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ABSTRACT 

All organisms respond to heat stress by producing heat shock proteins (HSPs). The small 

HSPs (sHSPs) are a class of chaperones thought to prevent irreversible heat denaturation 

of other proteins and to facilitate their refolding during recovery. In higher plants, sHSPs 

represent a major component of the response to heat stress. To understand the 

mechanism of protection by sHSPs, putative substrates of cytosolic class I sHSPs were 

identified as proteins associated with an sHSP in vivo during heat stress in the model 

plant Arabidopsis thaliana.  Among the proteins identified were several of the eukaryotic 

translation elongation factors (eEFs). Four of these, eEF1B-α (1, 2) and eEF1B-β (1, 2), 

were selected to be investigated further. They are required for GDP exchange from 

eEF1A, a GTPase which delivers the tRNA to the ribosome. To study the interaction of 

these factors with, and their protection by sHSPs, purification of these eEFs was 

undertaken. Recombinant eEF1B-β2 was purified and antibodies developed against it. In 

vivo eEF1B-β2 exhibits heat lability as shown by insolubility during heat treatment, 

which is reversed during recovery. In vitro, recombinant eEF1B-β2 remains soluble after 

one hour of heat treatment. Cloning of the three other eEFs for protein expression has 

been initiated. Arabidopsis lines carrying T-DNA insertions in these genes have also been 

obtained in order to examine the importance of these factors in plant thermotolerance, 

and homozygous mutant lines have been identified for each of the four eEFs. In vivo 

studies show that eEF1B-B2 protein levels decrease slightly during heat stress while 

eEF1B-β2 mRNA levels increase slightly. 

 

Project funding was provided by USDA-NRICGP Grant 351001485 and NSF Grant IBN-

0213128 to EV and HHMI Grant 52005889 to the University of Arizona.  
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INTRODUCTION 

Protein synthesis is a vital and ubiquitous process across all life. The regulation of and 

interactions within the system of translation are areas of great interest and importance. 

This study examines components of the Arabidopsis thaliana translational process, 

specifically elongation. Translation elongation is the stage wherein amino acids are 

added to the growing polypeptide chain. The eukaryotic translation elongation 

apparatus is quite complex, involving a number of elongation factors [Figure 1]. There 

are two protein complexes essential to this process: eukaryotic elongation factor 1 

(eEF1) and eukaryotic elongation factor 2 (eEF2). Elongation factor 1 is responsible for 

the GTP-dependent binding of the appropriate aminoacylated-tRNA to the A site on the 

ribosome. eEF2 is responsible for the catalysis of translocation of the mRNA to expose 

the next codon to be translated and removal of the deacylated tRNA
1
.  

 The subject of this study is the cloning, purification, and characterization of four 

proteins involved in the eEF1 complex of the elongation apparatus of the model plant 

Arabidopsis thaliana. The context of the characterization is heat stress, as the 

relationship of these four proteins to heat stress became of interest when it was found 

that they interact with a molecular chaperone, AtHsp17.6-CI, during heat stress in vivo 

in Arabidopsis. This study concerns further understanding of the biochemical properties 

of elongation factors AteEF1B-α (Arabidopsis thaliana eukaryotic elongation factor 1B-α) 

and AteEF1B-β, as well as expanding the knowledge of small heat shock protein(sHSP)-

substrate interactions.  
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Figure 1 Intermediate steps in elongation of eukaryotic protein synthesis. Browning et al, 1996
2
.  

 

eEF1A 

In eukaryotes, eEF1 is made up of two non-identical subunits, eEF1A and eEF1B. eEF1A, 

the eukaryotic counterpart to prokaryotic elongation factor EF-Tu, has been extensively 

studied in eukaryotes, and has been found to be one of the most abundant proteins in 

the cell. The role of eEF1A is GTP hydrolysis, with the assistance of eEF1B. The binding of 

eEF1A to an aminoacylated-tRNA is GTP-dependent and eEF1A activity has been shown 

extensively to be regulated in response to changes in need for protein synthesis
1
. For 

example, increase in eEF1A mRNA levels has been shown in response to periods of 

growth and during cold stress
1
. 
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eEF1B 

Elongation 

Factor 

Arabidopsis gene 

accession # 

Molecular Weight 

(kDa) 

Isoelectric Point (pI) 

AteEF1B-α1 At5g12110 24.7 4.29 

AteEF1B-α2 At5g19510 24.2 4.17 

AteEF1B-β1 At1g30230 25.1 4.18 

AteEF1B-β2 At2g18110 25.2 4.22 

AteEF1B-γ1 At1g09640 46.6 5.13 

AteEF1B-γ2 At1g57720 46.4 5.40 

Table 1 Accession numbers for Arabidopsis thaliana eukaryotic elongation factor 1B genes. Data from the 

Browning Research Group Protein Synthesis Genomic Database. 

(http://www.arabidopsis.org/info/genefamily/eIF.html). 

 

eEF1B, the eukaryotic equivalent of EF-Ts, has been studied far less extensively than 

eEF1A, and it is this complex that is the subject of this thesis. eEF1B, like EF-Ts, acts as a 

guanine nucleotide exchange factor (GEF), facilitating exchange of GDP for GTP on 

eEF1A, increasing the rate of translation. EF-Tu requires the GEF activity of EF-Ts 

because it has a 100-fold greater affinity for GDP than GTP. Without EF-Ts, elongation 

would not progress at an appreciable rate. In contrast to EF-Tu, it has been found that 

eEF1A has a nearly equal affinity for GDP and GTP, which lead to the early assumption 

than an EF-Ts equivalent would not be found in eukaryotes
1
. However, it has since been 

proven that eEF1Bα plays that role and lends a 1000-fold increase in GDP/GTP exchange 

rate when measured in vitro with purified human proteins. The current model proposes 
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that the GDP/GTP exchange on eEF1A is the rate-limiting step in protein elongation, as 

spontaneous GDP removal is extremely slow.  

 In eukaryotic elongation systems, the nomenclature and number of subunits 

involved in each function differs from the prokaryotic system and there is slight 

variation depending upon the group of eukaryotes being considered. As previously 

mentioned, eEF1A is equivalent to EF-Tu and eEF1B is equivalent to EF-Ts. In the 

eukaryotic system there are multiple subunits that accomplish the role of the single EF-

Tu or EF-Ts protein in prokaryotes
1
. For eEF1B, fungi have a two-subunit system, animals 

have a four-subunit system and plants have a three-subunit system. Following is a 

discussion of what is known about each of the subunits of eEF1B, with an emphasis on 

the Arabidopsis thaliana proteins. 

In all plants, of which Arabidopsis thaliana will be discussed as the example, the 

three subunits of eEF1B are termed eEF1Bα, eEF1Bβ, and eEF1Bγ
2
. Specifically in 

Arabidopsis, there are two isoforms for each of these subunits which share very high 

sequence similarity within the pair.  The α and β subunits comprise a guanine nucleotide 

exchange factor (GEF). The highly conserved C-termini of the α and β subunits indicates 

that this is the location of the GEF activity.  While γ subunit does not have a proven 

function, it is proposed to be a docking protein for eEF1A on the endoplasmic reticulum. 

The N-terminus of eEF1Bα is believed to interact with eEF1Bγ
1
. 
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eEF1B-α 

Arabidopsis and some other plants, including rice, have two isoforms of eEF1Bα
1
. In 

Arabidopsis both genes lie on chromosome 5 [Table 1]. They are hypothesized to have 

the same GEF activity and share 85.5% similarity [Figure 3]. This is a highly conserved 

protein among all eukaryotes, and its GEF activity lies in the C-terminal (~8 amino acids), 

which also is the region that interacts with eEF1A and is necessary and sufficient for 

normal cell growth
1
. Complementation studies in yeast show that either of the two 

Arabidopsis eEF1Bα genes complement the lethal deletion of the TEF5 gene, which 

encodes EF1B in yeast
3
. An interesting feature of the plant eEF1Bα genes is a lack of the 

Ser-89 residue which is phosphorylated in Artemia salina by casein kinase II (CKII), a 

modification that regulates the GTP/GDP exchange rate on eEF1A. This indicates that 

CKII probably does not phosphorylate plant eEF1Bα and that some other regulatory 

mechanism is in place. In mammals, eEF1Bα is subject to altered phosphorylation 

following heat stress, making this difference an even more interesting subject
4
. In yeast, 

eEF1Bα has been shown to increase the rate of GDP release from eEF1A 700-fold
5
. 

There has recently been a model proposed for eEF1Bα GEF activity based on the 

structure of the yeast protein. In the absence of eEF1Bα, Mg
2+

 ions inhibit the exchange 

of GDP for GTP. The conserved Lys-205 of eEF1Bα displaces Mg
2+

, consequently 

releasing GDP and stabilizing the nucleotide-free state of eEF1A. A K205A mutation is 

lethal in yeast due to the reduced GDP exchange rate, reinforcing the importance of this 

residue
5
. The K205 residue in yeast is the second to last residue in all four genes for 

AteEF1Bα and AteEF1Bβ, just as it is the second to last residue in the yeast protein 



9 

 

[Figure 1, 2].  It has not been shown if the mechanism of exchange is similar in the 

Arabidopsis eEF1Bα; however it contains the same lysine residue in the C-terminus, 

which has high similarity between the yeast and Arabidopsis proteins.  

 

Figure 2 Yeast eEF1B has a conserved K205 necessary for GEF function. Left:  Structure of Saccharomyces 

cerevesiae eEF1A:eEF1Bα with GDPNP (1A in green, 1B in blue) [PDB 1g7c].
6
 Right: Lysine-205 on eEF1Bα 

is essential for guanine nucleotide exchange, here shown in proximity to GDPNP, a GDP analog, bound to 

eEF1A.
5
  

 
eEF1Bα1           1 MAVTFSDLHTERGLKTLEEHLAGKTYISGDQLSVDDVKVYAAVLENPGDG     50 
                    |||||||||||.|:|::||||||||||||||||||||||||||...|.|. 
eEF1Bα2           1 MAVTFSDLHTEEGVKSVEEHLAGKTYISGDQLSVDDVKVYAAVPVKPSDA     50 
 
eEF1Bα1          51 FPNASKWYDSVASHLAKSFPGKADGVRVGGGVAPPSEAHPHTEEPAADGD    100 
                    ||||||||:||||.|||||||||.||:.||..|    |.|..|..|.... 
eEF1Bα2          51 FPNASKWYESVASQLAKSFPGKAVGVQFGGSAA----AAPAVEAEAPAAA     96 
 
eEF1Bα1         101 GDDDDDIDLFADETEDEKKAAEEREAAKKDTKKTKESGKSSVLLEVKPWD    150 
                    .|||||:|||.||||:|||||||||||||||||.|||||||||::||||| 
eEF1Bα2          97 ADDDDDMDLFGDETEEEKKAAEEREAAKKDTKKPKESGKSSVLMDVKPWD    146 
 
eEF1Bα1         151 DETDMKKLEEAVRSVQMPGLTWGASKLVPVGYGIKKLTIMMTIVDDLVSV    200 
                    |||||||||||||.|:||||.|||||||||||||||||||.||||||||. 
eEF1Bα2         147 DETDMKKLEEAVRGVEMPGLFWGASKLVPVGYGIKKLTIMFTIVDDLVSP    196 
 
eEF1Bα1         201 DNLIEDHLTSEPNNEYIQSVDIVAFNKI    228 
                    ||||||.||||||||||||.|||||||| 
eEF1Bα2         197 DNLIEDFLTSEPNNEYIQSCDIVAFNKI    224 
 

Figure 3 Amino Acid alignment for eEF1Bα1 and eEF1Bα2 from A. thaliana. Alignment performed using 

Clustal W (http://www.ebi.ac.uk/Tools/clustalw2/index.html). Identity: 81.1%, Similarity: 85.5%. 

Conserved lysine discussed in the text is underlined and red. 
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eEF1Bβ1           1 MAAFPNLNSDAGLKKLDEHLLTRSYITGYQASKDDITVFAALAKPPTSQY     50 
                    |||||||||.:||||||||||||||||||||||||||||.||:|||||:: 
eEF1Bβ2           1 MAAFPNLNSGSGLKKLDEHLLTRSYITGYQASKDDITVFTALSKPPTSEF     50 
 
eEF1Bβ1          51 VNASRWYNHIDALLRISGVSAEGSGVIVEGSAPITEEAVATPPAADSKDA    100 
                    ||.|||:||||||||||||||||||||||||:|||||||||||||||||. 
eEF1Bβ2          51 VNVSRWFNHIDALLRISGVSAEGSGVIVEGSSPITEEAVATPPAADSKDT    100 
 
eEF1Bβ1         101 AADEEDDDDVDLFGEETEEEKKAAEERAASVKASTKKKESGKSSVLIDIK    150 
                    ||:|||||||||||||||||||||||||||||||||||||||||||:||| 
eEF1Bβ2         101 AAEEEDDDDVDLFGEETEEEKKAAEERAASVKASTKKKESGKSSVLMDIK    150 
 
eEF1Bβ1         151 PWDDETDMKKLEEAVKSIQMEGLFWGASKLVPVGYGIKKLQILCTIVDDL    200 
                    |||||||||||||||:||||||||||||||||||||||||.|:||||||| 
eEF1Bβ2         151 PWDDETDMKKLEEAVRSIQMEGLFWGASKLVPVGYGIKKLHIMCTIVDDL    200 
 
eEF1Bβ1         201 VSIDTMIEEQLTVEPINEYVQSCDIVAFNKI    231 
                    ||||||||||||||||||||||||||||||| 
eEF1Bβ2         201 VSIDTMIEEQLTVEPINEYVQSCDIVAFNKI    231 

Figure 4 Amino acid alignment for eEF1Bβ1 and eEF1Bβ2 from A. thaliana. Alignment performed using 

Clustal W (http://www.ebi.ac.uk/Tools/clustalw2/index.html). Identity: 93.5%, Similarity: 97.8%. 

Conserved lysine discussed in the text is underlined and red. 

 

eEF1B-β 

Significantly less research has been done on eEF1B-β. Initially it was believed that there 

were two identical copies of the β gene in Arabidopsis, but it has since been shown that 

despite their indistinguishable GEF activity and 97.8% similarity [Figure 3], the two gene 

products differ in their interaction with eEF1B-γ
2
. This subunit is only present in higher 

organisms (it has no equivalent in yeast), while the α and γ subunits are present in all 

eukaryotes. The most well understood difference between eEF1Bα and eEF1Bβ is the 

ease of phosphorylation by CDK. Studies have shown that eEF1Bα is not phosphorylated 

by CDK, while eEF1Bβ is readily phosphorylated. This difference points to a regulatory 

mechanism which has not yet been investigated
1
.  

 

eEF1Bγ 

eEF1Bγ has been shown to be non-essential to translational fidelity or total protein 

synthesis. Interestingly, deletion of the yeast eEF1Bγ genes lends a resistance to reactive 
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oxygen species, with an additive effect of deleting both genes
7
. It has been proposed 

that this is due to the correlating increase in the transcription factor YAP1, which effects 

the transcription of many stress response genes involved in the reactive oxygen 

response. Arabidopsis also has two eEF1Bγ genes [Table 1]. 

 

Elongation following heat shock 

Heat shock induces dramatic changes in translational activity in order to minimize heat 

damage. It has been shown that heat shock causes a reduction in translational efficiency 

and an increase in the half-life of all non-heat shock mRNAs, as well as a rapid 

dissociation of polysomes. The isoelectric point of eEF1A and eEF2 remains unchanged 

during heat stress, indicating that there is probably no post-translational modification 

regulating the activity of these elongation factors following heat shock. The same study 

showed that protein levels do not change for eEF1A and eEF2 during heat shock
8
.  

Unfortunately there are no data available on heat stress effects on eEF1B subunit levels 

or modifications. The mRNA levels under control conditions (22°C) are similar for three 

of the four genes. The exception, eEF1B-α1, is minimally transcribed under control 

conditions, but transcription during heat stress is dramatically upregulated [Figure 5]. It 

should be noted that in microarray studies the data do not distinguish the two eEF1B-β 

gene products, because of the similarity of the genes. 
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Figure 5 mRNA levels in green tissue after various times during heat stress (38°C) and recovery at 22

°
C 

(plus sign). Microarray data obtained from the public database Genevestigator 

(http://www.genevestigator.ethz.cz.). Data for 1B-β2 represent both1B-β1 and 1B-β2 due to cross-

reaction of the microarray probe
9
,
10

. 

eEF1Bα and eEF1Bβ as sHSP substrates 

The study of eEF1Bβ (1 and 2) and eEF1Bα (1 and 2) gene products arose out of research 

investigating the substrates of small heat shock proteins (sHSPs) in Arabidopsis thaliana. 

Under heat stress, sHSPs were found to bind multiple cellular proteins, as determined 

by association in affinity purifications using Strep-tagged cytosolic sHSPs. Among those 

were the six gene products that make up eEF1B. It was this initial piece of data which 

began the following research. These particular substrates were chosen because of their 

vital nature to the survival of the organism during heat stress and the rest of the plant 

lifespan. 
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Heat shock proteins 

Heat shock proteins (HSPs) are molecular chaperones involved in the refolding of 

partially denatured substrates.  There are many eukaryotic HSPs with well-studied 

prokaryotic equivalents, such as DnaK/Hsp70 (in prokaryotes/eukaryotes), ClpB/Hsp100, 

and GroEL/Hsp60
11

.  Plants, being sessile, have evolved unique responses to abiotic 

stresses. Notably among these is possession of a large number of heat shock proteins 

(HSPs) including a number of unique organelle-localized HSPs. The heat shock response 

is incredibly complex, and studies of each HSP are in varying states of progress. The 

Hsp70 and GroEL system are the best studied. 

 

Small heat shock proteins 

sHSPs are a family of chaperones that are mainly heat induced and have a subunit size 

range of 12-42 KD. They all share a conserved ~90 amino acid α-crystallin domain near 

the C-terminus. Despite small monomeric size, sHSPs form large oligomers of 4 or more 

monomers in vivo
11

. To date the following sHSPs have been crystallized: dodecameric 

wheat cytosolic Hsp16.9
12

, a 24 subunit sHSP from Methanococcus jannaschii 
13

, and 

dimeric Tsp36 from Taenia saginata 
14

. In plants, the sHSP system is the most complex 

of the HSPs, and there are sHSPs in the nuclear-cytosolic compartment, chloroplasts, 

mitochondria, endoplasmic reticulum(ER) and peroxisomes
15

. In the nuclear-cytosolic 

compartment are three families of sHSPs, called CI, CII and CIII. The CI class of cytosolic 

sHSPs is the largest family of sHSP genes in most plants, with six genes in Arabidopsis 
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thaliana 
16

. The sHSP used in this study is the class I sHSP from Arabidopsis, AtHsp17.4-

CI. 

The model of in vitro sHSP function, which has been developed primarily from in 

vitro experiments, but supported also by in vivo studies, is as follows: during heat stress, 

cellular proteins begin to denature. sHSPs, multimeric under normal physiological 

conditions, dissociate into dimers at elevated temperatures, which then bind to partially 

unfolded protein substrates using their non-conserved regions (N-terminal arm) as well 

as the α-crystallin domain, in an ATP-independent manner to prevent irreversible 

aggregation. Once stress has abated, ATP-dependent chaperone systems such as 

Hsp70/DnaK refold the sHSP substrates
12,17,18,19

 . 

 

Figure 6 Mechanism of sHSP action. Lee et al. 1995
17

, 1997
18

; Lee & Vierling 2000
19

, van Montfort et al. 2001
12 

. 
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RESULTS  

  

Figure 7 Proteins associated with sHSPs during heat stress in vivo. Transgenic Arabidopsis seedlings 

carrying an affinity-tagged Hsp17.4-CI (strep II tagged) either under a constitutive promoter and kept at 

22°C (control)(A) or under its own promoter and heat treated (heat stress) (B) were used to isolate 

proteins that bound the sHSP specifically during heat stress. The isolated proteins were identified using 

MS/MS. Arrows indicate the elongation factors that were selected for this study. (Data courtesy of Dr. 

Eman Basha). 

 

eEFs are putative Hsp17.4-CI substrates 

The study of eEF1Bβ (1 and 2) and eEF1Bα (1 and 2) gene products arose out of research 

by Dr. Eman Basha investigating the substrates of sHSPs in Arabidopsis thaliana. Under 

heat stress, sHSPs were found to bind multiple cellular proteins, as determined by 

association in affinity purifications using Strep-tagged cytosolic AtHsp17.4-CI. The 

affinity purified proteins were visualized by 2D gel electrophoresis to identify proteins 

bound to the sHSP only after heat stress. Mass spectrometry identified a number of 

these proteins, and among those were the six gene products that make up eEF1B. As 

they interact with Hsp17.4-CI only during heat stress and not during control conditions, 

this demonstrates that the elongation factors are interacting with HSP17.4-CI in a 

manner that is controlled by heat. It was this initial piece of data that began the 
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following research. These particular substrates were chosen because of their vital 

nature to the survival of the organism during heat stress and the rest of the lifespan.  

Production of recombinant elongation factors 

Elongation 

Factor 

Accession 

number 

Status 

AteEF1B-α1 At5g12110 Plasmid in progress 

AteEF1B-α2 At5g19510 Plasmid in progress 

AteEF1B-β1 At1g30230 Plasmid in progress 

AteEF1B-β2 At2g18110 Plasmid produced, recombinant 

protein produced, antiserum 

produced 
Table 2 Status of elongation factor cloning and purification. 

 

In order to study the in vitro characteristics of the eEFs, recombinant protein first 

had to be cloned and purified. This process also allowed the development of antiserum 

so that in vivo studies could be performed utilizing the antiserum. Currently this process 

is complete for AteEF1B-β2 and the other three are in progress [Table 2]. All steps for 

AteEF1B-β2 were performed as described in the methods, and no work on the other 

three has deviated from those protocols. It is anticipated that the purification steps 

necessary for the remaining three eEFs will be very similar to those of eEF1B-β2, as all 

four of the eEF1B-α and β proteins have very similar isoelectric points and molecular 

weights [Table 1].  
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Mass spectrometry confirmation of the identity of recombinant AteEF1B-β2 

 

Figure 8 MALDI-TOF Mass Spectroscopy analysis of purified recombinant eEF1B-β2 (AT2G18110).  

Calculated mass is 25267.0. 

Analysis of the recombinant AteEF1B-β2 protein by mass spectrometry was prompted 

by a consistent aberrant migration of the protein on an SDS-PAGE gel. While the mass is 

~24kDa as defined by the amino acid sequence predicted form the gene, the 

recombinant protein consistently migrates to ~30kDa as compared to the molecular 

weight standards. As the protein is highly acidic (isoelectric point is 4.2), this may 

account for the difference between the expected and observed migration behavior. 

The identity of purified AteEF1B-β2 was tested by determination of the protein mass by 

MALDI-TOF, which showed that the primary species was 25,154 Da, with some minor 

impurities in the sample as shown by smaller peaks [Figure 8]. However, the calculated 

mass of AteEF1B-β is 25,267 Da. There is a difference between the calculated and 
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measured mass of 113, which although much more consistent than the SDS_PAGE 

estimate, actually represents a significant error for mass determination by MALDI-TOF. 

The reason for this discrepancy is not known.  Due to this discrepancy, to obtain 

definitive data that the appropriate protein was being produced recombinantly, a tryptic 

digest was performed on the recombinant protein (as described in methods). Peptides 

were subsequently analyzed by MS-MS and masses were compared against the masses 

produced in a theoretical tryptic digest. Experimental masses were also compared 

against the theoretical masses of AteEF1B-β1, in order to eliminate the possibility that 

the peptides could randomly match either protein. Comparison showed that the 

experimental peptides matched 98% of the AteEF1B-β2 protein, yet covered only 6% of 

the AteEF1B-β1 protein [Figure 9]. This is an incredibly useful result; as the two proteins 

migrate identically on an SDS-PAGE gel, a secondary method of distinguishing the two 

proteins in the absence of specific antisera is necessary. A tryptic digest followed by 

mass spectroscopy of the peptides has shown to be very effective in distinguishing 

which eEF1B-β protein is present in a sample.  These results confirmed that the 

recombinant protein was indeed eEF1B-β2. 
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Figure 9 Complete proteolytic digest of purified recombinant Arabidopsis eEF1B-β2 (At2g18110) produced 

peptides subsequently analyzed by mass spectroscopy. The coverage by these peptides of the entire 

protein is shown. White/dots indicates an area of the protein not covered by the digested peptides. Each 

colored region indicates a post-digest peptide. The y-axis indicates the amino acid residue number from 

the N-terminus to the C-terminus. eEF1B-β1, shown second, would match only one 13 amino acid 

segment with the eEF1B-β2 peptides, although the two share 97.8% amino acid similarity. This proves an 

effective method of differentiating the two proteins.  

 

Production of anti AteEF1B-β specific antiserum 

 

Figure 10 Characterizing sensitivity of anti-eEF1B-β2 antiserum. Antiserum was diluted 1:1000 and 

exposed with ECL reagents. From left to right: Arabidopsis thaliana, total cell extract; 10 μg/lane; 

Arabidopsis thaliana , total cell extract; 5μg/lane; recombinant protein 2 ng; recombinant protein 4 ng; 

recombinant protein 8 ng.  
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Antiserum specific to the AteEF1B-β2 protein was developed in a rabbit host by Agrisera 

(http://www.agrisera.com/antibodyshop). Pre-immune rabbit serum was shown to be 

unable to detect recombinant eEF1B-β2 protein prior to inoculation of animals (data not 

shown). To determine the sensitivity of the antibodies, a western blot was performed 

with 5 and 10ug total Arabidopsis thaliana cell extract, and 2, 4, and 8ng purified 

recombinant protein. Antibodies were proven sensitive enough that they were able to 

detect 2ng recombinant protein, as well as the amount eEF1B-β present in 5ug total cell 

extract from Arabidopsis thaliana. This experiment cannot distinguish between 

accumulation of eEF1B-β1 and β2, because of the likely crossreactivity of the antibodies. This 

experiment was performed by Dr. Eman Basha. Based on these data, it can be estimated 

that eEF1B-β proteins represent  approximately .1% of total cell protein. 

 

Detection of eEF1B-β2 levels in vivo during heat stress 

 
Figure 11. Western Blot demonstrating AteEF1B-β2 protein levels in wild type Arabidopsis thaliana during 

heat stress. After quantifying all protein samples, 10µg of total cell protein was loaded. Western blot was 

probed with anti-eEF1B-β2 antiserum as described in methods.  All lanes labeled 1 contain seedlings from 

the same plate; all lanes labeled 2 contain seedlings from the same plate, different from 1. Plates 1 and 2 

underwent the same temperature treatments in a single incubator during the same time. Control 

seedlings are from a third plate.   

Data had already been obtained from Genevestigator that showed that during heat 

stress, eEF1B-β2 mRNA levels did not change significantly during the course of heat 

stress, and actually rose slightly after 3hrs of heat [Fig. 5]. To explore whether the levels 
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of protein corresponded to the levels of mRNA during heat stress, a western blot of wild 

type Arabidopsis thaliana at each time point during a heat stress treatment was 

performed. The heat stress protocol was as follows: 90min at 38°C, then 2hr at 22°C, 

then 20min at 45°C. Samples were taken at each time point, in order to monitor any 

changes in eEF1B-β levels in the plant during heat acclimation (38°C) or during heat 

shock (45°C). The results seen differed from the trend seen in mRNA expression levels. 

No significant change was seen from before treatment (22°C control) to 38°C pre-

treatment, or at the end of 22°C for 2hr. However, at the end of 20min at 45°C AteEF1B-

β protein levels appeared to have decreased [Figure 11].  

 

Solubility of eEF1B-β2 in vivo 

 

Figure 12. AteEF1B-β2 solubility before and after heat stress and recovery from heat stress. Protein aggregation in 

vivo during heat treatment and recovery. 14-day old plants grown in 22°C were treated for 2 hr at 38°C, then 

allowed to recover at 22°C for 2 hr (38C R). Then plants were treated for 30 min at 45°C and allowed to recover for 

6 hr at 22°C. Total cell protein was subsequently fractionated into soluble (S) and insoluble (P) fractions. What 

about the “M” fraction. Data Courtesy of Eman Basha. 

If eEF1B-β2 is acting as a canonical substrate for sHSP protection, it would be expected 

to recover from any heat-induced aggregation exhibited as a result of heat lability, as 

sHSPs prevent irreversible misfolding. To test this in vivo, wild-type Arabidopsis was 

subjected to a gradual (non-direct) heat treatment and total cell protein was sampled 
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before, during, and after that heat stress. Total cell protein was separated into three 

fractions: water soluble protein (S in figure 11), triton soluble fraction, representing 

membrane-bound protein (M in figure 11), and triton and water insoluble protein, 

representing aggregated protein (P in figure 11). Using the antiserum to eEF1B-β2 in a 

western blot, the relative amounts of eEF1B-β2 in the soluble, membrane, and insoluble 

portions of total cell protein can be visualized. This experiment was performed by Dr. 

Eman Basha. The results are that all eEF1B-β2 present was water-soluble during control 

conditions (22°C) and pre-treatment (38°C) as shown by its location in the S fraction 

only. This indicates that all eEF1B-β2 is in the native folded state prior to heat shock. 

During heat-treatment (45°C), however, almost 100% of eEF1B-β2 becomes insoluble as 

shown by its location in the P fraction only. This result demonstrates the heat lability of 

the eEF1B-β2 protein, which is to be expected for a protein shown to be associated with 

a sHSP only under heated conditions. After 6 hours of recovery (22°C), all eEF1B-β2 

returns to the S fraction. This last piece of data reinforces the theory that a sHSP is 

protecting eEF1B-β2, as it would be predicted that a non-protected protein would have 

some fraction irreversibly misfolded over the course of heat treatment, resulting in 

some insoluble protein even after recovery. 
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Solubility of eEF1B-β2 in vitro 

 

Figure 13  Aggregation Assay for recombinant eEF1B-β2. 100 uL of 1, 3, or 5uM purified eEF1B-β2 in 

25mM Na3(PO4)2 150mM KCl, pH 7.5 was  maintained at 22 C (upper panel) or heated for 1hr in a 45
o
C 

water bath (Lower panel). Soluble protein was subsequently separated from the insoluble pellet and 

analyzed by 13.5% acrylamide SDS-PAGE. S=soluble, P=insoluble/pellet. 

In order to understand the heat lability of eEF1B-β2, separate from the cellular 

interactions with other eEFs, the solubility during heat stress of purified recombinant 

protein was tested as described in the methods. Results shown in Fig. 13 indicate that 

the heat lability of eEF1B-β2 is not the same in vivo and in vitro, suggesting that there 

are factors in the cell that are not accounted for in the in vitro system. Repeating this 

experiment with other elongation factors present, such as eEF1B-α and/or eEF1B-γ, will 

elucidate if there are interactions between them which are changing the heat lability of 

eEF1B-β2. Also of note is the appearance of small bands which migrate just above 

eEF1B-β2. These are likely to be degradation products of eEF1B-β2, which may indicate 
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that the purified protein began to break down while being stored. It is possible that the 

protein is less stable when it is not interacting with other eEF1B subunits. 

Genotypic screening of SALK lines 

 

Figure 14. Screening T-DNA insertion lines for the presence of the T-DNA. PCR of line SALK_019938 from 

ABRC (http://www.biosci.ohio-state.edu/pcmb/Facilities/abrc/abrchome.htm). Offspring of SALK_019938 

(above) have T-DNA insertion in the eEF1B-α2 (AT5G19510 ) gene. Negative control (-) is an Arabidopsis 

line with T-DNA insertion in another gene, amplified with the SALK_019938 primer set, to amplify the 

wild-type gene. Positive control (+) was the same SALK line as the negative control with the primer set to 

amplify the gene with a homozygous T-DNA insertion. Lanes 1-10 are progeny of individual SALK_019938 

plants grown from seeds from the stock center. PCR product of approximately 1000bp indicates a wt 

allele, while a PCR product of approximately 500bp indicates a T-DNA insertion in the gene on one allele. 

Present of both bands is indicative of a heterozygous line. Homozygous mutant lines were then selected 

for conformation and backcrossing. 

 

SALK ID  Gene  Genotype   SALK ID  Gene  Genotype  

019938c1 eEF1B-α2 Mut   046102c1  eEF1B-β1  Het  

019938c2 eEF1B-α2  x   046102c2  eEF1B-β1  Het  

019938c3  eEF1B-α2  Mut   046102c3  eEF1B-β1  Het  

019938c4  eEF1B-α2  x   046102c4 eEF1B-β1  x  

019938c5  eEF1B-α2  wt   046102c5  eEF1B-β1  Het  

019938c6  eEF1B-α2  Mut   046102c6 eEF1B-β1  x  

019938c7  eEF1B-α2  x   046102c7 eEF1B-β1  x  
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019938c8  eEF1B-α2  x   046102c8 eEF1B-β1  Mut  

049108c1  eEF1B-α1  x   019938-1 eEF1B-α2 Het  

049108c2  eEF1B-α1  wt   019938-2 eEF1B-α2  Mut 

049108c3  eEF1B-α1  x   019938-3  eEF1B-α2  x  

049108c4  eEF1B-α1  wt   019938-4  eEF1B-α2  Het 

049108c5  eEF1B-α1  wt   019938-5  eEF1B-α2  Mut 

049108c6  eEF1B-α1  x   019938-6  eEF1B-α2  Mut  

049108c7  eEF1B-α1  wt   019938-7  eEF1B-α2  Wt  

049108c8  eEF1B-α1  wt   019938-8  eEF1B-α2  Het 

107994c1  eEF1B-β2  Mut   019938-9  eEF1B-α2  Het  

107994c2  eEF1B-β2  Mut   019938-11  eEF1B-α2  Mut  

107994c3  eEF1B-β2  Mut      

Table 3 Status of SALK mutant genotyping. Using PCR, the genotype of the SALK lines was determined by 

screening up to 8 of the offspring for each plant line. Mut = homozygous mutant plant, het = heterozygous 

mutant plant, wt= homozygous wild-type plant, x= PCR for plant unsuccessful so far. All plants determined 

homozygous are grown to senescence and seeds are collected.  

 

In order to study the effect of each individual eEF on Arabidopsis phenotype, it was 

necessary to develop plant lines that have no expression of a single eEF and determine if 

any differences in phenotype were exhibited. Arabidopsis lines, which have a T-DNA 

sequence inserted into each of the eEF genes, effectively quenching its transcription, are 

available from the ABRC. To confirm that lines contain the T-DNA insertion, PCR was 

used to amplify either the wild-type gene or the sequence between the T-DNA sequence 

border and ~500 bp of the genomic DNA. Screening of SALK lines using PCR proved 

difficult, requiring many alterations in the PCR program until optimal conditions were 
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found. Ultimately, an annealing temperature of 52°C, far below the calculated melting 

temperature for the primers, had to be used. The other parameter which was the most 

important was the primer concentration; the initial concentration used was 10mM, but 

a 10x higher concentration of 100mM was far more effective, with all other parameters 

constant. Third, ex-taq from Takara Bio Inc. was the most consistently effective 

polymerase used. Concentration of template DNA did not appear to change the 

efficiency of the PCR reaction. Initial work was done with SALK heterozygous lines from 

ABRC, with SALK_19938 (eEF1B-α2) screening being completed the most rapidly. As 

shown in Fig. 14, self-fertilized offspring of SALK_19938 (eEF1B-α2) were either wild-

type (plant #7), heterozygous mutant (plants #1, 4, 8 and 9), or homozygous mutant (#2, 

5, 6 and 11). Recently, however, ABRC released homozygous mutant lines of the same 

SALK mutants as those originally used and these are currently being used. Note that 

ABRC maintained the same SALK numbering system [Table 3], homozygous mutant lines 

have a “c” at the end of their name. While homozygous for the T-DNA insertion in the 

eEF1B genes, each SALK line will have to be back-crossed to wild-type in order to dilute 

any background T-DNA insertions which may be affecting the plant. Table 3 summarizes 

the status of the putative homozygous SALK line screening; many plants have still not 

been confirmed, however to date there has been at least one plant confirmed which is 

homozygous for a TDNA insertion for each of the eEF1B-α/β proteins. Some lines have 

heterozygous genotypes, which was unexpected but reinforces the need to confirm the 

genotype of the other lines obtained.
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Heat stress phenotype of eEF1B-α2 TDNA insertion mutant SALK_19938 

 
Figure 15 Hypocotyl Elongation Assay for Arabidopsis thaliana. SALK_019938 lines with a T-DNA insertion in eEF1B-α2 

gene. Hot1-3 = mutant which does not express the chaperone HSP101 and has an established phenotype of not being 

thermotolerant.Col = wild-type Arabidopsis, Colombia ecotype. #2, #5, #5 = SALK lines homozygous for the TDNA 

insertion in the eEF1B-α2 gene. # indicator is an arbitrary number for the parental plant, representing 3 parents with 

the same TDNA insertion. The n= indicates the number of seedlings of the given line which germinated at 2.5 days. 

Data is from a single experiment. Background TDNA insertion mutations likely vary between lines #2, #5, and #6 as 

these mutations have not yet been diluted out of the genome by backcrossing.  

 

Having acquired Arabidopsis thaliana lines that are homozygous for a T-DNA insertion 

for eEF1B-α2, the next step was to examine whether these plants behaved like wild-type 

during heat stress. The eEF1B proteins are very important in cellular survival, so it might 

be hypothesized that their knockout would be detrimental to the plant. However, 

having two isoforms of each subunit means that the plant may be able to compensate 

for the loss of one. The hypocotyl elongation assay measures thermotolerance by 

measuring the growth of the hypocotyl following heat stress. A future experiment will 

be the repeat of this assay with lines that have been crossed to be homozygous for 
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knockouts in both the eEF1Bα or eEF1Bβ genes, removing the ability of the plant to 

compensate. The results of this experiment are limited, primarily due to a very low 

germination rate of the SALK_19938 seeds. Approximately 1/12 of seeds planted 

germinated by 2.5 days, when the hypocotyls are first measured as dictated by the 

parameters of the assay. A second limitation is the existence of background TDNA 

insertions in the SALK lines, as those used in this assay have not yet been backcrossed. If 

the knockout of an eEF made the plants severely less thermotolerant, then the 

phenotype would be evident despite background mutations. However the data show 

that the SALK_19938 phenotype in this assay is not significantly different from wild-

type. Once homozygous mutant lines that have been backcrossed multiple times are 

developed, then this experiment should be repeated as the results will be more 

representative of the effect of a knockout of an eEF gene on the thermotolerance of 

Arabidopsis. Currently, however, it can at least be said that there is no severe loss of 

thermotolerance upon knockout of the eEF1B-α2 gene. 

  

MATERIALS AND METHODS 

 

Primer design  

The TAIR database (http://www.arabidopsis.org) was searched with the Arabidopsis 

accession (ATG) number, for the genomic sequence of each eEF1B gene in order to 

design primers for gene amplification.  The genes of interest were amplified using the 

specified primers (Table 4). In order to be able to introduce the amplified gene into a 
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plasmid (PJC20), the restriction enzyme recognition sites indicated were designed into 

each primer.  

Gene Elongation factor Primer Sequence Restriction 

Enzyme 

At5g12110 AteEF1B β2 TGAGCTCA’TATGGTTACATTTTC 

GTGGGCCTTGG’AATTCGAAGAAGAG 

Nde I 

Eco RI 

At5g19510 AteEF1B α1 CAACTCAGCACA’TATGGCCGTTACC 

TGTTTCGGTAAG’AATTCTGACTCTAAAT 

Nde I 

Eco RI 

At1g30230 AteEF1B α2 GCTTCGGAACA’TATGGCATTC 

AACGTAATACTG’AATTCTCACTTTTCAT 

Nde I 

Eco RI 

At2g18110 AteEF1B β1 CGAGCTTTACA’TATGGCGGCTTTC 

ATATATCAAAATG’AATTCGAGTTGGTAAAA 

Nde I 

Eco RI 

Table 4 Primer sequences for amplifying A. thaliana elongation factor 1B genes by PCR. Underline 

indicates restriction enzyme recognition site, apostrophe indicates location of cleavage. First sequence 

listed is upstream of the gene, second sequence is downstream.  

 

PCR and cloning  

Arabidopsis thaliana cDNAs, provided by Dr. Jane Larkindale, were used as a template. 

The PCR reaction was performed in a total volume of 50 µl containing: ~50ng of 

template, 100mM of each primer, 10mM dNTPs and 2.5 U of ex-taq polymerase (from 

Takara Bio Inc.).  After a 5 min denaturation step at 94°C, 40 cycles were performed, 

consisting of denaturation at 94°C for 30s, annealing at 56°C for 1 min and elongation at 

72°C for 2min. The amplified fragments were separated on a 1.5% agarose gel, purified 

using a Qiagen PCR Extraction Kit, digested with NdeI and EcoRI restriction enzymes 

overnight and ligated using T4 ligase into the similarly restricted pJC20 vector. 
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Plasmid DNA isolation and Protein Expression 

The construct for eEF1B-β2 in PJC20 was transformed into the DH5α competent cells 

and grown on solid LB agar plates containing 200µg/mL Ampicillin for 24 hrs at 37°C. 

5mL liquid LB cultures were then grown from a single colony repeated for 5 separate 

colonies for 24hrs at 37°C. Plasmid DNA was isolated using a Qiagen Mini-prep kit. To 

confirm the constructs were correct, the plasmids were then sequenced using the T7 

primer by the University of Arizona Genomic Analysis and Technology Core (GATC). After 

the confirmation of the right sequence a second transformation was performed into E. 

coli Rosetta II competent cells, and cells were plated on solid LB agar plates containing 

200µg/mL ampicillin and 35µg/mL chloramphenicol for 24 hrs at 37°C to express the 

protein. 1L of 2XYT was inoculated with 5 colonies and grown at 22°C until OD600 of 

approximately 1.5 (about 36 hours). Protein expression was induced with 1mM IPTG for 

12-14 hrs then cells were harvested and stored at -80°C.  

 

Protein Purification 

Harvested cells were suspended in Tris-EDTA purification buffer [25mM Tris, 1mM 

EDTA, 5mM є-aminocaproic acid, and 1mM benzamidine HCl, pH 7.5]. Cells were 

opened using sonication for 30 sec six times with a rest period of 30 sec on ice. Soluble 

and insoluble fractions were separated by centrifuging at 180,000 x g for 30min.  

Insoluble protein was resolubilized by dissolving 8M urea into a 2L suspension in Tris-

EDTA pH 7.5 buffer and dialyzed against 4L Tris-EDTA pH buffer for 24 hrs at 4°C. Ion 
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exchange chromatography was performed using DEAE-Sepharose on soluble and 

insoluble protein using a 0-1M NaCl at a flow rate of 1mL/min. Protein eluted at 

approximately 1M NaCl. Hydroxyapatite chromatography was subsequently performed 

on selected fractions from DEAE chromatography.  

 

Trypsin Digest of Purified Recombinant Protein 

The mass of the purified protein as analyzed by mass spectrometry was not 

correspondent to the expected mass. To verify the identity of the protein as eEF1B-β2, a 

trypsin digest and mass spectrometry analysis of peptides was performed. For the 

digest, first Trypsin Solution was made to a concentration of [0.1ug/ul] 1 hour before 

use and placed on ice. Since eEF1B-β2 protein has Cys residues, a reduction/alkylation 

process was necessary prior to trypsin addition. Note: The next three steps were 

performed in the dark. First, 40ul DTT solution was added to 1mg/mL protein and 

incubated at 56°C for 45 min. Samples were removed from heat and allowed to cool to 

room temperature.  

40ul of 55mM iodoacetamide solution were added and samples incubated at room 

temperature for 30 mins, in the dark. In the light, trypsin was then added to each tube 

at a 1:50, (protease:protein) ratio, and gently flicked to mix. Samples were placed in 

37°C water bath for 2 hours. After 2 hours an additional amount of trypsin was added to 

each sample, equal to the first addition. Incubation was continued at 37°C for 17-18 

hours. Lastly, volume was reduced to approximately 10 ul by speed-vac concentration 

and stored at -20°C. 
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Protein mass determination by Mass Spectrometry 

Undigested protein samples were analyzed using Maldi-TOF by Nomalie Jaya. Peptides 

were analyzed using MS-MS by Nomalie Jaya. 

 

Development of Antibodies from Recombinant Protein 

Antibodies were produced against purified recombinant eEF1Bβ2 protein in rabbits by 

Agrisera (http://www.agrisera.com, anti-eEF1Bβ2 is available at 

http://agrisera.askas.se/en/artiklar/eef1b-elongation-factor-eef1b-beta-protein.html) 

using purified recombinant protein as the antigen. To test the specificity and activity of 

the antiserum, western blot analysis probing with recombinant protein was performed 

using the anti-eEF1Bβ antiserum as the primary and anti-rabbit IgG covalently linked to 

horseradish peroxidase as the secondary antibody and reacted with ECL. As a control, 

the same protein samples were analyzed using the pre-immune serum from the same 

animal.  

 

T-DNA Insertion (SALK) Mutants 

T-DNA insertion mutants were obtained from the Arabidopsis Biological Resource 

Center (ABRC, http://www.biosci.ohio-

state.edu/~plantbio/Facilities/abrc/abrchome.htm)
19

. Screening of the lines for 

presence of the T-DNA insertion was performed by PCR, using primers designed with the 

SALK Institute Genomic Analysis Laboratory (SIGnAL) tool 

(http://signal.salk.edu/tdnaprimers.2.html). The primer LBa1 was used for the T-DNA 
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left border primer of the inserted DNA; LBa1 primer sequence was also provided by 

SIGnAL (http://signal.salk.edu) Sequences are designed so amplification of a wild-type 

allele will have a product of approximately 1kb, and amplification of an allele with TDNA 

insertion will have a product of approximately 0.5kb.  

Gene SALK ID  Primer name Primer sequence 

TDNA  None Lba1 TGGTTCACGTAGTGGGCCATCG 

At5g12110 049108 049108_fwd CACCACAATTGCATTTTCCTC 

At5g12110 049108 049108_rev CCGAAACTTTCTTTGAGGACC 

At5g19510 019938 019938_fwd ACATGGATCTCTTTGGTGACG 

At5g19510 019938 019938_rev TAGATTTTGCCGGACATATG 

At1g30230 046102 046102_fwd CCTTTGTGCTTAACTCGATTGAG 

At1g30230 046012 046102_rev GTTGACCTTTTCGGAGAGGAG 

At2g18110 107994 107994_fwd AAGTCATCTCCATTCCCATTC 

At2g18110 107994 107994_rev TGCTGAAGAGAGAGCAGCTTC 

Table 6 SALK lines used with the corresponding eEF which contains the TDNA insertion and the primer 

sequences used in the genomic screening PCR reactions. In each PCR reaction, the primers used are the 

LBa1 primer, the upstream (forward) primer, and the downstream (reverse) primer. 

 

DNA isolation and Genotypic Analysis 

 Genomic DNA was isolated from seedling plants by grinding a small leaf, 

approximately 1 cm square, with 200µL of DNA extraction buffer (250mM NaCl, 25mM 

EDTA, 2.5% SDS, 200mM Tris/HCl pH 7.5). Tubes were centrifuged for 2 min and 200uL 

of isopropanol added. The tubes were vortexed and allowed to sit at room temperature 
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for 20 min. The tubes were centrifuged then for 6 min at 4°C at 15600 x g. The liquid 

was removed from the tubes and 500µL of cold 70% ethanol added. The tubes were 

centrifuged again for 6 min at 4°C at 15600 x g. The ethanol was removed and tubes 

were left open at room temperature for 2hr to allow complete evaporation of ethanol. 

The DNA was resuspended in 50µL of sterile water. 

 

Seed planting and plant growth 

For sterilization, Arabidopsis seeds were incubated in 0.7mL water for 30min on a 

circular rotator, followed by the addition of 0.7mL bleach and incubation for an 

additional 8min. The seeds were then washed 5x in water, and planted on 10cm square 

petri dishes containing 10mL 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). After 

planting, plates were placed at 4°C in the dark for 3 days. Seeds were then germinated 

and grown at 22°C in the dark for 2.5 days before being moved to 16hr light/8hr dark 

conditions. After 10 days growth, the seedlings were transferred to soil and grown 

under the same 16hr light/8hr dark regimen. 

 

Hypocotyl Elongation Assay (HEA) 

After standard planting procedures with 12 seeds of each line per plate, plates were 

placed vertically in the dark at 22°C. After 2.5 days, growth was marked and the plates 
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subjected to various heat stress conditions: 22°C control, 38°C pretreatment (90min), 

38°C (pretreat) plus 2hr 22°C followed by 45°C for 2hr. Plates were returned to the dark 

and grown vertically a further 2.5 days at which time growth was again marked and 

measured.  

 

Protein Concentration 

Samples were quantified by spotting 2µL of each sample and six BSA standards ranging 

from 0.25 to 4 mg/mL onto Whatman paper. The paper was stained using .2% 

Coomassie Blue in 45% methanol, 10% glacial acetic acid, then destained completely in 

30% methanol and 10% glacial acetic acid and allowed to dry. Once dry, the sample and 

standard spots were punched out into Eppendorf tubes containing 1mL of 2% SDS. 

Additionally, a blank tube was prepared using the Whatman paper background. The 

tubes were then allowed to sit overnight to elute the Coomassie Blue. Absorbance of 

the solution was measured at 600nm using a Varian Cary 50 UV-Visible 

photospectrometer after blanking with the Whatman paper alone sample. Protein 

concentrations were calculated via the equation generated from the absorbance values 

of the standard samples. 

 

AteEF1B-β2 protein levels in vivo during heat stress 

Wild-type Arabidopsis thaliana (Colombia ecotype) seeds were planted on PNS media (4 

plates, 36 seeds per plate) using conventional sterilization and planting methods, and 

grown for 14d in 22°C. After 14d, 2 plates were subjected to the following heat 
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treatment regimen: 90min at 38°C, then 2hr at 22°C, then 20min at 45°C. A third plate 

was retained in the 22°C conditions as a control during the heat treatment of the other 

plates, and a fourth plate was not used due to fungal contamination. At the end of each 

temperature treatment, 3 seedlings were removed from each of the two plates. Three 

seedlings were removed from the control plate at the end of the entire heat treatment. 

Seedlings were homogenized and 800µL of 1X sample buffer was added (6mM Tris, pH 

8.0, 2%SDS, 64mM DTT, 44mM sucrose, 4.57mM ε-aminocaproic acid, 1.15mM 

benzamidine HCl). Samples were then quantified (as explained above), and each sample 

was loaded onto an SDS-PAGE gel with 15ng of total cell protein in each lane. A standard 

Western Blot was then performed on the gel, using the antiserum to eEF1B-β2 as the 

primary antibody and anti-rabbit IgG covalently linked to horseradish peroxidase as the 

secondary antibody, and ECL reagents were used to fluoresce the secondary antibody.   

 

AteEF1B-β2 Solubility in vivo in Arabidopsis thaliana 

Protein aggregation in vivo during heat treatment and recovery was tested using a 

western blot. 14-day old plants grown in 22°C were treated for 2 hr at 38°C, then 

allowed to recover at 22°C for 2 hr (38°C R). Then plants were treated for 30 min at 45°C 

and allowed to recover for 6 hr at 22°C. Total cell protein was subsequently fractionated 

into soluble and insoluble fractions [Figure 12]. This experiment was performed by Dr. 

Eman Basha. 
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AteEF1B-β2 Solubility in vitro  

To measure the solubility of purified recombinant AteEF1B-β2 in vitro, protein was 

diluted to 1, 3, and 5uM in 1X refolding buffer (25mM Hepes, 15mM KCl, 5mM MgCl2) in 

a total volume of 100μL. The samples were incubated in at 45°C water bath for 0 

(control) or 60min followed by centrifugation at 15600 × g for 15min at 4°C. 60μL of 

supernatant was collected and the remaining 40μL were resuspended in 400μL of 1X 

refolding buffer and then spun for an additional 15min at 4°C to remove all soluble 

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

 

DISCUSSION 

The characterization of the eEF1B-α and eEF1B-β proteins from Arabidopsis thaliana is 

still in progress, but a few key results have arisen. First, genotypic screening of TDNA-

insertion SALK lines have yielded homozygous plants for all of the eEF1B-α and β genes. 

[Figure 3]. Cloning, purification, and development of monoclonal antibodies have been 

completed for AteEF1B-β2, and cloning is in progress for AteEF1B-β1 and AteEF1B-α(1 

and 2). In vivo studies of AteEF1B-β2 solubility demonstrated heat-induced insolubility 

that was reversed in recovery from heat shock. In vitro studies of recombinant eEF1B-

β2, however, showed heat stability after 1hr at 45°C heat treatment. Finally, in vivo 

measurement of eEF1B-β2 levels with Western Blot have shown that contrary to the 

pattern of mRNA levels, eEF1B-β2 protein levels decreased after 20min at 45°C in a 

gradual heat shock treatment.  
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 It was hypothesized that eEF1B-β2 would become insoluble during heat stress 

but subsequently resolubilize during recovery. If a substrate is being protected by a 

sHSP, this is the pattern that would be anticipated. The initial insolubility demonstrates 

that the protein is heat labile, lending it to protection by sHSPs via hydrophobic 

interactions as understood in the current model of sHSP action. If eEF1B-β2 remained in 

the native state during heat stress, there is less possibility that hydrophobic regions 

would be exposed, leading to lower ability to interact with a sHSP. Secondly, the 

resolubilizing of eEF1B-β2 lends itself to the sHSP substrate model, because 100% 

resolubilization as seen is indicative of protection. In the absence of protection, it is 

expected that a fraction of the protein would have been irreversibly aggregated and 

thus would have remained insoluble after recovery. This experiment, then, heavily 

points to eEF1B-β2 as a traditional substrate of sHSP17.4.  

Working with isolated elongation factors in an in vitro system in the absence of 

the complete elongation apparatus clearly is an insufficient model of the in vivo system. 

The in vitro study of recombinant eEF1B-β2 did not demonstrate the same pattern of 

heat lability and recovery. This is an area in great need of further study. Since the in 

vitro study contained only eEF1B-β2, this points to the interaction of eEF1B-β2 with 

other cellular elements to behave the way it does in vivo. Among these potential 

interactions are with other eEFs, with ions such as Mg
2+ 

, or with guanine nucleotides. 

Since these are all elements which have been shown to interact with eEF1B-β2 in vivo, it 

is possible to hypothesize that these interactions have an effect on the heat lability of 

eEF1B-β2.  
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 A second possible explanation for the difference between in vivo and in 

vitro studies of eEF1B-β2 solubility is that one of the other eEF1B proteins is bound very 

tightly to eEF1B-β2. If this other protein itself heat labile and, when it becomes insoluble 

during heat stress, is pulling down eEF1B-β2 into the pellet during the experiment, this 

will give a result of apparent heat lability for eEF1B-β2 which is an inaccurate 

representation of its true behavior.  It will be very interesting to further explore this 

area and determine what the real nature of eEF1B-β2 is. Once all eEF1B proteins are 

purified, repeating the in vitro solubility assay with multiple eEF1B proteins in solution 

may elucidate further details.  

Analyzing the in vivo levels of eEF1B-β2 in wild-type Arabidopsis thaliana showed 

that during 38°C pre-treatment levels are unaffected, but even 20min at 45°C resulted in 

a decrease in the detectable level of eEF1B-β2 protein [Figure 11]. This is an interesting 

discovery because it does not match the change in expression level of mRNA in vivo 

during heat stress, which is a small but upward difference. Clearly there is some 

mechanism by which mRNA levels are not being translated into protein levels during 

heat stress. At high temperatures, potentially the mRNA is being degraded more rapidly, 

or proper folding of eEF1B-β2 is occurring at a lower rate, leading to protein 

degradation. Repeating this study for longer times in heat stress and during different 

heat stress regimens (for example, direct heat instead of the current gradual regimen) 

may further elucidate details about the pattern of eEF1B-β2 protein levels in vivo during 

heat stress. With the current data it does not seems as though eEF1B-β2 would serve a 

supportive role during heat stress; it would be expected that higher levels would be 



40 

 

seen during heat stress in this scenario, not lower. However this conclusion cannot be 

made in confidence without the support of further evidence. 

Interesting initial results show that there may be a heat stress related phenotype 

unique to those Arabidopsis thaliana SALK lines which do not express one of the four 

eEF genes of study. Hypocotyl elongation assays show a somewhat heightened 

thermotolerance in plants which are homozygous for knockout of the eEFB-α2 gene 

when compared to wild-type. Seed germination rates initially appear to be significantly 

lower than wild-type for all four SALK lines investigated, ~8.33%. What is interesting 

about these putative phenotypes is that in each line, only one eEF is knocked out; since 

there are two genes for eEF1Bα and eEF1Bβ, it follows that the second gene should be 

compensating for the one which is knocked out. The existence of a phenotype indicates 

that this is not the reality of the situation, and this is an area which demands further 

research. Generating lines which are homozygous for knockouts of both α genes (and of 

both β genes) would also be informative, to see how they compare phenotypically with 

single-gene knockout lines. The vital nature of the eEFs may mean that a double-

knockout is not viable, but this would be informative in itself. 

 The ultimate goal of this work is to study the interaction between these 

elongation factors and the sHSP that they were initially found bound to during heat 

stress. The most probable model is that the eEFs are acting as heat-labile substrates in 

the traditional model of sHSP protection. An alternate model would be that the eEFs are 

acting in some ancillary fashion with the sHSPs as an active component of the heat 

shock response. The unique gene expression pattern of eEF1Bα1 (low expression levels 
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until sharply induced by heat shock) indicates that perhaps at least this protein is 

particularly important during heat stress outside of the traditional protection by sHSP. 

Other potential models for increased eEF1B-α1 mRNA levels also exist. One is that the 

eEF1B-α1 is heat sensitive, requiring upregulation of the transcription levels to maintain 

protein levels; this may be through a heat-sensitive upregulation at the promoter. These 

are certainly rich areas to be studied. 

 There are several studies which can be done with our current knowledge about 

eEF1B and sHSPs. First, the screening of SALK mutants and backcrossing those lines to 

eliminate background mutations will lead to a set of plant lines that can be subjected to 

varying experiments to study the effect of a eEF knockout on the plant. Analyzing 

phenotype during other heat treatment regimens, or under other stresses, would 

provide information about the relationship between elongation and stress. Also, 

creating lines with knockouts of both isoforms of a given elongation factor would be 

even more informative. Once all four eEF1B-α and eEF1B-β proteins are purified and 

antibodies are developed, many studies can be done. Determining the protein levels in 

wild-type during heat stress as previously done for eEF1B-β2 will verify if mRNA levels 

correspond to protein levels. Creating an in vitro system with all elongation factors 

would also be very useful as solubility of eEFs and other properties likely vary depending 

on environment. These experiments should lead to a deepened understanding of both 

the sHSP/heat stress system and the eEF system. Additionally, since both systems are 

ubiquitous, these experiments may lend vital information to the study of all organisms, 

beyond the plant world. 
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