Tef4p respectively (Figure 6). Additionally, 

the crystal structure of Tef3p has been elucidated and is a model for comparison. Tef3p was 
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found to have a homodimer quaternary structure (20). GSTs are also dimers, so this motif 

similarity suggests dimeric quaternary structure for eEF1Bγ. The shape of human eEF1Bγ was 

elucidated by NMR which determined the interaction between two eEF1Bγ subunits was 

mediated by a curved lens-like interface (3). However, the overall complex of eEF1B has been 

found to have an eEF1Bγ trimer attached to a single α and β subunit in plants (3). Although the 

exact stoichiometry remains unclear, the quaternary interaction of eEF1Bγ may, as previously 

stated, form a scaffold to support the entire eEF1B complex in the cell.  

Figure 6: Amino acid sequence alignment of eEF1Bγ proteins from Arabidopsis thaliana and Saccharomyces 

cerevisiae. Top sequence: Tef3p (CAM1/TEF3), Second: Tef4p (TEF4), Third: eEF1Bγ-1 (AT1G09640.1). Bottom: 

eEF1Bγ-2 (AT1G57720.1). The alignment was made using ClustalW2, the score between the Arabidopsis proteins 

and the yeast proteins is 28% identity and 49% similarity. Identical residues have a black background, residues with 

strong similarity have a dark gray background and residues with weak similarity have a light gray background. 

Below the sequence the GST-like domain is indicated in blue, and the elongation factor domain is indicated in 

green. 
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Putative Functions of eEF1Bγ 

Possible interactions of the gamma subunit of the eEF1B complex in other biochemical 

pathways have been found primarily through studies of the homologous proteins in S. cerevisiae, 

Tef3p and Tef4p (Table 3). 

 

Gene Protein Description 

TEF4 Tef4p Translation elongation factor eEF1Bγ 

CAM1/TEF3 Tef3p Calcium And Membrane-binding protein similar to eEF1Bγ 
Table 3: Nomenclature of homologues of eEF1Bγ in S. cerevisiae. 

 

The two eEF1Bγ proteins in S. cerevisiae share 64.5% identity, indicating they may have 

unique functions in the cell, any of which could pertain to the homologues in Arabidopsis. The 

major region of difference between the two S. cerevisiae proteins is in their N-terminal regions, 

which are only 40% identical, compared to the C-terminal ends which are 90% identical. A 

highly probable function of eEF1Bγ is to stimulate or regulate the nucleotide exchange activity 

of its counterparts in the eEF1B complex. Yeast 2-hybrid analysis showed that both eEF1Bγ 

proteins interact with eEF1Bα (2). The lack of conservation between the N-terminal domains, 

and the sequence similarity of the C-termini suggest that the observed interaction with eEF1Bα is 

mediated by the C-terminal end of eEF1Bγ. GST activity is another potential function of 

eEF1Bγ. Although the S. cerevisiae homologues lack GST activity, which could be accounted 

for by the divergence between their N-terminal domains, eEF1Bγ in the rice Oryza sativa has 

been found to have GST activity in vitro (2, 21). Also, protozoan eEF1Bγ has a trypanothione S-

transferase (TST) domain where the GST domain is located in other organisms, and the 

protozoan Crithidia fasciculatta has exhibited TST activity (5).  

Another putative function of eEF1Bγ is in an oxidative stress pathway. eEF1Bγ may 

regulate oxidative stress response proteins such as Methionine Sulfoxide Reductase A in S. 
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cerevisiae (MSRA) (22, 23). MSRA, a protein dependent on thioredoxin, acts to reverse the 

oxidation of methionine residues in the cell. Through the use of null msrA mutants, scientists 

observed that the lack of MSRA yielded greater amounts of oxidized methionine leading to a 

decrease in cell viability (22). Tef3p, encoded by the CAM1/TEF3 gene, has been shown to 

regulate the expression of the msrA gene by binding to the msrA promoter region, and inducing 

overexpression of msrA (22). In mutants lacking Tef3p, the overexpression of MSRA was 

impaired, and the catalytic activity of the protein was reduced as well (22). However, the null 

mutant for the eEF1Bγ homologue, Tef4p, encoded by the TEF4 gene did not block 

overexpression of the msrA gene. Therefore, it is suggested that Tef3p may both enhance the 

gene expression of msrA through allowing easier access for RNA polymerase to attach to the 

DNA and facilitate elongation of the transcript (22). Understanding this mechanism may prove 

helpful for Alzheimer’s patients because oxidative stress due to a loss of MSRA protein function 

is one of the contributing factors to the disease. This hypothesis suggests that lack of MSRA may 

not be the cause of Alzheimer’s, but rather disease results from transcriptional, translational or 

post-translational control defects (22).  

S.cerevisiae TEF3/CAM1 and TEF4 deletion mutants exhibited further phenotypes 

related to oxidative stress. Individual deletion mutants showed resistance to oxidative stress, and 

double-knockout mutants showed the additive resistance of the individual deletions (22). In 

another study, null mutants showed significant resistance to hydrogen peroxide, menadione and 

cadmium sulfate, but no resistance to DTT, NaCl or sorbitol (23). The stress resistant phenotype 

of the mutants was compared with a well known oxidative stress response pathway caused by 

expression of yeast Activating Protein (AP-1) transcription factor gene YAP1. The oxidative 

stress resistant phenotype was similar to that of YAP1 overexpression mutants, but the phenotype 
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was lost in YAP1, CAM1/TEF3 and TEF4 deletion mutants suggesting that the eEF1Bγ and AP-1 

proteins interact (23). Interestingly, none of the eEF1Bγ knockout mutants showed any 

difference in translation or growth compared to wildtype (21). However, there is another gene 

and protein in S. cerevisiae similar to the first 50% of the two genes which may prove to also be 

involved in translation that could account for the observed normal growth despite the loss of both 

Tef3p andTef4p (23).  

 Other known functions of eEF1Bγ observed in S. cerevisiae are unique to either Tef3p or 

Tef4p. In mutants defective in 18S rRNA processing and 40S ribosome assembly, Tef3p was 

found to suppress the mutant phenotype and facilitate the assembly of 40S ribosome. Tef4p has 

an ancillary function as an anti-suppressor of tRNA mediated nonsense suppression (20, 24). 

Despite the fact that these functions are not shared by both Tef3p and Tef4p, they both suggest 

roles for these proteins in post-translational regulation, possibly via their GST-like domains. 

 There is also evidence suggesting that initiation and elongation factors in plants act as 

protein chaperones during heat stress (25). The diversity of observations from different 

organisms and different transcription and translation factors provides a great deal of speculation 

about the function of eEF1Bγ. The only thing that is certain is that the ubiquitous proteins that 

are involved in gene regulation during both transcription and translation do exhibit changes in 

expression during times of cellular stress (2, 22, 23, 25). Thus, it is possible that eEF1Bγ may 

function above and beyond the scope of translation elongation. 

  Through this study we hope to gain better insight into the possible regulatory function of 

eEF1Bγ especially with respect to heat stress. Through analyses of this protein both in vitro and 

in vivo we hope to characterize the protein not only within its native Arabidopsis, but also in the 

form of eEF1Bγ loss-of-function mutants and in vitro protein analyses. The following 
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experimentation consists of the first steps taken to understand the relationship between 

translation elongation factor proteins and molecular chaperones, and the potential impact that 

relationship has on the survival and growth of Arabidopsis thaliana. 

 

Methods 

Seed Hydration and Sterilization: 

50µL volumes of Arabidopsis seeds in 1.5mL eppendorf tubes were hydrated by addition 

of 0.75mL sterile water and placement on a circular rotator for 30 min. Seeds were then sterilized 

for 5-8 min by the addition of 0.75mL full strength bleach while on the rotator. Seeds were then 

washed with sterile water 5 times to remove all traces of bleach.  

Sterilized seeds were planted on square plates containing 10mL of PNS media (15mM 

sucrose, 5mM KNO3, 2mM MgSO4, 2mM Ca(NO3)2, 50mM FeEDTA, 2.5mM KPO4, 70µM 

H3BO4, 14µM MnCl2, 0.5µM CuSO4, 1µM ZnSO4, 2µM Na2MoO4, 10µM NaCl, 1µM CoCl2, 

and 8g/L Agar). Plates were maintained at 4
o
C for 3 days and then transferred to a 22

o
C growth 

chamber with a 16 hr light/8 hr dark cycle. After two weeks of growth seedlings were transferred 

to soil and placed in the same temperature and light conditions. 

 

Hypocotyl Elongation Assay (HEA): 

After planting on PNS media, plates were wrapped with aluminum foil to create a dark 

environment for seedling growth. After 3 days at 4
o
C, the plates were kept upright at 22

o
C so 

that seedlings would grow along the agar surface. After 2.5 days, initial seedling growth was 

marked before heat stress was administered. The following conditions were used to test the heat 

sensitivity of the seedlings:  

• Control: Plates were maintained at 22
o
C without any heat treatment. 
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• Pretreatment: Plates were treated at 38
o
C for 90 min and then returned to 22

o
C. 

• Heat Stress with Pretreatment: Plates were treated with a 38
o
C pretreatment for 90 min, 

and then transferred to 22
o
C for a 2 hr recovery period. After the recovery period, the 

plates were treated at 45
o
C for various lengths of time (90, 120 or 150 min), and were 

then returned to 22
o
C. 

• Heat Stress without Pretreatment: Plates were treated directly with 45
o
C heat stress 

treatment for 2 hr and then returned to 22
o
C. 

After the treatment was complete, plates were grown for an additional 2.5 days at 22
o
C. Their 

final length was marked and their growth after treatment was measured. 

 

T-DNA Insertion Mutant Genotyping: 

 Mutagenized Arabidopsis seeds with T-DNA insertions within the AT1G09640 and 

AT1G57720 genes were ordered from the Arabidopsis Biological Resource Center (ABRC, 

http://www.biosci.ohio-state.edu/~plantbio/Facilities/abrc/abrchome.htm). The specific lines 

used were the SALK_047484 line of AT1G09640 and the SALK_033274 line of AT1G57720 

(Figure 7). 

Genomic DNA was extracted from single leaf samples taken from 14-day old seedlings. 

The collected samples were crushed and 200µL DNA extraction buffer (250mM NaCl, 200mM 

Tris/HCl pH 7.5, 25mM EDTA, 0.5% SDS) was added. The extracted supernatant was collected 

after 2 min centrifugation at 15,600 × g at room temperature, 200µL of isopropanol was added 

and the tubes were vortexed for 10 s. After 10 min of incubation at room temperature the 

samples were again separated by centrifugation for 6 min at 15600 × g at 4
o
C. The supernatant 

was discarded and 500µL of cold (-20
o
C) 70% ethanol was added to the samples and they were 
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mixed by inverting the tubes 4-8 times. The samples were centrifuged again for 6 min at 15,600 

× g at 4
o
C. The supernatant was discarded and the tubes were allowed to dry completely. 50µL 

of sterile water was added to each dry pellet, and the tubes were agitated to resuspend the DNA. 

 

 
Figure 7: Diagram of the genomic structure of the eEF1Bγ genes and the T-DNA insertion sites in Salk mutants. (A) 
Introns are indicated by a solid black line, exons are indicated by boxes, 5’ and 3’ UTRs are indicated by diagonal 

lines. The protein coding region is indicated by the start (ATG) and stop (TGA) codons indicated on the figure. 

GST-like domains are indicated by dotted regions and elongation factor domains are indicated by vertical lines. T-

DNA insertion sites and T-DNA left border primer (Lba) annealing sites are indicated by the large black triangles. 

Arrows indicate the annealing positions of the upstream (F) and downstream (R) primers used for genotyping. (B) 

Example of an agarose gel with wildtype, heterozygous mutant and homozygous mutant genotypes. The expected 

products from the insertion mutants are as follows: SALK_047484 mutant: F + R product length ~1018bp, F + Lba 

primer product length ~845bp, SALK_033274 mutant: F + R product length ~1163bp, F + Lba primer product 

length ~690bp. 

 

The extracted DNA was screened for T-DNA insertions using three primers, T-DNA left 

border primer, upstream genomic primer and downstream genomic primer, recommended by the 

Salk Institute (http://signal.salk.edu). Five primers were ordered from the SALK Institute, the T-

DNA left border primer: TGG TTC ACG TAG TGG GCC ATC G, upstream AT1G09640 

primer: TCA ATC AAG GCA AAA TTA CCG, downstream AT1G09640 primer: GTC CCT 

CCT ATT GCT TCC AAG, upstream AT1G57720 primer: TTT CAC TTA AAG CAT TTG 

GCG, and downstream AT1G57720 primer: GGC AAT TTC TGC ATT GAA GAG. The 

genotype of each mutant was determined by PCR analysis. Two PCR reactions were completed 

with each mutant DNA sample. The first PCR reaction was completed using the upstream and 
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downstream genomic primers; the amplification of a ~1000 base pair product from this reaction 

would indicate presence of a wildtype allele. The second PCR reaction was completed using the 

T-DNA border primer and the downstream genomic primer; the amplification of a ~500-800 

base pair product from this reaction would indicate a mutant, T-DNA insertion allele. The 

amplified DNA fragments were visualized using ethidium bromide staining after agarose gel 

electrophoresis separation. 

 

eEF1Bγ Cloning, Expression and Purification 

Primer Design: 

The cDNA sequences for each of the two eEF1Bγ genes were obtained from the 

Arabidopsis Information Resource (TAIR) database (http://www.arabidopsis.org). Primers were 

designed with a sequence of 21 nucleotides which identically matched each gene. The matched 

nucleotides were flanked by a restriction enzyme cut-site and 7 adenine nucleotides. Restriction 

sites were introduced into the gene sequences so that ligation into the pJC20 plasmid could be 

completed in order to express the protein in E. coli. The recognition sequence “CATATG” for 

NdeI enzyme was designed in the upstream primers, and the recognition sequence “CTCGAG” 

for XhoI enzyme was designed in the downstream primers. The primer sequences are: upstream 

AT1G09640 primer:  AAA AAA ACA TAT GGC TTT GGT CTT GCA CAC G, downstream 

AT1G09640 primer: AAA AAA ACT CGA GTC ACT TGA AGC ACT TGG CGT C, upstream 

AT1G57720 primer: AAA AAA ACA TAT GGC GTT GGT CAT GCA CAC A, downstream 

AT1G57720 primer: AAA AAA ACT CGA GTC ACT TAA AGC ATT TGG CGT C. Gene 

amplification was completed in reactions according to the information in Table 3 and the PCR 

program and thermal controller used are indicated in Table 4. 
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Gene amplification: 

Name Stock Concentration Volume Added Final Concentration/Amount 

10X PCR Buffer 

100mM Tris, 15mM 

MgCl2·6H2O, 500mM 

KCl 

5.0µL 
10mM Tris, 1.5mM 

MgCl2·6H2O, 50mM KCl 

dNTP Solution 4mM total, 1mM each 2.5µL 200µM total, 50µM each 

Upstream Primer 100µM 0.5µL 1µM 

Downstream Primer 100µM 0.5µL 1µM 

cDNA Template 10ng/µL 5.0µL 50ng total 

EXPAND Polymerase 3.5units/µL 0.5µL 1.75units total 
Table 3: Gene amplification reaction. Each PCR consisted of a total volume of 50µL with the above components. 

 

PCR Program: 

 

Step Action Temperature Duration 

1 Initial Denaturation 95
o
C 5min 

2 Denaturation 94
o
C 30s 

3 Primer Annealing 58
o
C 30s 

4 Extension 72
o
C 3min 

5 Repeat Steps 2-4 30X - - 

6 Final Extension 72
o
C 5min 

Table 4: PCR program. All PCRs were run on MJ Research Inc. PTC-100 Programmable Thermal Controller. 

 

The PCR products were first analyzed by electrophoresis on 1.0% agarose gels. The 

fragments were excised from the gel and extracted using the Qiagen Gel Extraction Kit. The 

restriction digest of the final product was performed according to reaction outlined in Table 5. 

 

Name Stock Concentration Vol. Added Final Concentration/Amount 

10X SuRE/Cut Buffer A 

330mM Tris-acetate, 

100mM Mg-acetate, 

660mM K-acetate, 

5mM DTT 

2.0µL 

33mM Tris-acetate, 10mM 

Mg-acetate, 66mM K-acetate, 

0.5mM DTT 

Gene Product/Plasmid 100ng/µL 5.0µL 0.5µg Total 

NdeI Enzyme 10units/µL 0.5µL 5 units Total 

XhoI Enzyme 10units/µL 0.5µL 5 units Total 
Table 5: PCR product digest reaction. All reactions were completed in a total volume of 20µL. 

 

 The digest was performed at 37
o
C in a water bath for 3 hr to allow ensure complete 

cutting. After the digest was confirmed on a 1.0% agarose gel, a ligation reaction was completed 

according to Table 6. 
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Name Stock Concentration Volume Added Final Concentration/Amount 

10X T4 Ligase 

Reaction  Buffer 

500mM Tris-HCl, 

100mM MgCl2, 10mM 

ATP, 100mM DTT 

2.0µL 
50mM Tris-HCl, 10mM MgCl2, 

1mM ATP, 10mM DTT 

Digested Plasmid 50ng/µL 2.0µL 0.1µg Total 

Digested Insert 50ng/µL 10.0µL 0.5µg Total 

T4 DNA Ligase 5units/µL 0.5µL 2.5units Total 
Table 6: Ligation reaction. All ligations were completed in a total volume of 15µL. 

 

 The ligation proceeded for 3 hr at room temperature (22
o
C). The ligation products were 

then transformed into DH5α competent E. coli cells and grown on LB Agar plates with 

100ug/mL ampicillin at 37
o
C for 24 hr. Colonies from the plate were transferred into individual 

cultures of LB media with 100ug/mL ampicillin. The plasmid DNA from the cells in each liquid 

culture was isolated using a Qiagen Miniprep kit. The plasmid DNA was then digested in the 

same manner as the original PCR product and run on a 1.0% agarose gel to confirm 

transformation was successful. Additionally, the construct was confirmed as correct by DNA 

sequencing with the T7 Primer by the Genomics Analysis & Technology Core Facility at the 

University of Arizona (http://uagc.arl.arizona.edu/). After the construct was confirmed, it was 

transformed into E. coli Rosetta II cells, which were grown on LB Agar (1% wt/vol tryptone, 

0.5% wt/vol yeast extract, 1% wt/vol NaCl, 1.5% agar, pH 7.0 with NaOH) plates with 

100µg/mL ampicillin and 35µg/mL chloramphenicol for 24 hr at 37
o
C. Colonies were selected 

from the plate and used to inoculate 1L of 2XYT liquid media (1.6% wt/vol tryptone, 1% wt/vol 

yeast extract, 0.5% wt/vol NaCl, pH 7.0 with NaOH). The 1L culture was allowed to grow at 

24
o
C until the OD600 value of the solution reached a value of 1.6 (~36 hr), at which point 1mM 

IPTG was added to induce protein expression for 12 hr. The cultures were pelleted by 

centrifugation at 3020 × g for 15 min and were stored at -80
o
C until purification could be 

performed. Cell pellets were resuspended in TE purification buffer (25mM Tris-HCl, 1mM 
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EDTA, 5mM aminocaproic acid, 1mM benzamidine HCl) and cell lysis was completed with 30 s 

sonication of the cell suspension followed by 30 s rest period on ice. The cycle of sonication and 

rest was completed 8 times, and 500µL of 100mM PMSF was added. The cell lysate was 

separated into a soluble and pellet fraction by centrifugation 3,020 × g for 15 min. The insoluble 

eEF1Bγ protein was solubilized in 50mL TE buffer containing 8M urea. The solubilized protein 

was dialyzed against 4L of TE buffer at 4
o
C for 24 hr. The purification of the solubilized protein 

was via sucrose gradient and ion-exchange chromatography. A 0.2M-0.8M sucrose gradient was 

prepared and run at 180,000 × g for 3 hrs. The fractions containing the eEF1Bγ protein were 

collected from the middle of the gradient. The sucrose gradient fractions were run on an 8cm 

long × 1.5cm radius DEAE-Sepharose column at 4
o
C with an elution gradient of TE buffer 

containing 0M-1M NaCl at a flow rate of 1mL/min. The final sets of 5mL fractions, 8-14, 20-22, 

and 24-29 containing the eEF1Bγ protein were dialyzed in TE buffer to remove NaCl. The 

fractions were visualized by SDS-PAGE to determine which were the most pure. 

 

Protein Quantification 

 For all western blot analyses, protein samples were quantified prior to SDS-PAGE to 

maintain consistency between the samples. Plant protein was collected by flash freezing 

seedlings with liquid nitrogen, crushing with mortar and pestle, and addition of 1mL 2X SDS 

Buffer (60mM Tris-HCl pH 8.0, 200mM DTT, 10mM aminocaproic acid, 2mM benzamidine 

HCl, 0.03mM bromophenol blue, 30% Sucrose, 4% SDS). Samples were quantified by spotting 2 

2uL aliquots of each protein sample, as well as bovine serum albumin (BSA) standards of known 

concentration, onto Whatman paper. After the spots were dry, the paper was Commassie stained 

(0.2% Commassie Brilliant Blue R-250, 10% glacial acetic acid, 45% methanol), destained (30% 



21 

 

methanol, 10% glacial acetic acid) and dried. The spots were cut out of the paper and added to 

1mL of 2% SDS for 2hr to elute the stained protein. The samples were measured at 600nm on a 

Varian Cary 50 UV-Visible photospectrometer. The measured absorbance values and known 

concentrations of the BSA standards were used to generate an equation to calculate the 

concentrations of the unknown samples. 

 

In vitro Protein Aggregation Assay 

 Samples of 2µM eEF1Bγ-2 were prepared in 1X refolding buffer (25mM Hepes, 15mM 

KCl, 5mM MgCl2) in a total volume of 100µL. The samples were incubated in at 45
o
C water 

bath for 0 (control), 30, 60 and 90 min, followed by centrifugation at 15,600 × g for 15 min at 

4
o
C. 60µL of supernatant was collected and the remaining 40µL were resuspended in 400µL of 

1X refolding buffer and then spun for an additional 15 min at 4
o
C to remove all soluble proteins 

from the pellet fraction. Samples were visualized via SDS-PAGE. 

 The above protocol was repeated, but instead of time, the heat stress temperature was 

varied. Samples were incubated at 22
o
C (control), 38

o
C, 40

o
C and 42

o
C for 60min. Samples were 

prepared, separated and visualized identically to the above aggregation assay. 

 

Aggregation Protection Assay 

 Samples of 2µM eEF1Bγ in 1X refolding buffer were prepared with recombinant AtHsp 

17.4C-I chaperone. Six chaperone to substrate molar ratios were tested: 0:1 (control), 0.5:1, 1:1, 

2:1, 4:1 and 8:1. Samples were incubated at 42
o
C for 1 hr. Soluble and pellet fractions were 

separated by centrifugation as in the protein aggregation assay, and fractions were visualized by 

SDS-PAGE. 
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Results 

Cloning Expression and Purification of eEF1Bγ 

The initial step taken to characterize eEF1Bγ in vitro was to clone genes encoding both 

gamma elongation factors, and express and purify recombinant protein. Both genes were 

successfully cloned and expressed, but only the eEF1Bγ-2 protein has been purified to date. The 

two recombinant eEF1Bγ proteins were consistently found in the pellet fraction from the total 

cell lysate (Figure 8).  

 

Figure 8: Summary of purification and identification of expressed eEF1Bγ-2. (A) Example lanes from SDS-PAGE 

gels during expression and purification. LEFT:  Rosetta II cells used for protein expression were pelleted. The cells 

were resuspended in TE Buffer and lysed via sonication. The total cell lysate was separated by centrifugation at 

3,020 × g for 15 min. Samples from the soluble (S) and pellet (P) fractions were visualized via SDS-PAGE. The 46 

kDa eEF1Bγ-2 protein was identified in the pellet fraction.  MIDDLE: After resolubilizing the pellet fractions of the 

total cell lysate, samples were run over 0.2-0.8M sucrose gradient at 180,000 × g for 3 hr. The fractions were 
separated and eEF1Bγ-2 was identified in the middle of the gradient. Shown are two example lanes from the 

collected fractions. RIGHT: Fractions collected from the sucrose gradient separation were run over DEAE ion-

exchange column. After loading the protein samples a gradient of 0-1M NaCl at a flow rate of 1mL/min eluted the 

bound protein.  eEF1Bγ-2 protein was identified in three fraction sets: fractions 8-14, 20-22 and 24-29. Shown are 

two example lanes from the fractions 8 and 9. (B) MALDI-TOF spectrum of purified eEF1Bγ-2 protein processed 

through a Waters Q-Tof Mass Spectrometer (courtesy of Charles Cheng). The single peak identified a protein of 

molecular weight 46271.00 Da.  

 

Through addition of 8M urea to the samples, and dialysis it was possible to resolubilize 

both proteins, and no further precipitation was noted. Purification of eEF1Bγ-2 was successful 

after the procedure outlined in methods, and 85% purity was achieved. MALDI-TOF analysis 

successfully identified that the molecular weight of the purified protein corresponded to eEF1Bγ-
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2. The observed 46271.0 Da molecular weight is the value predicted from the amino acid 

sequence, minus the start methionine residue. Loss of the start methionine has been previously 

observed when expressing protein in E. coli. The high similarity between the two proteins 

suggests that the purification protocol for eEF1Bγ-1 could be conducted similarly.  

 

 

Quantification of eEF1Bγ in vivo 

 Upon successful purification of eEF1Bγ-2, 3 mg of recombinant protein was sent to 

Cocalico Biologicals (http://www.cocalicobiologicals.com/) for generation of a primary 

antibody. Samples of total cell protein were used in a western blot analysis to quantify the 

relative amount of eEF1Bγ-2 in the cell and to determine how heat stress affected protein levels. 

As seen in Figure 9, the level of eEF1Bγ-2 is unchanged by heat stress. The first quantification 

indicates that 2-5ng of eEF1Bγ-2 is present per 15µg total cell protein, and the second 

quantification narrows that margin to 3-4ng eEF1Bγ-2 per 15µg total cell protein. This 

proportion is on the order of magnitude of 0.01% of the total cell protein. However, in a follow-

up western blot of eEF1Bγ-1 samples, the eEF1Bγ-2 antiserum was shown to cross-react, and 

had approximately 20% the affinity as compared to eEF1Bγ-2 (data not shown). Therefore it is 

likely that the 0.01% of total cell protein observed is the sum of eEF1Bγ-1 and 2.  

 
Figure 9: Western blot quantification of eEF1Bγ-2 protein in vivo. Wildtype seeds were planted on PNS media and 

grown for 14 days. Seedlings were either maintained at control temperature (22
o
C) or heat stressed prior to protein 

extraction. (A) From left to right recombinant protein samples are 1ng, 2ng, 5ng and 10ng respectively. Following 

the recombinant samples are two 15µg total cell protein samples from control (22
o
C) and heat stressed (heated at 

45
o
C for 45 min). (B) To narrow the quantification further, smaller increments of recombinant protein were used and 

the blot was repeated. From left to right recombinant protein samples are 1ng, 2ng, 3ng, 4ng, 5ng, 6ng and 7ng 

respectively. Following the recombinant samples are four 15µg total cell protein samples from control (22
o
C), 
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pretreated (heated at 38
o
C for 90min), rest period (22

o
C for 2hr after pretreatment) and heat stressed (heated at 45

o
C 

for 2hr after rest period). 

 

 

Heat sensitivity of eEF1Bγ  

 In order to test the heat sensitivity of recombinant eEF1Bγ-2 two heat aggregation assays 

were performed. The first assay looked at the time-dependent process of eEF1Bγ-2 denaturation 

and aggregation (Figure 10). In the absence of heat treatment, there is approximately 10 times as 

much soluble eEF1Bγ-2 as insoluble. In all heat-treated samples, however, there is a greater 

amount of recombinant eEF1Bγ-2 in the pellet fraction than in the supernatant. As the duration 

of heat shock increased, so did the amount of protein in the pellet fraction. However, the largest 

transition of eEF1Bγ-2 from supernatant to pellet occurred after 30 min of heat treatment. After 

60 min it appears that approximately 90% of the eEF1Bγ-2 sample had become insoluble.  

  In further experiments three lower temperature conditions were tested to investigate the 

temperature dependence of eEF1Bγ-2 aggregation. All samples were tested for 60 min at either 

22
o
C (control), 38

o
C, 40

o
C or 42

o
C. After the incubation period, all heated samples showed 

larger amounts of eEF1Bγ-2 in the pellet than the control sample (data not shown).  

 
Figure 10: In vitro aggregation assay of eEF1Bγ-2 at various time points. 2µM samples of recombinant eEF1Bγ-2 

were incubated at 45
o
C for 0, 30, 60 or 90 min to determine the effect of heat stress on the protein over time. Soluble 

and pellet fractions were visualized via SDS-PAGE. 

 

 

 

Protection of eEF1Bγ by a sHSP in vitro 

The interaction with sHSP was the first step in identifying eEF1Bγ-2 as a potential 

substrate of molecular chaperones. To further investigate this interaction, an aggregation 
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protection assay was conducted in which both eEF1Bγ-2 and the molecular chaperone 

AtHsp17.4C-I were present. The concentration of eEF1Bγ-2 was held constant at 2µM, while the 

concentration of AtHsp17.4C-I was varied from 0-16µM in order to determine the optimal molar 

ratio for protection (Figure 11). The results show that the unprotected sample of eEF1Bγ-2 was 

more than 80% insoluble. As more sHSP was added to the samples more eEF1Bγ-2 remained 

soluble up to the 4:1 molar ratio of chaperone to substrate. There is no observed increase in 

solubility between the 4:1 and 8:1 molar ratio samples. 

 
Figure 11: In vitro protection assay with sHSP 17.4 chaperone. Samples were prepared with various molar ratios of 

chaperone to substrate which are shown above each lane. Samples were incubated at 42
o
C for 1 hr which was 

sufficient to denature more than 50% of the elongation factor substrate. In the presence of AtHsp17.4C-I recovery of 

eEF1Bγ-2 to the soluble fraction was observed. It also appears that ratios above 4:1 chaperone to substrate are not 

more effective at maintaining substrate solubility. Soluble and pellet fractions were visualized via SDS-PAGE. 

 

 

Heat sensitivity of eEF1Bγ in vivo 

After characterizing the solubility of eEF1Bγ in vitro, further investigation to confirm the 

heat sensitivity of in vivo eEF1Bγ was conducted. 14-day old Arabidopsis seedlings were treated 

in various temperature conditions, and fractionated into water soluble, non-ionic detergent 

soluble and SDS soluble fractions. The fractions were blotted using eEF1Bγ-2 specific antiserum 

to observe the solubility of the protein (Figure 12). Both replications of the experiment show that 

under control temperature conditions and after recovery eEF1Bγ-2 is completely soluble. During 

heat stress at 45
o
C eEF1Bγ-2 begins to aggregate and appears in the pellet fraction. After 30 min 
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of heat stress nearly 100% of the eEF1Bγ-2 is insoluble, with only a small trace of soluble 

protein remaining. This assay reconfirms the results of the in vitro solubility analysis, that 

eEF1Bγ-2 is heat sensitive. Interestingly, the in vivo protein appears to be more heat sensitive 

than the recombinant protein. Non-ionic detergent soluble fractions from the samples are shown 

as well, however no eEF1Bγ-2 is observed in these fractions either during heat stress or under 

control conditions.  

 
Figure 12: Western blot of an in vivo aggregation assay for eEF1Bγ-2 (AT1G57720.1) protein from 14-day old 

seedlings. Both control and heat shocked samples are shown with their respective soluble (water soluble), 

membranous (labeled as Membrane, White Mem. and Green Mem, all non-ionic detergent soluble) and pellet (SDS 

soluble) fractions. (E. Basha, Unpublished Data)  

 

 

Confirmation of sHSP-eEF1Bγ interaction in vivo 

 An experiment conducted under the same conditions as the original strep-tag affinity 

assay allowed reconfirmation of the sHSP-eEF1Bγ interaction. Western blot analysis using 

eEF1Bγ-2 specific antiserum confirmed the presence of eEF1Bγ-2 in the eluted fractions of 

AtHsp17.4C-I bound to substrate (Figure 13). The data show that the interaction occurs only 
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during heat stress, while both control and post-recovery heat stressed fractions did not contain 

eEF1Bγ-2. Additionally, this interaction is only observed in an affinity assay of class I sHSP. 

There was no association detected between sHSP and eEF1Bγ in the class II affinity assay. 

 

Figure 13: Western blot confirmation of eEF1Bγ interaction with sHSP. Eluted fractions from the affinity column 

described in Figure 3 from both heat treated and control samples were transferred to nitrocellulose membrane and 

probed with the eEF1Bγ-2 specific antiserum. Additionally, the experiment was repeated with a strep tagged Class II 

sHSP to observe any possible interactions with eEF1Bγ-2 (E. Basha, Unpublished Data).  

 

 

Screening of T-DNA insertion mutants 

 To examine the function of eEF1Bγ seeds carrying T-DNA insertions in the coding 

regions of AT1G09640 or AT1G57720 were acquired from the ABRC. The seeds were initially 

genotyped by PCR to identify homozygous mutants. 10 seeds per mutant line were grown for 14 

days and used for DNA isolation. Of these 10, 2 insertion mutants were determined to be 

homozygous in each of eEF1Bγ genes (Please refer to Appendix 1 for genotype confirmation 

data) and were grown to obtain seeds which were then used to reconfirm homozygosity. The 

SALK_047484 homozygous mutants (AT1G09640 insertion) were designated D1-4 and D1-6, 

and the SALK_033274 (AT1G57720 insertion) mutants were designated C3-D and C5-D.  

 The mutants were observed during germination and growth. Both D1-4 and D1-6 had 

lower germination rates as compared to wildtype plants, but the C3-D and C5-D mutants 

germinated with the same frequency as wildtype. Due to the discrepancy between germination 

frequencies, backcrosses were completed on all four of the mutants to dilute out other 
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background mutations that may have occurred during mutagenesis. Other than the reduced 

germination, no other obvious abnormal phenotypes were observed for any of the homozygous 

mutants during growth at control conditions.  

 In order to determine if the two eEF1Bγ proteins could be compensating for the loss-of-

function of the other, crossing of the two SALK lines was completed. Two successful crosses 

were confirmed by PCR. The F1 generation of the double heterozygous mutants was grown to 

produce 1 in 16 double homozygous mutant seeds to be tested for phenotypic variation from 

wildtype. Screening of the F2 generation is currently in progress. 

  

Heat-induced phenotype of T-DNA insertion mutants 

 Confirmed homozygous T-DNA insertion mutants were used in 3-day hypocotyl 

elongation assays to test for phenotypes associated with heat stress. Hypocotyl growth after 

various heat treatments was measured in mm (Figure 14A). The observed growth trends show 

that all of the mutants had more growth on average than wildtype under all conditions. However, 

the change in growth over the course of the heat treatments shows that growth decreased 

proportionately more for all of the mutants than for the wildtype seedlings (Figure 14B). The 

wildtype sample growth was fairly consistent in both control conditions and with only 38
o
C 

pretreatment for 90 min, where growth was about 7.5mm. After the 45
o
C heat stress was added 

for 120, 150 or 180 min the average decrease in growth compared to the control conditions was 

approximately 20%, 30% and 35% respectively. The mutants average percent decreases are as 

follows for pretreatment alone, pretreatment with 120 min at 45
o
C, pretreatment with 150 min at 

45
o
C and pretreatment with 180 min at 45

o
C respectively: C3-D mutant: 7%, 33%, 44% and 

48%, C5-D mutant: 10%, 32%, 43%, and 49%, D1-4 mutant: 7%, 27%, 48% and 50% and D1-6 



29 

 

mutant: 6%, 32%, 41% and 53%. Overall there was 10-20% less growth after heat stress for all 

four mutants. Therefore, despite the fact that the mutants grew, on average, more than wildtype, 

the decrease in growth after heat shock was more severe. 
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Figure 14: Hypocotyl Elongation Assay (HEA). 2.5-day old T-DNA insertion mutant seedlings grown at 22
o
C in the 

dark were heated as indicated in the figure. Seedlings were grown for an additional 2.5 days at 22
o
C after heat stress 

and measured for hypocotyl growth. (A) Graph of the average growth after heat stress in mm. The colored bars 

indicate the average growth that had occurred within 2.5 days after heat treatment. Wildtype Arabidopsis seedlings 

(WT, positive control) are colored in blue, heat sensitive hot1-3 seedlings (negative control) are colored in red, 

AT1G57720 insertion mutant C3-D seedlings are colored in green, AT1G57720 insertion mutant C5-D seedlings are 
colored in purple, AT1G09640 insertion mutant D1-4 seedlings are colored in gray and AT1G09640 insertion mutant 

D1-6 seedlings are colored in orange. The thin lines above and below each colored bar are error bars that represent 

plus or minus the standard deviation of each data set. “N” on the figure indicates the number of plates that were heat 

treated in that particular condition. For each plate 6 WT seeds, 6 hot1-3 seeds, and 12 seeds of each mutant were 

planted. However, only plants that germinated were measured in the assay.  For a listing of the numeric values of the 

average growth and standard deviation as well as the exact number of plants measured please refer to Appendices 2 

and 3. (B) Graph of the percent change in growth after heat stress. Data collected for each heat stress condition was 

normalized against the growth at control conditions to quantify the percent change in growth caused by each 

condition. Standard deviation values used to generate the error bars were normalized as well, so that they could be 

expressed as percentages. Graph is labeled identically to part A.  For the equation used for the calculations and the 

exact percentage values please refer to Appendix 4. 

 

Expression levels of T-DNA insertion mutants 

 To support the T-DNA knockout genotype of the four confirmed insertion mutants, C3-

D, C5-D, D1-4 and D1-6, western blot analysis was used to observe the expression levels of the 

eEF1Bγ proteins (Figure 15). The blot shows that eEF1Bγ-2 (AT1G57720.1) accumulates in the 

wildtype control and the D1-4 and D1-6 mutants (AT1G09640 insertion), but is completely 

absent in the C3-D and C5-D mutants (AT1G57720 insertion). These data support the genotypic 

analysis of the mutants, that the protein product of AT1G57720 is not expressed in those plants. 

Additionally, the proportion of eEF1Bγ-2 present in the wildtype, C3-D and C5-D samples 

appears to be 1-2ng in the 10µg of total protein. This proportion, on the order of magnitude of 

0.01% of total cell protein, agrees with the other two quantifications of eEF1Bγ-2 (Figure 9). 

However, as previously stated, the eEF1Bγ-2 antiserum is known to cross-react with 20% 

affinity for eEF1Bγ-1. The observed total cell protein samples show approximately 2ng of 

eEF1Bγ-2, and therefore the detected eEF1Bγ-1 would be too faint to see. Exposure times 

ranging from 10 s to 30 min were completed to verify whether any eEF1Bγ-1 could be detected, 

but the protein was never observed in the samples. 
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Figure 15: Western blot quantification of T-DNA insertion mutants. Wildtype and confirmed T-DNA insertion line 

seeds were planted on PNS media and grown for 14 days. Seedlings were maintained at control temperature (22
o
C) 

before protein extraction. From left to right recombinant protein samples are 1ng, 2ng, 3ng and 4ng respectively. 

Following the recombinant samples are two 10µg total cell protein samples from wildtype, two AT1G57720 

insertion mutants designated C3-D and C5-D and two AT1G09640 insertion mutants designated D1-4 and D1-6.  

 

Discussion 

The experiments presented in this study were the preliminary steps in characterizing the 

potential sHSP substrate, eEF1Bγ. Quantification of the in vivo expression levels of eEF1Bγ 

have shown that this protein is expressed constitutively in the cell. This is logical due to the fact 

that protein synthesis is an ongoing cellular process, and that protein turnover can be extremely 

rapid. The similar expression level in heat stressed samples as compared to control conditions 

suggests that despite the translational arrest that occurs during stress, the translational machinery 

is ready to rapidly resume normal protein synthesis once conditions return to normal. The 

amount of eEF1Bγ in the cell, on the order of magnitude of 0.01% of total cell protein, is not an 

especially abundant protein. As eEF1B functions to make translation elongation more efficient, 

but is not necessary for it to occur, a high abundance of the complex may not be necessary. 

Furthermore, the role of eEF1B is catalytic, so its activity may be sufficient at this concentration 

to maintain protein synthesis. 

Analysis of the solubility of eEF1Bγ both in vivo and in vitro has allowed better insight 

into the sHSP-eEF1Bγ interaction. The accord between the behavior of recombinant and native 

eEF1Bγ supports the validity of the in vitro system in analysis of eEF1Bγ-2. As both native and 
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recombinant eEF1Bγ-2 are thermally unstable, the interaction with sHSP most likely mediates 

protection of the substrate from irreversible denaturation. Interestingly, although eEF1Bγ-2 

exhibits heat sensitivity, the other members of eEF1B in Arabidopsis do not. Recombinant 

eEF1Bβ-2 is heat stable when treated in similar aggregation assays as this study, and eEF1Bα-1 

expression is heat induced (data not shown). It is possible that the heat sensitivity of eEF1Bγ 

causes the whole complex to be heat labile in the cell. Additionally, eEF1Bγ is nearly twice as 

large as either of the alpha and beta subunits which could allow it to dictate the solubility of the 

complex and override the smaller heat-stable counterparts. However, until the complete eEF1B 

complex can be expressed in concert, it is difficult to predict its behavior. 

The confirmation of chaperone protection of eEF1Bγ in vitro by AtHsp17.4C-I provides 

additional insight into the interaction. Although protection was maximized with 4:1 molar ratio 

between sHSP and substrate, the mere presence of sHSP greatly increased the solubility of 

eEF1Bγ. With this information the specific association can be further investigated to determine 

the structural features of both chaperone and substrate that are involved in the interaction. 

The confirmed T-DNA insertion mutants have provided an initial look at the necessity of 

eEF1Bγ in Arabidopsis. The difference in phenotype between the insertion mutants and wildtype 

seedlings suggests that the mutants grow more rapidly than wildtype, but are slightly more 

sensitive to heat stress than wildtype. This is an interesting observation that raises a number of 

issues about the role of eEF1Bγ. If eEF1Bγ is solely responsible for the heat sensitivity of 

eEF1B, it is logical that heat stability would be caused by knocking out the gene product, not 

heat sensitivity. On the other hand, if eEF1Bγ functions to scaffold eEF1B to the endoplasmic 

reticulum, the delocalization of the complex could increase the time necessary to resume 

translation after stress, effectively decreasing the speed of growth after heat shock. However, 
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following the logic of eEF1Bγ as a scaffold, the insertion mutants should exhibit decreased 

efficiency of translation elongation due to inhibition of GDP to GTP exchange on eEF1A. Such 

an occurrence should theoretically inhibit growth, not enhance it, as was observed. Without fully 

understanding the function of eEF1Bγ, the observed phenotype only allows us to conclude that 

the loss of eEF1Bγ affects the growth of Arabidopsis seedlings under all growth conditions. 

However, the large standard deviation values in the data sets and the fact that the mutants have 

not been backcrossed to eliminate background mutations mean that this phenotype must remain a 

preliminary observation until further testing can be completed. Backcrossing to ensure that this 

phenotype is a result of the loss-of-function of only eEF1Bγ will hopefully allow confirmation of 

the mutant phenotype. In addition to the necessity for backcrossing the mutant lines, the 94% 

similarity between the two eEF1Bγ proteins may allow for compensation of one protein by the 

other. As previously stated, unique functions between the two eEF1Bγ proteins have been found 

in S. cerevisiae. However, there is a lower degree of similarity between the yeast eEF1Bγ 

proteins. In Arabidopsis it will be necessary to observe mutants that have loss-of-function of 

both eEF1Bγ proteins, double-knockout mutants. Additionally, both individual mutants and 

double-knockout mutants could be tested for phenotypes induced by other forms of stress. The 

potential role of eEF1Bγ in oxidative stress response may result in a unique phenotype when the 

mutants are exposed to oxidative stress conditions. 

Despite the steps taken toward better understanding the role of eEF1Bγ, there are a 

plethora of other avenues that should be investigated surrounding this enigmatic protein. Tagging 

eEF1Bγ with green fluorescence protein, and transforming the mutant gene into Arabidopsis 

would allow for in vivo protein localization. It would be extremely interesting to observe the 

movement of eEF1Bγ throughout the cell during regular growth and in stress conditions. 
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Determination of an activity assay for eEF1Bγ would be helpful not only to verify that purified 

recombinant protein is in its native conformation, but would provide the ability to observe 

eEF1Bγ function. Additionally, cross-linking assays may help in determining protein-protein 

interactions of eEF1Bγ. Investigating the quaternary structure of eEF1Bγ through Native Gel 

Electrophoresis or Size Exclusion Chromatography would also provide a better indication of the 

structure of the eEF1B complex. As previously stated, reconstituting the complete eEF1B 

complex in vitro will provide a great deal of information in its own right. From being able to 

observe characteristics of the proteins as they are in vivo to learning more about the 

stoichiometry of the interactions between the subunits and of the overall complex with sHSPs, 

this step would prove invaluable. Additionally, the structure of the eEF1B complex has not been 

elucidated. Crystallizing eEF1B would be very interesting to shed light on the overall 

structure/function of the complex. Overall, it is clear that a great deal of unknown biology and 

biochemistry still lies hidden within this system just waiting to be discovered. 
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APPENDICES 
 

Appendix 1: PCR confirmation of T-DNA insertion mutants 

 

 The following agarose gel pictures are from the genotype confirmation PCR reactions run 

on the T-DNA insertion mutant lines. The expected length of the wildtype band is approximately 

1000bp, and the expected length of a mutant band is approximately 845bp (SALK_047484) or 

690bp (SALK_033274) (Figure 7). The first two gels show the initial pcr reactions on the 10 

mutant seedlings ordered from the Arabidopsis Biological Resource Center (ABRC). The second 

two gels are reconfirmations done with the offspring of the following generation. 

 

 
PCR1: Initial PCR with SALK_047484 mutants. This gel shows that PCR of DNA extracted from mutant D1 

produced a fragment of length ~845bp with the genomic forward primer and the T-DNA primer, but did not produce 

any fragment with the upstream and downstream genomic primers. PCR of DNA extracted from mutant DX 

produced a fragment of length ~845bp with the genomic forward primer and the T-DNA primer, and produced a 

fragment of length ~1016bp with the upstream and downstream genomic primers. Mutant D1 was confirmed a 

homozygous mutant and mutant DX was confirmed a heterozygous mutant. Seeds from mutant D1 were collected, 
grown and genotyped to verify homozygosity. 
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PCR2: Initial PCR with SALK_033274 mutants. This gel shows that PCR of DNA extracted from mutant C3 

produced a fragment of length ~690bp with the genomic forward primer and the T-DNA primer, but did not produce 

any fragment with the upstream and downstream genomic primers. PCR of DNA extracted from mutant C5 showed 
the same result. Both mutant C3 and mutant C5 were confirmed as homozygous mutants. Seeds from both mutants 

D1 were collected, grown and genotyped to verify homozygosity. 

 

 
PCR 3: PCR of seeds (F2 generation) from mutant D1. All offspring of mutant D1 were confirmed homozygous by 

the ~845bp band and the absence of a ~1016bp wildtype band. Mutants D1-4 and D1-6 (boxed) produced cleaner 

PCR fragments and were therefore selected for further analysis such as the hypocotyl elongation assay.  

 

 

 
PCR 4: PCR of seeds (F2 generation) from mutants C2, C3, C4 and C5 (initial PCR of C2 and C4 not shown). 

Reactions for this PCR were conducted with all three primers: upstream genomic, downstream genomic and T-DNA 

left border primer. DNA from mutants C3-D and C5-D (boxed) showed homozygosity, a single band at ~690bp that 

appeared very clean. These two mutants were selected for further analysis such as the hypocotyl elongation assay.  
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Appendix 2: Numeric data from hypocotyl elongation assay 

 

The following table includes the numeric values used in Figure 14A of the hypocotyl 

elongation assay, all measurements were made in mm. Each bar of the graph was the average 

value calculated for each set of samples at each heat condition. The error bars on the graph are 

plus or minus one standard deviation.  

 

Sample Average
Standard 

Deviation
Average

Standard 

Deviation
Average

Standard 

Deviation
Average

Standard 

Deviation
Average

Standard 

Deviation

WT 7.43 1.90 7.84 1.66 5.99 1.83 5.19 1.66 4.82 1.53

hot1-3 9.83 2.49 9.45 1.59 2.54 1.23 2.53 1.98 1.11 0.81

C3-D 10.36 2.03 9.70 1.47 6.97 1.30 5.87 2.01 5.41 1.40

C5-D 10.83 1.85 9.79 2.52 7.39 1.56 6.25 2.08 5.56 1.22

D1-4 12.43 3.49 11.68 3.77 8.48 1.74 7.42 3.06 5.90 1.86

D1-6 10.97 2.73 10.20 2.15 8.07 1.89 5.70 2.66 5.50 1.91

Control (22°C) 
Pretreatment Only  

(38°C for 90min) 

Pretreatment and 45°C 

for 120min 

Pretreatment and 45°C 

for 150min

Pretreatment and 45°C 

for 180min 
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Appendix 3: Germination numbers for hypocotyl elongation assay 

 

The following tables show the number of seeds planted and the number of plants 

measured on each plate in the hypocotyl elongation assay. Seeds that did not germinate and 

plants that grew off of the media and were not measured affected the total number of plants that 

were observed and used to collect data. The number of plants that were measured in each 

condition gives meaning to the average and standard deviations presented in the HEA graph.  All 

heat conditions listed as 45
o
C were pretreated at 38

o
C for 90 min followed by 22

o
C for 2 hr. 

 

Plate # Heat Condition seeds plants seeds plants seeds plants seeds plants seeds plants seeds plants

1 Control (22°C) 6 5 6 6 12 12 12 11 12 5 12 3

2 Control (22°C) 6 5 6 4 12 11 12 11 12 4 12 2

3 Control (22°C) 6 6 6 6 12 10 12 9 12 5 12 4

4 Control (22°C) 6 6 6 5 12 12 12 12 12 4 12 5

5 Control (22°C) 6 6 6 3 12 9 12 9 12 5 12 8

28 24 54 52 23 22Total Count

WT hot1-3 C3-D C5-D D1-4 D1-6

 

Plate # Heat Condition seeds plants seeds plants seeds plants seeds plants seeds plants seeds plants

1 38°C for 90min 6 6 6 4 12 11 12 12 12 8 12 4

2 38°C for 90min 6 5 6 6 12 5 12 10 12 3 12 6

3 38°C for 90min 6 5 6 6 12 10 12 9 12 7 12 3

4 38°C for 90min 6 4 6 4 12 8 12 7 12 3 12 2

20 20 34 38 21 15

D1-6WT hot1-3 C3-D C5-D D1-4

Total Count
 

Plate # Heat Condition seeds plants seeds plants seeds plants seeds plants seeds plants seeds plants

1 45°C for 120min 6 6 6 4 12 12 12 9 12 4 12 4

2 45°C for 120min 6 6 6 5 12 12 12 12 12 2 12 3

3 45°C for 120min 6 6 6 2 12 11 12 9 12 7 12 3

4 45°C for 120min 6 6 6 6 12 9 12 10 12 2 12 1

5 45°C for 120min 6 6 6 6 12 12 12 11 12 4 12 11

6 45°C for 120min 6 6 6 5 12 12 12 12 12 4 12 10

7 45°C for 120min 6 5 6 2 12 12 12 11 12 8 12 8

8 45°C for 120min 6 6 6 4 12 11 12 11 12 4 12 8

47 34 91 85 35 48Total Count

D1-6WT hot1-3 C3-D C5-D D1-4
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Appendix 3: Germination numbers for hypocotyl elongation assay (cont.) 

Plate # Heat Condition seeds plants seeds plants seeds plants seeds plants seeds plants seeds plants

1 45°C for 150min 6 6 6 5 12 10 12 12 12 3 12 1

2 45°C for 150min 6 2 6 5 12 8 12 10 12 0 12 1

3 45°C for 150min 6 6 6 5 12 12 12 12 12 1 12 2

4 45°C for 150min 6 5 6 5 12 11 12 10 12 4 12 2

5 45°C for 150min 6 6 6 6 12 10 12 12 12 2 12 2

6 45°C for 150min 6 6 6 6 12 12 12 11 12 3 12 4

7 45°C for 150min 6 5 6 4 12 12 12 12 12 5 12 3

8 45°C for 150min 6 5 6 4 12 8 12 10 12 5 12 3

9 45°C for 150min 6 6 6 6 12 11 12 9 12 2 12 2

10 45°C for 150min 6 5 6 4 12 12 12 12 12 2 12 4

11 45°C for 150min 6 5 6 5 12 10 12 9 12 5 12 2

12 45°C for 150min 6 6 6 6 12 12 12 10 12 2 12 6

13 45°C for 150min 6 5 6 6 12 11 12 10 12 3 12 4

14 45°C for 150min 6 5 6 0 12 9 12 10 12 1 12 5

15 45°C for 150min 6 5 6 2 12 12 12 10 12 4 12 3

16 45°C for 150min 6 6 6 4 12 12 12 11 12 3 12 4

84 73 172 170 45 48Total Count

D1-6WT hot1-3 C3-D C5-D D1-4

 

Plate # Heat Condition seeds plants seeds plants seeds plants seeds plants seeds plants seeds plants

1 45°C for 180min 6 6 6 4 12 12 12 9 12 6 12 4

2 45°C for 180min 6 6 6 6 12 12 12 11 12 4 12 3

3 45°C for 180min 6 6 6 6 12 12 12 12 12 7 12 4

4 45°C for 180min 6 5 6 6 12 12 12 9 12 5 12 5

5 45°C for 180min 6 6 6 6 12 12 12 11 12 6 12 6

6 45°C for 180min 6 6 6 5 12 11 12 7 12 5 12 10

7 45°C for 180min 6 5 6 0 12 12 12 12 12 6 12 10

8 45°C for 180min 6 6 6 6 12 12 12 12 12 6 12 6

46 39 95 83 45 48Total Count

D1-6WT hot1-3 C3-D C5-D D1-4
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Appendix 4: Percent change in growth data for hypocotyl elongation assay  

 

The following table includes the numeric values used in Figure 14B the graph of 

percentage change in growth after heat stress, all values were calculated as percentages. Each bar 

of the graph was the average value calculated for each set of samples at each heat condition 

divided by the average value calculated at control conditions (22
o
C) as seen in the following 

equation: 

stressheat after growth in  changepercent 100
22°Cat growth 

stressheat after growth 
=×  

The standard deviation values were also converted to percentages by dividing the 

calculated value by the average growth at control conditions. The standard deviations listed are 

not percent relative standard deviation (%RSD). The error bars on the graph are plus or minus 

one standard deviation.  

 

Sample Average
Standard 

Deviation
Average

Standard 

Deviation
Average

Standard 

Deviation
Average

Standard 

Deviation
Average

Standard 

Deviation

WT 100.0% 25.5% 105.5% 22.3% 80.5% 24.6% 69.8% 22.4% 64.9% 20.6%

hot1-3 100.0% 25.4% 96.1% 16.2% 25.8% 12.6% 25.7% 20.1% 11.3% 8.2%

C3-D 100.0% 19.6% 93.6% 14.2% 67.3% 12.5% 56.7% 19.4% 52.2% 13.5%

C5-D 100.0% 17.1% 90.5% 23.3% 68.2% 14.4% 57.8% 19.2% 51.4% 11.3%

D1-4 100.0% 28.1% 93.0% 30.3% 73.6% 14.0% 52.0% 24.6% 50.1% 15.0%

D1-6 100.0% 24.9% 93.9% 19.6% 68.2% 17.2% 59.6% 24.3% 47.5% 17.4%

Control (22°C) 
Pretreatment Only  

(38°C for 90min) 

Pretreatment and 45°C 

for 120min 

Pretreatment and 45°C 

for 150min

Pretreatment and 45°C 

for 180min 
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