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Abstract 

 

When the eukaryotic translation initiation factor 2 α (eIF2α) is phosphorylated in several 

eukaryotes, general mRNA translation is inhibited, but some mRNA species that contain an 

upstream open reading frame (uORF) are preferentially translated. In plants, two types of eIF2α 

kinases have been reported - general control non-derepressible-2 kinase (GCN2) and protein 

kinase RNA-activated (PKR). The aim of this research was to further elucidate the role of eIF2α 

phosphorylation in plants, with a particular focus on the response of eIF2α kinases, including a 

putative PKR, to virus infection.  

 

It is not clear whether in plants, as in other eukaryotes, if phosphorylation of eIF2 regulates 

translation of mRNAs with particular uORFs. To determine whether this type of regulation occurs 

in plants, a Luciferase/Renilla reporter system and yeast general control non-derepressible-4 

(GCN4) uORFs were used. The uORFs did not regulate the translation of a main reporter ORF in 

Nicotiana benthamiana plants, regardless of the eIF2α phosphorylation status. 

 

In mammals, viral double-stranded RNA activates PKR. There is some evidence to suggest that 

plants also encode a virus-activated eIF2α kinase; however, this kinase has not been identified. 

Arabidopsis thaliana (At) calcium-dependent protein kinase-19 (CPK19) has been identified as a 

putative PKR-like kinase. This research demonstrated that although AtCPK19 phosphorylates 

eIF2, the phosphorylation event does not occur on the critical serine residue of eIF2, making it 

unlikely to be a plant PKR. 

 

Arabidopsis lines overexpressing AtGCN2 did not have viral resistance, nor was eIF2α 

phosphorylated in response to virus infection. In lines transformed to ectopically express human 

PKR, PKR could not be detected and had a similar phenotype. However, N. benthamiana plants 

that were treated with glyphosate to induce eIF2α phosphorylation did become infected less 

rapidly compared to plants that were left untreated. 

 

Finally, by undertaking research to repeat, connect and extend published work that indicated 58-

kDa inhibitor of protein kinase (P58IPK) is an inhibitor of virus-activated plant eIF2α kinase 

activity; this research determined that the published results were not repeatable in a very similar 

pathosystem. Instead, there was no virus-activated eIF2α kinase activity in plants, with or without 

P58IPK. 

 

Overall, the conclusion from this thesis is that the only eIF2α kinase encoded by plants is GCN2 

and that under the conditions tested, eIF2α is not phosphorylated in response to virus infection.  
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Chapter One 

Introduction 
 

The Introduction to this thesis has been published as an invited review with a front cover image on 

the journal, Functional Plant Biology (Immanuel, T., Greenwood, D., MacDiarmid, R. (2012). A 

critical review of translation initiation factor eIF2α kinases in plants – regulating protein synthesis 

during stress. Functional Plant Biology 39(9) 717-735). Here it is presented verbatim with 

modifications that provide formatting to conform to a thesis layout. Following the published 

Introduction, the Aims of the thesis are outlined (Section 1.7). 

 

Eukaryotic cells must cope with environmental stress. One type of general stress response is the 

downregulation of protein synthesis in order to conserve cellular resources. Protein synthesis is 

mainly regulated at the level of mRNA translation initiation and when the α subunit of eukaryotic 

translation initiation factor 2 (eIF2) is phosphorylated, protein synthesis is downregulated. 

Although eIF2 has the same translation initiation function in all eukaryotes, it is not known 

whether plants downregulate protein synthesis via eIF2α phosphorylation. Similarly, although 

there is evidence that plants possess eIF2α kinases, it is not known whether they operate in a 

similar manner to the well characterised mammalian and yeast eIF2α kinases. Two types of eIF2α 

kinases have been reported in plants, yet the full understanding of the plant eIF2α phosphorylation 

mechanism is still lacking. Here we review the current knowledge of the eIF2α phosphorylation 

mechanism within plants and discuss plant eIF2α, plant eIF2α kinase GCN2 and the data 

supporting and contradicting the hypothesis that a functional orthologue for the eIF2α kinase PKR, 

is present and functional in plants. 
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1.1 Introduction 
 

An important response to overcoming the various biotic and abiotic stresses placed on eukaryotic 

cells is to conserve metabolic resources until the cell has overcome the immediate biological 

impacts of the stress. As such, eukaryotic cells are able to downregulate protein synthesis in 

response to numerous types of environmental stresses. Protein synthesis is most easily regulated at 

the translation initiation stage where many components are required for the production of nascent 

polypeptides. If certain factors are not available, then protein synthesis will not occur. Eukaryotic 

translation initiation factor 2 (eIF2) comprises three subunits: α, β and γ. When the α subunit of 

eIF2 is phosphorylated, eIF2 is unavailable to participate in translation initiation and protein 

synthesis is consequently downregulated (Fig. 1.1).  

 

The phosphorylation of eIF2α is conducted by specific eIF2α kinases of which there are four well-

described types. These include the general control non-derepressible-2 (GCN2), the double-

stranded (ds) RNA-dependent protein kinase (PKR), the PKR-like endoplasmic reticulum (ER) 

kinase (PERK, also known as PEK) and the haeme-regulated inhibitor (HRI). Each of these 

kinases phosphorylates eIF2α specifically at a conserved serine residue (Ser51 in rabbit and 

drosophila; Ser52 in yeast, mouse and humans; Ser56 in Arabidopsis; but commonly referred to as 

Ser51) in order to inhibit protein translation (Hinnebusch, 2005). 

 

Typically, each eIF2α kinase has a predominant role in response to a specific cellular stress. For 

example, in mammals, GCN2 responds to nutrient limitation (Harding et al., 2000), PKR is 

activated by dsRNA generated during virus infection (Williams, 1999), PERK responds to protein 

misfolding in the ER (Harding et al., 1999) and the activity of HRI is repressed by the presence of 

haeme in red blood cells and is, thus, activated when haeme is lacking in the cell (Chen et al., 

1995). Further, eIF2α kinases may respond to stresses outside their predominant role. For example, 

GCN2 is specifically activated in vitro upon binding Sindbis virus genomic RNA (Berlanga et al., 

2006). To date, GCN2 is the only eIF2α kinase found in all eukaryotes (Berlanga et al., 1999). 
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FIGURE 1.1 The eIF2α phosphorylation regulation pathway. (a) Translation initiation 

commences with eIF2 binding GTP and the initiator Met-tRNAi
Met

 as a ternary complex (TC) (I). 

The TC will bind the 40S ribosomal subunit and upon base-pairing of the anti-codon Met-

tRNAi
Met

 with AUG, the GTP bound to eIF2 is hydrolysed to GDP, releasing eIF2-GDP (II). eIF2-

GDP must be recycled back to eIF2-GTP by the guanine exchange factor eIF2B to regenerate eIF2 

capable for another round of translation initiation (III). To date, eIF2B has not been characterised 

in plants, indicated by ?eIF2B (b) When certain stresses activate an eIF2α kinase, eIF2α is 

phosphorylated (P) (IV). eIF2α kinases are listed with their stress activators – GCN2 (in bold) is 

the only plant eIF2α kinase that has been definitively characterised. Phosphorylated eIF2α is a 

competitive inhibitor, rather than a substrate of eIF2B and tightly binds to eIF2B (V). General 

protein translation is reduced as there are no available eIF2B molecules to exchange GDP to GTP 

on eIF2 and thus less eIF2-GTP is available to participate in another round of translation initiation. 

Conversely, mRNAs with specific forms of upstream open reading frames (uORFs) in their leader 

sequence are translated more efficiently to help the cell overcome the stress (VI) (described in 

text). 

 

Global protein synthesis is reduced when eIF2α is phosphorylated as there is less active eIF2 

available to be employed in translation initiation (Fig. 1.1) (reviewed by Hinnebusch, 2005; Proud, 

2005). Before translation initiation can commence, eIF2 must bind GTP and the initiator Met-

tRNAi
Met

 as a ternary complex (TC). The TC will bind the 40S ribosomal subunit and scan the 

mRNA until the Met-tRNAi
Met

 anti-codon recognises and base-pairs with the AUG start codon. 

Upon base-pairing with AUG, eIF2-GTP is hydrolysed to eIF2-GDP and released from the TC. To 

reconstitute the TC for another round of translation initiation, eIF2-GDP must be recycled back to 

the active eIF2-GTP form by the guanine exchange factor eIF2B (Fig. 1.1). However, stress- 

induced phosphorylation of eIF2α blocks the GTP-exchange reaction as phosphorylated eIF2-GDP 

is a competitive inhibitor of eIF2B; eIF2B from mouse Ehrlich cells has at least 150-fold greater 

affinity for phosphorylated eIF2-GDP than for non-phosphorylated eIF2-GDP (Rowlands et al., 
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1988). As eIF2 is present at higher levels than eIF2B, it takes only a small number of 

phosphorylated eIF2α molecules to bind to and disable the eIF2B molecules – thereby preventing 

the exchange of GDP to GTP (Dever et al., 1995). The net result is less eIF2-GTP available to 

form the TC for another round of translation initiation and protein synthesis is downregulated. 

Whereas eIF2α phosphorylation results in reduction of global protein synthesis, paradoxically, 

eIF2α phosphorylation stimulates translation of certain mRNAs with specific forms of upstream 

open reading frames (uORFs) in the leader sequence. 

 

One such mRNA that is translated when eIF2α is phosphorylated is the yeast (Saccharomyces 

cerevisiae (Sc)) transcriptional activator ScGCN4 (reviewed by Hinnebusch, 2005). There are four 

short uORFs located in the 5 untranslated region (UTR) of ScGCN4 mRNA. After translating 

uORF1 of ScGCN4, a large fraction of the 40S ribosomal subunits remain attached to the mRNA 

to resume scanning downstream. In non-stressed cells there is a high concentration of TC; 

therefore, most 40S subunits scanning downstream from uORF1 rebind the TC before reaching 

uORFs 2, 3 or 4. Translation is reinitiated at these uORFs and then the ribosome dissociates from 

the mRNA, leaving ScGCN4 untranslated. In contrast, when eIF2α is phosphorylated it is unable 

to reform the TC. The reduced concentration of TC means only approximately half of the 40S 

subunits scanning downstream from uORF1 rebind the TC before reaching and reinitiating 

translation at uORFs 2, 3 or 4. The remaining 40S subunits on the mRNA that lack the TC as they 

reach uORFs 2, 3 or 4 bypass these uORFs and continue scanning the mRNA. If these 40S 

subunits rebind the TC before reaching the ScGCN4 start codon they reinitiate translation at 

ScGCN4 instead. Thus, when there is low eIF2-GTP availability, translation of mRNAs with 

particular uORFs in the leader sequence, such as ScGCN4, occur because binding of the TC to the 

40S ribosomal subunits occurs slowly under these conditions. 

 

eIF2 has the same function in translation initiation in all eukaryotes, including plants. However, 

the majority of the information about eIF2α regulation of translation has been garnered from 

mammalian and yeast model experimental systems. Plants possess eIF2α kinase activity; a GCN2 

sequence and functional homologue has been reported in plants (Zhang et al., 2008) as has a 

functional PKR homologue (Langland et al., 1995). However, whether these kinases activate a 

protein inhibition pathway similar in manner to mammals and yeast is yet to be fully resolved. 

Plant eIF2 may not require an eIF2B guanine exchange factor equivalent as affinity of plant eIF2 

for GDP is only 10-fold higher than for GTP, whereas affinity of yeast and mammalian eIF2 for 

GDP is ~100-fold higher (depending on cell type) than for GTP (Shaikhin et al., 1992). Moreover, 
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a plant GCN4 homologue has not yet been found. Thus, experimental evidence is lacking for the 

full understanding of an eIF2α phosphorylation regulatory mechanism in plants and it has been 

suggested that this mechanism in plants may not be that important (Browning, 2004). 

 

This review will discuss plant eIF2α, plant GCN2 and evidence for a plant functional equivalent of 

PKR. Functional PKR experiments conducted by Langland et al. (1996) provided the first 

evidence that plants may have an eIF2α phosphorylation regulation pathway. However, the effect 

of viral dsRNA on plant eIF2α phosphorylation has not been completely ascertained. More 

recently, completion of the Arabidopsis thaliana (L. Heynh.) genome sequencing project has 

identified a gene homologue to GCN2. Functional screening of this gene has demonstrated that 

plant GCN2 can regulate protein translation via an eIF2α phosphorylation mechanism (Lageix et 

al., 2008; Zhang et al., 2008), but the importance of this pathway in plant development remains to 

be determined. Historically, the concept of an eIF2α phosphorylation pathway in plants that can 

regulate protein translation has been controversial, with data both supporting and discrediting its 

existence. This review intends to collate this data and draw conclusions from the current 

knowledge of the eIF2α phosphorylation regulatory mechanism within plants. 
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1.2 eIF2 
 

The translation initiation factor eIF2 is a heterotrimer of α, β and γ subunits (reviewed by Preiss et 

al., 2003). Biochemical and genetic analyses suggest that the eIF2 γ-subunit binds both GTP and 

Met-tRNAi
Met

. The β-subunit promotes GTPase activity and Met-tRNAi
Met

 binding of eIF2γ. The 

α-subunit of eIF2 functions predominantly as a regulator of translation initiation via 

phosphorylation by eIF2α kinases (reviewed by Preiss et al., 2003). Plant eIF2α has significant 

sequence similarity to the yeast and mammalian proteins in the regions surrounding the eIF2α 

kinase phosphorylation site (Ser51 in S. cerevisiae) and the putative kinase-docking domain 

(KGYID; essential for recognition by GCN2); overall, plant eIF2α has 51 and 50% amino acid 

sequence identity, respectively, with SceIF2α (Chang et al., 2000) and human (Homo sapiens 

(Hs)) eIF2α (Gil et al., 2000). The similarity of plant eIF2α to other eukaryotic eIF2α amino acid 

sequences around the eIF2α kinase docking site and phosphorylation site suggests plant eIF2α 

could also regulate translation initiation via phosphorylation of the conserved Ser51 amino acid 

residue.  

 

Chang et al. (1999; 2000), demonstrated that eIF2α regulation is conserved between yeast and 

plants. Escherichia coli expressed wheat (Triticum spp. L. (Tspp.)) eIF2α is able to be 

phosphorylated at the conserved Ser51 site by ScGCN2 (Chang et al., 1999). Chang et al., (2000) 

further demonstrated that a Tspp.eIF2α, SceIF2β, SceIF2γ heterotrimeric complex can 

immunoprecipitate SceIF2B. Furthermore, Tspp.eIF2α was shown to complement yeast mutants 

lacking eIF2α, enabling the yeast mutants to grow under histidine starvation conditions as imposed 

by 3-aminotriazole (3-AT). ScGCN2 phosphorylation of Tspp.eIF2α triggered derepression of 

ScGCN4 translation in yeast, demonstrating that Tspp.eIF2α can functionally interact with 

SceIF2B in vivo. The same yeast mutants that lacked endogenous eIF2α, but expressed a mutant 

Tspp.eIF2α in which Ser51 was substituted with the non-phosphorylatable residue, alanine 

(Ala51), failed to grow under histidine starvation conditions (Chang et al., 2000). 

 

In yeast and mammals, eIF2B consists of five subunits (α, β, γ, δ and ε). To date, the nucleotide 

sequence of only the ε and γ catalytic subunits of the eIF2B gene have been tentatively identified 

in plants. The ε subunit has multiple matches in the National Center for Biotechnology 

Information (NCBI) and The Arabidopsis Information Resource (TAIR) databases: AT2G34970, 

AT3G02270, AT4G18300 and AT5G19485 and all of these loci are described as trimeric LpxA-

like enzymes. The γ subunit has multiple matches in NCBI (AED92716, ABF59254 and 
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NP_001031908.1), which refer back to locus AT5G19485. However, the regulatory subunits of 

eIF2B (α, β, and δ) have not been identified in plants. Nevertheless, the conserved amino acids in 

eIF2α (Dey et al., 2005; Krishnamoorthy et al., 2001) that are necessary for tightly binding the 

regulatory subunits of eIF2B are also conserved in Arabidopsis (At)eIF2α. These include SceIF2α 

amino acid positions L35, I45, E49, L50, G80, Y81, D83, R88. Lysine (K79) has been substituted 

for the similar residue, Arginine (R) in Arabidopsis. Thus, the amino acid sequence of plant eIF2α 

has conserved the ability to bind to an eIF2B guanine exchange protein. 

 

The findings described above demonstrate the conservation between a yeast and plant eIF2α 

phosphorylation pathway, suggesting a role for eIF2α phosphorylation in plants. In contrast, other 

results have suggested that eIF2α phosphorylation might not be an important regulatory 

mechanism in plants (Krishna et al., 1997; Shaikhin et al., 1992). Shaikhin et al. (1992) 

demonstrated that the affinity of wheat germ-eIF2 for GDP is only 10-fold higher than that for 

GTP. The affinity of mammalian-eIF2 for GDP is 100-fold higher than for GTP. Since eIF2 

translation initiation regulation depends upon whether eIF2 is bound to GDP or GTP, similar 

dissociation constants of wheat germ-eIF2 for these guanine nucleosides suggest that at a 

sufficiently high GTP:GDP ratio the nucleoside exchange on wheat germ-eIF2 may take place 

without the participation of a guanine exchange factor such as eIF2B (Shaikhin et al., 1992). Thus, 

Shaikhin et al. (1992) proposed that plants may have no need for eIF2B or translational regulation 

mediated by the phosphorylation of eIF2α. 

 

Other experiments have also demonstrated that eIF2B may not be necessary to exchange GDP to 

GTP on plant eIF2. Krishna et al. (1997) speculated that if phosphorylated wheat germ-eIF2 is 

functionally similar to phosphorylated reticulocyte-eIF2, then it should bind to and inactivate, 

reticulocyte-eIF2B activity, inhibiting the exchange of GDP to GTP. New Zealand white rabbit 

(Oryctolagus cuniculus (Oc)) reticulocyte lysates were treated with dsRNA to activate endogenous 

OcPKR to phosphorylate OceIF2α. As expected, it was found that in dsRNA-treated reticulocyte 

lysates the amount of [
3
H]GDP dissociated from OceIF2-[

3
H]GDP is significantly less (~60% less) 

than in control lysates. When wheat germ-eIF2 is added to the dsRNA-treated lysates the [
3
H] 

GDP dissociation is only ~40% less than control lysates (Fig. 1.2). This smaller change in 

[
3
H]GDP dissociation suggests that OceIF2B is not being inactivated by the phosphorylated wheat 

germ-eIF2 as would be expected. The dissociation of [
3
H]GDP from wheat germ-eIF2-[

3
H]GDP 

added to reticulocyte lysates was also measured and found to be marginally less (~10%) in 

dsRNA-treated reticulocyte lysates compared with control reticulocyte lysates. This indicates that 
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phosphorylation of wheat germ-eIF2 has little effect upon guanine nucleoside exchange. 

Furthermore, addition of phosphorylated OceIF2 (known to bind to and render eIF2B inactive), did 

not reduce the wheat germ-eIF2-[
3
H]GDP dissociation rate. Thus, Krishna et al. (1997) suggested 

that wheat germ-eIF2 is able to exchange GDP to GTP without the need for eIF2B. 

 

 

FIGURE 1.2 Dissociation of rabbit (Oc) reticulocyte OceIF2 [
3
H]GDP in the presence of 

phosphorylated wheat germ (WG)eIF2 in vitro. Kinetics of OceIF2B in hemin and poly(I)-

poly(C)-treated reticulocyte lysates in the presence and absence of WG-eIF2. In step 1, labelled 

binary complex, OceIF2-[
3
H]GDP, was prepared with reticuloctye OceIF2 (1 µg in 20µL assay) as 

described in ‘Materials and methods’ (Krishna et al., 1997). In step 2, protein synthesis of 

reticulocyte lysates without the addition of labelled leucine was performed for 10 min at 30°C in 

the presence of the following agents: 20 µM hemin (+h ○); haeme and 75 ng mL
–1

 poly(I)-poly(C) 

(+h + polyIC ●); haeme, poly(I)-poly(C) and 2 µg of WG-eIF2 (+h +polyIC + WG-eIF2 (2), ∆); or 

haeme, poly(I)-poly(C) and 4 µg of WGeIF2 (+h +polyIC + WG-eIF2 (4), ▼). Then 70 µL of 

preformed OceIF2-[
3
H] GDP complex (21.17 pmol) of step 1 was added to 87.5 µL of protein 

synthesising lysates in step 2 and the reaction mixtures were incubated at 30°C: 45 µL aliquots 

were taken out at the times indicated and the amount of eIF2-[
3
H]GDP bound to nitrocellulose was 

determined as described in ‘Materials and methods’ (Krishna et al., 1997). Values indicate the 

picomoles of [
3
H]GDP dissociated from OceIF2 and are a direct measure of OceIF2B activity 

present in the reaction mixture (Krishna et al., 1997; reproduced with permission from Elsevier). 

 

Krishna et al. (1997) demonstrated that dsRNA treatment reduced the protein synthesis to one-

third of that in control reticulocyte lysates; addition of wheat germ-eIF2 to dsRNA treated 

reticulocyte lysates decreased the protein synthesis to only two-thirds of that synthesised in control 

reticulocyte lysates. As protein translation is still inhibited when wheat-germ eIF2 and dsRNA is 
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added to the reticulocyte lysates, this suggests that the exchange of GDP to GTP may still be 

reduced and there may be a potential interaction between wheat germ-eIF2 and OceIF2B. This 

hypothesis is not supported by the finding that wheat germ-eIF2 is unable to be detected as part of 

the 15S complex that contains eIF2 and eIF2B (Krishna et al., 1997). Thus, in contrast with Chang 

et al. (2000), who demonstrated the functional interaction of Tspp.eIF2α with SceIF2B, the 

findings by Krishna et al. (1997) suggest that phosphorylated wheat germ-eIF2 is unable to 

interact with OceIF2B. Krishna et al. (1997) concluded that although wheat germ-eIF2 can be 

phosphorylated by OceIF2α kinases, wheat germ-eIF2 is nonfunctional in terms of translational 

control in reticulocytes. 

 

FIGURE 1.3 Effect of wheat eIF2α proteins on PKR-mediated inhibition of total protein 

synthesis. Monolayers of African green monkey kidney BSC-40 cells were infected (5 plaque-

forming units (pfu) cell–1) with (a) Vaccinia virus (VV) expressing HsPKR, (b) VV expressing 

HsPKR and Tspp.eIF2αSer51 (α51S), or (c) VV expressing HsPKR and Tspp.eIF2αAla51 (α51A) 

viruses, labelled at indicated times with [
35

S]-methionine for 1 h and cells were collected in lysis 

buffer. Protein synthesis was analysed by SDS–PAGE, followed by autoradiography. (d) Proteins 

from cell lysates were precipitated with 5% trichloroacetic acid and counted in a scintillation 

counter. Protein synthesis levels in cells infected with the various VV recombinants in the 

presence of IPTG (+PKR) relative to those in the absence of IPTG (-PKR) are given. M, mock-

inoculated treatment (Gil et al., 2000; reproduced with permission from ACS Publications). 
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In contrast with the conclusion by Krishna et al. (1997), Gil et al. (2000) showed that mammalian 

cells (African green monkey kidney cells – BSC-40) overexpressing HsPKR, either alone or with 

Tspp.eIF2α, inhibited global protein translation (Fig. 1.3). Overexpressing non-phosphorylatable 

Tspp.eIF2α Ala51 and HsPKR reduced the amount of protein translation inhibition by 10–20%. 

These results are consistent with those from co-expression of mammalian eIF2α Ala51 and 

HsPKR in infected cells (Gil et al., 2000). Additionally, induction of HsPKR in cells 

overexpressing Tspp.eIF2α Ser51 resulted in apoptosis, evidenced by 2–3-fold increased caspase 3 

activity and 5–8-fold increase of DNA fragmentation compared with control cells not 

overexpressing HsPKR. In contrast, induction of HsPKR in cells overexpressing Tspp.eIF2α 

Ala51 resulted in caspase 3 activity and DNA fragmentation both being reduced, with caspase 3 

activity reduced to that of control cells that did not overexpress HsPKR. Thus, in contrast with 

Krishna et al. (1997), Gil et al. (2000) demonstrated that Tspp.eIF2α can function in mammalian 

cells to regulate protein translation.  

 

In summary, plant eIF2α has conserved amino acid motifs that it shares with both yeast and 

mammalian eIF2α (Chang et al., 2000; Gil et al., 2000). Plant eIF2α is also amenable to 

phosphorylation by both yeast and mammalian eIF2α kinases (Chang et al., 1999; Krishna et al., 

1997). This eIF2α phosphorylation appears to inhibit protein translation in mammalian (Gil et al., 

2000) and yeast (Chang et al., 2000) cells, as well as specifically derepressing translation of 

ScGCN4 mRNA in yeast cells (Chang et al., 2000). Currently, the molecular interaction between 

phosphorylated plant eIF2α and eIF2B and the regulation of translation remains undetermined. 
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1.3 GCN2 
 

GCN2 is an eIF2α kinase that is activated to phosphorylate eIF2α upon binding uncharged tRNAs 

that accumulate during amino acid starvation. These uncharged tRNAs activate GCN2 by binding 

to its histidyl-tRNA synthetase-related regulatory domain (Dong et al., 2000; Wek et al., 1995). 

GCN2 is activated by amino acid deprivation, as well as by other stresses such as purine and 

glucose deprivation, oxidative and osmotic stress and UV irradiation, for example (Proud, 2005). 

As described above, GCN2 mediated phosphorylation of eIF2α results in a decrease in the general 

rate of protein synthesis whilst also increasing translation of the transcriptional activator, GCN4 in 

yeast (Dever et al., 1992) and ATF4 in mammals (Harding et al., 2000). This GCN2-eIF2α 

pathway, which causes the derepression of GCN4 in yeast, is known as general amino acid control 

(GAAC). This is because starvation for just one amino acid will cause GCN4-mediated 

transcriptional activation of multiple amino acid biosynthesis genes (Hinnebusch, 2005). 

 

Completion of the Arabidopsis genome sequencing project revealed that a single gene encoding 

GCN2 was the only evident plant eIF2α kinase (Lageix et al., 2008). A list of 138 nonredundant 

kinases (out of >1000 Arabidopsis kinases) that most closely align with known yeast and 

mammalian eIF2α kinases was compiled by Lageix et al. (2008). They then undertook a 

phylogenetic analysis of these kinase domains along with yeast, human and mouse eIF2α kinase 

domains. Two Arabidopsis kinases were found to form a statistically significant cluster with 

known eIF2α kinases: one is GCN2 (AT3G59410) whereas the other is annotated as a Wee1-like 

kinase (AT1G02970). Despite this clustering, three essential structural characteristics (a large 

insert between the conserved kinase domains IV and V, a threonine in a putative 

autophosphorylation site and a threonine at the end of domain IX that is critical for substrate 

specificity) of eIF2α kinases are not present in the Wee1-like kinase. On these criteria it was 

subsequently dismissed as a candidate eIF2α kinase. Thus, GCN2 was considered to be the only 

Arabidopsis eIF2α kinase. 

 

1.3.1 Arabidopsis and yeast GCN2 functional conservation  
 

The Arabidopsis GCN2 (AtGCN2) protein sequence includes adjacent kinase and histidyl-tRNA 

synthetase-like domains. The predicted protein sequence of AtGCN2 shows ~30% identity overall 

with ScGCN2, rising to 45% in the kinase domain (Zhang et al., 2003). To study the function of 

AtGCN2, Zhang et al. (2003) cloned full length AtGCN2 into a low-copy yeast expression vector 
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under a galactose inducible promoter. This plasmid was introduced into a Scgcn2∆ mutant strain. 

Transformants were grown in the presence or absence of galactose to induce or repress AtGCN2 

expression, respectively, and were also grown in the presence of amino acid biosynthesis 

inhibitors. Overexpression of AtGCN2 in Scgcn2∆ mutants complemented the mutation, enabling 

growth in the presence of sulfometuron methyl (SM), an inhibitor of branched-chain amino acid 

biosynthesis and 3-AT, an inhibitor of histidine biosynthesis. Control transformants, expressing 

the vector alone, grew poorly on plates containing these inhibitors demonstrating they were unable 

to overcome nutrient starvation. Thus, these experiments showed that the GAAC system may be 

conserved between yeast and plants (Zhang et al., 2003). 

 

1.3.2 Arabidopsis GCN2 phosphorylates eIF2α in response to amino acid starvation 
 

Previous studies have suggested that at least some elements of GAAC are present in plants. For 

example, blocking histidine biosynthesis in Arabidopsis with the specific inhibitor, IRL 1803, was 

shown to increase expression of eight genes involved in the synthesis of histidine, the aromatic 

amino acids (tyrosine, tryptophan and phenylalanine), lysine and purines (Guyer et al., 1995). 

Genes encoding tryptophan biosynthesis pathway enzymes have also been induced by treating 

Arabidopsis with herbicides that induce amino acid starvation such as glyphosate and other 

compounds (Zhao et al., 1998).  

 

The likely phosphorylation target for plant GCN2 would be the conserved serine site (Ser51 in 

yeast) of eIF2α. Plant-eIF2α contains this conserved phosphorylation site (Ser51 in wheat, Ser56 

in Arabidopsis) and as mentioned above, is able to be phosphorylated by ScGCN2 in vitro (Chang 

et al., 1999). To determine whether AtGCN2 can phosphorylate AteIF2α and in so doing activate 

GAAC, Zhang et al. (2008) compared wild-type Arabidopsis (Ler0) plants with a gcn2 T-DNA 

insertion mutant (GT8359). The gcn2 mutant plants grew normally in soil and in culture. However, 

when treated with herbicides that affect amino acid biosynthesis, namely chlorsulfuron, glyphosate 

and IRL 1803, the gcn2 mutant plants showed a greater sensitivity than wild-type plants, with the 

gcn2 mutant plants bleaching and dying more rapidly. The effect of these herbicides was 

diminished almost entirely in both gcn2 mutant plants and wild-type plants by adding the 

appropriate amino acids to the plants to compensate for the amino acid starvation treatment (Zhang 

et al., 2008). 
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Zhang et al. (2008) confirmed by western blot analysis that AteIF2α is phosphorylated in response 

to herbicide challenges (glyphosate, IRL 1803 and chlorsulfuron) that induce amino acid starvation 

(Fig. 1.4). Furthermore, the phosphorylated form of AteIF2α (AteIF2α[p]) was not detected when 

herbicide treated wild-type seedlings were fed appropriate amino acids to compensate for the 

treatment. In contrast, AteIF2α[p] was not detectable in the gcn2 mutant seedling protein extract 

that had been treated with the above mentioned herbicides (Zhang et al., 2008). These results 

indicate that AteIF2α is indeed phosphorylated specifically in response to herbicides that affect 

amino acid biosynthesis and this requires the presence of the kinase AtGCN2. 

 

 

FIGURE 1.4 Amino acid starvation results in AtGCN2 induced AteIF2α phosphorylation. 
Western analyses showing immunodetection of AtGCN2, phosphorylated AteIF2α (AteIF2α-P) or 

total AteIF2α in crude protein extracts from seedlings of Arabidopsis (Ler), or gene trap gcn2 

mutant line GT8359, as indicated. The seedlings were treated with water, a herbicide or a 

herbicide plus the appropriate amino acids to mitigate the effect of the herbicide, as indicated. 

Note that the antisera reacted with other proteins as well; a strip of the western blot showing the 

reaction with a protein of the expected size is shown in each case (Zhang et al., 2008; reproduced 

with permission from Oxford Journals). 
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In another study with Arabidopsis (Ler0), Lageix et al. (2008) also demonstrated that AtGCN2 is 

activated to phosphorylate AteIF2α in response to amino acid starvation. Similar to the results 

reported by Zhang et al. (2008), Lageix et al. (2008) observed that aromatic or branched-chain 

amino acid deprivation (glyphosate or chlorsulfuron treatment respectively) both induced AteIF2α 

phosphorylation (Fig. 1.5a), an induction that is suppressed by adding appropriate amino acids to 

the growth medium. AteIF2α phosphorylation was completely dependent on the presence of 

AtGCN2 as no phosphorylation was detected in a gcn2 null mutant line after branched and 

aromatic amino acid deprivation. 

 

FIGURE 1.5 AtGCN2 phosphorylates AteIF2α during amino-acid and purine deprivation 

and after UV irradiation. (a) Time-course of AteIF2α phosphorylation in response to amino acid 

starvation induced by chlorsulfuron. (b) Immunoblot analysis of AteIF2α phosphorylation in wild-

type (WT) or gcn2 mutant seedlings, untreated (Ø), starved for purine with 8-azaadenine (azA) for 

4 h or irradiated with UV. (c) Time-course of AteIF2α phosphorylation in response to purine 

starvation induced by azA. (d) Time-course of AteIF2α phosphorylation in response to UV 

irradiation. Phosphorylation of AteIF2α was measured by using an antibody that specifically 

recognises the phosphorylated form (upper panel). Levels of total protein were assayed by using an 

antibody that recognises tubulin (lower panel) (Lageix et al., 2008; reproduced with permission 

fromBioMedCentral). 
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Expression analyses of genes encoding key enzymes for amino acid biosynthesis and nitrate 

assimilation in the gcn2 mutant GT8359 plants showed no significant changes except for a 

decrease in expression (P < 0.001) of a nitrate reductase gene, NIA1 (Zhang et al., 2008). 

Similarly, a nitrate reductase gene was more highly expressed (P < 0.05) in wheat plants (Triticum 

aestivum L. (Ta)) that overexpressed TaGCN2 compared with wild-type wheat plants (Byrne et 

al., 2012). Nitrate reductase is the key enzyme for assimilation of organic nitrogen. It is interesting 

to note that both SnRK1 (sucrose nonfermenting (SNF)-related kinase 1, a kinase known 

principally for a role in regulating carbon metabolism) and a CPK (calcium dependent protein 

kinase, known principally for roles in stress response) have also been shown to phosphorylate 

nitrate reductase at the same target site (Hey et al., 2010). In plants, expression of many nitrogen-

regulated genes is strongly influenced by sucrose, suggesting an extensive interaction between 

sucrose and nitrogen signalling pathways (Hey et al., 2010). Thus, it may be possible that other 

regulatory systems are able to compensate for amino acid biosynthesis when AtGCN2 is not 

present (Zhang et al., 2008). 

 

In summary, in response to amino acid starvation, the plant eIF2α kinase AtGCN2 phosphorylates 

AteIF2α in vivo in a manner similar to that observed in other eukaryotes. 

 

1.3.3 Arabidopsis GCN2 phosphorylates eIF2α in response to other stresses 
 

Stresses other than amino acid deprivation can activate yeast and mammalian GCN2. Purine 

deprivation can activate ScGCN2 to phosphorylate eIF2α (Rolfes et al., 1993) and UV irradiation 

is known to activate mammalian GCN2 to phosphorylate eIF2α (Deng et al., 2002). Lageix et al. 

(2008) demonstrated that AtGCN2 phosphorylates AteIF2α in response to purine starvation as well 

as UV irradiation (Lageix et al., 2008). Lageix et al. (2008) observed an increase in AteIF2α 

phosphorylation at 2 h after purine limitation (Fig. 1.5c). This is most likely a result of reduction in 

tRNA aminoacylation efficiency leading to the accumulation of uncharged tRNAs (Lageix et al., 

2008). AteIF2α was also quickly phosphorylated after UV irradiation. This response began only 20 

min after irradiation, with the maximum AteIF2α phosphorylation occurring after 1 h and then a 

return to basal levels after 6 h (Fig. 1.5d). Both phosphorylation events were completely dependent 

on the presence of AtGCN2 as no AteIF2α phosphorylation could be detected in the gcn2 null 

mutant line under stress conditions (Fig. 1.5b).  
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Although heat, oxidative and osmotic stresses are also known to activate ScGCN2, AteIF2α was 

not phosphorylated when Arabidopsis plants were subjected to osmotic stress (sodium chloride) or 

oxidative stress (hydrogen peroxide). Also, heat shock did not lead to AteIF2α phosphorylation in 

Arabidopsis confirming previous results obtained in wheat (Gallie et al., 1997). In contrast, 

AteIF2α was phosphorylated in an AtGCN2-dependent manner in response to cold shock, plant 

wounding, methyl jasmonate, 1-aminocyclopropane-1-carboxylic acid (ACC) and salicylic acid 

(Lageix et al., 2008). Jasmonic acid (JA) and related signalling compounds such as methyl 

jasmonate are ubiquitous signals for tissue injury and for the subsequent activation of defence 

response to insect herbivores. ACC is a precursor of ethylene, which affects expression of 

defensive proteins and secondary metabolites in response to insect herbivory. Both ACC and JA 

accumulate simultaneously in response to insect herbivory and form a conjugate (JA-ACC) that is 

proposed to regulate the plant defence response. Salicylic acid is also known to regulate the plant 

defence response to insects. Lageix et al. (2008) concluded that as these three hormones induce 

AteIF2α phosphorylation it suggests that AtGCN2 participates in the plant defence response to 

insect herbivory. 

 

The Arabidopsis genome appears to contain only one eIF2α kinase. Zhang et al. (2008) wanted to 

determine whether AtGCN2 could phosphorylate AteIF2α in response to virus infection in a 

similar manner to PKR in mammals. Zhang et al. (2008) infected wild-type Arabidopsis plants and 

GT8359 gcn2 mutant plants with two unrelated, positive-strand RNA viruses, Turnip yellow 

mosaic virus (TYMV) or Turnip crinkle virus (TCV) (Fig. 1.6a). Western blot analysis of virus 

infected wild-type Arabidopsis or GT8359 gcn2 mutant plants was performed using polyclonal 

antisera raised against peptide fragments of AtGCN2 and AteIF2α, as well as human eIF2α [pS51] 

(Fig. 1.6b). Based on the previous observations that herbicide treatment does induce AteIF2α 

phosphorylation, uninfected plants treated with IRL 1803 were used as a positive control (Zhang et 

al., 2008). Compared with untreated, uninfected control plants, the wild-type herbicide-treated 

control plants showed an increase in AtGCN2 and AteIF2α correlating with a very clear 

appearance of AteIF2α[p] on a western blot. In contrast, the levels of AtGCN2 and AteIF2α were 

not affected in virus infected plants, such that virus infection did not cause AteIF2α to be 

phosphorylated sufficiently for AteIF2α[p] to be detected. Zhang et al. (2008) concluded that 

specific to Arabidopsis, TYMV or TCV infection is unlikely to cause phosphorylation of AteIF2α 

by AtGCN2 or any other protein kinase. 
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FIGURE 1.6 Virus-infected Arabidopsis does not result in AtGCN2 mediated AteIF2α 

phosphorylation. (a) Wild-type Arabidopsis (Ler) and gene trap gcn2 mutant line GT8359, 

uninfected (top row), or infected (bottom row) with Turnip yellow mosaic virus (TYMV) or 

Turnip crinkle virus (TCV), as indicated. Transmission electron microscope (TEM) image 

confirming the presence of viral particles (arrowed) in the leaves of a TYMV-infected plant. The 

length of the bar corresponds to 100 nm. (b) Western analyses showing immunodetection of 

AtGCN2, phosphorylated AteIF2α (AteIF2α-[p]) or total AteIF2α in crude protein extracts from 

leaves of Arabidopsis, ecotype Landsberg erecta, or gene trap mutant line GT8359, as indicated. 

The leaves had been inoculated with TYMV or TCV as indicated. A positive control of extracts 

from herbicide IRL 1803-treated seedlings and a negative control of leaves inoculated with water 

are included (Zhang et al., 2008; reproduced with permission from Oxford Journals). 

 

In contrast to the findings by Zhang et al. (2008), Aparicio et al. (2011) found that a plant virus 

movement protein (MP) can regulate ScGCN2 within yeast. Expression of Prunus necrotic 

ringspot virus (PNRSV)-MP in wild-type yeast cells resulted in these cells growing more slowly 

than wild-type control cells. MPs from other plant viruses that were expressed in wild-type yeast 
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cells also resulted in these cells growing more slowly than wild-type control cells. These included 

related viruses Brome mosaic virus (BMV) and Cucumber mosaic virus (CMV); as well as the 

unrelated virus Tobacco mosaic virus (TMV). Another unrelated virus, Grapevine fanleaf virus 

(GFLV) showed no change in growth pattern compared with control lines. Further analysis of the 

yeast cells expressing the PNRSV-MP showed that ScGCN2 was activated to phosphorylate 

SceIF2α. Yeast cells with a gcn2 deletion that expressed the PNRSV-MP showed neither growth 

defect, nor elevated eIF2α phosphorylation. Based on these observations the authors concluded 

that the slow growth defect in cells that express the PNRSV-MP is a result of eIF2α 

phosphorylation inhibiting translation (Aparicio et al., 2011). 

 

The response of Target of Rapamycin (TOR) kinase in yeast cells expressing the PNRSV-MP was 

also investigated (Aparicio et al., 2011). TOR is a nitrogen sensing kinase that is known to induce 

GCN2; moreover there is an overlap between the GCN2 and TOR induced translation regulation 

pathways (Staschke et al., 2010). In Arabidopsis, inhibition of AtTOR results in inhibition of 

translation initiation and Arabidopsis plants that overexpress AtTOR show an increase in 

translation initiation efficiency (Deprost et al., 2007). When ScTOR was inhibited with rapamycin 

in yeast cells expressing the PNRSV-MP, the slow growth phenotype was alleviated compared 

with control cells (Aparicio et al., 2011). Rapamycin treatment also blocked SceIF2α 

phosphorylation induced by the PNRSV-MP. Thus, activation of ScGCN2 by the viral MP 

requires a functional TOR kinase. How ScGCN2 and ScTOR are activated by the PNRSV-MP 

remains to be determined. These findings demonstrate that a plant virus MP can specifically 

induce activation of ScGCN2 to phosphorylate SceIF2α and regulate translation initiation 

(Aparicio et al., 2011). As both TOR and GCN2 kinases are conserved throughout all eukaryotic 

species, Aparicio and colleagues are currently analysing the phosphorylation status of AtGCN2, 

AteIF2α and AtTOR in Arabidopsis plants overexpressing the PNRSV-MP (Aparicio et al., 2011). 

In contrast to these findings, Lageix et al. (2008) demonstrated that wild-type Arabidopsis or 

Arabidopsis that had either been silenced for TOR or overexpressed AtTOR all showed a similar 

change in AteIF2α phosphorylation upon treatment with the amino acid inhibitor chlorsulfuron. 

This suggests that in contrast to the findings in yeast, there may not be any crosstalk between the 

TOR and GCN2 pathways in Arabidopsis. 

 

In summary, these data indicate the plant eIF2α kinase AtGCN2 phosphorylates AteIF2α in 

response to not only amino acid starvation but also purine starvation, UV light, cold shock and 

wounding stress. In contrast, AtGCN2 does not phosphorylate AteIF2α in response to heat, 
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oxidative and osmotic stresses or viral infection. Nevertheless, GCN2 may be factor in plant viral 

infection as a plant viral protein can activate the ScGCN2 pathway to phosphorylate SceIF2α. 

 

1.3.4 Arabidopsis eIF2α phosphorylation reduces protein translation 
 

As well as demonstrating that AtGCN2 phosphorylates AteIF2α in response to different stresses, 

Lageix et al. (2008) observed a reduction in the abundance of high-molecular weight polysomes 

compared with monosomes in amino acid or purine deprived wild-type Arabidopsis (Ler0) plants 

(Fig. 1.7a). This reduction in the ratio of polysomes to monosomes indicates a reduction in 

translation elongation rate and translation initiation efficiency under these stress conditions. In 

contrast, high molecular weight polysomes increased compared with monosomes in amino acid or 

purine-deprived gcn2 null mutant plants, suggesting that under these stress conditions, the 

translation efficiency in gcn2 null mutant plants is not reduced. These results indicate that 

activated AtGCN2 induces a decrease in translation efficiency in vivo. 

 

FIGURE 1.7 AtGCN2 is a regulator of general protein synthesis during amino acid and 

purine starvation. (a) Absorbance profile at 254 nm of ribosomes purified by ultracentrifugation 

on a sucrose density gradient. The ribosomal pellet fraction was prepared from wild-type (WT) or 

gcn2 mutant Arabidopsis seedlings starved for amino acid using chlorsulfuron for 2 or 4 h. The 

positions of the monosomes (80S) and polysomes are indicated. (b) [
35

S]-methionine incorporation 

of WT or gcn2 mutant Arabidopsis seedlings starved for purine using azA for 4–6 h. A fraction of 

the total protein extract was separated on a SDS–PAGE, desiccated and exposed to a 

phosphoimager screen for quantification (upper panel). For each genotype, the relative amount of 

labelled proteins is indicated under each lane after normalisation against the untreated sample set 

arbitrarily to 1. An equal fraction of the total protein extract was stained with coomassie blue as a 

loading control (lower panel) (Lageix et al., 2008; reproduced with permission from BioMed 

Central). 
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Lageix et al. (2008) provided further evidence that translation is reduced by an AtGCN2 

dependent process under stress conditions. They observed an 80% decrease in the amount of 

newly-synthesised proteins in wild-type purine-deprived Arabidopsis seedlings compared with 

seedlings on complete media (Fig. 1.7b). The gcn2 null mutant purine deprived Arabidopsis 

seedlings also showed a decrease (30%) in the amount of newly-synthesised proteins, but to a 

lesser extent compared with the wild-type plants. This result supports the findings by Langland et 

al. (1996) who demonstrated that adding dsRNA to wheat germ lysate (to activate a wheat germ 

dsRNA-activated eIF2α kinase) resulted in wheat germ-eIF2α phosphorylation and inhibition of 

BMV RNA translation. This indicates phosphorylated plant eIF2α can inhibit translation in similar 

manner to other eukaryotic eIF2α phosphorylation systems. 

 

Additional research (Sormani et al., 2011) demonstrated that polysomal patterns are also 

significantly altered after heavy metal (cadmium) stress in Arabidopsis (Col0) suspension cells. 

Heavy metals can induce eIF2α phosphorylation via several different eIF2α kinases, such as PERK 

in mammals (Koumenis et al., 2002) and GCN2 in yeast (Zhan et al., 2004). An increase in 

AteIF2α phosphorylation was observed in cadmium-treated Arabidopsis cells compared with 

control Arabidopsis cells. However, the extent of AteIF2α phosphorylation as a result of cadmium 

stress is observably lower (not quantified) than that found in cells treated with chlorsulfuron. To 

further investigate the response of AteIF2α to cadmium stress, Sormani et al. (2011) used the wild-

type Arabidopsis Ler0 and gcn2 null mutant lines previously used by Lageix et al. (2008), to 

investigate the response of gcn2 null mutant plants to toxic, sublethal cadmium concentrations. 

The cadmium treated gcn2 null mutant plants had a small change in phenotype, such that root 

length was reduced by 40% (s.d. ±20%) compared with cadmium treated wild-type plants. Thus, 

plant GCN2 may be activated by heavy metals similar in manner to other eIF2α kinases. 

 

The above evidence suggests that AtGCN2 induced phosphorylation of AteIF2α reduces protein 

translation efficiency similar to other eukaryotes. However, the reduction in protein translation 

efficiency is less significant than that found in either the yeast or mammalian systems. It is 

possible there is a larger pool of guanine exchange factors available in plants to exchange GDP to 

GTP on eIF2α. Indeed, the ratio of eIF2 to eIF2B is different in different cell types. The ratio of 

eIF2 to eIF2B is between 7:1 and 4:1 in reticulocyte lysates and 2:1 in Ehrlich cells and in S. 

cerevisiae the ratio has been estimated at 10:1 (Dever et al., 1995). Alternatively, phosphorylated 

plant eIF2α may not be a strong competitive inhibitor of its guanine exchange factor. These 

hypotheses would suggest that plants, yeast and mammals do indeed share a conserved eIF2α 
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phosphorylation pathway and may explain the lack of severity in protein translation reduction 

upon eIF2α phosphorylation in plants. To provide further evidence that protein translation 

inhibition is specifically a result of eIF2α phosphorylation, the above experiments could be 

repeated with amino acid inhibitor herbicide treated plants that overexpress the 

nonphosphorylatable Ala51 form of eIF2α to determine whether the reduction in protein 

translation is negated. 

 

1.3.5 GCN2 and free amino acid concentration 
 

The wheat GCN2 gene (TaGCN2) has 52% amino acid sequence identity with AtGCN2 and 84% 

identity with rice GCN2 (Byrne et al., 2012). The TaGCN2 protein includes adjacent kinase and 

histidyl-tRNA synthetase-like domains similar to AtGCN2 as well as other well characterised 

yeast and mammalian GCN2 proteins. Constitutive overexpression of TaGCN2 in wheat resulted 

in a significant decrease (P < 0.05) in total free amino acid concentration, with free asparagine 

concentration being the most reduced (over a two-third reduction in one line) compared with 

control wild-type wheat (Byrne et al., 2012). As amino acid starvation had not been induced (nor 

any other stress known to activate GCN2) in these transgenic plants, TaGCN2 would not have 

been activated. This decrease in free amino acid concentration suggests that GCN2 has 

functionality in plants without its kinase domain being activated. However, the possibility that an 

additional, unaccounted for stress response may be present cannot be ruled out, which may have 

resulted in TaGCN2 activation. It is also possible that the overexpression of GCN2 resulted in the 

plant compensating via increasing expression of eIF2α. This could result in translation initiation 

increasing and thus free amino acids decreasing. 

 

In wheat, sulfur deprivation has a dramatic effect on free amino acid concentration, especially of 

asparagine, causing increases up to 30-fold. To examine the effect of sulfur deprivation on 

TaGCN2 overexpressing wheat, Byrne et al. (2012) studied wild-type plants as well as TaGCN2 

overexpressing plants that were supplied with sulfur or deprived of sulfur. A difference was seen 

in the expression of several genes involved in the regulation of sulfur in TaGCN2 overexpression 

lines compared with wild-type plants. These novel findings may indicate TaGCN2 has a role in 

sulfur signalling. 
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1.3.6 The target of GCN2 induced eIF2α phosphorylation 
 

In yeast, GCN2 activated eIF2α phosphorylation induces GAAC via a translational mechanism 

whereby ScGCN4 mRNA is derepressed. In mammalian cells the target of eIF2α phosphorylation 

is the derepression of ATF4 mRNA which encodes a transcription factor of the same basic/leucine 

zipper (bZIP) family as ScGCN4 (Harding et al., 2003). The induction of ATF4 translation is 

dependent on two uORFs in its mRNA leader and occurs by essentially the same reinitiation 

mechanism established for ScGCN4 (Vattem et al., 2004). 

 

With the exception of GCN4, homologues of most components of GAAC (including GCN1 

(AT5G60790), GCN2 (AT3G59410), GCN20 (AT1G64550), eIF2α (AT5G05470) and TOR 

(AT1G50030)) can be found in Arabidopsis (Lam et al., 2006), suggesting that plants do have a 

functional GAAC system. GCN4 has not been able to be identified by sequence comparisons 

within plants. However, significant amino acid sequence similarity between GCN4 homologues 

from different species including humans, S. cerevisiae, Candida albicans, Aspergillus niger and 

Neurospora crassa is limited to their DNA binding regions (Tripathi et al., 2002). Therefore, as 

GCN4 functional homologues are so different in sequence between similar and diverse species, it 

is not surprising that a homologue of GCN4 has not yet been found in plants. 

 

Studies show that uORFs are just as common in plant transcripts as they are in yeast and mammals 

(between 20 and 30% of genome transcripts depending on species, Churbanov et al., 2005; 

Kawaguchi et al., 2005). Genes that have specific forms of uORFs and encode transcription factors 

are putative candidates for downstream targets of the eIF2α phosphorylation pathway. To date, no 

gene that has these two features has been identified as a GCN4/ATF4 homologue in plants. 

However, promoter elements similar to that recognised by GCN4 (GCN4 responsive elements 

GCRE) are present in some plant genes, such as the prolamin storage protein genes in cereals 

which act as positive elements when nitrogen is abundant and negative elements when nitrogen is 

limiting (Hey et al., 2010). 

 

Lam et al. (2006) have suggested two plant candidates that may be plant GCN4 homologues: 

Maize Opaque-2 (Mauri et al., 1993) and Arabidopsis bZIP11 (Wiese et al., 2004). These two 

uORF-containing mRNAs encode transcription factors in their main ORF that are expected to bind 

to GCRE-like elements on the promoter regions of their target genes. We note that Opaque-2 has 

been shown to functionally complement Scgcn4∆ mutants under amino acid starvation conditions 
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(Mauri et al., 1993). However, this bZIP transcription factor, which is involved in the control of 

seed storage protein synthesis, is likely restricted to monocot species (Vincentz et al., 2003). 

Wheat, rice or maize Opaque-2 protein could be investigated in plants where GCN2 is activated to 

detect whether Opaque-2 is translated at a higher level. It has also been demonstrated that 

derepression of Arabidopsis bZIP11 translation is regulated via a feedback peptide encoded by one 

of the uORFs, rather than the nucleotide length and context of the uORFs as in the GCN4 

regulation system (Rahmani et al., 2009). 

 

In response to amino acid starvation, the yeast and mammalian GAAC response requires GCN2 as 

a necessary component to derepress GCN4 translation. In plants, genes encoding enzymes of 

amino acid biosynthesis do indeed respond to treatments that affect amino acid metabolism, but 

appear to respond in a similar fashion whether GCN2 is present or not (Zhang et al., 2008). It has 

been demonstrated that the homologue of GCN2 in the fungus C. albicans contributes to, but is not 

required for the activation of the GAAC response. Whereas yeast ScGCN4 is regulated mainly 

translationally, C. albicans (Ca)GCN4 is transcriptionally activated in response to amino acid 

starvation. In Cagcn2∆ cells, CaGCN4 is activated to overcome amino acid starvation. This is in 

contrast with S. cerevisiae, where Scgcn2∆ cells fail to overcome amino acid starvation (Tournu et 

al., 2005). Thus, translational regulation of GCN4 may not be a universal mechanism, which could 

explain why there was no clear difference of gene expression of amino acid biosynthesis genes in 

wild-type plants compared with gcn2∆ plants in response to amino acid starvation. 

 

1.3.7 Summary 
 

In summary, there is evidence that plant GCN2 can regulate plant protein synthesis via eIF2α 

phosphorylation, similar to other eukaryotes. Indeed, plant GCN2 may be a master regulator of 

translation inhibition in response to stress. These stresses include amino acid starvation (Lageix et 

al., 2008; Zhang et al., 2008) and other abiotic stresses (Byrne et al., 2012; Lageix et al., 2008; 

Sormani et al., 2011) as well as pathogen recognition (Aparicio et al., 2011; Yildirim-Ersoy et al., 

2011); however, the mechanisms of this pathway are still to be fully elucidated. 
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1.4 Plant-functional equivalent of mammalian PKR 
 

PKR is an eIF2α kinase that is activated by dsRNA generated during RNA virus replication (as 

reviewed by Sadler et al., 2007). As viruses depend on the host’s translation machinery, translation 

inhibition via the phosphorylation of eIF2α results in the viral proteins not being synthesised. PKR 

is not found in yeast, but is found in vertebrates. Within vertebrates a functional equivalent of PKR 

can be quite divergent. In fish, the PKR functional equivalent PKZ, contains a Z-DNA binding 

domain rather than the dsRNA binding motif (dsRBM) of PKR (Hu et al., 2004; Rothenburg et al., 

2008; Rothenburg et al., 2005). The first evidence that a putative functional equivalent of PKR 

may be present in plants arose in the 1980s through research performed mainly in the laboratory of 

Professor Don A. Roth (University of Wyoming, USA). 

 

1.4.1 Detection of virus-induced phosphorylated proteins in plants 
 

The earliest observation of virus-induced phosphorylation activity of specific proteins in plants 

was detected in tobacco infected with TMV (Evans et al., 1985). Crum et al. (1988) further 

demonstrated that a specific 68 000 Mr (relative molecular mass) tobacco protein was 

phosphorylated in response to TMV infection. Hiddinga et al. (1988) also demonstrated that a 68 

000 Mr protein from tomato plants was phosphorylated in response to Potato spindle tuber viroid 

(PSTV) infection. Furthermore an in vitro assay demonstrated that a 68 000 Mr protein from 

extracts of both these plants were phosphorylated in response to exogenous dsRNA (Crum et al., 

1988; Hiddinga et al., 1988) (Fig. 1.8). The 68 000 Mr protein in both tomato and tobacco extracts 

responded to dsRNA with an activation bell-shaped curve, where both low and high concentrations 

of dsRNA-inhibited phosphorylation activity (Crum et al., 1988; Hiddinga et al., 1988). Such an 

activation bell-shaped curve is a distinguishing feature of PKR kinase activation (Manche et al., 

1992). However, the plant 68 000 Mr protein required at least 25 µgmL
–1

 dsRNA for activation, 

whereas the human (Hs)PKR requires only 1 µgmL
–1

. Maximal phosphorylation rates of the plant 

68 000 Mr protein occurred at concentrations of 50 µgmL–1 dsRNA (Crum et al., 1988; Hiddinga 

et al., 1988) (Fig. 1.8). Similar studies (Hiddinga et al., 1988) of homogenates from BMV 

infected-barley and Cowpea mosaic virus (CPMV)-infected cowpeas indicated that proteins of ~68 

000 Mr were also phosphorylated in response to virus infection. However, due to resolution 

difficulties on SDS–PAGE gels, it is unknown whether these 68 000 Mr proteins are one singular 

protein or multiple proteins running at the same size. 
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FIGURE 1.8 Phosphorylation of a 68 000 Mr protein in response to viral infection or 

dsRNA. Tissue samples were incubated with 5 µM [γ-
32

P] ATP (100 Ci mmol–1), 20 mM Tris–

HCl, pH 7.4, 5 mM MgCl2, 5 mM MnSO2 and poly(I)- poly(C) at concentrations indicated for 10 

min at 30°C and separated on 8% SDS–PAGE followed by autoradiography. This figure is an 

autoradiogram of the 68 000 Mr region of the gel. The autoradiogram was exposed for 4 h at 

-80°C. M, mock inoculated tissue homogenate; I, TMV-infected tissue homogenate; arrow 

indicates the position of the 68 000 Mr protein (Crum et al., 1988; reproduced with permission 

from Journal of Biological Chemistry). 

 

Roth’s group further demonstrated in viable tobacco protoplasts (Nicotiana tabacum L. cv. 

Samsun) infected with TMV virions, that a 68 000 Mr protein is regulated in a time specific 

manner (Hu et al., 1991). Phosphorylation measured using radioactively labelled phosphate was 

first observed in a 68 000 Mr protein at 6 h post inoculation and reached a maximum 4–5-fold 

higher level than mock-infected protoplasts at 12 h post inoculation and subsequently declined 

until 72 h post inoculation. The phosphorylation of a tobacco 68 000 Mr protein was also 

monitored in extracts from protoplasts inoculated with TMV dsRNA, TMV single-stranded RNA 

(ssRNA), poly(I), poly(I)-poly(C) and mRNA from healthy tissue. These assays showed that a 68 

000 Mr tobacco protein is phosphorylated specifically in response to dsRNA; with ssRNA unable 

to activate phosphorylation of a 68 000 Mr protein. Similar experiments (Roth et al., 1994) 

showed that in vitro phosphorylation of a 68 000 Mr plant protein is not activated by rRNA, DNA 

nor RNA:DNA hybrids. Combined, these results suggest that a plant protein of 68 000 Mr is 

phosphorylated specifically in response to dsRNA. 

 

1.4.2 Detection of proteins immunoreactive to anti-PKR antibodies in plants 
 

As radioactively labelled phosphate incorporation into a 68 000 Mr plant protein was observed to 

be elevated in vitro specifically in response to addition of dsRNA, Crum et al. (1988) and 

Hiddinga et al. (1988) tested the ability of polyclonal antibodies raised against HsPKR to 
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immunoprecipitate a 68 000 Mr plant protein. The anti-PKR serum was able to precipitate a 68 

000 Mr protein from homogenates of mock infected tobacco, TMV-infected tobacco, mock-

infected tomato, PSTV-infected tomato as well as from tomato homogenate that had been 

incubated with poly(I)-poly(C) dsRNA. This indicates that HsPKR and a 68 000 Mr plant protein 

have immunological similarities. Further studies (Hiddinga et al., 1988) with BMV-infected barley 

and CPMV infected cowpeas showed that a 68 000 Mr protein from these homogenates could be 

immunoprecipitated by the PKR antiserum. The immunological similarities of a 68 000 Mr protein 

from diverse plant species to HsPKR suggests that one or several 68 000 Mr protein(s) are 

conserved in the plant kingdom. 

 

 

FIGURE 1.9 Cross-immunoreactivity between MmPKR and a barley 68 000 Mr protein. 
Barley (B, D and F) or mouse L-cell (A, C and E) ribosomal salt wash extracts were bound to 

poly(I)-poly(C)-agarose and incubated in the presence of [γ-
32

P] ATP. Bound proteins were eluted, 

separated by SDS–PAGE, transferred to nitrocellulose and analysed by western blot analysis using 

antiserum to a conserved dsRNA-binding motif (A and B) and to a HPLC purified plant 68 000 Mr 

protein (anti-pPKR) (C and D). E and F represent the autoradiograph of the western blot. 

Molecular mass markers (kDa) are shown to the left (Langland et al., 1995; reproduced with 

permission from Elsevier). 

 

A 68 000 Mr protein was subsequently partially purified from plants via affinity to dsRNA 

covalently bound to agarose resin. Langland et al. (1995) used two different antisera to 

demonstrate antigenic similarities between a dsRNA agarose bound 68 000 Mr barley (Hordeum 

vulgare L. Steptoe) protein and mouse (Mus musculus (Mm))PKR. These antisera included a 

monoclonal antiserum raised against the second dsRNA-binding motif and third basic amino acid 
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domain of the HsPKR gene; as well as a polyclonal antiserum to the same dsRNA-binding domain 

that PKR contains (dsRBM motif) (Langland et al., 1994). dsRNA agarose purified MmPKR and 

dsRNA-agarose purified 68 000 Mr barley protein were both detected with western blotting using 

these antisera (Fig. 1.9). These results suggest that a barley 68 000 Mr protein may contain a 

dsRNA-binding domain and may be immunologically similar to MmPKR. Likewise a polyclonal 

antiserum raised against a plant 68 000 Mr protein that had been purified by high performance 

liquid chromatography (HPLC) detected both MmPKR and a barley 68 000 Mr protein, albeit with 

lower affinity (Fig. 1.9), further indicating a possible similarity in sequence and structure within 

the plant and mouse protein antigens. Langland et al. (1995) provided further evidence using 

northern blot analysis of the similarity between MmPKR and a 68 000 Mr plant protein. MmPKR 

cDNA detected a 2.5 kb transcript present in mock-inoculated and TMV-infected tobacco leaf 

tissue and in wheat germ from polyadenylated RNA.  

 

In summary, the dsRNA-binding motifs of HsPKR have immunoreactive properties to a 68 000 

Mr plant protein and MmPKR displays immunoreactive properties to a plant 68 000 Mr protein. 

This suggests that plants encode a dsRNA-binding protein (~68 000 Mr) that has cross-reactivity 

to mammalian PKR. 

 

1.4.3 dsRNA-induced phosphorylation of plant eIF2α regulates translation 
 

As activated PKR phosphorylates eIF2α, Langland et al. (1996) undertook research to investigate 

whether a 68 000 Mr plant protein could phosphorylate eIF2α and thus inhibit protein translation. 

Previous investigations had not detected an effect on protein translation when plant eIF2α was 

phosphorylated in vitro (Browning et al., 1985). Furthermore, shutdown of protein synthesis upon 

virus infection had not been observed in plants as it has been in mammals (Reijnders et al., 1975). 

However, Langland et al. (1996) showed that a barley kinase bound to poly(I)-poly(C)-agarose is 

capable of specific in vitro phosphorylation of the α subunit of HseIF2, as well as the α subunit of 

barley eIF2 (Fig. 1.10). Partially purified HsPKR bound to poly(I)-poly(C)-agarose was also 

shown to phosphorylate both HseIF2α and barley eIF2α (Fig. 1.10). 
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FIGURE 1.10 Phosphorylation of eIF2α by a dsRNA-binding protein kinase. Barley ribosome 

salt wash fractions (A, B, E and F) or partially purified HeLa HsPKR (C, D, G and H) were 

incubated with poly(I)-poly(C)-agarose followed by the addition of [γ-
32

P] ATP and barley eIF2 

(figure labelled as plant (p)eIF-2α) (A–D) or HseIF2 (figure labelled as mammalian (m)eIF-2α) 

(E–H). In lanes B, D, F and H, extracts were competitively incubated with 500 µg of soluble 

poly(I)-poly(C) before incubation with poly(I)-poly(C)-agarose. Radiolabelled proteins were 

eluted, separated by SDS–PAGE and visualised by autoradiography. The positions of molecular 

mass markers (in kDa), PKR, peIF-2 and meIF-2 are shown (Langland et al., 1996; reproduced 

with permission from Journal of Biological Chemistry). 

 

The ability of the 68 000 Mr plant protein to specifically phosphorylate Ser51 of eIF2α was 

evaluated with in vitro phosphorylation assays using a synthetic eIF2α peptide substrate (Langland 

et al., 1996). Ser51 of the peptide sequence ILLSELS
51

RRRIR, corresponding to residues 45–56 

of eIF2α was highly phosphorylated by PKR and was phosphorylated with less efficiency by a 

dsRNA agarose binding 68 000 Mr barley kinase (Fig. 1.11). Kawagishi-Kobayashi et al. (1997) 

have shown that the KGYID domain that is located over 30 residues from Ser51 is important in 

GCN2 recognition of SceIF2α. Thus, it was suggested (Chang et al., 1999) that the absence of the 

KGYID motif maybe a reason for the lower efficiency phosphorylation of the eIF2α (45–56) 

synthetic peptide in the presence of the dsRNA agarose-bound barley 68 000 Mr protein used by 

Langland et al. (1996). Chang et al. (1999) demonstrated that an E. coli expressed carboxy-

truncated version of SceIF2α (that retained the KGYID putative kinase docking site) was 

phosphorylated by HsPKR, ScGCN2 and a wheat 68 000 Mr protein, but the corresponding Ala51 

mutant was not phosphorylated by these kinases. Carboxy-truncated versions of Tspp.eIF2α (with 
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deleted KGYID putative kinase docking site, but retained Ser51) were not able to be 

phosphorylated by HsPKR or a dsRNA agarose bound wheat 68 000 Mr protein. Thus, Chang et 

al. (1999) suggested that use of full-length substrates is important for defining characteristics of 

eIF2α kinase activity and for determining relative substrate specificity. Mellor et al. (1991) 

similarly found that Km values for eIF2α kinase phosphorylation of the Ser51 residue in the 

synthetic eIF2α peptide (1.08mM for OcPKR) was significantly higher than for native OceIF2 

(0.626 µM for OcPKR), indicating that specificity may require precise secondary structural 

attributes. 

 

 

FIGURE 1.11 A 68 000 Mr plant protein phosphorylates a synthetic eIF2α substrate. 
Partially purified HeLa HsPKR (A and B) or barley ribosome salt wash fractions (C and D) were 

incubated with poly(I)-poly(C)-agarose followed by the addition of [γ-
32

P] ATP and the eIF2α 

peptide (3 µg). Extracts were competitively incubated with 500 µg of soluble poly(I)-poly(C) (B 

and D) or 500 µg of soluble poly(rA) (A and C) before incubation with poly(I)-poly (C)-agarose. 

Radiolabelled proteins were eluted, separated on a Tricine gel and visualised by autoradiography. 

The 68 000 Mr barley protein was visible in lane C only after prolonged exposure (Langland et al., 

1996; reproduced with permission from Journal of Biological Chemistry). 

 

Phosphorylation of eIF2α by PKR in mammalian cells inhibits in vivo protein synthesis and a 

dsRNA agarose bound 68 000 Mr plant protein is capable of in vitro phosphorylation of plant 

eIF2α. Langland et al. (1996) demonstrated that HsPKR mediated phosphorylation of either 

HseIF2α or barley eIF2α both dramatically inhibited BMV RNA translation in wheat germ lysates. 

To observe whether an endogenous plant kinase could also be activated by dsRNA to inhibit 

translation, Langland et al. (1996) added poly(I)-poly(C) dsRNA directly to wheat germ and 

demonstrated that in vitro translation of BMV RNA was inhibited in a dsRNA concentration-
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dependent manner (Fig. 1.12). Purified HsPKR added to this system also demonstrated that in 

vitro translation of BMV RNA was inhibited in a dsRNA concentration-dependent manner. 

 

FIGURE 1.12 Double-stranded RNA inhibition of wheat germ translation. In vitro translation 

was performed in the presence of BMV RNA and [
35

S]-methionine. (a) The indicated 

concentrations of poly(I)-poly(C) (dsRNA) were added before the addition of BMV RNA. (b) The 

indicated concentrations of poly(rA) (ssRNA) were added before the addition of BMV RNA. 

Translated proteins were separated by SDS–PAGE and visualised by autoradiography. The 

positions of molecular mass markers (in kDa) are shown. Asterisks indicate the positions of 

expected BMV translation products of Mr 109 000, 94 000, 35 000, 20 000 and 15 000 (Langland 

et al., 1996; reproduced with permission from Journal of Biological Chemistry). 

 

Lim et al. (2002) induced expression of HsPKR in tobacco (N. tabacum L. cv. Samsun). Control 

plants and HsPKR transgenic lines were inoculated with the RNA viruses CMV, Tobacco etch 

virus (TEV) and Potato virus Y (PVY). Out of 16 lines, five of the HsPKR transgenic lines showed 

a delay in symptom development and some remained symptomless even 2 months post inoculation 

(Fig. 1.13). CMV-inoculated symptomless plants had similar virus particle accumulation as mock-

infected control plants as measured by Enzyme-Linked ImmunoSorbent Assay (ELISA) using a 

CMV-specific polyclonal antibody. This indicated there was no significant accumulation of virus 

particles and that CMV-infected symptomless plants had true viral resistance. Together with the 

results from Langland et al. (1996) showing that in vitro translation of BMV RNA in wheat germ 

lysates was completely inhibited upon HsPKR activation, these in vitro and in vivo experiments 
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confirm that the ability to inhibit translation in response to dsRNA is present in plants and that 

HsPKR is more effective in inhibition of translation than a 68 000 Mr protein in plants. 

 

FIGURE 1.13 Viral resistance in HsPKR transgenic Nicotiana tabacum plants. A HsPKR 

transgenic N. tabacum line 14 (a, c, e) was compared with a control N. tabacum plant transformed 

with the vector only. The plants were challenged with Potato virus Y (a, b), Cucumber mosaic 

virus (c, d) or Tobacco etch virus (e, f). The pictures were taken 14 days after inoculation (Lim et 

al., 2002; reproduced with permission from Springer).  

 

Thus, as described a plant 68 000 Mr, dsRNA-binding protein kinase is capable of phosphorylating 

Ser51 on eIF2α with a subsequent inhibition of plant protein translation in the presence of dsRNA. 

Furthermore, mammalian PKR expression in plants is able to inhibit viral replication. Thus, amino 

acid starvation and dsRNA can both induce eIF2α phosphorylation in plants which results in the 

inhibition of protein translation. 
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1.4.4 PKR inhibitors in plants 
 

p67 is a mammalian inhibitor of PKR and inhibits phosphorylation of both eIF2α kinases and 

eIF2α (Ray et al., 1992). Mammalian glycosylated p67 is tightly associated with eIF2α, preventing 

eIF2α phosphorylation, thus, allowing protein translation to continue. Deglycosylation results in 

the rapid inactivation and degradation of p67 (Ray et al., 1992). Langland et al. (1996) noted 

significant variation between wheat germ lysate preparations in the amount of dsRNA required for 

protein translation inhibition, with several preparations showing no response to dsRNA. Langland 

et al. (1997) suggested this was due to varying levels of a plant homologue to mammalian p67 

present in the lysates, which they named as PKR inhibitor (PKI) (Langland et al., 1997). Protein 

levels of a 68 000 Mr protein in healthy plants is low but remains essentially constant throughout 

the plant lifecycle (Crum et al., 1988; Hiddinga et al., 1988; Langland et al., 1997). However, the 

phosphorylation levels of a 68 000 Mr plant protein differ significantly, with reduced 

phosphorylation levels directly correlating with increased PKI protein levels (Langland et al., 

1997). 

 

Langland et al. (1997) demonstrated that the phosphorylation of a wheat 68 000 Mr protein and 

phosphorylation of HsPKR was inhibited in the presence of rat p67. Extracts prepared from wheat, 

soybean and barley embryos also specifically cross-reacted to a monoclonal antiserum raised 

against the glycosylated, active form of mouse reticulocyte p67. This indicates that plant PKI may 

be a homologue of mammalian p67. Langland et al. (1997) also observed that PKI (a non-dsRNA-

binding protein) co-purifies with a 68 000 Mr plant protein bound to dsRNA agarose indicating 

their interaction.  

 

P58IPK is another cellular inhibitor of mammalian PKR. Bovine P58IPK (BtP58IPK) directly 

interacts with PKR and inhibits kinase activity by preventing dimerisation (Tan et al., 1998). 

Bilgin et al. (2003) have provided evidence for the existence of a P58IPK homologue in plants. 

Using a yeast two-hybrid assay, Bilgin et al. (2003) showed that Nicotiana benthamiana Domin 

P58IPK (NbP58IPK) interacts directly with the helicase proteins of TMV and TEV. In addition, 

pulldown assays confirmed the in vivo interaction of NbP58IPK to the helicase proteins of TMV 

and TEV. 
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FIGURE 1.14 A P58IPK knockout in Arabidopsis leads to death upon viral infection. Effect 

of Turnip mosaic virus (c, d) and Turnip vein clearing virus (e, f) infection on wild-type Ws-O 

(top panel) and P58IPK knockout (lower panel) Arabidopsis plants 12 days after infection. Arrows 

indicate inoculated leaves (Bilgin et al., 2003; reproduced with permission from Cell).  

 

Bilgin et al. (2003) used virus induced silencing (VIGS) to suppress P58IPK expression (reduced 

by >79%) in N. benthamiana plants. NbP58IPK-silenced plants were challenged with TMV or 

TEV recombinant viruses tagged with green fluorescent protein (GFP). In both the non-silenced 

control N. benthamiana plants and the NbP58IPK-silenced N. benthamiana plants, the viruses 

spread systemically to upper non-inoculated leaves. However, the upper leaves of NbP58IPK-

silenced plants infected with TMV-GFP or TEV-GFP began dying 12 days post inoculation (dpi) 

and by 22 dpi all the NbP58IPK-silenced plants were dead. In contrast, the nonsilenced control 

plants did not die. Moreover, in infected NbP58IPK-silenced N. benthamiana plants, accumulation 

of TMV-GFP and TEV-GFP RNA in uninoculated leaves was significantly reduced 12 dpi 

compared with infected control plants. This indicates that P58IPK is an essential host component 

for in planta viral replication and spread.  

 

Arabidopsis P58IPK (AtP58IPK) knockout mutant plants and wild-type Arabidopsis plants were 

challenged with Turnip mosaic virus (TuMV) and Turnip vein clearing virus (TVCV) to 

investigate the effects of viral infection (Bilgin et al., 2003). Wild-type plants infected with these 

viruses exhibited mild symptoms on both the inoculated and uninoculated leaves at 10 dpi, but did 

not die. In AtP58IPK knockout mutant plants infected with these viruses, the inoculated leaf died 

12 dpi and the uninoculated leaves died within 18–20 dpi (Bilgin et al., 2003) (Fig. 1.14). These 

results are consistent with those obtained in NbP58IPK-silenced N. benthamiana plants suggesting 

that RNA viruses need P58IPK activity to support their replication and spread. 
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FIGURE 1.15 NbeIF2α is phosphorylated in virus-infected NbP58IPK silenced plants. (a) 
Tissue from NbP58IPK-silenced plants infected with Tobacco mosaic virus (TMV)-GFP (lanes 1–

3) and mock-infected NbP58IPK-silenced plants (lanes 5–7) was collected 5, 8 and 12 days after 

infection. Protein extract was prepared and analysed by immunoblot using phosphor-specific 

Ser51 polyclonal antibodies (eIF2α[pS51]) (top panel). An anti-TATA box binding protein (TBP) 

antibody was used as a loading control (lower panel). WT, protein extract derived from wild-type 

uninfected tissue. (b) Wild-type Arabidopsis eIF2α and nonphosphorylatable Arabidopsis eIF2α 

(S51A) was expressed using a PVX expression vector in nonsilenced and NbP58IPK silenced 

plants. RT–PCR was performed to confirm the expression of eIF2α and eIF2α (S51A). Lane 1 

represents the no reverse transcriptase control reaction. Lanes 2 and 3 represent PCR products of 

eIF2α-HA and eIF2α (S51A)-HA respectively. Lane 4 represents the control reaction in which no 

template was used. Lane M represents marker. (c - f) The effect of virus infection on eIF2α and 

eIF2α (S51A) expression was assessed in nonsilenced (c and d) and NbP58IPK-silenced (e and f) 

plants expressing either AteIF2α or AteIF2α (S51A) challenged with TMV-GFP. Photographs 

were taken 12 days after infection under normal and UV illumination (Bilgin et al., 2003; 

reproduced with permission from Cell). 
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Western blot analysis using anti-eIF2α[pS51] showed a substantial increase in phosphorylated 

plant eIF2α in NbP58IPK-silenced N. benthamiana plants after infection with TMV-GFP (Fig. 

1.15a) (Bilgin et al., 2003). In addition, expression of the nonphosphorylatable eIF2α Ala51 

mutant rescued NbP58IPK-silenced N. benthamiana plants from death induced by viruses (Fig. 

15c–f). This suggests that phosphorylation of Ser51 on eIF2α occurs upon viral infection in the 

absence of P58IPK. Thus, suppression of protein synthesis may be responsible for the observed 

cell death in P58IPK-silenced or knockout plants. As deletion of P58IPK resulted in increased 

eIF2α phosphorylation in response to virus infection, it may suggest that PKR-like activity is 

negatively regulated by P58IPK in a much stronger manner in plants than in animals.  

 

Bilgin et al. (2003) also give evidence that NbP58IPK directly interacts with MmPKR in yeast 

two-hybrid assays. NbP58IPK can also rescue MmPKR-induced cell death in yeast. This suggests 

that the P58IPK pathway may be conserved between plants and mammals. The presence of 

inhibitors of mammalian PKR in plants suggests that plants may have a PKR functional equivalent 

and that plants may utilise phosphorylation of eIF2α as a viral suppression method in the same 

way as animals. Moreover, the fact that plant viruses can conscript host factors such as P58IPK to 

prevent eIF2α phosphorylation indicates plant viruses have evolved a mechanism to inhibit PKR-

like activity within plants. This ability to counteract activation of PKR-like activity in plants may 

provide an explanation as to why previous results did not support virus induced phosphorylation of 

eIF2α. 
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1.5 PERK 
 

In another study investigating plant protein translation in response to eIF2α phosphorylation, 

Kamauchi et al. (2005) probed for phosphorylation of AteIF2α during ER stress in Arabidopsis 

(Col0) plantlets. In mammalian cells, the unfolded protein response (UPR) during ER stress 

induces PERK to phosphorylate eIF2α. Thus, Arabidopsis plantlets were treated with tunicamycin 

to induce the UPR. Unexpectedly, the detected level of phosphorylated AteIF2α in plantlets treated 

with tunicamycin was lower than in untreated plantlets. Upon removal of tunicamycin from the 

medium, the level of AteIF2α phosphorylation increased to untreated levels of detection. This 

result contrasts with the many studies mentioned previously, which have shown that 

phosphorylated eIF2α is barely detectable in unstressed plants. Kamauchi et al. (2005) also 

showed that protein synthesis in plantlets was not affected by tunicamycin-treatment, in contrast 

with other studies where changes in AteIF2α phosphorylation do effect protein translation. 
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1.6 Concluding remarks and future directions 
 

The eIF2α phosphorylation pathway has been confirmed as an important regulatory mechanism in 

all eukaryotes, with the significant exception of plants. A similar pathway has been demonstrated 

in plants, but further research is needed to understand the regulatory mechanism importance. The 

experiments described above have shown that the eIF2α phosphorylation mechanism is 

substantially conserved between plants, mammals and yeast. These experiments have also clearly 

demonstrated that eIF2α phosphorylation in plants results in protein translation inhibition. The 

response does however, appear to be weaker in plants than it is in mammals or yeast. This may be 

a consequence of the different interactions between sucrose and nitrogen signalling pathways in 

plants and mammals. The similar affinity of plant eIF2 for GDP and GTP, in contrast with yeast 

and mammalian eIF2, may also be a reason why the response is weaker. An alternative hypothesis 

is that eIF2α kinase inhibitors such as P58IPK may play a stronger role in inhibiting eIF2α kinase 

activity in plants compared with animals. An important experiment would be to determine if there 

is any interaction between the known plant eIF2α kinase GCN2 and the eIF2α kinase inhibitors 

p67 and P58IPK, or if other proteins are inactivated by P58IPK. Thus, further research is clearly 

needed to unravel the importance of the eIF2α phosphorylation mechanism in plants. 

 

What we find most intriguing is that although PKR-like activity is observed in plants, no plant 

PKR sequence homologue has been found. Is GCN2 the only eIF2α kinase in plants? Can plant 

GCN2 be indirectly activated by viral infection to phosphorylate eIF2α such as was shown with 

yeast GCN2 in response to a plant viral protein? Do plants have an antiviral mechanism that 

involves another eIF2α kinase? It may be possible that a plant dsRNA-activated eIF2α kinase has 

only functional homology rather than sequence homology to PKR. The same conundrum was 

found in fish cells, although PKR-like activity had been demonstrated in fish, the responsible 

kinase eluded molecular characterisation until the discovery of PKZ. Perhaps the plant kinase 

responsible for eIF2α phosphorylation in response to RNA virus infection has a domain not yet 

characterised for dsRNA-binding.  

 

Future research should involve determining whether there is an equivalent of a GCN4/ATF4 

transcription factor in plants. GCN4 was discovered as the key amino acid biosynthesis 

transcriptional activator derepressed by eIF2α phosphorylation in the early 1990s (Dever et al., 

1992). ATF4 was not discovered as the mammalian counterpart derepressed by eIF2α 

phosphorylation until a decade later (Harding et al., 2000). Although uORFs regulate ATF4 in the 
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same manner as GCN4; length, distribution and amount of uORFs differ in ScGCN4 compared 

with mammalian ATF4. Therefore, just as the uORFs of ATF4 and GCN4 differ, the regulatory 

uORFs of a plant functional equivalent to GCN4/ATF4 may also have differences. Furthermore, it 

will be important to examine if there are other mRNAs with uORFs in the leader sequence that are 

regulated by eIF2α phosphorylation in plants and to determine the downstream response of 

translating those mRNAs. Another molecule waiting to be discovered is eIF2B. Once the plant 

eIF2B homologue has been identified, further experiments can examine how important this protein 

is for exchanging GDP to GTP on eIF2 and if phosphorylated eIF2α can bind and inactivate the 

plant eIF2B equivalent. 

 

In conclusion, there is a vast knowledge of eIF2α kinases encoded by yeast and mammals. It is 

clear that the mechanism of stress response via eIF2α phosphorylation is not identical in all 

eukaryotes. Further research is imperative to fully elucidate the plant eIF2α kinase family 

members and understand their biological significance in planta. 
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1.7 Aims of the thesis 

 

The aim of this thesis was to further elucidate the role of eIF2α phosphorylation in plants. The 

specific objectives of the thesis are listed below with reference to the chapter in which the research 

is described. 

 

Objective 1  

It is unknown whether eIF2α phosphorylation in plants regulates the translation of uORF 

containing mRNA similar in manner to mammalian and yeast systems. 

 Determine whether in plants, eIF2α phosphorylation can regulate the translation of mRNAs 

containing uORFs (Chapter 3).  

 

Objective 2  

An Arabidopsis Calcium-dependent Protein Kinase (CPK19) has previously been identified as a 

plant kinase that may phosphorylate eIF2α similar in manner to the dsRNA-activated mammalian 

eIF2α kinase PKR (Chan, 2009).  

 Assess CPK19 for PKR-like kinase activity using the in vitro techniques, radiolabeled 

phosphorylation assays, radiolabeled dsRNA gel shift assays and western blotting (Chapter 4). 

 

Objective 3  

It has been demonstrated that plants expressing human PKR have increased tolerance to virus 

infection (Lim et al., 2002); however, the mechanism of this viral tolerance is unknown.  

 Determine in plants: 1) whether virus infection can activate the eIF2α phosphorylation 

mechanism and 2) is virus infection affected when eIF2α is phosphorylated (Chapter 5).  

 

Objective 4  

Previous research has demonstrated that P58IPK-silenced plants phosphorylate eIF2α at early time 

points upon virus infection (Bilgin et al., 2003). 

 Determine what kinase phosphorylates eIF2α in virus infected P58IPK-silenced plants 

(Chapter 6).  
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Chapter Two 

Materials & Methods 
 

 

Commercial supplies of reagents were prepared and used as advised by the supplier. Standard 

international chemical formula and abbreviations are used. 

 

Arabidopsis thaliana ecotype Columbia-0 plants are termed Arabidopsis. 

 

Transgenic Arabidopsis were generated and grown according to the Environmental Protection 

Authority (EPA) decision GMD101124 and Nicotiana benthamiana were infiltrated with 

transgenic Agrobacterium tumefaciens harbouring vectors with transfer-DNA according to the 

EPA decision GMD101125 in accordance to the Hazardous Substances and New Organisms 

(HSNO) Act 1996. 

 

Genetically modified bacterial organisms including Escherichia coli and A. tumefaciens generated 

during this doctoral research were developed under and grown according to the EPA decision 

GMD101145 and GMD101144 respectively in accordance to the HSNO Act 1996. 
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2.1 Bacteria Used for Cloning and Plant Transformations 
 

2.1.1 Escherichia coli 
 

The E. coli strains DH5, BL21-CodonPlus (DE3)-RIL (Stratagene), DB3.1 (Invitrogen™) and 

XL1-Blue (Stratagene) were used in this research. The genotypes of these bacterial strains are 

displayed in Table 2.1. 

 

 

      Table 2.1 Escherichia coli strains used in this thesis 

Strain Genotype 

DH5α F- φ80 lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 

hsdR17 (r
k
-, m

k
+) phoA supE44 λ- thi-1 gyrA96 relA1 

BL21-CodonPlus (DE3)-RIL F- ompT hsdS(rB- mB-) dcm+ Tet
r
 gal λ(DE3) endA Hte 

[argU ileY leuW Cam
r
] 

DB3.1 F- gyrA462 endA1 Δ(sr1-recA) mcrBmrr hsdS20(rB-, mB-) 

supE44ara-14 galK2 lacY1 proA2rpsL20(SmR) xyl-5 λ- leu 

mtl1 

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F 

proAB lacI
q
ZΔM15 Tn10 (Tet

r
)] 

 

 

2.1.2 Agrobacterium tumefaciens 
 

The A. tumefaciens strain GV3101 was used to deliver the plant vectors to Arabidopsis and N. 

benthamiana. The GV3101 strain contains a rifampicin resistance gene as a chromosomal marker. 

This GV3101 strain also has the disarmed Ti-plasmid pMP90 with a gentamycin resistant marker, 

which provides the functional vir region that is capable of transferring T-DNA into plants (Koncz 

et al., 1986). 
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2.1.3 Maintenance and Selection of Bacterial Strains and Plasmids 
 

Plasmids were maintained in bacteria by the addition of antibiotics to growth media. Antibiotic 

resistance type conferred by the transformed plasmids and strains are displayed in Table 2.2.  

 

      Table 2.2 Plasmids/bacterial strains and their antibiotic selectable markers used during this thesis 

Vector/Strain Antibiotic 

    Strain 

A. tumefaciens GV3101 Rifampicin 

Gentamycin 

E. coli BL21 Chloramphenicol 

    Vector 

pBINsRNA Kanamycin 

pCR™8/GW/TOPO® Spectinomycin 

pCR2.1-TOPO Ampicillin 

pDONR™/Zeo Zeocin™ (Invitrogen™) 

pGreenII-598-5 Kanamycin 

pHex2 Spectinomycin 

pTYB2 Ampicillin 

 

Stock solutions of all antibiotics were prepared using the appropriate solvent at the concentration 

listed in Table 2.3. 

 

      Table 2.3 Antibiotics used to select bacterial strains 

Antibiotic Solvent
a 

Stock concentration 

(g/L) 
Final concentration 

(mg/L)
b 

Ampicillin Distilled H2O 100 100 

Chloramphenicol Ethanol 30 30 

Gentamycin Distilled H2O 50 50 

Kanamycin Distilled H2O 100 100 

Rifampicin DMSO 33 25 

Spectinomycin Distilled H2O 100 100 

Zeocin™ (Invitrogen™) Distilled H2O 100 50 
a
 solvent in which the antibiotic was dissolved; DMSO, dimethyl sulfoxide 

b
 final concentrations used in experiments 
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2.1.4 Bacterial Growth Media 
 

All media were autoclaved for 15 min at 121°C before use. 

 

* Added to growth medium immediately before use 

 

      Table 2.4 Bacterial growth media 

Growth medium Composition 

2YT broth 1.6% (w/v) bacto-tryptone (BD) 

1% (w/v) yeast extract (BD) 

0.5% (w/v) NaCl, pH 7.0 

Auto-induction broth 2% (w/v) bacto-tryptone (BD) 

0.5% (w/v) yeast extract (BD) 

50 µM Na2HPO4 

50 µM KH2PO4 

*0.8 mM MgSO4 (sterile filtered) 

*0.6% glycerol (v/v) (sterile filtered) 

*0.05% (w/v) glucose (sterile filtered) 

*0.2% (w/v) lactose (sterile filtered) 

Luria-Bertani (LB) broth 2% (w/v) (Invitrogen™) 

LB agar 3.2% (w/v) (Invitrogen™) 

NZY
+
 broth 1% (w/v) casein hydrolysate (NZ amine) (Sigma) 

0.5% (w/v) yeast extract (BD) 

0.5% (w/v) NaCl, pH 7.0 

The pH was adjusted to pH 7.5 with sodium hydroxide 

*1.25 mM MgCl2 (sterile filtered) 

*1.25 mM MgSO4 (sterile filtered) 

*2 mM glucose 

Yeast extract peptone (YEP) broth 1% (w/v) bacto-proteose peptone (BD) 

1% (w/v) yeast extract (BD) 

0.5% (w/v) NaCl, pH 7.0 

 

  



Chapter Two 

 

44 

 

2.2 Bacterial manipulations 
 

2.2.1 Preparing chemically competent Escherichia coli for heat shock transformation 
 

A single colony of E. coli DH5α was used to inoculate 25 mL of 2x LB broth and incubated at 

30°C for 16 hrs with 250 revolutions per minute (RPM) shaking. 0.5 mL of this culture was used 

to inoculate four flasks containing 50 mL of 2x LB broth (in 250 mL flasks). These cultures were 

incubated at 20°C with 140 RPM shaking until optical density (OD)600 was 0.45-0.55 (~20 hrs). 

The flasks were then chilled in ice water for 2 hrs. The cultures were centrifuged (Sorvall RC-5C 

Plus centrifuge, Du Pont) in 50 mL Falcon tubes at 2,500 x g for 10 minutes at 4°C and re-

suspended in 5 mL/tube ice cold chemically-competent cells buffer (Table 2.18). Once re-

suspended, the cells were further diluted to 40 mL total per tube and incubated in ice water for 45 

minutes. The cells were then centrifuged (Sorvall RC-5C Plus centrifuge, Du Pont) for 5 minutes 

at 1,800 x g and re-suspended very gently in 5 mL/tube ice cold chemically-competent cells buffer. 

The tubes of cells were combined and 80% glycerol was added to a final concentration of 15%. 

The cells were snap frozen in 200 µL aliquots and stored at -80°C. 

 

2.2.2 Escherichia coli heat shock transformation 
 

The heat shock method was used to transform E. coli DH5α chemically competent cells, BL21-

CodonPlus (DE3)-RIL competent cells (Stratagene), DB3.1 competent cells (Invitrogen™) and 

XL-1 Blue supercompetent cells (Stratagene) with plasmid DNA. Plasmid DNA (1 µL, 50 to 200 

ng) was added to 50 µL competent cells. The cells were incubated on ice for 20 min, heat-shocked 

at 42°C in an Accublock™ drybath (Labnet) for 45 sec, and immediately placed on ice for at least 

2 min. The XL-1 Blue supercompetent cells (Stratagene) with mutated plasmid DNA were 

incubated on ice for 30 min, heat-shocked within 15 mL falcon tubes in a 42°C waterbath (TW20, 

Julabo) for 45 sec, and immediately placed on ice for at least 2 min. The DH5α, BL21-

CodonPlus (DE3)-RIL or DB3.1 heat-shocked cells were then incubated in 0.5 mL LB broth 

(Table 2.4) for 1 h at 37°C. The XL-1 Blue supercompetent cells with mutated plasmid DNA were 

incubated in 0.5 mL NZY
+
 broth (Table 2.4) preheated to 42°C for 1 h at 37°C, shaking at 250 

RPM. Incubated cells were plated on LB agar supplemented with the appropriate antibiotic(s). 

Individual colonies appeared on the surface of the agar after an overnight incubation at 37°C.  
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2.2.3 Blue/White screening 
 

The plasmid pCR2.1-TOPO has the lacZα peptide gene located around the multiple cloning 

site, thus blue/white screening could be utilised in DH5α (lacZΔM15) cells. The lacZΔM15 gene 

encodes -galactosidase that is non-functional. When the lacZ-α peptide is present and transcribed 

from the plasmid DNA, the -galactosidase becomes functional to hydrolyse X-gal into a blue 

precipitate. Non-transformant plasmids are able to produce the lacZα peptide and appear blue on 

LB agar supplemented with X-gal, whereas transformant colonies carrying an additional DNA 

fragment in the plasmid that disrupts the lacZα gene, appear white. E. coli DH5α cells transformed 

with pCR2.1-TOPO were plated on LB/ampicillin agar supplemented with 1 mg X-gal 

(Duchefa Biochemie) per plate and incubated overnight at 37°C. 

 

2.2.4 Preparing electrocompetent Agrobacterium tumefacians for electro-
transformation 
 

A single colony of A. tumefaciens GV3101 was used to inoculate 2 mL of YEP containing 25 

mg/L rifampicin, 50 mg/L gentamycin and incubated at 28°C overnight with 250 RPM shaking. 

The 2 mL of overnight culture was added to 200 mL YEP broth in a sterile 500 mL flask and 

incubated at 28°C with shaking at 250rpm until the OD600 was 0.3 (4 - 5hrs). The culture was 

centrifuged (Sorvall RC-5C Plus centrifuge, Du Pont) in four 50 mL Falcon tubes at 4,000 x g 

for 10 minutes at 4°C and re-suspended in 20 mL 1 mM HEPES pH7 (sterile filtered) per tube. 

The centrifugation and resuspension was repeated for a total of 3 washes. After the third spin, the 

A. tumefaciens GV3101 pellet was resuspended in 2 mL ice cold 10% (v/v) glycerol (sterile 

filtered). The cells were snap frozen in 40 µL aliquots and stored at -80°C. 

 

2.2.5 Agrobacterium tumefaciens transformation 
 

A. tumefaciens GV3101 electrocompetent cells were electroporated at 1440 volts with plasmid 

DNA using 1 mm cuvettes in the Eppendorf Eporator. DNA (1 μL, 50 to 100 ng) was added to 40 

µL of cells. The cells were electroporated once and then immediately incubated in 0.5 mL LB 

broth for 3 h at 28°C, shaking at 250 RPM. Cells were plated on LB agar supplemented with the 

appropriate antibiotic(s). Individual colonies appeared on the surface of the agar after 48 h 

incubation at 28°C. 
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2.3 Plant manipulations 
 

2.3.1 Plant Material 
 

Arabidopsis Transfer (T)-DNA insertion lines were obtained as seed stocks from the Nottingham 

Arabidopsis Stock Centre (NASC). Arabidopsis and N. benthamiana plants were grown in a 

Physical Containment Level 2 (PC2) containment glasshouse at Plant & Food Research (Mt 

Albert, New Zealand). 

 

2.3.2 ½ Murashige Skoog media and Antibiotics 
 

Transgenic Arabidopsis seeds were germinated on ½ Murashige Skoog media containing 0.22% 

(w/v) Murashige & Skoog medium including vitamins (Sigma), 2% (w/v) sucrose and 0.25% 

Phytagel™ (Sigma). The pH was adjusted to pH 5.7. The Murashige Skoog media was autoclaved 

for 15 min at 121°C, supplemented with the appropriate antibiotic (Table 2.5), and poured into 98 

mm gamma irradiated pots (Alto Packaging) to solidify. 

 
      Table 2.5 Antibiotics used to select transgenic plant lines 

Antibiotic Solvent
a 

Stock concentration 

(g/L) 
Final concentration 

(mg/L)
b 

Kanamycin Distilled H2O 100 100 

Sulfadiazine Distilled H2O 7.5 7.5 
a
 solvent in which the antibiotic was dissolved 

b
 final concentrations used in experiments 

 

2.3.3 Agrobacterium tumefaciens-mediated Transformation of Arabidopsis plants 
 

The transformation of Arabidopsis was performed using the floral dip method (Clough et al., 

1998). 

 

 2.3.3.1 Preparation of Agrobacterium tumefaciens cells 
 

A single colony of A. tumefaciens GV3101 transformed with the gene construct of interest was 

used to inoculate 2 mL of LB containing the appropriate antibiotics (Table 2.2) and incubated at 

28°C overnight with 250 RPM shaking. 1 mL of the overnight culture was added to 200 mL LB 

containing the appropriate antibiotics and again incubated at 28°C overnight with 250 RPM 
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shaking. 100 mL of the culture was centrifuged (Sorvall RC-5C Plus centrifuge, Du Pont) in 50 

mL Falcon tubes at 6,000 x g and the culture pellet resuspended in 5% sucrose solution. 80 μL of 

Silwet L-77 (Lehle Seeds) was mixed into the suspension. 

 

 2.3.3.2 Floral dipping of Arabidopsis plants 
 

Three or four pots of Arabidopsis with young inflorescences were chosen for each transformation. 

The inflorescences were submerged for 30 sec per plant immediately after addition of the Silwet 

L-77 to the A. tumefaciens suspension. Dipped plants were subsequently covered with aracons and 

plastic bags for two days to retain humidity. The plastic bag was then removed and the plants were 

left to develop and set seed. 

 

 2.3.3.3 Seed collection of floral dipped Arabidopsis plants 
 

When the siliques of the floral dipped Arabidopsis plants were fully developed, the plants were left 

unwatered and allowed to dry for three to four weeks. The seeds were then released from the 

siliques by hand and sieved to isolate the seeds from other plant material. Collected seeds were 

transferred to 1.5 mL microcentrifuge tubes and stored at room temperature. 

 

2.3.4 Sterilisation and Culture of Transgenic Seeds 
 

Arabidopsis seeds were surface sterilised by immersion in 50% (v/v) bleach, 1% (v/v) Triton X-

100 for 10 min. The seeds were then washed three times with sterile distilled water. The washed 

seeds were distributed onto ½ Murashige Skoog media tubs supplemented with the appropriate 

antibiotic (Table 2.5). The tubs were placed into a temperature and light controlled growth cabinet 

set at 20°C with a 16 h light, 8 h dark cycle. If the seed was not transformed with the antibiotic 

resistance gene, the leaves of the germinated seedling became white and died. When root 

development was observed in the Arabidopsis seedlings (usually around three weeks), the plants 

were transferred to soil. 
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2.3.5 Infiltration of Nicotiana benthamiana 
 

A. tumefacians strain GV3101 was used to deliver the T-DNA from the plant-compatible vectors 

into N. benthamiana. A single colony of A. tumefacians GV3101 transformed with the gene 

construct of interest was used to inoculate 2 mL of LB containing the appropriate antibiotics 

(Table 2.2) and incubated overnight at 28°C, shaking at 250 RPM. 100 μL of the overnight culture 

was used to inoculate 10 mL LB broth supplemented with 150 μM acetosyringone and the 

appropriate antibiotics. The culture was incubated overnight at 28°C, shaking at 250 RPM. The 

culture was centrifuged (Sorvall RC-5C Plus centrifuge, Du Pont) in 50 mL Falcon tubes at 

5,000 x g and the culture pellet resuspended in infiltration buffer (Table 2.17) to an OD600 of 1.0. 

The resuspended culture was incubated at room temperature for 3 h. A 1 mL needleless syringe 

was used to infiltrate the culture into the abaxial side of the N. benthamiana leaf. 

 

2.3.6 Virus inoculation 
 

 2.3.6.1 Propagation of virus infected tissue 
 

Viruses were typically propagated in Nicotiana spp. as a source of inoculum. Further detail about 

viruses used in this research thesis can be found in Appendix C.  

 

 2.3.6.2 Inoculation of Arabidopsis plants 
 

Arabidopsis plants were inoculated using cotton buds dipped in carborundum 600 grit (BDH) 

mixed with virus infected tissue homogenised in inoculation buffer (Table 2.17, typically 10 

mg/mL). One cotton bud was used to hold the leaf steady and the other cotton bud used to gently 

rub the inoculum over the leaf surface.  

 

 2.3.6.3 Inoculation of Nicotiana benthamiana plants 
 

N. benthamiana plants were inoculated via dusting two – three leaves with carborundum 600 grit 

(BDH) and gently rubbing the leaf surface with virus infected tissue homogenised in inoculation 

buffer (Table 2.17, typically 10 mg/mL). 
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2.3.7 Virus Induced Gene Silencing (VIGS) of Nicotiana benthamiana 
 

VIGS experiments were performed under EPA decision ERMA200272. Genetically modified 

bacterial organisms including E. coli and A. tumefaciens used in VIGS work were utilised 

according to the EPA decision GMD100199 and GMD100194, respectively, in accordance to the 

HSNO Act 1996. N. benthamiana were infiltrated with transgenic A. tumefaciens harbouring 

Potato virus X (PVX) and Tobacco rattle virus (TRV) VIGS vectors as per section 2.3.5 under 

EPA decision GMD100213 in accordance to the HSNO Act 1996. TRV VIGS vectors were 

created as per section 2.4.4.3 under EPA decision GMD100221 in accordance to the HSNO Act 

1996. 
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2.4 Nucleic acid manipulations 
 

2.4.1 Polymerase Chain Reaction (PCR) 
 

Genes of interest were obtained for cloning via PCR-based amplification using specific primers. 

Tables 2.6 – 2.11 lists the primers which were used for DNA amplification in this research thesis. 

Amplification of genes that would be sequence verified for cloning used a 50 µL PCR reaction 

mix of 5 µL 10x Pfx PCR buffer (Invitrogen™) (10x Pfx buffer was sometimes substituted with 

10 µL 5x DNA Polymerase Reaction buffer – see Table 2.17), 1 mM MgSO4, 0.3 mM dNTPs, 0.3 

μM of each primer, 1 µL DNA template (100 - 200 ng), and 1.25 units of Pfx proofreading DNA 

Polymerase (Invitrogen™). The PCR reaction was performed in a TC-412 thermocycler (Techne) 

with the following programme: One initial denature step of 94°C for 5 minutes, 35 cycles at 94°C 

for 30 seconds, 55°C - 60°C for 30 seconds, 68°C for 1 minute per kb. The amplification was 

terminated with a 10 minute extension at 68°C. To detect the presence of specific genes, a 20 µL 

PCR reaction mix was used of 2 μL 10x PCR buffer (Invitrogen™), 1.5 mM MgCl2, 0.2 mM 

dNTPs, 0.3 μM of each primer, 1 µL DNA template (100 - 200 ng), and 1 unit Taq DNA 

Polymerase (Invitrogen™). The PCR reaction was performed in a TC-412 thermocycler (Techne) 

with the following programme: One initial denature step of 94°C for 5 minutes, 30 cycles at 94°C 

for 30 seconds, 58°C for 30 seconds, 72°C for 1 minute per kb. The amplification was terminated 

with a 10 min extension at 72°C. DNA amplification products were visualised as per section 2.4.3. 

 

2.4.2 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 
 

To reverse transcribe RNA into cDNA and to analyse the cDNA, a two-step RT-PCR method was 

employed. Plant RNA was extracted using the Spectrum™ plant total RNA kit (Sigma). A 20 µL 

RT reaction mix typically included 1 µg RNA, 2 pmol of reverse gene-specific primer (see Table 

2.6), and 0.5 mM dNTPs. This mix was incubated at 65°C for 5 minutes and then placed on ice for 

at least 1 minute before addition of 4 µL 5x First-Strand buffer (Invitrogen™), 5 mM dithiothreitol 

(DTT), and 200 units of SuperScript™ III Reverse Transcriptase. Reaction mixes were duplicated, 

with one containing no Reverse Transcriptase to use as a control during the PCR step. This control 

would reveal if genomic DNA was amplified. Reverse transcription was initiated at 50°C for 1 h, 

before terminating the enzyme at 70°C for 20 minutes. PCR amplification of the resulting cDNA 

followed the procedure as in section 2.4.1, using 1 – 5 µL of the cDNA.  
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      Table 2.6 Oligo primers used to detect presence DNA or RNA 

Primer name  Nucleotide sequence Gene to amplify 

AtGCN2 535 Forward GCAAAATCCTGTTCTGGTGGACCTTTTGTG AtGCN2 

AtGCN2 1135 Forward TCTCCAGACTTTAATAGAACCTTTGAAC AtGCN2 

AtGCN2 1308 Reverse TGCACAACACAACGTGGCCG AtGCN2 

AtGCN2 (EcoRI) Reverse CGCTTTGAATTCGCTCCAAACAGAGGGG AtGCN2 

AtIPK 242 Forward CTGCGCTTTCAGAAGCTTATTT AtP58IPK 

AtIPK 361 Reverse CAGCATTCGAATCTCCTGATTT AtP58IPK 

AtIPK 1291 Reverse TGGAGATGACGATAAGCGGGCGA AtP58IPK 

AtIPK 3 Sal Reverse ACGCGTCGACGAAACCGAAACCACCAA AtP58IPK 

HsPKR 1-27 Forward ATGGCTGGTGATCTTTCAGCAGGTTTC HsPKR 

HsPKR 1656 Reverse CTAACATGTGTGTCGTTC HsPKR 

NAD5 (968-991) Forward GATGCTTCTTGGGGCTTCTTGTT Nad5 

NAD5 (1973-1949) Reverse CTCCAGTCACCAACATTGGCATAA Nad5 

NbIPK 545 Forward CCAGTGACATATCTGAGACGGGATAC NbP58IPK 

NbIPK 823 Reverse TGGGGTCCATCGTCAGTGTTG NbP58IPK 

NbIPK 1434 Reverse CTAAAAATGAAATCCGCCAAATCCCCC NbP58IPK 

TuMV (5356-5376) Forward AGGTGATGCAGGTTTTGGTC To amplify TuMV 

TuMV (5600-5580) Reverse TCTCGCACGTGTGATCTTTC To amplify TuMV 

TYMV-MP (247-288) Forward CACCATCCATCCTACCTTGC To amplify TYMV 

TYMV-MP (475-456) Reverse CGGTGATGGAGATGAGGAGT To amplify TYMV 

 

      Table 2.7 Oligo primers used for sequencing 

Primer name  Nucleotide sequence DNA to sequence 

AlcA Forward CGGGATAGTTCCGACCTAGGATTGGATG pBINsRNA vectors 

AtCPK19 930 Forward GATTTTGAGAGGAGAGATTG AtCPK19 

AtCPK5 952 Forward TCAGACCCGTGGCCTGTGATATC AtCPK5 

AtCPK5 162 Reverse GTTGTCTTTGGAGAATTCTTGAGC AtCPK5 

AtGCN2 166 Reverse ATTTGCGGAGGCGAACGCGA AtGCN2 

AtGCN2 535 Forward GCAAAATCCTGTTCTGGTGGACCTTTTGTG AtGCN2 

AtGCN2 1135 Forward TCTCCAGACTTTAATAGAACCTTTGAAC AtGCN2 

AtGCN2 1308 Reverse TGCACAACACAACGTGGCCG AtGCN2 

AtGCN2 1735 Forward GGACAAGGAATAATTCATCGGGATTTTAC AtGCN2 

AtGCN2 2335 Forward AGACTCTGTGCAGATGATAGTTATATTC AtGCN2 

AtGCN2 3127 Forward CCTGAGAGTCTGGAGGATAGAAGAGC AtGCN2 

CPK19 CO 757 Forward GAAGGTAAAGTGTACGAAGA CO CPK19 

CPK19 CO 801 Reverse GTTTCAGGACTTCCGGCGCA CO CPK19 

HsPKR 1-27 Forward ATGGCTGGTGATCTTTCAGCAGGTTTC HsPKR 

HsPKR 677 Reverse CCTCCTATCATGTGGAGGTCCTGAA HsPKR 

HsPKR 1071 Forward GTGAAATCTGACTACCTGTCCTCTGG HsPKR 

HsPKR 1141 Reverse GATTCAGAAGCGAGTGTGCTGG HsPKR 

HsPKR 1699 Forward GAAGAGGCGAGAAACTAGACAAAG HsPKR 

HsPKR 1656 Reverse CTAACATGTGTGTCGTTC HsPKR 

M13 Forward GTAAAACGACGGCCAG Invitrogen™ plasmids 

M13 Reverse CAGGAAACAGCTATGAC Invitrogen™ plasmids 

NbIPK 1-27 Forward ATGGAGCCATTGATGAAGATATGGAGC NbP58IPK 

NbIPK 361 Reverse CTGCAGCTGAGTCTCCTGGTTTCATC  NbP58IPK 

NbIPK 545 Forward CCAGTGACATATCTGAGACGGGATAC NbP58IPK 

NbIPK 823 Reverse TGGGGTCCATCGTCAGTGTTG NbP58IPK 

NbIPK 1176 Forward TGCTCTGCAATGGCATCCGGACAAG NbP58IPK 

NbIPK 1434 Reverse CTAAAAATGAAATCCGCCAAATCCCCC NbP58IPK 

35S ACAGTGGTCCCAAAGATGGAC pHex2 plasmids 

OCS AGAATGAACCGAAACCGGCG pHex2 plasmids 

Tnos Reverse GATCTAGTAACATAGATGACACCGCG 
End of Tnos to sequence 

pBINsRNA vectors 
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      Table 2.8 Oligo primers used to mutate genes 

Primer name  Nucleotide sequence Gene to mutate 

AteIF2A F EcoRI NcoI CCCTT GAATTCC *ATG GCG AAT CCT GCT AteIF2α A56 

AteIF2A R BamHI CCCTT GGATCC ^TCA TTC AAT TAT CCC GCT A AteIF2α A56 

AteIF2A F 170-197 GC CGT CGG ATT CGT AGT ATC AGT AGC T AteIF2α A56 

AteIF2A R 181-148 

noSacI S56A 
AAT CCG ACG GCG agc GAG TTC GGA GAA CAG AteIF2α A56 

AtGCN2 K454R 

Forward 
GGA AGA CAA TAT GCA GTG agg AAA ATT 

CGA CTG AAG GAC 

Non-functional catalytic 

site of AtGCN2 

AtGCN2 K454R 

Reverse 

GTC CTT CAG TCG AAT TTT cct CAC TGC ATA TTG 

TCT TCC 

Non-functional catalytic 

site of AtGCN2 

AtGCN2 Y876L, 

R877L Forward 
AAG CGA TAT GAA ATA TCT CAT GTC ctc ttg 

AGA GCA ATT GGC CAT TCT CCA CC 

Non-functional tRNA 

binding site of AtGCN2 

AtGCN2 Y876L, 

R877L Reverse 

GG TGG AGA ATG GCC AAT TGC TCT caa gag GAC 

ATG AGA TAT TTC ATA TCG CTT 

Non-functional tRNA 

binding site of AtGCN2 

HsPKR K60A Forward 
CA GAA GGT GAA GGT AGA TCA gcg AAG 

GAA GCA AAA AAT GCC G 

Non-functional dsRNA 

binding site of HsPKR 

HsPKR K60A Reverse 
C GGC ATT TTT TGC TTC CTT cgc TGA TCT ACC 

TTC ACC TTC TG 

Non-functional dsRNA 

binding site of HsPKR 

HsPKR K296R 

Forward 
C GGA AAG ACT TAC GTT ATT aga CGT GTT 

AAA TAT AAT AAC GAG AAG GCG G 

Non-functional catalytic 

site of HsPKR 

HsPKR K296R 

Reverse 

C CGC CTT CTC GTT ATT ATA TTT AAC ACG tct 

AAT AAC GTA AGT CTT TCC G 

Non-functional catalytic 

site of HsPKR 

Underlined nucleotides, location of restriction enzyme sites; bold text, sense coding sequence; italic text, antisense 

coding sequence; *, start codon of target gene; ^, stop codon of target gene; red letters, mutated nucleotide, lower case 

letters, mutated amino acid 

 

      Table 2.9 Oligo primers used for restriction enzyme cloning 

Primer name  Nucleotide sequence Primer description 

AteIF2A F EcoRI 

NcoI 

CCCTT GAATTCC *ATG GCG AAT CCT 

GCT 
Start of AteIF2α, EcoRI, NcoI sites 

AteIF2A R BamHI 
CCCTT GGATCC ^TCA TTC AAT TAT CCC 

GCT A 
End of AteIF2α, BamHI site 

AtGCN2 (NdeI) 

Forward 

G GAATTC CAT*ATG GGT CGC AGC 

AGT TC 
Start of AtGCN2, EcoRI, NdeI sites 

AtGCN2 (EcoRI) 

Reverse 

CGCTTT GAATTC GCT CCA AAC AGA GGG 

G 

End of AtGCN2, EcoRI site, no 

stop codon 

CPK19 CO CAM 

Forward 

G GAATTC CATATG ATC GCA CAA AAC 

CTG  

Start of CO CPK19 calcium 

binding domain, EcoRI, NdeI sites 

CPK19 CO Kinase 

Forward CORRECT 

G GAATTC CATATG TAC AGC CTG GGT 

C 

Start of CO CPK19 kinase domain, 

EcoRI, NdeI sites 

CPK19 CO Kinase 

Reverse 
CCG CTCGAG GAT CCA CGG ATG TTC C 

End of CO CPK19 kinase domain, 

XhoI site, no stop codon 

CPK19 CO N-term 

Forward 

G GAATTC CAT*ATG GGC TGC CTG 

TGC 

Start of CO CPK19 N-term domain, 

EcoRI, NdeI sites 

CPK19 CO N-term 

Reverse NEW 77aa 

CCG CTCGAG TTG TTT CTG GTG GTT AAT 

C 

End of CO CPK19 N-term domain, 

XhoI site, no stop codon 

CPK19 CO Reverse CCG CTCGAG GTT CGG TTG GAC CAG 
End of CO CPK19 C-term domain, 

XhoI site, no stop codon 

GCN4 uORF (XhoI) 

Forward 

GGTCCG CTCGAG 

GATATACAAAACAAAAC 
Start of ScGCN4 5 UTR, XhoI site 

GCN4 uORF Long 

(NheI) Reverse 

GGTCCG GCTAGC 

TTTATTTGTATTTAATTTATTTTC 

Start of ScGCN4 5 UTR, NheI site 

Underlined nucleotides, location of restriction enzyme sites; bold text, sense coding sequence; italic text, antisense 

coding sequence; *, start codon of target gene; ^, stop codon of target gene; CO, codon optimised 

 

 



Chapter Two 

 

53 

 

 

      Table 2.10 Oligo primers used for Gateway® cloning 

Primer name  Nucleotide sequence Primer description 

Gateway 5 UTR-

PKR Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCT 

CTCGAG CAGTTTCTGGAGC 

Amplify Gibson assembled Full-

length HsPKR, XhoI site 

Gateway 3 UTR-

PKR Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGT 

GGATCC GGTTGTACATCAC 

Amplify Gibson assembled Full-

length HsPKR, BamHI site 

Gateway AtCPK19 

C-term Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGT 

^TTA ATT CGG TTG AAC CAA TTT TG 
End of AtCPK19 C-term domain 

Gateway AtCPK19 

Kinase Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGT 

^CTA TAT CCA AGG ATG TTC TAG G 

End of AtCPK19 Kinase domain 

with TAG stop codon added 

Gateway AtCPK19 

N-term Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCT 

AAA *ATG GGA TGT CTC TGC ATC  

Start of AtCPK19 N-term domain 

with AAA kozak sequence 

Gateway AtCPK5 C-

term Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGT 

^CTA CGC GTC TCT CAT GCT AAT G 
End of AtCPK5 C-term domain 

Gateway AtCPK5 

Kinase Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGT 

^CTA GAT CCA TGG ATG ACG CAA GAC 

End of AtCPK5 Kinase domain 

with TAG stop codon added 

Gateway AtCPK5 N-

term Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCT 

AAA *ATG GGC AAT TCT TGC CGT GGA 

Start of AtCPK5 N-term domain 

with AAA kozak sequence 

Gateway AteIF2a 

Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCT 

AAA *ATG GCG AAT CCT GCT CCG AAT C 

Start of AteIF2α with AAA kozak 

sequence 

Gateway AteIF2a 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGT 

^TCA TTC AAT TAT CCC GCT ACC TC 
End of AteIF2α 

Gateway AtGCN2 C-

term Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGT 

^TTA GCT CCA AAC AGA GGG GTT TC 
End of AtGCN2 C-term domain 

Gateway AtGCN2 N-

term Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCT 

GAA *ATG GGT CGC AGC AGT TCG AAG 

Start of AtGCN2 N-term domain 

with GAA kozak sequence 

Gateway NbIPK 833-

857 Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTC

ACATAATGTAAATCTTCATCTTGG 
To amplify NbP58IPK hair pin  

Gateway NbIPK 

1403-1420 Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTC

GCCAAATCCCCCACCTG 
To amplify NbP58IPK hair pin 

Gateway NbIPK 

Forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCT 

*ATG GAG CCA TTG ATG AAG ATA TGG 
Start of NbP58IPK 

Gateway NbIPK 

Reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGT 

^CTA AAA ATG AAA TCC GCC AAA TCC C 
End of NbP58IPK 

Underlined nucleotides, location of restriction enzyme sites; bold text, sense coding sequence; italic text, antisense 

coding sequence; *, start codon of target gene; ^, stop codon of target gene; blue text, Gateway consensus sequence. 

 

      Table 2.11 Oligo primers used to create DNA template to transcribe dsRNA 

Primer name  Nucleotide sequence Gene to amplify 

TaMV CP 1656 Reverse GTTCCCTGACAGTTGAAACATAAAACC TaMV for gel shift assay 

TaMV CP T7 1571 Forward 
TGAATTGTAATACGACTCACTATAGG 

ATTCTATGGCCTTACTTG 
TaMV for gel shift assay 

TaMV CP T7 1640 F (Reverse) 
TGAATTGTAATACGACTCACTATAGGA 

GTTCCCTGACAGTTGAAACAT 
TaMV for gel shift assay 

Brown text, T7 promoter sequence 

 

2.4.3 Gel Electrophoresis of Nucleic Acids 
 

Submerged horizontal agarose gel electrophoresis was used to visualize nucleic acids. Agarose gel 

loading dye was added to a 1x concentration to the DNA sample and loaded in a 1 - 1.5% (w/v) 

molecular grade agarose (Bioline) tris-acetate-EDTA (TAE)-buffered gel. DNA fragments were 

separated at 100 V for 50 min. The size of the DNA fragments were compared to a TrackIt™ 1 kb 
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Plus DNA Ladder (Invitrogen™). Agarose gels were stained for 20 min in 0.5 mg/L ethidium 

bromide solution (Sigma) in TAE. DNA fragments were visualized under short wave UV light 

(250 – 310 nm) and digital images were taken using the Gel Doc 1000 imaging system (Bio-Rad). 

 

2.4.4 Vector cloning 
 

Plasmids used for cloning included; pCR2.1-TOPO (Invitrogen™), pCR™8/GW/TOPO® 

(Invitrogen™), pTYB2 (New England Biolabs), pDONR/Zeo (Invitrogen™), pBINsRNA 

(Syngenta), pHex2 (Hellens et al., 2005), pGreenII-598-5 (Hellens et al., 2000), pTKO2 (Snowden 

et al., 2005), and pTRV2 (Liu et al., 2002). Plasmid maps are displayed in Appendix A. 

 

 2.4.4.1 TOPO cloning 
 

The TOPO (pCR2.1-TOPO and pCR™8/GW/TOPO® vectors – Invitrogen™) system was 

used for the subcloning of PCR fragments. Blunt ended Pfx polymerase PCR products were A-

tailed by extension at 72°C for 10 min in the presence of the PCR reaction mix (Section 2.4.1) and 

1 unit Taq DNA Polymerase (Invitrogen™). A-tailing adds a single adenosine to the 3 ends of 

PCR products and allows the A-tailed fragments to ligate efficiently to the single 3 thymidine 

overhangs on the pCR2.1-TOPO and pCR™8/GW/TOPO® vectors. Following A-tailing, PCR 

products were ligated into a TOPO vector in a ligation reaction containing 1 μL salt solution 

(Invitrogen™), 1 μL pCR2.1-TOPO or pCR™8/GW/TOPO® vector, and 0.5 – 4 μL PCR 

product in a 6 μL total reaction volume. The reaction mix was incubated for 5 to 30 min at room 

temperature. 

 

 2.4.4.2 Restriction Enzyme cloning 
 

Restriction enzyme cloning was used to ligate the subcloned DNA fragments from the pCR2.1-

TOPO and pCR™8/GW/TOPO® vectors into the plasmid vectors pTYB2 and pGreenII-598-5. 

Each plasmid was cut with the appropriate enzymes using the conditions recommended by the 

enzyme supplier. Typically, plasmid DNA was digested for at least 1 h at the temperature 

recommended by the supplier in a 50 μL reaction containing 20 μL DNA sample (approximately 2 

μg), 5 μL 10x buffer as supplied with the restriction enzyme, 100 μg/mL bovine serum albumin 

(BSA) when required (supplied with the restriction enzyme), and 2 units restriction enzyme.  
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Following the restriction enzyme digest, the 5 phosphate of the pTYB2 or pGreenII-598-5 

backbone vector would be removed via addition of 5 units of Antarctic Phosphatase (New England 

Biolabs) and Antarctic Phosphatase buffer to a 1x concentration. The digest to be phosphatased 

was incubated for 1 h at 37°C and then heat inactivated for 5 min at 70°C. The vector containing 

the insert did not have phosphatase added to the digest. 

 

After the plasmids had been restriction enzyme digested and phosphatase treated, the compatible 

digested insert and backbone plasmid would be ligated together. A typical ligation reaction 

containing 5 μL 2x T4 DNA ligase reaction buffer, 1 unit T4 DNA ligase (Promega), and a 3 

insert:1 vector ratio (~100 ng total DNA) in a 10 μL total reaction volume was incubated for 2 hrs 

at room temperature. Control tubes containing water in place of either, insert or ligase enzyme, 

acted as an indication of, vector self-ligation rates or amount of uncut vector, respectively. 

 

 2.4.4.3 Gateway cloning 
 

Gateway® technology utilises the bacteriophage lambda site-specific recombination system. 

Lambda-based recombination is catalyzed by a mixture of enzymes and occurs between specific 

attachment (att) sites on the interacting DNA molecules (see Table 2.13 and Fig. 2.1). As shown in 

Figure 2.1, Gateway® cloning is a two step process. A BP Reaction between an AttB-flanked PCR 

product combined with an AttP donor vector will give rise to an AttL entry clone. This entry clone 

can then be used to recombine with any AttR destination vector to give rise to an AttB expression 

clone.  

 
   

FIGURE 2.1 Gateway® recombination (Invitrogen
TM

, 2010). A. BP Reaction – BP clonase™ II 

enzyme mix facilitates recombination between an attB substrate (e.g. attB-PCR product) with an 

attP substrate (e.g. donor vector) to create an attL-entry plasmid. B. LR Reaction – LR clonase™ 

II enzyme mix facilitates recombination between an attL substrate (e.g. entry-clone) with an attR 

substrate (e.g. destination vector) to create an attB-expression plasmid. 
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Template DNA was amplified with specific primers with Gateway® AttB recognition sequences 

(Table 2.12). The resulting PCR product was purified with PEG 8000 to remove primer dimers. 

The BP reaction contained 50 fmol PCR product, 150 ng pDONR vector and 2 μL of the BP 

Clonase™ II mix (Invitrogen™). The reaction was incubated overnight at 25°C. 2 μg of Proteinase 

K was added to stop the reaction. The entry clone was transformed into E. coli (section 2.2.2) and 

extracted (section 2.4.6). This clone was then sent for sequencing (section 2.4.8). An entry clone 

with the correct sequence was chosen to recombine with a destination vector. 

 

      Table 2.12 Lambda recombination utilised by Gateway® (Invitrogen
TM

, 2010) 

Pathway Reaction Catalyzed by… 

Lysogenic attB x attP → attL x attR BP Clonase™ II (Int
a
, IHF

b
) 

Lytic attL x attR → attB x attP LR Clonase™ II (Int
a
, IHF

b
, Xis

c
) 

a
bacteriophage Lambda Integrase (Int) 

b
Integration Host Factor (IHF) 

c
Excisionase (Xisc) 

 

The LR reaction recombined 50 – 150 ng of the sequenced entry clone, 150 ng destination vector 

(pBINsRNA or pHex2) and 2 μL of the LR Clonase™ II mix (Invitrogen™). The reaction was 

incubated overnight at 25°C. 2 μg of Proteinase K was added to stop the reaction. The resulting 

expression vector was transformed into E. coli (section 2.2.2) and extracted (section 2.4.6). This 

clone was then sent for sequencing (section 2.4.8). A destination clone with the correct sequence 

was chosen for further use. 

 

 2.4.4.4 Gibson Assembly cloning 
 

Gibson Assembly (New England Biolabs) efficiently joins multiple overlapping DNA fragments in 

a single-tube reaction. The Gibson Assembly Master Mix includes three enzymes: 

- an exonuclease creates single-stranded 3 overhangs so that overlapping fragment ends can 

anneal to each other 

- a polymerase fills in gaps within each annealed fragment 

- a DNA ligase seals nicks in the assembled DNA 

The Gibson Assembly Master Mix results in an assembled DNA molecule that can be used as a 

PCR template. 

 

To create overlapping ends on the DNA fragments, complementary primers can be designed for 

PCR amplification. In this research thesis, DNA fragments were ordered commercially 
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(Invitrogen™) to assemble HsPKR with its full 5 and 3 untranslated regions (UTRs) (Meurs et 

al., 1990). The fragments were ordered with a 20 bp overlap with HsPKR for the 5 UTR and a 25 

bp overlap with HsPKR for the 3 UTR. HsPKR was amplified from p221-PKR (Invitrogen™) 

using primers HsPKR 1-27 Forward and HsPKR 1656 Reverse (see Appendix B for more detail). 

 

0.15 pMol of each DNA fragment (5 UTR + HsPKR + 3 UTR) was combined with 10 μL Gibson 

Assembly Master Mix (New England Biolabs) and incubated at 50°C for 1 h. The assembled 

fragment was then used as a PCR template to amplify the full-length PKR gene with Gateway® 

specific primers for recombination into Gateway® vectors. 

 

2.4.5 Gene mutagenesis manipulations 
 

 2.4.5.1 PCR site-directed mutagenesis 
 

PCR based site-directed mutagenesis was used to create an alanine mutation at the Serine 56 

residue in Arabidopsis eIF2α as per section 5.1 

 

 2.4.5.2 QuikChange mutagenesis 
 

QuikChange (Agilent Technologies) site-directed mutagenesis was used to create catalytic, and 

activation mutants of PKR and GCN2. The QuikChange site-directed mutagenesis kit allows site-

specific mutation directly into a double-stranded plasmid. Specific complementary primers (Table 

2.8) that contained the desired mutations were designed and used to replicate the vector to be 

mutated using the high fidelity PfuTurbo DNA polymerase. A 50 μL reaction contained 5 μL of 

10x QuikChange reaction buffer, 10 ng template plasmid, 125 ng of each primer, 1 μL dNTP mix 

and 2.5 units of PfuTurbo DNA polymerase. The reaction was performed in a TC-412 

thermocycler (Techne) with the following programme: One initial denature step of 95°C for 30 

sec, 12 -18 cycles at 95°C for 30 sec, 55°C for 1 min, 68°C for 1 minute per kb. Following 

amplification, the reaction was placed on ice for at least 2 min to cool the reaction below 37°C. 

The reaction mix was then treated with the methylation specific restriction enzyme DpnI, to digest 

the template plasmid DNA. DNA isolated from almost all E. coli strains is dam methylated and so 

DpnI will digest the E. coli produced template plasmid DNA only and not the polymerase 

produced mutated plasmid DNA. The mutated plasmids were transformed into XL1-Blue 
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supercompetent cells (section 2.2.2) to repair the nicks created during amplification by PfuTurbo 

DNA polymerase and to replicate the mutated plasmid ready for extraction. 

 

2.4.6 Extraction of Plasmid DNA from Escherichia coli 
 

Plasmid DNA was extracted from bacterial cultures using the GenElute™ HP plasmid miniprep kit 

(Sigma). Aliquots (2 mL) of LB broth supplemented with the appropriate antibiotic(s) were 

inoculated with single colonies grown on LB/antibiotic(s) plates and incubated overnight at 37°C, 

shaking at 250 RPM. The overnight cultures were harvested by centrifugation (Centrifuge 5415R, 

Eppendorf) and the bacterial pellets resuspended, alkaline lysed, and visualized to precipitate the 

genomic DNA and other cellular debris. Following centrifugation, the supernatant was transferred 

to the spin column and washed with an ethanol wash solution. The resultant plasmid DNA was 

eluted with 100 μL distilled water and stored at -20°C. 

 

2.4.7 Determination of DNA Concentration 
 

DNA concentration was determined by measuring the absorbance at 260 nm in a ND-1000 

NanoDrop Spectrophotometer (NanoDrop Technologies).  

 

2.4.8 DNA Sequencing Analyses 
 

Plasmid and PCR amplification product sequences were determined by conducting sequence 

analyses at the Massey Genome Service at Massey University (Palmerston North) or Macrogen 

(Korea). Table 2.7 lists the sequencing primers used in this research thesis. Sequence data was 

examined using Geneious Pro 5.5.6. 
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2.5 Protein manipulations 
 

2.5.1 Expression and Purification of Recombinant Proteins in Escherichia coli 
 

 2.5.1.1 Growth and Induction of Escherichia coli 
 

E. coli BL21 cells were used to express the protein of interest from a pTYB2 expression vector. A 

single colony of E. coli was used to inoculate 2 mL of 2YT broth (Table 2.4), supplemented with 

ampicillin and chloramphenicol, and incubated overnight at 37°C, shaking at 250 RPM. 1 mL of 

the overnight culture was used to inoculate 100 mL 2YT broth supplemented with ampicillin and 

chloramphenicol, and the culture was grown at 37°C, shaking at 250 RPM until it reached an 

OD600 of 1.0. The incubator temperature was then reduced to 18°C and allowed to equilibrate to 

this lower temperature for 20 min. Expression was induced by the addition of isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 0.3 mM and the culture was grown for a 

further 18 h at 18°C. 

 

 2.5.1.2 Extraction of Soluble Protein from Escherichia coli Cells 
 

Following protein expression induction, cells were harvested by centrifugation (Sorvall RC-5C 

Plus centrifuge, Du Pont) at 5,000 x g for 10 min at 4°C. The pelleted cells were resuspended in 20 

mL IMPACT column buffer (Table 2.17) and were lysed by passing the bacterial suspension twice 

through a gas powered emulsifier Emulsiflex C5 (Avestin), at 15,000 psi. The lysates were 

subsequently centrifuged (Sorvall RC-5C Plus centrifuge, Du Pont) at 20,000 x g for 30 min at 

4°C to separate the soluble (supernatant) proteins from the insoluble (pellet) proteins. 

 

 2.5.1.3 Purification of Recombinant Intein-tagged Protein 
 

The soluble protein extract was purified using the Intein Mediated Purification with an Affinity 

Chitin-binding Tag (IMPACT)™-CN System (New England Biolabs). The IMPACT system 

utilises the inducible self-cleavage activity of the intein tag to separate the target protein from the 

affinity tag without the use of a protease. 2 mL of chitin beads were loaded into a Poly-Prep 

Chromatography Column (Bio-Rad). The chitin column was pre-equilibrated with 20 mL of 

IMPACT column buffer using gravity flow. The soluble protein extract was slowly loaded onto the 
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column and allowed to flow-through. The column was washed with 30 mL of IMPACT column 

buffer. 5 mL of IMPACT cleavage buffer was used to induce the self-cleavage activity of the 

intein tag. A few drops were allowed to pass through the column before the flow was stopped and 

the column was left to incubate in the IMPACT cleavage buffer overnight at 4°C. The cleaved 

proteins were then eluted in 1 mL fractions. The first 2.5 mL of eluted protein was passed through 

a size exclusion gravity-flow column (PD-10 Sephadex G-25, GE healthcare) to remove any 

smaller (>5000Mr) contaminating molecules and to exchange the storage buffer if required. The 

sample was stored at -80°C in 50 μL aliquots. 

 

2.5.2 Extraction of Soluble Proteins from Plant Tissue 
 

100 mg of plant tissue was typically harvested per sample and ground in liquid nitrogen with 200 

μL plant protein extraction buffer (Table 2.17). Plant debris was pelleted via centrifugation 

(Centrifuge 5415R, Eppendorf) at max speed for 10 – 20 min at 4°C. The supernatant containing 

the soluble plant proteins was retained and stored at -80°C. 

 

2.5.3 Determination of Protein Concentration 
 

 2.5.3.1 Bacterially expressed protein concentration 
 

The concentration of bacterially expressed proteins was evaluated using the Bradford method 

(Bio-Rad Protein Assay, Bio-Rad) which measures the differential absorbance at 595 nm due to 

the color change of the dye in response to various protein concentrations. Protein standards were 

prepared by diluting concentrated BSA to 1, 2, 4, 6, 8 and 10 μg/mL BSA. 200 μL Dye Reagent 

was added to 800 μL diluted protein sample solution and incubated at room temperature for at 

least 5 min. Samples and standards were prepared and measured in duplicate. The absorbance of 

the samples was then measured at 595 nm using a Jenway 6320D Spectrophotometer. The known 

concentrations of the BSA standards were used to plot a standard curve and the concentrations of 

the protein sample solutions were determined. 
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 2.5.3.2 Plant expressed protein concentration 
 

The concentration of plant expressed proteins was evaluated with a fluorescence based method 

using a Qubit 2.0 Fluorometer (Invitrogen™). Qubit protein standards are provided with the 

kit at 0, 200 and 400 ng/μL. 10 μL of each standard was added to 190 μL of Qubit protein 

working solution and 1 μL of each plant protein sample was added to 199 μL of Qubit protein 

working solution. The samples were incubated at room temperature for 15 min and concentrations 

measured on a Qubit 2.0 Fluorometer. 

 

2.5.4 Denaturing Gel Electrophoresis 
 

 2.5.4.1 Denatured Protein Sample Preparation 
 

Protein samples were mixed with Laemmli protein loading dye (Table 2.18) to a 1x concentration. 

After mixing, the samples were placed in an Accublock™ drybath (Labnet) for 5 min at 85°C to 

denature the protein structure. 

 

 2.5.4.2 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
 

Denatured protein samples were analysed on a 10% SDS polyacrylamide gel. The SDS 

polyacrylamide gels were obtained from Life Technologies (NuPAGE Bis-Tris Mini Gels) or 

hand-cast as per Table 2.13 and assembled with the Bio-Rad gel apparatus.  

 

      Table 2.13 Hand-cast SDS polyacrylamide gel composition 

10% resolving gel 

10% (v/v) Acrylamide/Bis Solution, 29:1 (Bio-Rad) 

380 mM Tris (pH 8.8) 

1% (w/v) SDS 

1% (w/v) ammonium persulfate (Bio-Rad) 

0.08% (v/v) TEMED (Bio-Rad) 

5% stacking gel 

5% (v/v) Acrylamide/Bis Solution, 29:1 (Bio-Rad) 

125 mM Tris (pH 6.8) 

1% (w/v) SDS 

1% (w/v) ammonium persulfate (Bio-Rad) 

0.2% (v/v) TEMED (Bio-Rad) 
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Denatured proteins (10 to 30 μL) were loaded onto the SDS polyacrylamide gel and proteins were 

separated in 1x SDS-PAGE running buffer (Table 2.17) at 130 V for 1 h 20 min or until the dye 

front had reached the bottom of the gel. NuPAGE Bis-Tris Mini Gels were assembled in an 

Xcell SureLock Mini-Cell (Invitrogen™) and electrophoresed in 1x MOPS buffer (Invitrogen™) 

at 200 V for 50 min. The Precision Plus Protein All Blue Standards (Bio-Rad) was used for size 

determination of the protein samples.  

 

2.5.5 Coomassie Staining of Protein Gels 
 

Protein gels were stained for 1 h at room temperature in 50 mL Colloidal Coomassie G-250 stain 

with gentle rocking (Labnet Rocker 35). Subsequently, gels were washed with fresh changes of 

distilled water for 1 to 2 days to remove excess stain. 

 

2.5.6 Phosphorimaging 
 

Assays that utilised 
32

P-ATP (Section 2.5.7 and 2.5.8) were analysed by phosphorimaging. 

Following protein separation by gel electrophoresis, the polyacrylamide gel was incubated in 

methanol destain (Table 2.17) for 30 min and vacuum dried in a Dual Temperature Slab Gel Dryer 

model 1125B (Bio-Rad) for 3 – 4 h. The dried gel was then exposed to a Storage Phosphor Screen 

(Molecular Dynamics) for between 2 hrs – overnight and the developed phosphorimage was 

visualized with a Typhoon 9400 Variable Mode Imager (Amersham Biosciences). Phosphorimages 

were scanned using 50 μm resolution and images were viewed using ImageQuant TL (Amersham 

Biosciences). 

 

2.5.7 Protein Kinase Assay 
 

A typical protein kinase assay was performed by incubating 0.5 µg kinase and 1.5 µg eIF2α with 

50 μM ATP (Invitrogen™) and 5 mCi/mL 
32

P-ATP (Perkin Elmer), 10 mM MgCl2, and 1 mM 

CaCl2 or 1 µg/mL poly(I)- poly(C) dsRNA (Sigma) to activate CPK19/5 and PKR respectively. 

The reaction mix was incubated for 20 min at room temperature. Samples were denatured and 

loaded onto SDS-PAGE gels (Table 2.13) and analysed by phosphorimaging (section 2.5.6). 
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2.5.8 Gel Shift Assay 
 

A dsRNA gel shift assay was utilised to detect proteins that bind dsRNA. DNA templates 

incorporating the T7 promoter sequence were created using primers TaMV CP T7 1571 Forward 

and TaMV CP T7 1640 F (Reverse) to produce dsRNA and primers TaMV CP T7 1571 Forward 

and TaMV CP 1656 Reverse to produce ssRNA (Turner et al., 2006) (see Table 2.11 for primer 

details and section 2.4.1 for PCR conditions). ssRNA and dsRNA was subsequently transcribed in 

vitro from the DNA template. A 30 μL reaction mix contained 1 μL PCR template, 3 μL 10x T7 

polymerase buffer, 0.3 units T7 polymerase (Invitrogen™) and 0.5 mM NTPs (Invitrogen™) or 

0.5 mM NTPs containing 10 mCi/mL α
32

P-ATP (Perkin Elmer) and 0.1 mM ATP, for unlabeled 

and labeled RNA, respectively. The reaction was incubated at 37°C for 2 h. 2 µL (unless otherwise 

stated) transcribed ssRNA and dsRNA was incubated with the protein of interest (50 ng unless 

otherwise stated) for 10 min at room temperature. The RNA-protein sample was then loaded on a 

non-denaturing 6% tris-borate-EDTA (TBE) gel (Invitrogen™) and electrophoresed in 1x 

UltraPure TBE buffer (Invitrogen™) at 130 V for 45 min at 4°C. Gels were analysed by 

phosphorimaging (section 2.5.6). 

 

2.5.9 Ion Exchange Chromatography 
 

Ion exchange chromatography was employed to further purify bacterially expressed proteins using 

the IMPACT system. A quaternary ammonium anion exchange Resource Q (GE Healthcare) 

column was used to purify the proteins with an acidic isoelectric point (pI). The 1 mL Resource Q 

column was pre-equilibrated with 5 volumes of 20 mM Tris-HCl pH 8.0, then 5 volumes of 1 M 

NaCl, 20 mM Tris-HCl pH 8.0, and again with 10 volumes of 20 mM Tris-HCl pH 8.0. Protein 

sample (3.5 mL in 20mM Tris-HCL pH 8.0 buffer) was loaded onto the Resource Q column. The 

protein was then eluted as 0.5 mL fractions using a gradient of 0 – 1 M NaCl, 20 mM Tris-HCl pH 

8.0 over 20 column volumes. The presence of protein in elution fractions was detected at an 

absorbance of A280. 

 

2.5.10 Western blotting 
 

Subsequent to separation by SDS-PAGE (section 2.5.4.2), proteins were transferred from the 

polyacrylamide gel to a membrane for detection of target proteins via specific antibodies. A 7 x 

8.5 cm Immobilon-P polyvinylidene fluoride (PVDF) membrane (0.2 μm, Millipore) was 
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immersed in methanol for 10 sec and subsequently equilibrated in Towbin Transfer buffer. A 

western blot sandwich was packed tightly between sponges in an Xcell II™ Blot module 

(Invitrogen™) and immersed in Towbin transfer buffer (Table 2.17). The bottom layer of the 

sandwich consisted of a 7 x 8.5 cm piece of Whatman Grade No. 3 filter paper (Whatman); the 

middle layer comprised the polyacrylamide gel on which the pre-wetted PVDF membrane was 

placed; and the top layer consisted of another 7 x 8.5 cm piece of Whatman Grade No. 3 filter 

paper. The proteins were transferred to the PVDF membrane at 90 mA for 14 h. 

 

The membrane was removed from the western blot sandwich and stained with Ponceau S for 5 min 

and destained in distilled water. The Ponceau S stained membrane was scanned to retain the 

image. Prior to antibody incubation, the membrane was blocked with blocking buffer (Table 2.17) 

for 1 h at room temperature. Subsequently the membrane was incubated overnight at 4°C with 

primary antibody (Table 2.14). The membrane was washed four times for 5 min in 1x tris buffered 

saline-tween (TBS-T) and then incubated for 1 h at room temperature in horseradish peroxidase 

linked secondary antibody (Table 2.14). The membrane was again washed five times for 5 min in 

1x TBS-T. 

 

Protein immunoreactivity on the membrane was detected using the Western Lightning ECL Pro 

(PerkinElmer) chemiluminescent substrate. Enhanced Luminol Reagent and Enhanced Oxidising 

Reagent were mixed at a 1:1 ratio and incubated in a plastic bag with the membrane for 2 min. 

Excess liquid was squeezed out of the plastic bag and the plastic bag was sealed. The membrane 

was then exposed to Amersham Hyperfilm™ ECL (GE Healthcare) for 1 to 15 min. The exposed 

film was developed using a CURIX 60 Table-Top Processor (Agfa). 

 

      Table 2.14 Typical antibody dilutions used to detect target protein 

Antibody Source Diluent Concentration 

Primary Antibody  

eIF2α-S
51

-Phosphor (Abcam) Rabbit polyclonal 3% BSA 1:1,000 

PKR (K-17) sc-707 (Santa Cruz) Rabbit polyclonal 5% milk 1:500 

TATA-binding protein (TBP) (Abcam) Mouse monoclonal 5% milk 1:1,000 

Secondary Antibody 

ECL™ anti-Rabbit IgG Horseradish 

Peroxidase linked whole antibody 

(GE Health Care) 

Donkey 3% BSA/ 

5% milk 

1:10,000 

ECL™ anti-Mouse IgG Horseradish 

Peroxidase linked whole antibody 

(GE Health Care) 

Sheep 5% milk 1:10,000 
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2.5.11 Enzyme-Linked ImmunoSorbant Assay (ELISA) 
 

ELISA was used to detect presence of viruses as well as eIF2α phosphorylation. 

 

 2.5.11.1 Indirect ELISA 
 

Typically 100 mg plant tissue was ground in 1 mL antigen coated plate ELISA extraction buffer 

(Table 2.17) and 200 μL of the homogenised sample was added to a 96 well ELISA plate (Nunc 

MaxiSorp™). The last 8 wells contained a three-fold serial dilution of a positive control for the 

antigen to be detected. Uninfected (and non-eIF2α phosphorylated) leaf tissue samples were used 

as negative controls. Plates were covered to stop evaporation of the sample and incubated at 30°C 

for 5 h. Plates were washed in reverse osmosis water four times each and then washed once in 1x 

phosphate buffered saline-tween (PBS-T). 200 μL of the primary antibody diluted in conjugate 

buffer (Table 2.17) was then added to the wells at concentrations seen in Table 2.15. Prior to 

dispensing, the TMV antibody was incubated with the soluble fraction of N. benthamiana leaf 

tissue. 50 mg/mL N. benthamiana leaf tissue was homogenised in conjugate buffer (Table 2.17) 

and centrifuged (B4 Jouan) at 5,000 RPM for 10 min. The supernatant was then cross-absorbed 

with the TMV antibody for 3 h before being dispensed in the wells. The plate was incubated 

overnight at 4°C. The next day the plates were washed again in reverse osmosis water four times 

each and then washed once in 1x PBS-T. 200 μL of the alkaline-phosphatase linked secondary 

antibody diluted in conjugate buffer was added to the wells at concentrations seen in Table 2.15, 

and incubated at 30°C for 4 h. The plates were washed as before and then 200 μL 1 mg/mL 

Nitrophenyl Phosphate (pNPP) diluted in substrate buffer (Table 2.17) was added to the wells. The 

plate absorbance was read at 405 nm in a Multiskan EX plate reader (Thermo) a number of times 

to obtain a time course of readings. This data was then plotted as change in OD over time using 

LabsysE Fluorescence ELISA programme (Plant & Food Research). 

 

      Table 2.15 Typical antibody dilutions used for indirect ELISA 

Primary Antibody Concentration Secondary Antibody Concentration 

eIF2α-S
51

-Phosphor (Abcam) 1:1,000 Anti-Rabbit IgG Alkaline 

Phosphatase, Goat (Sigma) 

1:10,000 

TMV (Mike Pearson, The 

University of Auckland) 

1:500 Anti-Rabbit IgG Alkaline 

Phosphatase, Goat (Sigma) 

1:15,000 

Potyvirus P-3-3H8 (Dan Cohen, 

Plant & Food Research) 

1:1,000 Anti-Mouse IgG Alkaline 

Phosphatase, Goat (Sigma) 

1:20,000 
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 2.5.11.2 Double Antibody Sandwich (DAS)-ELISA 
 

200 μL of unconjugated antibody diluted in coating buffer (Table 2.17) was added to a 96 well 

ELISA plate (Nunc MaxiSorp™) at concentrations displayed in Table 2.16. Plates were covered to 

stop evaporation of the sample and incubated at 30°C for 3 - 5 h. Plates were washed in reverse 

osmosis water four times each and then washed once in 1x PBS-T. 200 μL plant tissue sample 

(~100 mg/mL) homogenised in DAS-ELISA extraction buffer (Table 2.17) was added to the plate 

with the last 8 wells containing a three-fold serial dilution of a positive control for the antigen to 

be detected. Uninfected leaf tissue samples were used as negative controls. Plates were incubated 

overnight at 4°C. Subsequently the plates were washed again in reverse osmosis water four times 

each and then washed once in 1x PBS-T. 200 μL of the alkaline-phosphatase conjugated antibody 

diluted in conjugate buffer (Table 2.17) was added to the wells at concentrations seen in Table 

2.16, and incubated at 30°C for 3 - 5 h. The plates were washed as before and then 200 μL 1 

mg/mL pNPP diluted in substrate buffer (Table 2.17) was added to the wells. The plate absorbance 

was read at 405 nm in a Multiskan EX plate reader (Thermo) a number of times to obtain a time 

course of readings. This data was then plotted as change in OD over time using LabsysE 

Fluorescence ELISA programme (Plant & Food Research). 

 

      Table 2.16 Typical antibody dilutions used for DAS-ELISA 

Primary Antibody Concentration Secondary Antibody Concentration 

CMV (Prime Diagnostics) 1:1,500 CMV-Alkaline Phosphatase 1:1,500 

CLRV (Bioreba) 1:1,500 CLRV-Alkaline Phosphatase 1:1,500 

PVX (John Fletcher, Plant & 

Food Research) 
1:1,000 PVX-Alkaline Phosphatase 1:1,000 

 

2.5.12 Reporter Assays 
 

 2.5.12.1 Luciferase/Renilla (Luc/Ren) assay 
 

The Dual-Glo® Luciferase Assay (Promega) system was used to detect the amount of Renilla and 

Luciferase expressed from the pGreenII-598-5 vector. Dual-Glo® Luciferase Reagent acts as a 

substrate for Firefly Luciferase (Luciferase) and has a half life of approximately 2 h. Addition of 

the Dual-Glo® Stop & Glo® Reagent quenches the luminescence from the Luciferase reaction by 

at least 10,000 fold and provides the substrate for Renilla Luciferase (Renilla) and also has a half 

life of approximately 2 h. 
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Duplicate samples of N. benthamiana leaf tissue infiltrated with pGreenII-598-5 vector were 

collected using a 2.5 mm leaf punch (Harris Uni-core™) and homogenised in 50 μL 1x TBS 

buffer. Samples were distributed into a Hard-Shell® white 96 well plate (Bio-Rad). 50 μL of 

prepared Dual-Glo® Luciferase Reagent was distributed into each well and then the plate was 

incubated for 10 min at room temperature. The luminescence of each well was read for 5 sec in a 

Victor3™ 1420 Multilabel Counter (Perkin Elmer). 50 μL of prepared Dual-Glo® Stop & Glo® 

Reagent was distributed into each well and the plate incubated again for 10 min at room 

temperature. The luminescence of wells was read again for 5 sec each. The ratio of Renilla 

compared with Luciferase expressed was then determined in Excel (Microsoft). 

 

 2.5.12.2 GUS staining assay 
 

Arabidopsis GUS overexpressing lines were used as control plants in experiments using 

Arabidopsis HsPKR and AtGCN2 overexpressing lines. Fresh plant tissue was harvested, placed in 

vented petri dishes to retain oxygenation and completely immersed in freshly made GUS (X-GlcA) 

stain (Table 2.17). The tissue was then vacuum infiltrated for 20 min or until bubbles formed and 

incubated overnight at 37°C. The next morning the tissue was washed with 100% ethanol to bleach 

away the chlorophyll to ensure clear visualisation of the blue stained GUS. 

 

2.5.13 Mass Spectrometry 
 

Mass spectrometry was used to determine the residue sites that were phosphorylated on proteins of 

interest. Protein bands of interest from Colloidal Coomassie stained polyacrylamide gels were 

excised using a scalpel blade. The excised bands were then cut into smaller pieces of about 1 mm
3
 

and placed in a 1.5 mL microcentrifuge tube. The protein bands were sent to the Centre for 

Genomics, Proteomics and Metabolomics (The University of Auckland) for analysis on the LTQ-

FT LC/MS/MS instrument (ThermoFisher Scientific). Mass spectrometry data were analysed using 

the Proteome Discoverer v1.4 (ThermoFisher Scientific) accessing a FASTA database of the 

protein sequences of interest. 
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2.6 Buffers and Solutions 
 

* Added to buffer solution immediately before use 

 

      Table 2.17 Buffers and Solutions 

Buffer Composition 

Agarose gel loading dye (10x) 

0.25% (w/v) bromophenol blue 

0.25% (w/v) xylene cyanol 

30% (v/v) glycerol 

Antigen Coated Plate ELISA Extraction 

buffer (pH 9.6) 

15 mM Na2CO3 

35 mM NaHCO3 

8 M Polyvinylpyrrolidone (PVP) 

3.1 mM NaN3 

Blocking buffer 
3% (w/v) BSA or 5% (w/v) low fat milk powder 

Made up in 1x TBS-T 

Buffer A 

20 mM HEPES, pH 7.5 

100 mM KCl 

10% (v/v) glycerol 

Chemically-Competent Cells buffer 

100 mM CaCl2 

70 mM MnCl2 

40 mM NaOAc 

The pH was adjusted to pH 5.5 with glacial acetic acid 

and stored at 4°C 

Coating buffer (pH 9.6) 

15 mM Na2CO3 

35 mM NaHCO3 

3.1 mM NaN3 

Colloidal Coomassie G-250 

17% (w/v) (NH4)2SO4 

3% (v/v) phosphoric acid 

34% (v/v) methanol 

0.1% (w/v) Coomassie G-250 

Conjugate buffer (pH 7.4) 

8 M Polyvinylpyrrolidone (PVP) 

0.2% (w/v) BSA 

5% (v/v) 20x PBS-T 
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      Table 2.17 Buffers and Solutions continued 

Buffer Composition 

DAS-ELISA Extraction buffer (pH 7.4) 

10.3 mM Na2SO3 

8 M Polyvinylpyrrolidone (PVP) 

0.2% (w/v) BSA 

2% (v/v) Tween™ 20 

5% (v/v) 20x PBS-T 

DNA Polymerase Reaction buffer (5x) 

200 mM Tris-HCl pH 8.0 

100 mM KCl 

100mM (NH4)2SO4 

GUS (X-GlcA) stain 

0.025% (w/v) X-GlcA (Duchefa Biochemie) 

0.05% (v/v) dimethyl formamide 

99.9% (v/v) NaPO4 (50mM) buffer 

0.06% (v/v) Triton X-100 

0.001% (v/v) dimethyl sulfoxide 

The stain was made in the order listed 

IMPACT Column buffer 

20 mM HEPES, pH 7.0 

0.5 - 1 M NaCl 

1mM ethylene diamine tetra-acetic acid (EDTA) 

0.1% Triton X-100 

10% Glycerol 

IMPACT Cleavage buffer 

20 mM HEPES, pH 8.5 

0.5 - 1 M NaCl 

1mM EDTA 

0.1% Triton X-100 

10% Glycerol 

*50mM DTT 

Infiltration buffer 

10 mM MgCl2 

10 mM MES pH 5.7 

0.5 mM acetosyringone 

Inoculation buffer 
0.1 M K2HPO4 

*0.1% Na2SO3 

Methanol destain 
40% (v/v) methanol 

10% (v/v) glacial acetic acid 
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      Table 2.17 Buffers and Solutions continued 

Buffer Composition 

NaPO4 (50mM) buffer 

12.4% 0.2M NaH2PO4 

12.7% 0.2M Na2HPO4 

The pH was adjusted to pH 7.0 

Phosphate Buffered Saline-Tween (20x) 

(PBS-T) (pH 7.4) 

2.74 M NaCl 

29.4 mM KH2PO4 

162 mM Na2HPO4 

53.7 mM KCl 

61.5 mM NaN3 

1% Tween™ 20 

The stock solution was diluted 20-fold with distilled H2O 

before use 

Plant Protein Extraction buffer 

25 mM Tris-HCl pH 7.6 

85 mM NaCl 

15 mM MgCl2 

2.5 mM NaF 

15 mM EDTA 

5 mM DTT 

0.05% SDS (w/v) 

10 μg/mL Soybean Trypsin Inhibitor 

1x Sigma Cocktail Plant Protease Inhibitor 

The solution was made with distilled H2O immediately 

before use 

Ponceau S stain 
0.1% (w/v) Ponceau S (Sigma) 

5% acetic acid 

SDS-PAGE Running buffer (4x) 

12% (w/v) Tris 

57.6% (w/v) glycine 

*0.1% (w/v) SDS 

The stock solution was diluted four-fold with distilled 

H2O before use 

Substrate buffer (pH 9.8) 

1 M Diethanolamine 

3.1 mM NaN3 

The pH was adjusted to pH 9.8 with hydrochloric acid 

and stored at room temperature 

 

  



Chapter Two 

 

71 

 

      Table 2.17 Buffers and Solutions continued 

Buffer Composition 

TAE buffer (50x) 

2 M Tris, pH 8.0 

5.7% (v/v) acetic acid 

50 mM EDTA 

The stock solution was diluted 50-fold with distilled H2O 

before use 

Tris Buffered Saline (TBS) (10x) 

248 mM Tris, pH 7.4 

1.37 M NaCl 

The stock solution was diluted ten-fold with distilled 

H2O before use 

TBS-T (1x) 
10% (v/v) 10x TBS 

0.1% (v/v) Tween™ 20 

Tris-Glycine buffer (10x) 
250 mM Tris 

1.92 M Glycine 

Towbin Transfer buffer 
10% (v/v) 10x Tris-Glycine buffer 

20% (v/v) methanol 

X-GlcA stain 

0.025% (w/v) X-GlcA (Duchefa Biochemie) 

0.05% (v/v) dimethyl formamide 

99.9% (v/v) NaPO4 (50mM) buffer 

0.06% (v/v) Triton X-100 

0.001% (v/v) dimethyl sulfoxide 

The stain was made in the order listed 

 

 

      Table 2.18 Laemmli Protein Loading Dye concentrations 

Component 2x 4x 6x 

Tris-HCl, pH 6.8 0.125 M 0.25 M 0.375 M 

SDS 4% (w/v) 8% (w/v) 12% (w/v) 

Glycerol 20% (v/v) 30% (v/v) 40% (v/v) 

Bromophenol blue 0.01% (w/v) 0.02% (w/v) 0.03% (w/v) 

*-mercaptoethanol 10% 10% 10% 

 

 



Chapter Three 

 

72 

 

 

Chapter Three 

Do GCN4 uORFs regulate 
translation of a main ORF in 

Nicotiana benthamiana plants? 
 

 

When GCN2 is activated in response to stress, it phosphorylates eIF2α. In yeast cells, GCN2 

induced eIF2α phosphorylation leads to derepression of the transcriptional activator GCN4. GCN4 

activates numerous genes in order to overcome the stress that activated GCN2. GCN4 mRNA 

contains four uORFs in the leader UTR (5 UTR). These uORFs repress the translation of GCN4 

under normal conditions. However, during nutritional stress conditions, GCN2 is activated to 

phosphorylate eIF2α. This phosphorylation creates a reduced pool of active eIF2 (eIF2-GTP) and 

so a proportion of the ribosomes bypass the GCN4 uORFs before rebinding eIF2-GTP, and 

translate the main ORF of GCN4 instead (See Chapter One, section 1.1 for a more in depth 

description of the mechanism). As described in Chapter One, previous research has not been able 

to identify a plant GCN4 homologue that is derepressed upon GCN2 activation. Thus, this chapter 

addresses Objective 1: Determine whether in plants, eIF2α phosphorylation can regulate the 

translation of mRNAs containing uORFs. To study uORFs in plants, gcn4 uORFs were cloned into 

a Luciferase/Renilla reporter system. It was then determined whether GCN4 uORFs can repress 

translation of a main ORF under normal conditions; and derepress translation of a main ORF under 

conditions that phosphorylate eIF2α.  
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3.1 Cloning of uORF into the Luciferase/Renilla reporter system 
 

The mechanism of GCN4 repression and derepression was discovered within yeast cells using a 

LacZ reporter system. Hinnebusch (1984) used a GCN4-lacZ fusion as a measure of GCN4 

expression. Yeast cells were starved for amino acids to activate GCN2 in wild-type and gcn2∆ 

lines. GCN4-lacZ translation did not increase in the gcn2∆ lines, hence there was no derepression. 

However in wild-type lines, GCN4-lacZ translation did increase, despite no increase in transcript 

accumulation (Hinnebusch, 1984). This suggested that GCN2 was an activator of GCN4-lacZ 

translation rather than transcription. Moreover, deletion of the GCN4 5 UTR (Hinnebusch, 1984) 

or point mutations in the GCN4 uORF initiation codons (Mueller et al., 1986) led to translational 

derepression of GCN4-lacZ in both wild-type and gcn2∆ lines. Thus, it was concluded that both 

GCN2 activation and the GCN4 uORFs were required to regulate GCN4 translation. 

 

The vectors containing the GCN4 uORFs (plasmid p180) and uORFs with point mutations 

(plasmid p227) were a kind gift from Alan Hinnebusch (NIH, Maryland, USA) (Mueller et al., 

1987; Mueller et al., 1986). These vectors were used as DNA templates to PCR amplify the GCN4 

uORFs and uORFs with point mutations. The two PCR amplification products were subcloned into 

the pCR™8/GW/TOPO® vector prior to ligation into pGreenII-598-5. The pGreen vectors 

(Hellens et al., 2000) are a series of binary Ti plasmids that were developed for transient 

expression as they do not contain a selectable marker within the T-DNA borders. The particular 

pGreen plasmid chosen (pGreenII-598-5) contains two reporter genes, Firefly luciferase 

(Luciferase) and Renilla luciferase (Renilla) both driven by a Cauliflower mosaic virus (CaMV) 

35S constitutive promoter. XhoI and NheI restriction enzymes were used to excise the uORF 

fragments from the pCR™8/GW/TOPO® vector and these fragments were ligated upstream of 

Renilla within the similarly digested pGreenII-598-5 vector (Table 3.1). These vectors were then 

used to determine which in planta conditions change the amount of Renilla expression compared 

to the base-line expression of Luciferase. 
 

      Table 3.1 pGreenII-598-5 plasmids generated during this thesis 

Inserted Gene Description  Topo® vector pGreenII-598-5 vector 

Saccharomyces cerevisiae GCN4 

uORF 

pCR™8/GW/TOPO®_ 

uORF 

pGreenII-598-5_ 

uORF 

Saccharomyces cerevisiae GCN4 

uORF with point mutations 

pCR™8/GW/TOPO®_ 

uORF*mutated 

pGreenII-598-5_ 

uORF*mutated 
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3.2 uORF regulated Luciferase/Renilla expression 
 

3.2.1 Infiltration of Nicotiana benthamiana 
 

A. tumefacians strain GV3101 was used to deliver the T-DNA from the sequence verified 

pGreenII-598-5 vectors into N. benthamiana. A. tumefacians GV3101 transformed with either 

pGreenII-598-5_empty, pGreenII-598-5_uORF or pGreenII-598-5_uORF*mutated was infiltrated 

into the N. benthamiana leaves as per section 2.3.5. Plants were left to grow in a 16 h light, 8 h 

dark cycle. 

 

3.2.2 Glyphosate treatment 
 

Glyphosate (more commonly known as Roundup®, Monsanto) inhibits the synthesis of many 

aromatic plant metabolites including the amino acids phenylalanine, tyrosine and tryptophan, thus 

glyphosate causes amino acid starvation. The amino acid starvation results in the activation of 

GCN2 and the phosphorylation of eIF2α (Lageix et al., 2008; Zhang et al., 2008). An antibody 

that specifically detects eIF2α when it is phosphorylated on Serine 51 (S56 in Arabidopsis) was 

available. This phosphor-specific eIF2α antibody [anti-eIF2α-S
51

-Phosphor (Abcam)] was used to 

probe a western blot (section 2.5.10) of protein extracted from plants sprayed with different 

concentrations of glyphosate. A titration of glyphosate starting at the Monsanto herbicide 

recommendation of 21.3 mM down to 150 nM, demonstrated that 150 μM glyphosate was the 

lowest concentration that induces eIF2α phosphorylation (Fig. 3.1). Therefore, following 

infiltration with A. tumefacians, plants were sprayed daily with either 150 μM glyphosate to 

induce eIF2α phosphorylation or with water. Samples were taken between three to five days post 

infiltration to assay for Luciferase/Renilla expression. 

 

FIGURE 3.1 150 μM glyphosate is the lowest concentration that induces eIF2α 

phosphorylation. Western blot detecting phosphorylated eIF2αS
51 

(eIF2αP
51

, 39 kDa, top panel) 

24 h post glyphosate treatment. Ponceau stained Rubisco (55 kDa, lower panel) was used as a 

loading control. Western blotting method used is detailed in section 2.5.10. 
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3.2.3 Detecting Luciferase/Renilla expression 
 

The Dual-Glo® Luciferase Assay (Promega) system was used to detect the amount of Renilla and 

Luciferase expressed from the pGreenII-598-5 vectors. Dual-Glo® Luciferase Reagent acts as a 

substrate for Luciferase. Addition of the Dual-Glo® Stop & Glo® Reagent quenches the 

luminescence from the Luciferase reaction by at least 10,000 fold and provides the substrate for 

Renilla. 

 

Duplicate samples of N. benthamiana leaf tissue infiltrated with pGreenII-598-5 vector were 

collected using a 2.5 mm leaf punch (Harris Uni-core™) and homogenised in 50 μL 1x TBS buffer 

(Table 2.17). The 50 μL homogenised samples were distributed into a Hard-Shell® white 96 well 

plate (Bio-Rad). 50 μL of prepared Dual-Glo® Luciferase Reagent was distributed into each well 

and then the plate was incubated for 10 min at room temperature. The luminescence of each well 

was read for 5 sec in a Victor3™ 1420 Multilabel Counter (Perkin Elmer). 50 μL of prepared 

Dual-Glo® Stop & Glo® Reagent was then distributed into each well and the plate incubated 

again for 10 min at room temperature. The luminescence of the wells was read again for 5 sec 

each. The average ratio and standard deviation of Renilla:Luciferase was then determined in Excel 

(Microsoft). 

 

3.2.4 uORFs do not derepress translation of Renilla 
 

It was hypothesised that the GCN4 uORFs would repress the translation of Renilla under normal 

conditions and that Renilla translation would be derepressed under conditions that phosphorylate 

eIF2α. It was also expected that GCN4 uORFs with point mutations would have a similar level of 

Renilla:Luciferase translation regardless of eIF2α phosphorylation status. However, it was found 

that there was no significant difference within and between replicates that were performed as three 

separate experiments with between 8 and 16 samples each (Fig. 3.2). From three separate 

experiments the average Renilla:Luciferase translation ratio was between 1.0 - 3.4 and 0.8 - 2.5, 

for pGreenII-598-5_uORF expressing control plants and glyphosate treated plants, respectively. 

The average Renilla:Luciferase translation ratio was between 1.9 – 4.5 and 2.8 - 3.7, for pGreenII-

598-5_uORF*mutated expressing control plants and glyphosate treated plants, respectively. Thus, 

the uORFs did not appear to regulate translation in response to glyphosate induced eIF2α 

phosphorylation.  
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FIGURE 3.2 uORFs do not regulate translation in response to eIF2α phosphorylation. 

Duplicate samples (n = 8–16 for each final combination of vector/treatment) of N. benthamiana 

leaf tissue infiltrated with pGreenII-598-5_empty (blue), pGreenII-598-5_uORF (red), or 

pGreenII-598-5_uORF*mutated (green) and then treated with glyphosate (G) or water (Ø) were 

incubated with Dual-Glo® Luciferase Reagent and then Dual-Glo® Stop & Glo® Reagent, to 

measure Luciferase and Renilla translation, respectively. The luminescence of each sample was 

read for 5 sec each. The ratio and standard deviation of Renilla:Luciferase was then determined in 

Excel (Microsoft).  

 

It was expected that the pGreenII-598-5_empty and pGreenII-598-5_uORF*mutated vectors 

would have a similar level of Renilla:Luciferase translation, as neither vector has functional 

uORFs to repress translation. However, plants that were infiltrated with pGreenII-598-5_empty 

had much higher levels (2 to 4 - fold) of Renilla:Luciferase activity ratios than plants that were 

infiltrated with pGreenII-598-5_uORF*mutated. Only one experimental set was conducted for 

plants expressing pGreenII-598-5_empty; however, the same trend was observed in subsequent 

assays, as displayed in Fig. 3.3. This marked difference in apparent translation of Renilla was 

regardless of treatment or eIF2α phosphorylation state. This may indicate that the length of the 5 

UTR can play an important role in enabling constitutively high expression. These results indicate 

that a longer 5 UTR decreases the rate of translation. In fact previously it has been shown that the 

length of the 5 UTR can influence translation efficiency (Kawaguchi et al., 2005; Mignone et al., 

2002). Kawaguchi et al. (2005) found that in Arabidopsis, the optimal 5 UTR length for high 
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ribosome loading and hence high translation efficiency was between 50 and 75 nucleotides. 

mRNAs with extremely short (<25 nucleotides) 5 UTRs had a lower than average ribosome 

loading rate and mRNAs with long (>175 nucleotides) 5 UTRs had significantly lower than 

average ribosome loading. The length of the GCN4 uORFs is 587 nucleotides, whereas the 

pGreenII-598-5_empty vector provides a 5 UTR of 107 nucleotides. Thus, the pGreenII-598-

5_empty vector has an optimal 5 UTR length for high expression and the long 5 UTRs in the 

pGreenII-598-5_uORF and pGreenII-598-5_uORF*mutated vectors will likely decrease their 

translation efficiency, regardless of the presence uORFs. 

 

3.2.5 Increasing eIF2α phosphorylation 
 

The initial assays described above showed there were no statistically significant differences 

(regardless of treatment) between expression of uORF regulated Renilla compared to 

uORF*mutated regulated Renilla. Therefore to amplify any possible expression differences, it was 

decided to try and increase the amount of eIF2α phosphorylation. Increased concentrations of 

glyphosate did not appear to increase eIF2α phosphorylation amount (Fig. 3.1). Therefore it was 

thought that the GCN2 kinase may be a rate limiting step in increasing eIF2α phosphorylation. 

Consequently, co-infiltrations of the Renilla reporter vectors and GCN2 or negative control vectors 

were carried out. 

 

 3.2.5.1 Gateway® cloning of pHex2_GCN2 vector 
 

The vector pGEM-Teasy_AtGCN2 (obtained from Elaine Chan, Plant & Food Research, 

Auckland, New Zealand) was used as a template to amplify AtGCN2 using primers Gateway 

AtGCN2 N-term Forward and Gateway AtGCN2 C-term Reverse (Table 2.10). The AtGCN2 PCR 

product was then recombined with the pDONR™/Zeo vector (Invitrogen™) in a BP Clonase
™

 II 

reaction mix (Invitrogen™) as per section 2.4.4.3. The resulting entry clone, pZeo_AtGCN2, was 

then used to recombine with the pHex2 destination vector (Hellens et al., 2005) in an LR 

Clonase
™

 II reaction mix (Invitrogen™). The resulting expression clone, pHex2-AtGCN2, and the 

negative control vector expressing an irrelevant protein, pHex2-GUS (kindly gifted by Sakuntala 

Karunairetnam, Plant & Food Research, Auckland, New Zealand) were sequence verified and 

prepared for transformation into A. tumefacians for infiltration into N. benthamiana.  
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 3.2.5.2 Co-infiltration of AtGCN2 and pGreen-598-5 vectors 
 

A. tumefacians transformed with the vectors pGreenII-598-5_empty, pGreenII-598-5_uORF, 

pGreenII-598-5_uORF*mutated, pHex2_GUS and pHex2_AtGCN2 were cultured individually as 

per section 2.3.5. The culture pellets were resuspended in infiltration buffer (Table 2.17) to an 

OD600 of 1.0. Each pGreenII-598-5 vector was combined with each pHex2 vector in a ratio of 1:3. 

The combined cultures were incubated at room temperature for 3 h and infiltrated and assayed for 

Renilla:Luciferase ratio as previously described (section 3.2.1 and 3.2.2). Samples were taken 

between three to five days post infiltration to assay for Renilla:Luciferase expression as well as 

eIF2α phosphorylation. 

 

      Table 3.2 pHex2_AtGCN2 vector generated for use in Luciferase/Renilla assay 

Inserted Gene Description Entry vector Expression vector 

Constitutively expressed AtGCN2 

(At3G59410) 
pZeo_AtGCN2 pHex2_AtGCN2 

Constitutively expressed GUS Not applicable pHex2_GUS 

 

 3.2.5.3 Confirming eIF2α phosphorylation of glyphosate treated plants 
 

To ensure that the glyphosate treatment was resulting in eIF2α phosphorylation, infiltrated samples 

were assayed for eIF2α phosphorylation. Three methods were employed to detect eIF2α 

phosphorylation; western blotting, dot blotting and ELISA. All of these methods relied on the 

phosphor-specific antibody, anti-eIF2α-S
51

-Phosphor (Abcam). 

 

Western blotting was first trialed as described in section 2.5.10. This method worked very well, 

with strong detection and little background interference. Western blotting had the added advantage 

of distinguishing the molecular weight of the target protein on SDS-PAGE (39 kilo daltons (kDa) 

for eIF2α). As western blotting was successful, a similar, high throughput method of dot blotting 

was trialed. Dot blotting involves dotting the protein sample directly on the membrane rather than 

separating the protein sample out by SDS-PAGE first. After numerous trials of dot blotting, there 

was insufficient consistency in results as compared to western blotting.  

 

ELISA is another high throughput method that was trialed as described in section 2.5.11.1. 

Different concentrations of primary (1:500-1,000) and secondary antibodies (1:10,000-15,000) 

were tested to obtain the most specific signal. The optimum concentrations were 1:1,000 primary 
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antibody and 1:10,000 secondary antibody. To further quench any background, cross absorption of 

the primary antibody with a soluble fraction of homogenised N. benthamiana leaf tissue was also 

trialed (section 2.5.1.1). However, the signal difference between known unphosphorylated and 

phosphorylated samples was similar whether the antibody was cross-absorbed or not. In the 

majority of samples there was a clear difference between positive and negative results. When there 

was not a clear difference between expected phosphorylated and expected unphosphorylated 

samples, these samples could be verified via western blotting. Overall, western blotting was the 

most reliable method of detecting eIF2α phosphorylation; however, ELISA was the most practical 

method for high throughput use. 

 

3.2.6 AtGCN2 overexpression does not promote uORF-regulated translation of Renilla 
 

It was anticipated that increasing the amount of eIF2α phosphorylation may amplify any possible 

differences between GCN4 uORF and GCN4 uORF with point mutations regulated 

Renilla:Luciferase expression. The infiltration experiments were performed in quadruplicate for 

each expression vector and treatment. Samples were verified for eIF2α phosphorylation by ELISA 

or western blotting, which added rigour to the results. Glyphosate treated samples that did not test 

positive for eIF2α phosphorylation (<10% of total glyphosate treated samples) were removed from 

the analysis. However, even with evidence of eIF2α phosphorylation, from four separate 

experiments the average (n = 8-16) Renilla:Luciferase translation ratio did not have any significant 

difference, regardless of which gene combinations were expressed (Fig. 3.3). Thus similar to the 

previous results, the broad standard deviations resulted in no significant difference within and 

between the samples, regardless of treatment. 
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FIGURE 3.3 Overexpression of AtGCN2 does not amplify uORF regulated translation in 

response to eIF2α phosphorylation. Duplicate samples (n = 8–16 for each final combination of 

vector/treatment) of N. benthamiana leaf tissue infiltrated with pGreenII-598-5_empty (blue), 

pGreenII-598-5_uORF (red), or pGreenII-598-5_uORF*mutated (green) and expressing pHex-

GUS or pHex-AtGCN2 were incubated with Dual-Glo® Luciferase Reagent and then Dual-Glo® 

Stop & Glo® Reagent to measure Luciferase and Renilla translation respectively. The 

luminescence of each sample was read for 5 sec each. The ratio and standard deviation of 

Renilla:Luciferase was then determined in Excel (Microsoft). Ø, N. benthamiana plants were 

sprayed with water; G, N. benthamiana plants were sprayed with glyphosate. 
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3.3 Conclusions and Discussion 
 

In yeast, the mechanism of GCN4 uORF regulated repression and derepression was able to be 

determined with clear statistical significant difference using a LacZ reporter system (Mueller et al., 

1986). The results obtained during this thesis suggest that GCN4 uORFs do not regulate a 

Luciferase/Renilla reporter system in N. benthamiana plants. These results are in direct contrast to 

the finding that GCN4 uORFs do indeed regulate a Luciferase/Renilla reporter system in 

Arabidopsis plants (Roy et al., 2010). Roy et al. (2010) used the same plasmid template from Alan 

Hinnebusch (NIH, Maryland, USA) (Mueller et al., 1987; Mueller et al., 1986) containing the 

GCN4 uORFs (plasmid p180) and uORFs with point mutations (plasmid p227) to amplify the 5 

leaders and clone them into a Luciferase plant expression vector. These plasmids were transformed 

into Arabidopsis by particle bombardment and were analysed 15 -17 h after bombardment. Roy et 

al. (2010) demonstrated that under conditions that did not phosphorylate eIF2α, Luciferase:Renilla 

translation was significantly decreased in plants expressing uORF regulated Luciferase compared 

to plants expressing uORFs with point mutations regulated Luciferase. Roy et al. (2010) did not 

repeat the experiments under eIF2α phosphorylation conditions and so it is unknown whether 

uORF regulated Luciferase translation would be derepressed upon eIF2α phosphorylation. 

 

It is unknown why in this present study the GCN4 uORFs did not appear to regulate translation 

within N. benthamiana similar in manner to what was observed in yeast and Arabidopsis. One 

possible reason for the disparity could be that this research project examined the translation 

regulation of Renilla; and, Roy et al. (2010) examined the translation regulation of Luciferase. It is 

also possible that the Agrobacterium itself induced some change within the plant. As characterised 

by the expression of defence genes, infiltration of Agrobacterium into plants activates the 

pathogen response pathway in plants (Pitzschke et al., 2010). The elicited defence response in 

plants may well affect the translation regulation of the reporter genes. 

 

It is also possible that the N. benthamiana ribosome bypassed all of the uORFs as they may not 

have the appropriate start site consensus sequence. The sequence surrounding the start site is 

important for the ribosome to be able to recognise and bind to the AUG start site. The preferred 

start site consensus sequence for dicotyledonous plants is aaA(A/C)aAUGGC (Joshi et al., 1997), 

with the +4 and -3 position (red) most important for translation initiation recognition. When the +4 

position was mutated to a pyrimidine either alone or with substitution at -3 position, protein 

expression of a human transgene in tomato plants was almost eliminated, while mutation at -3 
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position alone resulted in ~seven-fold reduction of the protein (Agarwal et al., 2009). Table 3.3 

contains the consensus sequence surrounding each of the GCN4 uORFs. Only uORF1 contains the 

purine nucleotide G at position +4. The other three uORFs contain the pyrimidine U. As uORF1 is 

known to be a positive factor for the ribosome to resume scanning after translation, it may be that 

the other three downstream uORFs are not recognised by the 43S initiation complex and are 

bypassed in order to initiate translation at the main ORF. Position +4 in the GCN4 uORFs could be 

mutated to a G in the pGreenII-598-5_uORF vectors and the Luciferase/Renilla assay repeated to 

see if this results in uORF regulated translation similar to what is observed in yeast. Nevertheless, 

Arabidopsis and N. benthamiana plants are both dicotyledonous plants and GCN4 uORFs were 

able to regulate translation in Arabidopsis.  

 

      Table 3.3 GCN4 uORF start site context (-5 to +5, with the A of AUG as +1) 

uORF Sequence surrounding the AUG start codon 

uORF1 GAAAAAUGGC 
uORF2 GAAUUAUGUG 
uORF3 CUAUCAUGUA 
uORF4 UCAAGAUGUU 

Underlined nucleotides, start codon; red, positions indicate the most important nucleotides known to affect plant 

translation initiation. 

 

There may be other reasons for species variation in translational control. In fact, Arabidopsis often 

has uORF features different from those of other dicotyledonous plants (von Arnim et al., 2014). 

The GCN4 uORFs may not have regulated translation in N. benthamiana based on the differences 

between plant systems. The cellular environment is important, including co-factors, amino acid 

concentrations and subcellular localisation. The length, sequence and spacing of the uORF may all 

be contributing factors. The uORF regulated Luciferase experiments in Arabidopsis (Roy et al., 

2010) should be repeated under eIF2α phosphorylation conditions to determine whether translation 

of a main ORF with GCN4 uORFs is derepressed. 
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Chapter Four 

Is CPK19 a dsRNA-activated 
eIF2α kinase? 

 

 

As described in Chapter One, previous research has shown that plants may phosphorylate eIF2α in 

response to virus infection. Research in this laboratory (Chan, 2009) identified Arabidopsis 

Calcium-dependent Protein Kinase 19 (CPK19) as a plant kinase that may phosphorylate eIF2α 

similar in manner to the dsRNA-activated mammalian eIF2α kinase PKR. This chapter addresses 

Objective 2: Assess CPK19 for PKR-like kinase activity using the in vitro techniques, radiolabeled 

phosphorylation assays, radiolabeled dsRNA gel shift assays and western blotting. 
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4.1 Identification of CPK19 as a Putative PKR-like Kinase 
 

As reported in Chapter One, a putative PKR-like kinase has previously been detected in plants. 

This kinase has a denatured molecular weight of 68 – 70 kDa, was able to bind and be activated by 

dsRNA to phosphorylate eIF2α, and was also immunoreactive to a PKR antibody (Langland et al., 

1995). Chan (2009) was not able to identify any plant proteins with sequence homology to mouse 

and human PKR, nor were any annotated proteins encoded by the Arabidopsis genome identified 

that contain both a dsRNA binding domain and a kinase domain. Thus, Chan (2009) employed a 

proteomics approach to identify the kinase that may phosphorylate eIF2α in response to virus 

infection. Chan (2009) utilised seven different approaches to assist in identifying and 

characterising this kinase in Arabidopsis: 

 

1. Partial purification of dsRNA binding proteins on dsRNA-agarose beads 

2. Immunoprecipitation of proteins immunoreactive with a polyclonal mouse-PKR antibody 

3. Partial purification of protein kinases with γ-phosphate-linked ATP resin (KinaseBind™, 

Innova Biosciences) 

4. Size-fractionation using size exclusion chromatography 

5. Sequential purification of size-fractionated and dsRNA binding proteins 

6. Enrichment of proteins with pI >8 using ion exchange chromatography 

7. Identification of unopened buds, flower buds, and three to six week old leaves as the plant 

tissue with the highest eIF2α peptide phosphorylation activity (see directly below for more 

information on peptide) 

 

Following these different separation approaches, Chan (2009) assayed the partially purified 

Arabidopsis proteins for their ability to phosphorylate S56 on an eIF2α consensus sequence 

peptide (residues 50 – 60 of Arabidopsis eIF2α (AT5G05470) – ILFSELS
56

RRRIRC) that is 

recognised by eIF2α kinases (Langland et al., 1996). Protein bands of interest were excised from 

polyacrylamide gels and identified via mass spectrometry analysis. The peptide sequences 

obtained from the mass spectrometry analysis were matched to proteins from the Arabidopsis 

proteome. These proteins were then analysed for functional domains that could be used to classify 

them as possible candidates of an Arabidopsis PKR-like kinase. ORFs were searched for nucleic 

acid binding domains (e.g. dsRBM) or general basic domains (that may represent a novel 

functional RNA binding domain) and/or a protein kinase domain. 
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A total of 124 proteins were identified as possible PKR-like kinase candidates. Of these proteins, 

one group of proteins was of particular interest – CPKs. Eight AtCPKs out of a family of 34 genes 

were identified with direct matches in the mass spectrometry analysis. These included AtCPK 4, 6, 

15, 20, 21, 27, 29, and 33. Five of these matches (AtCPK 15, 20, 21, 27, and 33) were found in the 

EF-hand (calcium-binding) domains. As the EF-hand domains of CPKs are conserved (Valmonte 

et al., 2014), a number of other CPKs had very close matches to these peptide sequences from the 

mass spectrometry analysis. 

 

Chan (2009) then undertook further analysis to determine the influence of calcium ions on PKR-

like activity. Differing concentrations of calcium as well as the chelating agents, ethylene glycol 

tetra-acetic acid (EGTA) and EDTA were added to the partially purified protein fractions that had 

previously shown eIF2α peptide phosphorylation activity. However, inconsistent results were 

produced, most likely due to the varying concentrations of proteins, ions (especially divalent ions 

such as Ca
2+

, Mg
2+

, Mn
2+

) and salts found in each of the different purified samples. Therefore it 

was unclear whether addition of calcium enhances the level of eIF2α phosphorylation activity in 

the partially purified protein samples. 

 

Further research was conducted utilizing Arabidopsis T-DNA insertion lines that knocked out the 

different AtCPK genes. These T-DNA deletion lines were assessed for changes in phosphorylation 

activity on the eIF2α peptide. The entire AtCPK gene family (34) of T-DNA lines was obtained. 

However, only eight homozygous T-DNA lines were able to be grown and tested. These T-DNA 

lines included AtCPK 2, 10, 13, 19, 20, 23, 26, and 27. Out of these eight lines, the only T-DNA 

line to show a statistically significant decrease in eIF2α peptide phosphorylation compared to 

wild-type Arabidopsis was the CPK19 T-DNA line. 

 

FIGURE 4.1 A comparison of CPK19 and PKR. Alignment created in Geneious v5.5 (Kearse et 

al., 2012) (a) The only region showing similarity between CPK19 and PKR is in the kinase 

domain, with 22% amino acid identity and 40% amino acid similarity. The eIF2α kinase motif 

region is highlighted in brown in (a) of which the amino acid alignment identified by Chan (2009), 

is shown in (b). 
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Arabidopsis lines that constitutively overexpress AtP58IPK from a CaMV 35S promoter were also 

assessed for changes in eIF2α peptide phosphorylation activity. As described in Chapter One, 

P58IPK is a known inhibitor of PKR, and is found in mammals as well as plants. Similar to the 

CPK19 T-DNA line, the AtP58IPK overexpression line also showed a statistically significant 

decrease in eIF2α peptide phosphorylation compared to wild-type Arabidopsis. 

 

The decrease in eIF2α peptide phosphorylation in the absence of CPK19 or the increase of 

AtP58IPK suggested that CPK19 may be a plant PKR-like kinase, and that AtP58IPK may inhibit 

this PKR-like kinase activity. Thus, CPK19 was further assessed in this research thesis for PKR-

like kinase activity using the in vitro techniques, radiolabeled phosphorylation assays, radiolabeled 

dsRNA gel shift assays and western blotting. 
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4.2 Expression of CPK19 Protein for in vitro Phosphorylation Studies 
 

4.2.1 IMPACT protein purification system 
 

The assessment of CPK19 as an eIF2α kinase was studied in vitro. The Intein Mediated 

Purification with an Affinity Chitin-binding Tag (IMPACT)
™

-CN System (New England Biolabs) 

was used to express CPK19 recombinant protein. The IMPACT system utilises the DTT-inducible 

self-cleavage activity of the intein tag to separate the target protein from the affinity tag without 

the use of a protease (Fig. 4.2)  

 

 

FIGURE 4.2 A schematic illustration of the IMPACT™-CN system (New England Biolabs, 

IMPACT™-CN Instruction Manual, 2006). The C-terminal fusion (pTYB2) vector was used to 

express proteins with an intein tag. The intein tag has a chitin binding domain which binds to a 

chitin column. Self-cleavage of the protein from the intein tag via addition of DTT results in 

elution of the native target protein. 
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A pTYB2 vector containing human PKR cDNA inserted upstream of a C-terminal intein tag and a 

chitin binding domain (Fig. 4.3) (Conn, 2003) was obtained from Dr Graeme Conn (University of 

Manchester). This pTYB2 vector also expresses Lambda-protein phosphatase (-PPase) to reduce 

autophosphorylation of the expressed intein tagged kinase. 
 

 

FIGURE 4.3 A schematic illustration of the IMPACT™-CN pTYB2-PKR vector (Conn, 

2003). The pTYB2 vector included human PKR cDNA between the primary Shine-Dalgarno (SD) 

sequence and the C-terminal fusion of S. cerevisiae vacuolar membrane ATPase intein tag (Sce 

VMA Intein) followed by a chitin binding domain (CBD). To obtain PKR in a non-phosphorylated 

form, a second SD sequence followed by the Lambda-protein phosphatase (-PPase) gene was 

inserted after the intein-CBD coding region. 

 

A number of other genes were cloned into this pTYB2 vector and expressed using the IMPACT 

system. These include full-length Arabidopsis CPK19 and four different CPK19 fragments (Fig. 

4.4), Arabidopsis CPK5, Arabidopsis eIF2α, Arabidopsis GCN2 as well as human PKR (see 

Appendix B for gene sequence details). The CPK19 and CPK5 gene sequences (full-length and 

fragments) were codon optimised by Genscript for E. coli protein expression. The pTYB2 vectors 

expressing full-length Arabidopsis CPK19, Arabidopsis CPK5, and Arabidopsis eIF2α were 

generated by Elaine Chan (Plant & Food Research, New Zealand). The pTYB2 vectors expressing 

four different Arabidopsis CPK19 fragments and Arabidopsis GCN2 were generated during this 

research project and are listed in Table 4.1.  

 

      Table 4.1 pTYB2 plasmids generated during this thesis 

Inserted Gene Description Topo® vector pTYB2 vector 

Arabidopsis GCN2 (At3G59410) 
pCR™8/GW/TOPO®_ 

AtGCN2 (no stop) 
pTYB2_AtGCN2 

N-terminal domain 

of E. coli codon optimised (CO) 

Arabidopsis CPK19 (At1G61950) 

pCR™8/GW/TOPO®_ 

CO_CPK19_2 
pTYB2_CO_CPK19_2 

Calcium Activation Domain (CAD) 

of E. coli codon optimised (CO) 

Arabidopsis CPK19 (At1G61950) 

pCR™8/GW/TOPO®_ 

CO_CPK19_3 
pTYB2_CO_CPK19_3 

N-terminal – Kinase domain (CAD domain 

removed) of E. coli codon optimised (CO) 

Arabidopsis CPK19 (At1G61950) 

pCR®2.1-TOPO®_ 

CO_CPK19_4 
pTYB2_CO_CPK19_4 

Kinase – CAD domain (N-terminal domain 

removed) of E. coli codon optimised (CO) 

Arabidopsis CPK19 (At1G61950) 

pCR®2.1-TOPO®_ 

CO_CPK19_5 
pTYB2_CO_CPK19_5 
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FIGURE 4.4 A schematic illustration of CPK19 fragments ligated into pTYB2 for protein 

expression. Diagram created in Geneious v5.5 (Kearse et al., 2012) depicting the three major 

domains of Arabidopsis CPK19 – N-terminal domain, Kinase domain, and Calcium Activation 

Domain (CAD). 

 

The five gene fragments listed in Table 4.1 were subcloned into pTOPO® vectors prior to ligation 

into pTYB2. The AtGCN2 gene inserted into the pCR™8/GW/TOPO® vector was PCR amplified 

using pGEM-Teasy_AtGCN2 (obtained from Elaine Chan, Plant & Food Research, New Zealand) 

as a DNA template. NdeI and EcoRI restriction enzymes were used to excise the AtGCN2 

fragment from pCR™8/GW/TOPO® and to ligate the fragment into the similarly digested pTYB2 

vector. The four codon optimised (CO) CPK19 gene fragments (Fig. 4.4) inserted into the TOPO® 

vectors were PCR amplified using pTYB2_CO_CPK19 as a DNA template. NdeI and XhoI 

restriction enzymes were used to excise the CPK19 fragments from the TOPO® vectors to ligate 

them into the similarly digested pTYB2 vector. The proteins were expressed from the pTYB2 

vectors as per section 2.5.1. Briefly, E. coli cells transformed with the pTYB2 expression vector 

were induced by the addition of IPTG to express the protein of interest. Following protein 

expression induction, cells were lysed and the soluble proteins were separated from the insoluble 

proteins. The soluble protein extract was purified using the (IMPACT)™-CN System (Fig. 4.2). 

Protein fractions from the purification process were electrophoresed by SDS-PAGE and stained 

with Coomassie blue (Fig. 4.5) to ensure the protein was expressed and purified as expected.  
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FIGURE 4.5 Expression and purification of CPK19 and eIF2α. Colloidal Coomassie G-250 

stained SDS-PAGE gel showing purification steps and expression of (a) Arabidopsis eIF2α (39 

kDa) and (b) Arabidopsis CPK19 (63 kDa). Molecular weight standards are indicated to the left of 

the gel. Molecular weight of Intein Tag, eIF2α or CPK19 proteins are indicated to the right of the 

gel. Lanes: 1, Precision Plus Protein™ Standards; 2, Total soluble protein; 3, Flow-through of 

soluble protein after passing though chitin column; 4, Final wash flow-through; 5, Flow-through of 

IMPACT cleavage buffer; 6-9, 1 mL protein elution fractions; 10, chitin resin with intein tag 

attached. 

 

4.2.2 Expression and purification of AtGCN2 
 

Sequence verified AtGCN2 was ligated into pTYB2 for protein expression in bacteria (section 

4.2.1). However, AtGCN2 was not detectable despite numerous attempts at expression as per 

section 2.5.1 using two separately cloned pTYB2_AtGCN2 vectors. The C-terminal intein tag was 

detected on a Colloidal Coomassie G-250 stained SDS-PAGE gel (section 2.5.4-5), therefore it 

was likely that AtGCN2 was expressed, but was insoluble or degraded. To try to produce soluble 

AtGCN2, cells were induced and incubated at 15°C. The cells were then lysed in a high salt and 

high detergent buffer (20 mM HEPES, 2 M NaCl, 0.5% Triton X-100, pH 8.7). Although even 

under these conditions, soluble AtGCN2 was not detectable on a Colloidal Coomassie G-250 

stained SDS-PAGE gel in concentrated elution fractions, nor was AtGCN2 detectable in the 

insoluble pellet (data not shown). 
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Auto-induction has been demonstrated to express soluble proteins that were previously expressed 

in the insoluble fraction. Auto-induction results from a particular state of bacteria metabolism 

during log phase growth. When glucose is fully depleted in a growth culture, lactose can be taken 

up and converted into allo-lactose by β-galactosidase. Allo-lactose causes release of the lac 

repressor and thereby induces expression of the T7 polymerase, which in turn induces expression 

of genes under a T7 promoter. Therefore, expression of AtGCN2 from the pTYB2 vector may be 

auto-induced at mid-late log phase when the cells begin to take up lactose. 

 

A 1 mL overnight culture of E. coli BL21 cells transformed with pTYB2_AtGCN2 was used to 

inoculate 500 mL auto-induction broth (Table 2.4). The culture was incubated at 16°C, shaking at 

250 RPM until it reached an OD600 of ~9.0 (2-3 days). The culture was harvested, protein extracted 

and purified as per section 2.5.1.2-3. Auto-induced AtGCN2 was still not detectable in the soluble 

nor the insoluble fraction on a Colloidal Coomassie G-250 stained SDS-PAGE gel (data not 

shown).  

 

As western blot detection of phosphorylated eIF2α using the eIF2α-S
51

-Phosphor (Abcam) 

antibody has high sensitivity, a kinase assay was employed to detect any low concentrations of 

expressed AtGCN2. The elution fractions from the auto-induction were incubated with yeast tRNA 

(10 µg/mL, Sigma) to activate AtGCN2, ATP (100 µM) and eIF2α protein (1.4 µg). A western 

blot probing with the eIF2α-S
51

-Phosphor antibody did not detect any eIF2α phosphorylation in the 

AtGCN2 elution fractions, yet phosphorylated eIF2α was detected when incubated with PKR 

expressed from the pTYB2 vector (Fig. 4.6). 

 

Other methods of obtaining a soluble AtGCN2 protein were considered, such as codon optimising 

AtGCN2 for E. coli expression, changing the tag type or using an N-terminal tag. Because PKR 

protein could be used as a known eIF2α kinase positive control, it was decided not to further 

attempt AtGCN2 protein expression and purification. Moreover as AtGCN2 is such a large protein 

(143 kDa without tag), further difficulties in expressing a soluble AtGCN2 protein were 

considered likely. In fact, M. Li et al. (2013a) also had great difficulty in expressing full-length 

AtGCN2 tagged with maltose binding protein (MBP), a tag known to increase solubility of fused 

proteins. Expressed MBP-AtGCN2 produced numerous incompletely translated AtGCN2 

fragments and only a small amount of full-length AtGCN2.  
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FIGURE 4.6 AtGCN2 expression fractions do not phosphorylate eIF2α. Western blot 

detecting phosphorylated eIF2αS
51 

(eIF2αP
51

, 39 kDa). Eluted fractions of AtGCN2 (and PKR, 

Lane 9) expressed from a pTYB2 vector were incubated at room temperature for 30 min with 1.4 

µg eIF2α expressed from a pTYB2 vector, 10 mM MgCl2, 100 µM ATP and 10 µg/mL yeast 

tRNA. Small +, 2 µL eluted sample; Large +, 13 µL eluted sample; AtGCN2-1 and AtGCN2-2 are 

individually cloned pTYB2 plasmids; a and b denote individual preparations of eluted proteins; 

Lane 9, 0.5 µg PKR was incubated with 1 µg/mL dsRNA instead of yeast tRNA.  

 

4.2.3 Production of a CPK19 antibody 
 

The N-terminal domain of CPK19 (Fragment 2, Fig. 4.4) was expressed and purified from the 

pTYB2_CO_CPK19_2 vector (section 4.2.1) and used as an antigen to raise a rabbit polyclonal 

antibody against CPK19. The N-terminal domain was chosen as this is the unique domain found in 

the family of CPKs, with the kinase domain and the calcium activation domain (CAD) being 

highly conserved. The protein was concentrated to 1.5 mg/mL using a 6 mL polyethersulfone 

Vivaspin 5,000 molecular weight cut-off (MWCO) column (Sartorius Stedim). 400 µL of the 

Fragment 2 protein was used to immunise the rabbit with a primary and secondary injection 

(AgResearch, New Zealand). Twelve weeks after the primary immunisation, the rabbit was bled 

and the serum collected. 
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4.3 Kinase Phosphorylation Assays 
 

A protein kinase phosphorylation assay was utilised to determine which of the kinases (CPK19, 

CPK5 and PKR) expressed using the IMPACT system (section 4.2.1) could phosphorylate eIF2α. 

Protein kinase activation was performed as per section 2.5.7. The protein kinase phosphorylation 

assay determined that CPK19 did indeed phosphorylate eIF2α in vitro (Fig. 4.7, Lane 3), albeit at a 

lower amount than PKR (Fig. 4.7, Lane 7). eIF2α did not appear to be a general target of CPKs, as 

eIF2α phosphoryation was not detected when eIF2α was incubated with CPK5 (Fig. 4.7, Lane 5). 

Thus, Arabidopsis CPK19 can phosphorylate Arabidopsis eIF2α in vitro similar in manner to 

human PKR. 

 

The kinases CPK19, CPK5 and PKR all required activation with added Mg
2+

 and PKR also 

required dsRNA activation in order to auto-phosphorylate and trans-phosphorylate eIF2α (Fig. 4.7, 

compare Lanes 2 to 3, 4 to 5 and 6 to 7). Although magnesium was sufficient without the addition 

of calcium to activate CPK19 (Fig. 4.8), calcium was added as a known activator of CPKs. 

Magnesium may be able to activate CPK19 and CPK5 without the addition of calcium as both 

magnesium and calcium are divalent cations (Gifford et al., 2007).  

 

It is of interest to note that the specific activity of hemagglutinin (HA) tagged Arabidopsis CPK19 

(and CPK5) increases upon addition of calcium when phosphorylating the generic substrates 

syntide-2 and histones (Boudsocq et al., 2012). The kinase buffer used in this thesis and the kinase 

buffer utilised by Boudsocq et al. (2012) contained the same concentration of magnesium (10 mM 

MgCl2); however, Boudsocq et al. (2012) expressed the HA tagged Arabidopsis CPK19 in 

Arabidopsis seedlings. It is therefore possible that expression of CPK19 in planta makes the 

protein kinase more sensitive to calcium activation than CPK19 expressed from bacteria. 

 

Mg
2+

 is required by kinases to enhance the binding affinity to ATP and to enable the positioning of 

phosphor-transfer reactions. As Mg
2+

 alone was able to activate CPK19 (Fig. 4.8), it was unable to 

be determined whether dsRNA alone could activate CPK19 to phosphorylate eIF2α. A range of 

dsRNA concentrations were titrated against a range of Mg
2+

 concentrations, but no increase in 

kinase activity was observed in response to dsRNA (data not shown).  

 

 

 



Chapter Four 

 

94 

 

 

 

FIGURE 4.7 Kinase phosphorylation assay demonstrating that CPK19 phosphorylates 

eIF2α. Autoradiograph depicting auto-phosphorylation of kinases and trans-phosphorylation of 

eIF2α. Molecular weight standards are indicated to the left of the gel. Molecular weight of the 

kinases and eIF2α proteins are indicated to the right of the gel. Protein kinase activation was 

performed as per section 2.5.7. All lanes contain eIF2α. Activator +, 1 mM CaCl2 and 10 mM 

MgCl2 incubated with CPK19 (Lane 3) and CPK5 (Lane 5), 1 µg/mL poly(I)- poly(C) dsRNA and 

10 mM MgCl2 incubated with PKR (Lane 7). Activator -, CPK19 (Lane 2), CPK5 (Lane 4), PKR 

(Lane 6), not incubated with activators. 

 

 

 

 

FIGURE 4.8 The divalent ion Mg
2+

 is sufficient to activate CPK19 to phosphorylate eIF2α. 
Autoradiograph depicting auto-phosphorylation of CPK19 and trans-phosphorylation of eIF2α. 

Molecular weight standards are indicated to the left of the gel. Molecular weight of CPK19 and 

eIF2α proteins are indicated to the right of the gel. Protein kinase activation was performed as per 

section 2.5.7. All lanes contain CPK19 and eIF2α. 
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4.4 dsRNA Gel Shift Assay 
 

Although the kinase phosphorylation assay was unable to demonstrate whether dsRNA could 

activate CPK19 or not, it was possible to assay whether CPK19 can bind dsRNA. A dsRNA gel 

shift assay was used to detect whether CPK19 can bind dsRNA in a similar manner to PKR. 

 

4.4.1 Gel shift assay 
 

T7 polymerase was used to transcribe α
32

P-ATP (Perkin Elmer) radiolabeled ssRNA and dsRNA 

in vitro from a DNA template that incorporated the T7 promoter sequence (Turner et al., 2006, see 

section 2.5.8 for further details). The transcribed ssRNA or dsRNA was incubated with the protein 

of interest and electrophoresed on a 6% non-denaturing TBE gel (Invitrogen™). If the protein of 

interest binds RNA, then the radiolabelled RNA will be detected in the upper region of the gel, as 

the riboprotein complex is large and unable to move rapidly though the gel. If the protein of 

interest does not bind the RNA, then the radiolabelled RNA will be detected in the lower 

molecular weight region of the gel, as the unbound RNA molecule is small and can move rapidly 

though the gel. 

 

PKR, which is known to specifically bind dsRNA via its dsRBM domain, was used as a positive 

control. As expected, PKR shifted the dsRNA (Fig. 4.9, Lane 5) to the upper region of the gel, 

indicating a high molecular weight riboprotein complex. This shift was specifically in response to 

dsRNA, as ssRNA was not shifted to the higher molecular weight by PKR (Fig. 4.9, Lane 10). 

CPK19 also shifted the dsRNA (Fig. 4.9, Lane 3) to the upper higher molecular weight region of 

the gel, albeit, a small proportion of the dsRNA. This shift was also specifically in response to 

dsRNA, as CPK19 did not shift ssRNA to the upper region of the gel (Fig. 4.9, Lane 9). Moreover, 

as expected, there was no shift of dsRNA by eIF2α (Fig. 4.9, Lane 7). In a separate experiment 

calcium was added to the CPK19/dsRNA reaction mix, to determine whether calcium would 

increase the dsRNA shift. However, there was no difference in the shift observed with or without 

calcium (data not shown). 
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FIGURE 4.9 dsRNA gel shift assay of CPK19, PKR and eIF2α. Autoradiograph depicting 

dsRNA shift of CPK19 and PKR. 5 µL transcribed dsRNA or ssRNA was incubated with CPK19, 

PKR or eIF2α. The RNA-protein sample was electrophoresed on a 6% TBE gel (Invitrogen™) and 

analysed by phosphorimaging (section 2.5.6). Electrophoretic mobility of RNA bound to protein, 

dsRNA alone and ssRNA alone are indicated to the left of the gel. Low, 1 ng protein; High, 50 ng 

protein. Lanes: 1, dsRNA only; 2-3 CPK19 and dsRNA; 4-5, PKR and dsRNA; 6-7, eIF2α and 

dsRNA; 8, ssRNA only; 9, CPK19 and ssRNA; 10, PKR and ssRNA. 

 

4.4.2 Gel shift competition assay 
 

To further analyse the shift of dsRNA by CPK19, unlabeled dsRNA was utilised in a competition 

assay. When excess unlabeled dsRNA is added to a reaction, the high amount of unlabeled dsRNA 

will bind preferentially to the protein and the unbound radiolabeled dsRNA will electrophorese to 

the lower molecular weight region of the gel. Both α
32

P-ATP (Perkin Elmer) radiolabeled and 

unlabeled dsRNA were transcribed and the radiolabeled dsRNA was first incubated with the 

protein of interest for 10 min. Following that incubation, buffer only, equal amounts of unlabeled 

dsRNA, or five times the amount of unlabeled dsRNA was incubated with the protein/radiolabeled 

dsRNA reaction mix for 10 min at room temperature. 

 

As expected, PKR shifted the dsRNA (Fig. 4.10, Lane 5) to the higher molecular weight region of 

the gel. This shift was competitively reversed when equal amounts or five-fold excess unlabeled 

dsRNA was added to the reaction mix (Fig. 4.10, Lanes 6 and 7 respectively). The shift of dsRNA 

by CPK19 (Fig. 4.10, Lane 2) was also competitively reversed when equal amounts, or five-fold 

excess unlabeled dsRNA was added to the reaction mix (Fig. 4.10, Lanes 3 and 4 respectively). 

This shift and competitive reversal of the shift was specific to CPK19 as CPK5 did not shift any of 

the radiolabeled dsRNA (Fig. 4.10, Lanes 8-10). 
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FIGURE 4.10 dsRNA gel shift competition assay of CPK19, PKR and CPK5. Autoradiograph 

depicting reversal of radiolabeled dsRNA shift of CPK19 and PKR when incubated with excess 

unlabeled dsRNA. Running heights of radiolabeled dsRNA bound to protein and radiolabeled 

dsRNA alone are indicated to the left of the gel. -, no unlabeled dsRNA; +, equal amount of 

dsRNA
32P

 and unlabeled dsRNA; +++++, five-fold excess unlabeled dsRNA. Lanes: 1, dsRNA 

only; 2, CPK19 and dsRNA
32P

; 3, CPK19 and equal amount of dsRNA
32P

 and unlabeled dsRNA; 

4, CPK19, dsRNA
32P

 and five-fold excess unlabeled dsRNA; 5, PKR and dsRNA
32P

; 6, PKR and 

equal amount of dsRNA
32P

 and unlabeled dsRNA; 7, PKR, dsRNA
32P

 and five-fold excess 

unlabeled dsRNA; 8, CPK5 and dsRNA
32P

; 9, CPK5 and equal amount of dsRNA
32P

 and unlabeled 

dsRNA; 10, CPK5, dsRNA
32P

 and five-fold excess unlabeled dsRNA. 

 

 

FIGURE 4.11 dsRNA gel shift assay of CPK19 domain fragments. Autoradiograph depicting 

dsRNA shift of CPK19 fragments and PKR. Running heights of dsRNA bound to protein, dsRNA 

alone and ssRNA alone are indicated to the left of the gel. Lanes: 1, CPK19 and ssRNA; 2, CPK19 

and dsRNA; 3, CPK19 Fragment 2 and ssRNA; 4, CPK19 Fragment 2 and dsRNA; 5, CPK19 

Fragment 3 and ssRNA; 6, CPK19 Fragment 3 and dsRNA; 7, CPK19 Fragment 4 and ssRNA; 8, 

CPK19 Fragment 4 and dsRNA; 9, CPK19 Fragment 5 and ssRNA; 10, CPK19 Fragment 5 and 

dsRNA; 11, PKR and ssRNA; 12, PKR and dsRNA. 
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4.4.3 Gel shift assay using expressed CPK19 protein domain fragments 
 

As CPK19 demonstrated an ability to shift radiolabeled dsRNA and this shift was able to be 

competitively reversed by excess unlabeled dsRNA, it was of interest to determine which protein 

domain of CPK19 was necessary for this shift. Four different CPK19 domain fragments (Fig. 4.4) 

were expressed and incubated with radiolabeled ssRNA and dsRNA (Fig. 4.11). 

 

As seen in Fig. 4.11, the only CPK19 fragment that shifted the radiolabeled dsRNA was Fragment 

2 (Fig. 4.11, Lane 4). Fragment 2 consists of the N-terminal domain peptide that is the unique 

region of CPK19 out of the family of 34 AtCPKs. The N-terminal domain of CPK19 has a pI of 

10.6 and contains >20% basic amino acid residues and therefore has the appropriate charge to 

potentially bind dsRNA. The dsRNA shift assay was repeated with the addition of calcium to the 

CPK19 fragment reactions; however no difference in the shift was observed either with or without 

calcium (data not shown). 

 

Although full-length CPK19 had been repeatedly demonstrated to shift dsRNA, in this particular 

assay, only Fragment 2 (Fig. 4.11, Lane 4), and not full-length CPK19 shifted dsRNA (Fig. 4.11, 

Lane 2). The difference between this particular dsRNA shift assay and previous assays was that 

expression preparations of the full-length CPK19 protein used were derived from proteins 

expressed on separate dates. It was possible that within these individual preparations, there were 

other contaminating proteins that may shift the dsRNA. To remove any possible contaminating 

proteins, protein preparations were further purified using ion exchange chromatography (section 

2.5.9). However, this purification method continually resulted in the elution of CPK19 at low 

concentrations that were unsuitable for further dsRNA gel shift assays. 

 

4.4.4 Addition of heparin to gel shift assay to reduce non-specific binding 
 

To interpret the dsRNA shift differences, all available preparations of full-length CPK19 (four 

separate protein preparations) and Fragment 2 (two separate protein preparations) were used to 

observe which protein preparations shifted dsRNA (Fig. 4.12). To reduce any non-specific binding 

to the dsRNA and to reduce the smearing observed in previous gels, heparin (50 µg/µL) was also 

added to the reaction mix. When heparin was added, the dsRNA shift by PKR produced a focused 

band with no smearing (compare Lane 12 of Fig. 4.12 to Lane 5 of Fig. 4.9; Lanes 5 and 6 of Fig. 

4.10 and Lane 12 of Fig. 4.11).   
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FIGURE 4.12 dsRNA gel shift assay of different CPK19 preparations. Autoradiograph 

depicting no dsRNA shift of different CPK19 preparations incubated with heparin. Running 

heights of dsRNA bound to protein, dsRNA alone and ssRNA alone are indicated to the left of the 

gel. Lanes: 1, dsRNA only; 2, CPK19 (A) and dsRNA; 3, CPK19 (B) and ssRNA; 4, CPK19 (B) 

and dsRNA; 5, CPK19 (C) and dsRNA; 6-7, CPK19 (D) and dsRNA; 8, CPK19 Fragment 2 (A) 

and dsRNA; 9-10, CPK19 Fragment 2 (B) and dsRNA; 11, PKR and ssRNA; 12, PKR and 

dsRNA. * denotes CPK19 preparation (B) as used in Fig. 4.8, 4.9 and 4.12, * denotes CPK19 

preparation (C) as used in Fig. 4.11, * denotes CPK19 preparation (D) as used in Fig. 4.13 * 

denotes Fragment 2 preparation (B) as used in Fig. 4.11. 

 

 

FIGURE 4.13 CPK19 dsRNA gel shift assay with and without heparin. Autoradiograph 

depicting no dsRNA shift of different CPK19 preparations incubated with heparin. Running 

heights of dsRNA bound to protein and dsRNA alone are indicated to the left of the gel. Lanes: 1-

2, dsRNA only; 3, dsRNA and heparin; 4-5, CPK19 (B) and dsRNA; 6, CPK19 (B), dsRNA and 

heparin; 7-8, CPK19 (D) and dsRNA; 9, CPK19 (D), dsRNA and heparin; 10-11, CPK5 (A) and 

dsRNA; 12, CPK5 (A), dsRNA and heparin. * denotes CPK19 preparation (B) as used in Fig. 4.9, 

4.9, and 4.11 * denotes CPK19 preparation (D) as used in Fig. 4.12. 
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The addition of heparin also completely removed any dsRNA shift by all of the full-length CPK19 

and Fragment 2 preparations (Fig. 4.12). To definitively clarify whether the previous gel shift 

assays were showing non-specific binding, another dsRNA gel shift assay was performed that 

directly compared CPK19 prepared on different dates with and without heparin. This gel shift 

assay (Fig. 4.13) demonstrated that the original preparation of CPK19 (B) shifted dsRNA (Fig. 

4.13, Lanes 4 and 5), and this shift became more focussed by the addition of heparin (Fig. 4.13, 

Lane 6). CPK19 preparation (D) did not shift dsRNA at all, with or without the addition of heparin 

(Fig. 4.13, Lanes 7-9). Thus it was presumed likely that the previous dsRNA shifts seen in Figures 

4.9, 4.10 and 4.11 were due to non-specific binding of the dsRNA or to other contaminating 

proteins within the individual preparations of CPK19 (B) and N-terminal Fragment 2 (B) of 

CPK19.  

 

4.4.5 Conclusions of gel shift assay 
 

The gel shift assay demonstrated that CPK19 is unlikely to bind dsRNA. The shift of dsRNA 

originally seen in Figures 4.9 and 4.10 is likely due to the dsRNA binding another contaminating 

protein. Ion exchange chromatography was unable to be used successfully to further purify 

CPK19. Another possible method that could have been employed was immunoprecipitation of 

CPK19 preparation (B) using the CPK19 antibody (section 4.2.3). The remaining solution with 

any contaminating proteins could then be used to determine whether there is any shift of dsRNA. 

 

The use of heparin to remove non-specific binding is a common tool when running gel shift 

assays. The polyanionic compound heparin can mimic the high negative charge of nucleic acids, 

and can even bind and activate PKR (Williams, 1999). Thus it is possible that addition of heparin 

acted as an unlabeled dsRNA competitor similar to the results observed in Fig. 4.10. However, as 

only one preparation of CPK19 showed a dsRNA shift without the addition of heparin, it is most 

likely that there was a contaminant within the CPK19 (B) preparation. 

 

Although CPK19 appears to phophorylate eIF2α similar in manner to PKR, CPK19 does not bind 

dsRNA similar in manner to PKR.  
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4.5 Western Blot Detection of eIF2α Serine51 Phosphorylation 
 

The phosphor-specific antibody that specifically detects eIF2α when it is phosphorylated on S56 

was utilised to detect whether CPK19 phosphorylates eIF2α on S56. The kinase phosphorylation 

assay (section 4.3) was repeated, except only non-radiolabeled ATP was incubated with the kinase 

and eIF2α. Calcium (1 mM) was added to activate CPK19 and dsRNA (1 µg/mL) was added to 

activate PKR. 

 

 

FIGURE 4.14 CPK19 does not phosphorylate Serine 56 on eIF2α. Western blot of eIF2α 

(39kDa) incubated with different CPK19 preparations. Membrane was probed with anti-eIF2αS
51

-

Phosphor. All lanes contain 1 µg eIF2α and 10 mM MgCl2. Lanes 2-9 contain 0.2 µg kinase. 

Lanes: 1, calcium only; 2, CPK19 (B); 3,CPK19 (B) and calcium; 4, CPK19 (C); 5, CPK19 (C) 

and calcium; 6, CPK19 (D); 7, CPK19 (D) and calcium; 8, PKR; 9, PKR and dsRNA. * denotes 

CPK19 preparation (B) as used in Fig. 4.9, 4.10, 4.12 and 4.13 * denotes CPK19 preparation (C) 

as used in Fig. 4.11 and 4.12 * denotes CPK19 preparation (D) as used in Fig. 4.12 and 4.13. 

 

Western blotting using the eIF2α-S
51

-Phosphor antibody confirmed that eIF2α incubated with 

dsRNA activated PKR was phosphorylated on S56 (Fig. 4.14, Lane 9). The eIF2α-S
51

-Phosphor 

antibody also detected phosphorylated eIF2α incubated with “unactivated” PKR (Fig. 4.14, Lane 

8), PKR expressed from bacteria is known to auto-activate (Conn, 2003). The assay was repeated 

three times, using different preparations of CPK19 and at no time did the eIF2α-S
51

-Phosphor 

antibody detect phosphorylated eIF2α. Thus, although CPK19 phophorylates eIF2α, it does not 

appear to do so on the conserved S56 residue. 

 

  



Chapter Four 

 

102 

 

4.6 Analysis of eIF2α Phosphor-residues 
 

4.6.1 Mass Spectrometry analysis of eIF2α Phosphor-residues 
 

As CPK19 is able to phosphorylate eIF2α, but not on the Serine 56 residue, it was of interest to 

determine which residue/s of eIF2α were phosphorylated by CPK19. eIF2α samples that had been 

phosphorylated by either CPK19 or PKR were sent to the Centre for Genomics and Proteomics 

(The University of Auckland) for analysis on the LTQ-FT LC/MS/MS instrument (ThermoFisher 

Scientific). However, although eIF2α was identified in the analysis, there was not enough peptide 

coverage of sufficient quality to allow a full assessment of the phosphorylation sites. 

 

4.6.2 In silico prediction of eIF2α Phosphor-residues 
 

The top in silico prediction (Prediken 2.1, http://predikin.biosci.uq.edu.au) of phosphorylation by 

CPK19 was eIF2α T201. Residue T201 fits the Motif ØXBXXS/TXXXØ as well as the more 

simple motif BXXS/T that CPKs are known to phosphorylate (Where Ø = hydrophobic residues, B 

= basic residues and X = any residue) (Harper et al., 2005). The next two top predicted residues 

S95 and S295 also fit the simple BXXS/T motif. Consequently, other CPKs were also predicted to 

phosphorylate these residues on eIF2α. Thus, in silico prediction (Prediken 2.1) was unable to 

identify a unique eIF2α residue phosphorylation site by CPK19 and not other CPKs. As the kinase 

domain is conserved across all CPKs (Valmonte et al., 2014); this explains why the top predicted 

in silico eIF2α phosphorylation site for all CPKs is T201.  

 

 

  

http://predikin.biosci.uq.edu.au/
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4.7 In planta analysis of CPK19 
 

In order to further study CPK19 and its role in planta, CPK19 as well as CPK5 were cloned into 

the plant expression vectors pBINsRNA (Syngenta) and pHex2 (Hellens et al., 2005). Both full-

length proteins as well as constitutively active forms (Sheen, 1996) that had their CAD domains 

deleted were cloned. The sequence verified (section 2.4.8) pBINsRNA vectors were transformed 

into Arabidopsis (section 2.3.3). Successive generations of the transformed plants were grown to 

produce homozygous lines (section 2.3.4). The plants did not display any different phenotype as 

compared to wild-type plants; although, the plants were not induced with ethanol to induce 

expression of the transgene. The constructs are displayed in Table 4.2 and 4.3, and were not 

analysed further due to the finding that CPK19 does not phosphorylate eIF2α on Serine 56 (section 

4.5). 

 

      Table 4.2 CPK19 and CPK5 plant expression vectors generated in this thesis 

Description Entry vector Expression vector 

AtCPK5 (At4G35310) pZeo_AtCPK5 pBINsRNA_AtCPK5 

Constitutively active CAD-truncated 

AtCPK5 (At4G35310) 
pZeo_AtCPK5_NK 

pBINsRNA_AtCPK5_NK 

pHex2_AtCPK5_NK 

AtCPK19 (At1G61950) pZeo_AtCPK19 pBINsRNA_AtCPK19 

Constitutively active CAD-truncated 

AtCPK19 (At1G61950) 
pZeo_AtCPK19_NK 

pBINsRNA_AtCPK19_NK 

pHex2_AtCPK19_NK 

 

      Table 4.3 Arabidopsis lines transformed with the pBINsRNA construct 

Description Vector transformed  
Unique 

T2 lines 
Unique 

T3 lines 

AtCPK5 (At4G35310) pBINsRNA_AtCPK5 20 4 

Constitutively active CAD-truncated 

AtCPK5 (At4G35310) 
pBINsRNA_AtCPK5_NK 9 7 

AtCPK19 (At1G61950) pBINsRNA_AtCPK19 13 9 

Constitutively active CAD-truncated 

AtCPK19 (At1G61950) 
pBINsRNA_AtCPK19_NK 16 5 
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4.8 Conclusions and Discussion 
 

4.8.1 CPK19 is not a plant PKR-like kinase 
 

Three types of in vitro assays were utilised to characterise CPK19 as a dsRNA activated eIF2α 

kinase – radiolabeled phosphorylation of eIF2α, dsRNA gel shift assays, and western blotting to 

detect phosphorylation on the eIF2α conserved S56 residue. The assays determined that CPK19 

does indeed phosphorylate eIF2α, but not on the conserved S56 residue. Furthermore, although the 

dsRNA gel shift assays initially suggested that CPK19 may bind dsRNA, it was further determined 

that it is unlikely that CPK19 binds dsRNA.  

 

Further analysis of CPK19 in a mammalian system demonstrated that CPK19 does not 

phosphorylate human eIF2α. CPK19 was codon optimised (Genscript) for expression in human 

cells. Transfection of this codon optimised CPK19 into human HEK293 cells showed no elevation 

of endogenous S51 eIF2α phosphorylation (Anthony Sadler, Monash University, personal 

communication). As described in Chapter One, the eIF2α phosphorylation mechanism is 

conserved and well characterised. Phosphorylation on the S51/S56 site of eIF2α must occur to 

cause inhibition of protein translation. Thus, collectively these pieces of evidence suggest that 

CPK19 is not a plant PKR-like kinase. 

 

These results are in conflict to those presented by Chan (2009), where CPK19 T-DNA insertion 

lines had increased phosphorylation of S56 on an eIF2α peptide compared to wild-type lines. It 

may be that the phosphorylation of this peptide was non-specific. In fact, it has been shown that a 

non-eIF2α kinase (protein kinase C) can phosphorylate this peptide at much higher rates (600-fold) 

than it can phosphorylate the full eIF2α protein (Mellor et al., 1991). Thus it is important to use 

full-length substrates to determine possible eIF2α kinase candidates. 

 

4.8.2 Plant eIF2α kinases 
 

The only plant kinase other than GCN2 that has been demonstrated to phosphorylate eIF2α is 

protein kinase CK2 (formally known as casein kinase II) (Browning et al., 1985; Dennis et al., 

2009a; Dennis et al., 2009b). CK2 is a constitutively active kinase that is expressed throughout the 

cell and is essential in all eukaryotes (Litchfield, 2003; Pinna, 2002). CK2 is essential for cell 

viability and is implicated in nearly all key processes in the cell (Montenarh et al., 2013). In plants, 
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CK2 plays a role in growth and development, light responses, circadian rhythms, flowering, cell 

cycle control and hormone signalling (Riera et al., 2013). CK2 is known to phosphorylate more 

than 500 different protein substrates including many transcription and translation factors 

(Montenarh et al., 2013). 

 

Interestingly, just as mass spectrometry was unable to determine the CPK19 activated 

phosphorylation site on Arabidopsis eIF2α (section 4.6.1), Dennis et al. (2009b) were unable to 

determine the CK2 activated phosphorylation site on Arabidopsis eIF2α by mass spectrometry. 

Nonetheless, the CK2 activated phosphorylated residue on wheat eIF2α was able to be determined 

as S318 (Dennis et al., 2009b). The predicted CK2 activated phosphorylation sites on Arabidopsis 

eIF2α included S185, S295, T276, S317 and S322. Of those sites, only S322 which aligns with 

wheat S318 was a prediction with high stringency (Dennis et al., 2009b). As the top predicted 

phosphorylation site (section 4.6.2) on eIF2α is different between CPK19 (T201) and CK2 (S322), 

potential regulatory roles are likely to be different. 

 

This research project has now demonstrated the first example of a CPK phosphorylating a 

translation initiation factor. It is important to verify these results in planta and with mutational 

experiments. It is possible that CPK19 may be indiscriminately phosphorylating eIF2α, as it has 

been demonstrated that recombinant CPKs may indiscriminately phosphorylate proteins in vitro at 

many different S and T residues (Schulz et al., 2013). Nevertheless, as CPK5 does not demonstrate 

any eIF2α phosphorylation activity, it is likely that CPK19 does indeed phosphorylate eIF2α. 

Further work can now be undertaken to determine the role of CPK19 regulation of eIF2α and the 

potential role of any other CPK in the regulation of other translation initiation factors.  

 

4.8.3 The in planta role of Calcium-dependent Protein Kinases 
 

Calcium signaling is a conserved mechanism within all eukaryotes (Schulz et al., 2013). The 

diverse family of plant calcium-binding proteins include the calmodulins (CaMs) (a highly 

conserved acidic protein in eukaryotes), and their related calmodulin like proteins (CMLs), the 

calcineurin-B like (CBL) proteins which form complexes with CBL-interacting protein kinases 

(CIPKs) or Snf1-related kinases (SnRK) and the CPKs (Hrabak et al., 2003). Of these calcium-

binding proteins, only CPKs undergo a calcium-induced conformational change that alters the 

proteins own activity to make it capable of directly relaying a signal via catalytic activity. Thus, 

CPKs are considered ‘sensor-responders’ (Harper et al., 2004). 
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CPKs are not found in animals, but are found throughout the plant kingdom and also in some 

protists. There are multiplicities as CPKs are found on all five Arabidopsis chromosomes (Hrabak 

et al., 2003). CPKs are divided into four subgroups based on sequence similarity, but the 

correlation of this grouping is low with regard to biochemical and physiological function 

(Valmonte et al., 2014). Closely related pairs of CPKs have been found in duplicated genomic 

regions and there is redundancy amongst CPKs (Hrabak et al., 2003). CPK orthologues identified 

from plants across the kingdom indicates that the diversity of CPK sequences observed for 

Arabidopsis is typical for CPK sequences in general (Hrabak et al., 2003). Arabidopsis CPK19 

does not have a paralogue in Arabidopsis and does not have an orthologue in rice or other 

sequenced plant genomes (Valmonte et al., 2014). Thus if CPK19 was a plant PKR-like kinase, it 

would be expected to have orthologues in other plant species. As CPK19 appears to be a unique 

isoform in Arabidopsis, the likelihood of CPK19 functioning as a plant PKR-like kinase is low. 

 

As depicted in Fig. 4.4, CPKs are comprised of a variable N-terminal domain, kinase domain, and 

a C-terminal CAD that contains an autoinhibitory junction domain and a calmodulin (CaM)-like 

domain with EF hands (typically four) that bind calcium. The CAD functions to regulate kinase 

activity. The junction domain encompasses a pseudo-substrate autoinhibitor site that binds the 

kinase domain to prevent it binding ATP. The CPK remains inactive until bound to calcium which 

releases the pseudo-substrate autoinhibitor site from binding to the kinase domain. Many of the N-

terminal domains of AtCPKs (27 out of 34) have putative myristoylation and palmitoylation sites 

which may contribute to membrane localisation of these kinases (Hrabak et al., 2003). CPK19 

does not have a myristoylation site, but may still associate with cellular membranes as CPK19 was 

detected in both the soluble and microsomal fraction after subcellular fractionation by 

ultracentrifugation (Boudsocq et al., 2012).  

 

CPKs play a role in many different cellular processes including activation and repression of 

enzymes, transcription factors, channels, protein interactions and protein localisation (Boudsocq et 

al., 2013). CPKs appear to be widely distributed among subcellular compartments including the 

cytosol, peroxisomes, plasma membrane and nucleus as well as in association with actin filaments, 

mitochondria and the ER (Harper et al., 2004). Some CPKs are expressed throughout the plant 

(e.g. AtCPK4, Winter et al., 2007) and some CPKs are specific to certain tissues (e.g. AtCPK17 is 

expressed only in pollen, Winter et al., 2007). CPK19 is expressed at very low levels throughout 

the plant except in emerging cotyledons (Winter et al., 2007). Differential expression of CPKs also 
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occurs in response to diverse stimuli such as abscisic acid/gibberellin, cold/heat, drought/salinity, 

and elicitors/pathogens (Boudsocq et al., 2013). 

 

Different CPKs have different substrates and part of this can be attributed to cellular localisation 

and the various features associated with the variable N-terminal domain (Curran et al., 2011). 

However, significant differences in substrate specificity have been observed in vitro between 

different CPKs (Curran et al., 2011). It is interesting that kinases with such similar kinase domains 

preferentially phosphorylate different substrates. It would be of interest to determine which other 

CPKs phosphorylate eIF2α. As is true with this thesis, most of the CPK substrates described in the 

literature so far include only in vitro substrates (Curran et al., 2011). It is therefore important for 

these substrates to be validated in vivo. 

 

4.8.4 Summary 
 

In this research, CPK19 has been confirmed not to be a PKR-like kinase and has been 

characterised as a kinase that phosphorylates eIF2α on a yet to be determined residue. This 

research has described eIF2α as the first possible substrate of CPK19 and has also described the 

first evidence that CPKs may play a role in translation regulation. More research is required to 

further verify the potential biological role of CPK19 and other CPKs in the regulation of 

translation. 
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Chapter Five 

Do eIF2α kinases have an effect 
on plant virus infection via 

eIF2α phosphorylation? 
 

 

As described in Chapters One and Four, there is evidence to suggest that plants encode a PKR-like 

kinase. Moreover, when human PKR was expressed in N. tabacum, the plants demonstrated 

increased tolerance to three different viruses (Lim et al., 2002). Lim et al. (2002) found that 

N. tabacum plants transformed to overexpress human PKR either had complete resistance to virus 

infection, with no detectable virus present, or had a lower titre of virus present compared to control 

lines. Although not directly assayed, Lim et al. (2002) suggested that the increased viral tolerance 

was a result of PKR induced phosphorylation of eIF2α, leading to the inability of the virus to 

replicate. It was therefore of interest to test whether plants overexpressing PKR did indeed 

phosphorylate eIF2α in response to virus infection. Consequently, in this research project, stable 

Arabidopsis lines were generated to ectopically express PKR or overexpress GCN2; and in 

addition, endogenous GCN2 was activated in wild-type Arabidopsis and N. benthamiana. This 

Chapter addresses Objective 3, Determine in plants: 1) whether virus infection can activate the 

eIF2α phosphorylation mechanism, and 2) is virus infection affected when eIF2α is 

phosphorylated. 
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5.1 Cloning of HsPKR and AtGCN2 into the pBINsRNA vector 
 

In order to study the effect of PKR overexpression in response to virus infection, HsPKR was 

cloned into the ethanol inducible plant vector, pBINsRNA (Syngenta). An inducible vector was 

chosen as high level expression of PKR in yeast can have a slow growth or lethal phenotype 

(Chong et al., 1992; Ung et al., 2001). The pBINsRNA vector gave the ability to easily regulate 

the level of HsPKR expression by the concentration of added ethanol. As GCN2 is the only known 

eIF2α kinase encoded by plants, it was also of interest to study the response of GCN2 to virus 

infection. Therefore, AtGCN2 was also cloned into the pBINsRNA vector. To further study the 

necessary activation components of PKR and GCN2 within a plant system, two types of mutant 

kinases were also created – activation mutants and catalytic mutants. Constructs containing 

AteIF2α and a non-phosphorylatable AteIF2α A56 mutant were also generated. The generated 

pBINsRNA vectors are displayed in Table 5.1 and the gene inserts were all sequence verified 

(section 2.4.8) prior to use. 

 

      Table 5.1 Ethanol inducible pBINsRNA vectors generated for transforming Arabidopsis 

Inserted Gene Description  Entry vector  Expression vector 

HsPKR (NM_002759.2) p221_HsPKR pBINsRNA_HsPKR 

HsPKR (NM_002759.2) 

dsRNA binding mutant 
p221_HsPKR_K60A pBINsRNA_HsPKR_K60A 

HsPKR (NM_002759.2) 

catalytic mutant 
p221_HsPKR_K296R pBINsRNA_HsPKR_K296R 

AtGCN2 (At3G59410) pZeo_AtGCN2 pBINsRNA_AtGCN2 

AtGCN2 (At3G59410) 

tRNA binding mutant 
pZeo_AtGCN2_M2 pBINsRNA_AtGCN2_M2 

AtGCN2 (At3G59410) 

catalytic mutant 
pZeo_AtGCN2_K454R pBINsRNA_AtGCN2_K454R 

AteIF2α (At5G05470) 

Wild-type 
pZeo_AteIF2α_S56 pBINsRNA_AteIF2α_S56 

AteIF2α (At5G05470) 

A56 non-phosphorylatable 
pZeo_AteIF2α_A56 pBINsRNA_AteIF2α_A56 

 

The pBINsRNA vector is Gateway® compatible, so cloning of HsPKR and AtGCN2 utilised the 

two-step process of Gateway® technology (section 2.4.4.3), first by creating an entry vector, and 

then creating the pBINsRNA expression vector. The Gateway® entry vector p221_HsPKR was 

obtained from Invitrogen™. This vector was then used to recombine with the pBINsRNA 

destination vector in an LR Clonase™ II reaction mix (Invitrogen™) to create the expression 

clone, pBINsRNA_HsPKR. The Gateway® entry vector pZeo_AtGCN2 generated in section 
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3.2.5.1 was used to recombine with the pBINsRNA destination vector in an LR Clonase™ II 

reaction mix (Invitrogen™) to create the expression clone, pBINsRNA_AtGCN2.  

 

The activation and catalytic mutants of HsPKR and AtGCN2 were created using QuikChange 

mutagenesis (Agilent Technologies) as per section 2.4.5.2. The vectors p221_HsPKR and 

pZeo_AtGCN2 were used as the templates to be mutated using the high fidelity PfuTurbo DNA 

polymerase. Specific pairs of complementary primers (Table 2.8) that contained the desired 

mutations were designed on mutations found in the literature, as discussed below. After the entry 

vectors had been mutated, they were recombined into the pBINsRNA vector as per section 2.4.4.3. 

 

Both PKR and GCN2 are activated by RNA. PKR is activated by dsRNA and GCN2 is activated 

by tRNA. Different point mutations in PKR have been demonstrated to inactivate the dsRNA 

binding domain. One of the dsRNA binding domain point mutations that has been used a number 

of times is K60A (McMillan et al., 1995; Nanduri et al., 1998; Patel et al., 1998; Patel et al., 

1996). This mutation was chosen to render the HsPKR dsRNA binding domain non-functional 

(Fig. 5.1a). The double point mutation that has been previously generated to render the tRNA 

binding site of GCN2 non-functional is Y1119L and R1120L in yeast GCN2, and, F1142L and 

R1143I in mouse GCN2 (Berlanga et al., 2006; Qiu et al., 2002; Wek et al., 1995). An amino acid 

alignment between ScGCN2, MmGCN2 and AtGCN2 in Geneious v5.5 (Kearse et al., 2012) 

clearly determined that the corresponding residues in AtGCN2 are Y876L and R877L. This 

mutation was chosen to render the AtGCN2 tRNA binding domain non-functional and was labeled 

AtGCN2_M2 (Fig. 5.1b). 

 

The catalytic site found in the kinase domains of PKR and GCN2 are both lysine residues. A 

K296R mutation was generated to render HsPKR non-functional (Barber et al., 1992; Katze et al., 

1991; Romano et al., 1995; Wu et al., 1997) (Fig. 5.1a). The catalytic mutation that renders yeast 

and mouse GCN2 non-functional is K628R and K618R, respectively (Berlanga et al., 2006; Qiu et 

al., 2002). An amino acid alignment between ScGCN2, MmGCN2 and AtGCN2 in Geneious v5.5 

(Kearse et al., 2012) clearly determined that the corresponding mutation in AtGCN2 is K454R. A 

K454R AtGCN2 mutation was therefore generated to render the AtGCN2 catalytic site as non-

functional (Fig. 5.1b). 

 

A non-phosphorylatable AteIF2α_A56 mutant was also created using PCR site-directed 

mutagenesis (Fig. 5.1c). Overlapping internal primers (AteIF2A F 170-197 and AteIF2A R 181-148 
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noSacI S56A, Table 2.8) were used with outside flanking primers (AteIF2A F EcoRI NcoI and 

AteIF2A R BamHI Table 2.8) to PCR amplify the N-terminal and C-terminal fragments of eIF2α 

using the pTYB2_AteIF2α vector (section 4.2.1) as a template. The N-terminal internal reverse 

primer (Table 2.8 – AteIF2A R 181-148 noSacI S56A) contained the mutation to create the A56 

mutation, as well as deleting a SacI restriction site. The two amplified fragments were then used 

together as templates to amplify the full-length AteIF2α_A56 gene using the two AteIF2α outside 

flanking primers. SacI restriction enzyme was then used to digest any DNA fragments that did not 

contain the A56 mutation. The full-length A56 mutated eIF2α fragment was ligated into the 

pCR™8/GW/TOPO® vector. 

 

The pCR™8/GW/TOPO®_AteIF2α_A56 and pTYB2_AteIF2α vectors were used as templates to 

amplify AteIF2α using primers Gateway AteIF2a Forward and Gateway AteIF2a Reverse (Table 

2.10). The AteIF2α PCR products were then recombined with the pDONR/Zeo vector 

(Invitrogen™) in a BP Clonase™ II reaction mix (Invitrogen™) as per section 2.4.4.3. The 

resulting entry clones, pZeo_AteIF2α_A56 and pZeo_AteIF2α_S56, were used to recombine with 

the pBINsRNA destination vector in an LR Clonase™ II reaction mix (Invitrogen™).  

 

 

 

FIGURE 5.1 Schematic illustration of HsPKR, AtGCN2 and AteIF2α and the mutations 

generated in this thesis. Diagram demonstrating the major domains and the mutations generated 

(red line) in HsPKR (a), AtGCN2 (b), and AteIF2α (c). The proteins are drawn to scale with the 

large GCN2 protein depicted over two lines i.e. a break is within the kinase domain. DRM1 and 

DRM2, DRM dsRNA binding domain; α, eIF2α kinase motif; Kinase, kinase domain; RWD, Ring 

finger and WD repeat domain; Histidyl-tRNA synthetase, tRNA binding domain. 
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5.2 Transforming pBINsRNA vectors into Arabidopsis thaliana 
 

The pBINsRNA vectors were stably transformed into Arabidopsis using the floral dip method 

(Clough et al., 1998) as outlined in section 2.3.3. Transformed plants were selected on ½ 

Murashige Skoog media (section 2.3.2) containing the appropriate antibiotics (Table 2.5). The 

transformed plants were verified by PCR using primers that amplified the inserted gene of interest 

(data not shown). Transformed plants and the transformant generation are listed in Table 5.2.  

 

      Table 5.2 Arabidopsis lines transformed with the pBINsRNA construct 

Inserted Gene Description Vector transformed  
Unique T2 

lines 
Unique T3 

lines 

HsPKR (NM_002759.2) pBINsRNA_HsPKR 18 15 

HsPKR (NM_002759.2) 

dsRNA binding mutant 
pBINsRNA_HsPKR_K60A 8 0 

HsPKR (NM_002759.2) 

catalytic mutant 
pBINsRNA_HsPKR_K296R 

T1 seed 

only 
0 

AtGCN2 (At3G59410) pBINsRNA_AtGCN2 22 13 

AtGCN2 (At3G59410) 

tRNA binding mutant 
pBINsRNA_AtGCN2_M2 6 0 

AtGCN2 (At3G59410) 

catalytic mutant 
pBINsRNA_AtGCN2_K454R 7 0 

AteIF2α (At5G05470) 

Wild-type 
pBINsRNA_AteIF2α_S56 

T1 seed 

only 
0 

AteIF2α (At5G05470) 

A56 non-phosphorylatable 
pBINsRNA_AteIF2α_A56 2 0 
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5.3 Optimising ethanol induction of pBINsRNA expressing Arabidopsis thaliana 
plants 
 

Arabidopsis lines that had been transformed with a pBINsRNA plasmid (Syngenta) required 

ethanol induction to enable the transformed gene to express. pBINsRNA (reviewed in Roslan et 

al., 2001) is an ethanol inducible vector that utilises the CaMV 35S promoter to constitutively 

drive expression of an inactive AlcR molecule derived from the filamentous fungus Aspergillus 

nidulins. AlcR is activated in the presence of ethanol to bind specifically to the AlcA promoter. 

The AlcA promoter drives expression of the inserted gene of interest. Thus, when ethanol is 

present, the gene of interest is expressed, and in the absence of ethanol, only the inactive AlcR 

molecule is expressed.  

 

 

FIGURE 5.2 Representative X-GlcA staining of Arabidopsis pBINsRNA_GUS plants treated 

with different concentrations of ethanol. Arabidopsis pBINsRNA_GUS plants were root 

drenched with 0, 1, 2 or 3% ethanol or kept in an enclosed container with an open bottle of 100% 

ethanol to retain the ethanol vapour (V). pBINsRNA_GUS plants were collected and stained with 

X-GlcA. The blue staining in the photos are a representative of the amount of GUS expressed at 48 

h post ethanol treatment. 

 

An Arabidopsis line expressing a pBINsRNA_GUS construct (Braun et al., 2008) was kindly 

provided by Karine David (The University of Auckland, New Zealand) to use as a control line. 

Two methods were trialed to produce maximal transgene expression – ethanol root drench and 

ethanol vapour. Ethanol (0, 1, 2, or 3%) was used to root drench the pBINsRNA_GUS 

Arabidopsis lines. Plants that had 1% ethanol root drench visibly had the strongest blue X-GlcA 

staining by GUS (section 2.5.12.2), which was discernible after 24 h (Fig. 5.2). Ethanol vapour 

produced stronger GUS staining compared to the 1% root drench in the pBINsRNA_GUS 

Arabidopsis lines. To retain the ethanol vapour, the pBINsRNA Arabidopsis plants were enclosed 

in propagator boxes along with open tubes of 100% ethanol; however, this led to fungal growth 

due to the increased humidity and ethanol carbon source. When a partial covering was trialed to 

retain the ethanol vapour but reduce the humidity, very little GUS activity was detected. Therefore, 
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despite fungal growth, full enclosure of plants in propagator boxes with open tubes of 100% 

ethanol was the preferred method of ethanol induction and was used subsequently. 

 

Western blotting (section 2.5.10) and RT-PCR (section 2.4.2) was employed to detect HsPKR and 

AtGCN2 expression. As an effective AtGCN2 antibody was not available, overexpression of 

AtGCN2 protein was determined indirectly by assaying for the target substrate of AtGCN2. As 

previously discussed in Chapter 3, glyphosate causes amino acid starvation and results in the 

activation of AtGCN2 and the phosphorylation of eIF2α (Lageix et al., 2008; Zhang et al., 2008). 

Therefore, pBINsRNA_AtGCN2 Arabidopsis plants were tested for increased levels of glyphosate 

induced eIF2α phosphorylation in the presence of ethanol vapour. Five different 

pBINsRNA_AtGCN2 lines (Lines 1, 2, 3, 4 and 10) were thus tested by western blotting using a 

phosphor-specific eIF2α antibody to detect eIF2α phosphorylation. The line that repeatedly 

demonstrated higher levels of eIF2α phosphorylation upon ethanol induction and glyphosate 

treatment was Line 10 (Fig. 5.3). The other lines had unchanged levels of eIF2α phosphorylation 

upon glyphosate treatment regardless of ethanol. 

 

 

FIGURE 5.3 Arabidopsis pBINsRNA_AtGCN2 Line 10 has consistently increased levels of 

eIF2α phosphorylation. Twelve pBINsRNA_AtGCN2 Line 10 Arabidopsis plants were treated 

(ethanol) or not (control) with ethanol vapour. Plants were treated with glyphosate, and leaf tissue 

samples were taken daily. The protein was extracted and western blotting was used to detect 

phosphorylated eIF2αP
51 

(39 kDa, top panel). Ponceau stained Rubisco (55 kDa, lower panel) was 

used as a loading control. Western blotting and antibodies used are described in section 2.5.10. 

 

Although a PKR antibody was available, HsPKR expressed from the pBINsRNA_HsPKR 

Arabidopsis lines was not able to be detected; even though HsPKR protein expressed from bacteria 

(section 4.2.1) was able to be detected using this same antibody (Fig. 5.4). Different concentrations 

of ethanol were applied to the pBINsRNA_HsPKR Arabidopsis lines with root drench or vapour, 

but at no time was HsPKR detected in the plant tissue by western blotting. As HsPKR protein was 

not able to be detected, RT-PCR was utilised to determine whether HsPKR transcript was 

expressed. Fig. 5.5 displays the transcript accumulation of the individual HsPKR overexpression 

lines as detected by RT-PCR (section 2.4.2). No PCR product was detected from the reverse 
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transcription reaction that did not have reverse transcriptase added (data not shown), indicating 

that only cDNA transcript was amplified and not genomic DNA. This result suggests that HsPKR 

transcript was expressed as expected but resulted in no detectable HsPKR protein accumulation.  

 

 

FIGURE 5.4 HsPKR protein is not detectable from pBINsRNA_HsPKR Arabidopsis lines. 

Western blot detecting HsPKR (62 kDa, upper panel) in individual HsPKR overexpression plants 

(Lines 1 – 9). Ponceau stained Rubisco (55 kDa, lower panel) was used as a loading control. 

Western blotting methods and antibodies used are found in section 2.5.10. Ø, control line not 

expressing HsPKR; PKR, 4 ng HsPKR expressed from bacteria (section 4.2.1). 

 

 

FIGURE 5.5 HsPKR transcript detection of Arabidopsis pBINsRNA_HsPKR expressing 

lines. Primer HsPKR 1141 Reverse was used to reverse transcribe HsPKR from the 

pBINsRNA_HsPKR expressing Arabidopsis lines. Primers HsPKR 1-27 Forward & HsPKR 1141 

Reverse were used to PCR amplify a 0.6 kb product from the reverse transcription reaction 

(section 2.4.2). The PCR products were run on a 1% TAE agarose gel. A representative sample is 

displayed from individual plants of individual pBINsRNA expressing lines. 1kb+, TrackIt
™

 1 kb 

Plus DNA Ladder, size markers are indicated on the sides of the gel; Ø, wild-type line. 

 

 

 

 

 

 

.  
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5.4 Tobacco mosaic virus infection of Arabidopsis thaliana lines overexpressing 
HsPKR and AtGCN2 
 

Although HsPKR protein was unable to be detected via western blotting, it was thought that the 

HsPKR protein was perhaps translated and accumulated to a low, undetectable level. Therefore it 

was decided to test the overexpression lines for virus resistance as a downstream response of 

HsPKR protein expression. The first virus chosen to infect the pBINsRNA_HsPKR and _AtGCN2 

Arabidopsis lines was TMV strain U1. A number of plant viruses have tRNA-like structures and 

TMV contains a histidine-tRNA-like structure in its 3 UTR (Dreher, 2010). The tRNA-binding 

activation domain of GCN2 resembles a histidyl-tRNA synthetase domain (Fig. 5.6b). Mammalian 

GCN2 has been demonstrated to be activated upon binding Sindbis virus RNA to its histidyl-tRNA 

synthetase related domain, presumably as a result of the tRNA structure in the Sindbis virus RNA 

(Berlanga et al., 2006). Therefore, as GCN2 is the only known eIF2α kinase encoded by plants, it 

was of interest to determine whether plants overexpressing AtGCN2 or HsPKR would 

phosphorylate eIF2α and show resistance to TMV. 

 

 

FIGURE 5.6 Schematic illustration of Tobacco mosaic virus tRNA-like structure. (a.) TMV 

open reading frames are indicated showing the 126 kDa and 183 kDa replicase proteins (blue), 

movement protein (green) and coat protein (purple). The 3 UTR tRNA-like structure is indicated 

within the red box. (b.) A close-up view of the TMV tRNA like structure (Dreher, 2010). 

 

Eight individual lines of pBINsRNA_HsPKR and _AtGCN2 Arabidopsis transformants were 

chosen to infect with TMV. Arabidopsis plants were grown in a 16 h light, 8 h dark cycle. At four 

weeks of age, the plants were induced for transgene expression with ethanol vapour. Two days 

later, the plants were inoculated with TMV (section 2.3.6.2). Plants were analysed by RT-PCR to 

ensure the transgene was overexpressed (data not shown) and the TMV titre of each plant was 
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determined by ELISA using a specific TMV antibody (section 2.5.11, Fig. 5.9). To further 

demonstrate that the ethanol induction had functioned as expected, the TMV infected 

pBINsRNA_GUS plants were X-GlcA stained (section 2.5.12.2, Fig. 5.7). The plants stained blue 

throughout the leaves and the roots, demonstrating the transgene was expressed throughout the 

plant. 

 
 

FIGURE 5.7 X-GlcA stained Arabidopsis pBINsRNA_GUS plants demonstrate the ethanol 

induction is functioning appropriately. TMV infected pBINsRNA_GUS plants were collected 

and stained with X-GlcA. The blue staining indicates the level and location of GUS expression. 

 

Fig. 5.8 indicates the infection rates of the individual lines at 18 dpi. In contrast to the results 

published in Lim et al. (2002), it was found that there was little difference in TMV infection rates 

between plants overexpressing HsPKR, AtGCN2 or GUS. There was also no evidence to suggest 

that infected HsPKR or AtGCN2 overexpressing plants had lower viral titre than GUS 

overexpressing plants (Fig. 5.9).  

 

Assessment of six plants per line showed that each unique transformant gave progeny with 

different rates of TMV susceptibility. HsPKR Line 2 and Line 6 had the lowest percentage of 

infected plants (Fig. 5.8); but from these lines, homozygous sibling plants that were infected had a 

high viral titre (Fig. 5.9) as determined by ELISA using a TMV antibody (section 2.5.11). 

Although individual lines may express different amounts of the transgene, resulting in differences 

in susceptibility, this should be uniform within a homozygous line. Therefore, it was considered 

unlikely that these HsPKR lines displayed true resistance. TMV is able to infect Arabidopsis, but 

individual Arabidopsis ecotypes have different susceptibilities to TMV infection. Arabidopsis 

ecotype Col-0 used during this thesis has a low susceptibility to TMV strain U1 (Carr et al., 2007). 

This would explain the low infection rate and variation between sets of six plants used for each 

homozygous line.  
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FIGURE 5.8 Arabidopsis pBINsRNA _HsPKR and _AtGCN2 lines are not more resistant than control lines to TMV infection. Six individual plants 

of eight unique transformant Arabidopsis lines expressing pBINsRNA _HsPKR or _AtGCN2 and 30 Arabidopsis pBINsRNA_GUS expressing plants of a 

single line were infected with TMV. Samples were taken at 18 days post inoculation (dpi) and assayed via ELISA for TMV infection. The percentage of 

infected plants is displayed for each individual line of, pBINsRNA_HsPKR (blue), pBINsRNA_AtGCN2 (red) and pBINsRNA_GUS (green) as well as 

infected average for each overexpressed gene (error bars denote the standard deviation). 
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FIGURE 5.9 Arabidopsis pBINsRNA _HsPKR and _AtGCN2 lines do not have reduced TMV viral titre compared to control lines. Six individual 

plants of eight unique transformant Arabidopsis lines expressing pBINsRNA _HsPKR or _AtGCN2 and 30 Arabidopsis pBINsRNA_GUS expressing 

plants of a single line were infected with TMV. Samples were taken at 18 days post inoculation (dpi) and assayed via ELISA for TMV infection. The 

average titre of infected plants is displayed for each individual line of, pBINsRNA_HsPKR (blue), pBINsRNA_AtGCN2 (red) and pBINsRNA_GUS 

(green) as well as combined average titre for each overexpressed gene. The error bars denote the standard deviation. 
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Western blotting (section 2.5.10) was used to determine whether eIF2α was phosphorylated in the 

TMV infected plants. Although the eIF2α-S
51

-Phosphor antibody could detect phosphorylated 

eIF2α in the glyphosate treated control line, phosphorylated eIF2α was not detected in any of the 

pBINsRNA_HsPKR (Fig. 5.10) and pBINsRNA_AtGCN2 (data not shown) TMV infected plants. 

This result is consistent with the data presented by Zhang et al. (2008), who observed that TYMV 

and TCV infection did not elicit an eIF2α phosphorylation response in Arabidopsis. The PKR 

antibody was used to probe for HsPKR protein; however, as was found in the initial expression 

studies, although HsPKR protein expressed from bacteria (section 4.2.1) was able to be detected, 

HsPKR protein was not able to be detected in the pBINsRNA_HsPKR Arabidopsis lines (Fig. 

5.10). It was considered likely that the lack of detectable HsPKR protein and phosphorylated 

eIF2α was the reason for the lack of viral resistance in the pBINsRNA_HsPKR Arabidopsis plants. 

 

 

FIGURE 5.10 eIF2α is not phosphorylated in Arabidopsis pBINsRNA_HsPKR TMV infected 

plants. Western blot detecting HsPKR (62 kDa, upper panel) and phosphorylated eIF2αP
51 

(39 

kDa, middle panel) in individual HsPKR overexpression plants (Lines 1 – 8). Ponceau stained 

Rubisco (55 kDa, lower panel) was used as a loading control. Western blotting methods and 

antibodies used are found in section 2.5.10. Ø, control line not expressing HsPKR; ØGP, 

glyphosate treated control line not expressing HsPKR and 4 ng HsPKR expressed from bacteria 

(section 4.2.1). 

 

As the HsPKR transcript was expressed, but the HsPKR protein was unable to be detected, it was 

considered possible that a mutation may have arisen during the Arabidopsis transformation that 

resulted in the transcript being translationally incompetent. HsPKR was amplified from individual 

pBINsRNA_HsPKR Arabidopsis plant lines using primers that bind to the T-DNA insert, AlcA 

Forward & Tnos Reverse. These PCR products were sequenced (section 2.4.8) and were found to 

have the expected nucleotide sequence of HsPKR. Therefore, it remained unclear why HsPKR 

protein was not translated to a detectable amount. 

 

Thus, in contrast to Lim et al. (2002), these results indicate that plants expressing HsPKR 

transcript do not have viral resistance.  
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5.5 Cucumber mosaic virus infection of Arabidopsis thaliana lines 
overexpressing HsPKR and AtGCN2 
 

As the results from the TMV infection study (section 5.4) conflicted with Lim et al. (2002), it was 

considered possible that the viral resistance in the N. tabacum plants expressing HsPKR was 

specific to particular viruses. Lim et al. (2002) infected the HsPKR expressing N. tabacum plants 

with PVY, CMV and TEV. The control plants were fully susceptible to all of these viruses and the 

plants expressing HsPKR showed higher resistance to CMV and TEV infection than PVY 

infection (Lim et al., 2002). Plants (n = 20 to 40) from the line showing greatest viral resistance 

(Line 14) had an infection rate of 87% for PVY, compared with 38% or 40% for CMV or TEV, 

respectively. Therefore, the infection study of pBINsRNA expressing Arabidopsis plants was 

repeated with one of the viruses used by Lim et al. (2002). CMV was chosen, as CMV infects 

many different families of plants including N. tabacum and Arabidopsis; and also has a tRNA like 

structure in its 3 UTR (Dreher, 2010). 

 

As pBINsRNA_AtGCN2 Line 10 repeatedly demonstrated higher levels of eIF2α phosphorylation 

upon ethanol induction and glyphosate treatment (Fig. 5.3), this line was chosen for challenge by 

CMV. Two pBINsRNA_HsPKR lines were selected at random for challenge by CMV, 

pBINsRNA_HsPKR Line 1 and Line 4. Twelve plants each of pBINsRNA_HsPKR Line 1 and 

Line 4, 24 plants of pBINsRNA_AtGCN2 Line 10 and 24 plants of pBINsRNA_GUS were 

infected with CMV. Arabidopsis plants were grown in an 8 h light, 16 h dark cycle. At four weeks 

of age, the plants were induced with 1% ethanol root drench. Two days later, the plants were 

inoculated with CMV (section 2.3.6.2). Fig. 5.11a indicates the infection rate percentages from a 

population of individual plants. In contrast to the data reported by Lim et al. (2002), there was 

little difference in CMV infection rate percentages at later timepoints between plants 

overexpressing HsPKR, AtGCN2 or GUS as detected by ELISA (section 2.5.11.1). Nevertheless, 

AtGCN2 Line 10 overexpressing plants did became infected less rapidly than plants 

overexpressing HsPKR or GUS. Only 17% of AtGCN2 Line 10 plants were infected at 7 dpi, 

compared with 75%, 42% and 58% of HsPKR Line 1, HsPKR Line 4 and GUS overexpressing 

plants, respectively. By 11 dpi most of the plants had become infected, regardless of which gene 

was overexpressed. However, there was no evidence to suggest that infected HsPKR or AtGCN2 

overexpressing plants had lower viral titres than GUS overexpressing plants at either 7 or 11 dpi 

(Fig. 5.11b). RT-PCR (section 2.4.2) and western blotting (section 2.5.10) analysis was used to 

check that the transgene was expressed and to determine whether eIF2α was phosphorylated in the 
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CMV infected plants. Similar results to the TMV infection study were obtained, in that the 

transgene transcripts could both be detected (data not shown), but no eIF2α phosphorylation could 

be detected in any of the CMV infected plants (Fig. 5.11c).  
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FIGURE 5.11 Arabidopsis pBINsRNA_ HsPKR and _AtGCN2 lines are not more resistant to CMV infection than control lines and do not 

phosphorylate eIF2α upon CMV infection. 12 plants each of pBINsRNA_HsPKR Line 1 and Line 4, 24 plants of pBINsRNA_AtGCN2 Line 10 and 24 

plants of pBINsRNA_GUS were infected with CMV. Samples were taken at 7 and 11 days post inoculation (dpi) and assayed via ELISA for CMV 

infection. (a.) The percentage of infected plants is displayed for each of the pBINsRNA overexpression lines. (b.) The average titre of infected plants is 

displayed for each of the pBINsRNA overexpression lines (the error bars denote the standard deviation). (c.) Western blot detecting phosphorylated 

eIF2αP
51 

(39 kDa, top panel) for each of the pBINsRNA overexpression lines. Ponceau stained Rubisco (14 kDa, lower panel) was used as a loading 

control. Western blotting methods and antibodies used are found in section 2.5.10. ØG, glyphosate treated control line. 
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5.6 Trialing different HsPKR plant expression hosts and vectors 
 

In the experiments performed by Lim et al. (2002), HsPKR was expressed in N. tabacum. As 

pBINsRNA_HsPKR Arabidopsis plant lines did not demonstrate resistance to viral infection, it 

was considered whether HsPKR expression and the ensuing viral resistance observed Lim et al. 

(2002) were specific to Nicotiana spp. Therefore the pBINsRNA_HsPKR vector was infiltrated 

into N. benthamiana leaves (section 2.3.5) and assayed for transcript and protein expression. In 

addition, to ensure that the ethanol inducible promoter was not having an effect on the translation 

of HsPKR, p221_HsPKR was recombined into the pHex2 expression vector to result in 

pHex2_HsPKR (Table 5.3). pHex2 is a vector construct that constitutively expresses the gene of 

interest using a CaMV 35S promoter. The sequence verified (section 2.4.8) pHex2_HsPKR was 

also infiltrated into N. benthamiana leaves (section 2.3.5) and assayed for transcript and protein 

expression. Similar to pBINsRNA_HsPKR expression in Arabidopsis, only HsPKR transcript 

(Fig. 5.12a) and not protein (Fig. 5.12b) was detected in a transient N. benthamiana expression 

assay. 

 

FIGURE 5.12 HsPKR transcript but not protein is detected when pBINsRNA_HsPKR and 

pHex2_HsPKR are expressed transiently in Nicotiana benthamiana. (a) Primer HsPKR 1656 

Reverse was used to reverse transcribe RNA from N. benthamiana leaves infiltrated with 

pBINsRNA_HsPKR or pHex2_HsPKR. Primers HsPKR 1-27 Forward & HsPKR 1656 Reverse 

were used to PCR amplify a 1.7 kb product from the reverse transcription reaction. The PCR 

products were run on a 1% TAE agarose gel. 1kb+, TrackIt
™

 1 kb Plus DNA Ladder, size markers 

are indicated to the left of the gel; RT, PCR amplification of reverse transcribed HsPKR; No, PCR 

amplification of HsPKR that had no reverse transcriptase added to the reaction (b) Western blot 

detecting HsPKR
 
(62 kDa, top panel) transiently expressed from the pBINsRNA_HsPKR or 

pHex2_HsPKR vectors. Ponceau stained Rubisco (14 kDa, lower panel) was used as a loading 

control. Western blotting methods and antibodies used are found in section 2.5.10. Plants 

infiltrated with pBINsRNA_HsPKR had two open 1.5 mL tubes of 100% ethanol within the 

enclosed propagator box. ØP, non-infiltrated sample with 4 ng HsPKR expressed from bacteria 

(section 4.2.1). 
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      Table 5.3 pHex2 vectors generated in this thesis 

Inserted Gene Description  Entry vector  Expression vector 

HsPKR (NM_002759.2) p221_HsPKR pHex2_HsPKR 

AteIF2α (At5G05470) 

Wild-type 
pZeo_AteIF2α_S56 pHex2_AteIF2α_S56 

AteIF2α (At5G05470) 

A56 non-phosphorylatable 
pZeo_AteIF2α_A56 pHex2_AteIF2α_A56 

 

As HsPKR protein could not be detected from the stably transformed pBINsRNA_HsPKR 

Arabidopsis plant lines, nor from the transiently expressed pHex2_HsPKR or pBINsRNA_HsPKR 

vectors in N. benthamiana, it was considered whether the translation of the HsPKR transcript in 

plants was problematic. The differences between the pBCB_HsPKR vector employed by Lim et al. 

(2002) and the pBINsRNA_HsPKR vector created during this thesis were analysed. The three 

main differences are outlined in Table 5.4 and include: different promoters, different start site 

context sequences and different UTRs. 

 

      Table 5.4 Differences between the pBCB_HsPKR (Lim et al., 2002) and pBINsRNA_HsPKR vectors 

 pBCB_HsPKR pBINsRNA_HsPKR 

Promoter 
Blue Copper Binding gene that is 

activated in response to wounding 

AlcR/AlcA system that is 

activated in response to ethanol 

Start site context AAGAAAUGGC GCACCAUGGC 

cDNA 
Contains full-length PKR UTRs 

(2.4 kb) 

Contains only pBINsRNA UTRs 

(1.7 kb) 

 

The promoter differences were not considered to be the most important variable as the HsPKR 

transcript was able to be detected from both pBINsRNA and pHex2 expressing vectors. Therefore, 

it was presumed that the AlcR/AlcA and CaMV 35S promoters were functioning as expected. The 

start site context sequence differences were also not considered to be important. This is because 

the pBINsRNA and pHex2 vectors contained the preferred plant start site consensus sequence 

(aaA(A/C)aAUGGC) positions of +4 and -3 (red) (Joshi et al., 1997). The HsPKR codon sequence 

usage for plant translation was also considered. However, when analysed by GenScript Rare 

Codon Analysis Tool (Genscript), the HsPKR codon usage has a higher “codon adaption index” 

for Nicotiana spp. and Arabidopsis than it does for expression in humans, and did not have any 

rare codons for plant expression. Moreover, the HsPKR expressed in N. tabacum by Lim et al. 

(2002) was not codon optimised. 
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Potentially the most significant difference between the vector used in this work and the vector used 

by Lim et al. (2002), was the UTR length of the expressed cDNA. The full-length HsPKR cDNA 

cloned into the pBCB_HsPKR vector as used by Lim et al. (2002), was obtained from Meurs et al. 

(1990). The HsPKR cDNA cloned into the pBINsRNA_HsPKR vector used in this work was 

obtained from p221_HsPKR (Invitrogen™). The pBINsRNA vector provides a 5 UTR and 3 

UTR of 71 and 295 nucleotides respectively, whereas the full-length HsPKR-derived 5 UTR and 

3 UTR in pBCB_HsPKR are 186 and 717 nucleotides respectively. The pBINsRNA and pHex2 

vectors have been used numerous times to express transgenes within plants, thus indicating that the 

pBINsRNA and pHex2 encoded UTRs provide sufficient stability to the mRNA. Even so, it was 

unknown whether the HsPKR-derived UTRs were required for translation in a plant system. 

 

To determine whether the full-length HsPKR-derived UTRs were required for in planta 

translation, a full-length HsPKR construct was created from three fragments of DNA using the 

Gibson Assembly method (section 2.4.4.4). HsPKR was amplified from p221_HsPKR 

(Invitrogen™) using primers HsPKR 1-27 Forward and HsPKR 1656 Reverse, and the 5 and 3 

UTR DNA fragments were ordered commercially (Invitrogen™) to assemble HsPKR with its own 

full length UTRs (Meurs et al., 1990). The assembled full-length HsPKR fragment was 

recombined into pDONR
™

/Zeo (Invitrogen™) to create pZeo_Full Length_(FL)-HsPKR. This 

pZeo_FL-HsPKR vector was then recombined into both pHex2 and pBINsRNA (Table 5.5). All 

the vector inserts were sequence verified (section 2.4.8) prior to use. 

 

      Table 5.5 Full-length HsPKR expression vectors 

Inserted Gene Description  Entry vector  Expression vector 

Ethanol induced HsPKR 
pZeo_FL-HsPKR 

pBINsRNA_FL-HsPKR 

Constitutively expressed HsPKR pHex2_FL-HsPKR 

 

The pBINsRNA_FL-HsPKR and pHex2_FL-HsPKR vectors were infiltrated into N. benthamiana 

(section 2.3.5) to test for expression of HsPKR transcript and protein. Although HsPKR transcript 

was able to be detected by RT-PCR (Fig. 5.13), HsPKR protein was not detected on a western blot 

when expressed from pBINsRNA_FL-HsPKR (Fig. 5.14) or pHex2_FL-HsPKR (data not shown). 

Thus, it remains unclear as to why HsPKR protein was unable to be translated and detected in 

plants. No further experiments were trialled for HsPKR protein expression in plants, including the 

HsPKR mutants for which vectors had been built and transformed into Arabidopsis (Table 5.1 and 

5.2). 
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FIGURE 5.13 HsPKR transcript detection of pBINsRNA_FL-HsPKR and pHex2_FL-

HsPKR expressed transiently in Nicotiana benthamiana. Primers HsPKR 1656 Reverse and 

Nad5 Reverse were used to reverse transcribe RNA from N. benthamiana leaves infiltrated with 

pBINsRNA_FL-HsPKR or pHex2_FL-HsPKR. Primers HsPKR 1-27 Forward & HsPKR 1656 

Reverse and Nad5 Forward & Nad5 Reverse were used to PCR amplify a 1.7 kb and 0.2 kb 

product from the reverse transcription reaction respectively. The PCR products were run on a 1% 

TAE agarose gel. 1kb+, TrackIt
™

 1 kb Plus DNA Ladder, size markers are indicated to the left of 

the gel; RT, PCR amplification of reverse transcribed HsPKR; No, PCR amplification of HsPKR 

that had no reverse transcriptase added to the reaction; Ø, non-infiltrated sample 

 

 

 

FIGURE 5.14 Full-length HsPKR protein is unable to be detected. Western blot detecting 

HsPKR
 
(62 kDa, top panel) transiently expressed from the pBINsRNA_FL-HsPKR vector. 

Ponceau stained Rubisco (14 kDa, lower panel) was used as a loading control. Western blotting 

methods and antibodies used are found in section 2.5.10. Plants infiltrated with pBINsRNA_FL-

HsPKR had two open 1.5 mL tubes of 100% ethanol within the enclosed propagator box. ØP, non-

infiltrated sample with 4 ng HsPKR protein expressed from bacteria (section 4.2.1). 
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5.7 Activation of GCN2 results in a slower infection rate at early stages of virus 
infection 
 

As reported in section 5.4 and 5.5, AtGCN2 overexpression did not result in sustained viral 

resistance. However, as GCN2 phosphorylates eIF2α, which may lead to reduced protein 

translation in plants, it was of interest to determine whether activating plant GCN2 would inhibit 

protein translation of virus-encoded genes and lead to reduced viral titre. Consequently, the viral 

titre was measured in systemic leaves by ELISA using a specific antibody to the infecting virus. 

Viral infection rate was compared between wild-type plants that had endogenous GCN2 activated 

and those with non-activation of GCN2. N. benthamiana plants were sprayed with 150 µM 

glyphosate to activate endogenous N. benthamiana (Nb)GCN2. The next day, the glyphosate-

treated and untreated plants (8 – 12 plants per treatment) were inoculated (section 2.3.6.3) with 

TMV, Potato virus A (PVA) or Cherry leaf roll virus (CLRV). At early timepoints, plants sprayed 

with glyphosate had a lower percentage of infected plants than the untreated control inoculated 

plants (Fig. 5.15). Although, there was no significant difference of viral titre between the 

glyphosate or control treated infected plants (data not shown). The infection rate study was 

repeated using Nicotiana occidentalis infected with PVA (10 plants per treatment) and similar 

results were observed (data not shown).  

 

The infection rate of the glyphosate-treated plants was substantially lower than the untreated plants 

between 4 and 6 dpi (Fig 5.15). By 7 to 10 dpi, both glyphosate-treated and untreated plants had 

similar infection rates. Of note, by 7 dpi, the glyphosate-treated plants began to show signs of 

necrosis due to the herbicide properties of the glyphosate-treatment. By 7 to 14 days post 

glyphosate treatment, the virus infection rate was the same as the untreated plants. This indicated 

that the delayed infection rate was likely a result of eIF2α phosphorylation and not general 

inhibition due to the glyphosate-induced necrosis. If the delayed infection rate was due to the plant 

undergoing necrosis, the infection rate on glyphosate treated plants would be expected to remain 

lower than the untreated plants at all time points, not just at the early time points. 

 

To further test the hypothesis that GCN2 induced phosphorylation of eIF2α results in a delayed 

infection rate, plants that expressed a non-phosphorylatable form of eIF2α (A56) were tested for 

rate of infection upon glyphosate treatment. pHex2_AteIF2α_S56 and pHex2_AteIF2α_A56 

(Table 5.3) were infiltrated into each of the four N. benthamiana leaves (section 2.3.5) grown to 

the four-leaf stage. Ten plants for each final treatment combination were left for three days to 

allow the transgenes to express and then were sprayed with glyphosate or left untreated. The day 
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after glyphosate treatment, the plants were inoculated on two of the infiltrated leaves with either 

TMV or CLRV. Both newly emerging leaves and infiltrated leaves that had not been inoculated 

were tested by ELISA for virus infection rate. Samples were taken from different plants between 4 

and 10 dpi (Fig. 5.16). 

 

FIGURE 5.15 Glyphosate treated plants have increased viral tolerance at early timepoints. 

Eight to twelve plants were sprayed with 150 µM glyphosate or left untreated. The next day the 

plants were inoculated with TMV (a), PVA (b) or CLRV (c). Samples were collected from upper, 

newly developed leaves between 4 to 11 dpi and assayed by ELISA for virus infection. 
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When comparing the newly emerging leaves, the glyphosate-treated TMV-infected plants 

infiltrated with pHex2_AteIF2α_S56 had a slightly delayed infection rate compared to the 

glyphosate-treated TMV-infected plants infiltrated with pHex2_AteIF2α_A56 (Fig. 5.16a). 

Likewise, the glyphosate-treated CLRV-infected plants infiltrated with pHex2_AteIF2α_S56 also 

had a slightly delayed infection rate compared to plants infiltrated with pHex2_AteIF2α_A56 (Fig. 

5.16b). This pattern remained true when comparing either infiltrated leaves or newly emerging 

leaves. This result indicates that the eIF2α phosphorylation on S56 is likely important for the 

delayed infection rate.  

 

FIGURE 5.16 Transient overexpression of a mutant unphosphorylatable form of Arabidopsis 

eIF2α (A56) in Nicotiana benthamiana somewhat reduces the increased viral tolerance 

induced by glyphosate treatment.  Ten plants for each final combination were infiltrated with 

either pHex2_AteIF2α_S56 or pHex2_AteIF2α_A56. The plants were left for three days to allow 

the transgenes to express and then were sprayed with glyphosate or left untreated. The day after 

glyphosate treatment, the plants were inoculated on the infiltrated leaves with either TMV (a) or 

CLRV (b). Both newly emerging leaves and infiltrated leaves that had not been inoculated were 

tested by ELISA for virus infection rate. 
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In a transient assay such as used to produce results presented in Fig. 5.16, the transgenes only 

express in the infiltrated leaves. Therefore, the differences of infection rate between plants 

expressing pHex2_AteIF2α_S56 or pHex2_AteIF2α_A56 as identified in the newly emerging 

leaves or infiltrated (non-inoculated) leaves, are an indication of how quickly the virus was able to 

move from the infiltrated/inoculated leaf to the newly emerging upper leaf or another infiltrated 

lower leaf. The newly emerging upper leaves would be expected to become infected more quickly 

than the lower infiltrated leaves. This is because of the source/sink principle (Kalantidis et al., 

2008). The younger newly emerging sink leaves still require the import of carbon from the older 

photosynthesising source leaves. Thus, the older inoculated source leaf will export carbon as well 

as the infecting virus to the younger sink leaves. The older leaves are net carbon exporters and so 

the virus takes longer to move into those tissues, or may not infect those tissues at all. It is 

therefore unusual that plants expressing pHex2_AteIF2α_S56 have an earlier rate of TMV 

infection in the infiltrated leaves compared to the newly emerging leaves (Fig. 5.16). It may be that 

the source/sink balance changed in these infiltrated leaves due to the amino acid starvation that 

was induced. TMV was detected in the infiltrated leaves at an earlier timepoint than CLRV was 

detected in the infiltrated leaves (Fig. 5.16). This different infection rate trend of the infiltrated 

leaves between TMV and CLRV may be due to the different movement mechanisms employed by 

these viruses. Although TMV moves systemically throughout the plant, it has been demonstrated 

that CLRV does not infect the lower systemic leaves (such as at the height of the infiltrated leaves) 

upon systemic infection (Mas et al., 1996) 

 

As GCN2 activation resulted in a delayed infection rate in N. benthamiana as well as N. 

occidentalis, it was of interest to determine whether GCN2 activation in other plant species would 

delay virus infection. Arabidopsis T-DNA insertion lines were utilised to directly compare plants 

with and without AtGCN2. All available Arabidopsis T-DNA lines with inserts in the genomic 

region of AtGCN2 were obtained from NASC (Table 5.6). These AtGCN2 T-DNA lines were 

tested for the presence/absence of AtGCN2 by the indirect assay of glyphosate treating the plants 

and probing for eIF2α phosphorylation by western blotting (data not shown). Lack of detectable 

eIF2α phosphorylation following glyphosate treatment indicated absence of AtGCN2. Gabi-

Kat_862B02 Line 03, 07, 08 and 09 were homozygous T-DNA lines that did not phosphorylate 

eIF2α following glyphosate treatment (Table 5.6). 
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The AtGCN2 T-DNA line, GK_862B02 Line 07, was selected at random out of the four 

homozygous AtGCN2 T-DNA lines to be challenged alongside Arabidopsis wild-type plants with 

TVCV. TVCV was chosen as this virus can be detected by ELISA at early timepoints after 

inoculation (normally between 5 – 7 dpi). As AtGCN2 cannot be activated permanently, using a 

virus that moves quickly through the plant would help determine whether AtGCN2 activation 

delays virus infection in Arabidopsis. The plants were first treated with stressors known to activate 

AtGCN2 (Lageix et al., 2008); glyphosate (150 µM), methyl jasmonate (50 µM) or cold shock 

(incubation at 4°C for 2 hours). Plants were then challenged with TVCV and assessed for infection 

by ELISA at 7, 10 and 15 dpi. As the glyphosate treated Arabidopsis plants started to die 4 to 7 

days after treatment, they were not tested by ELISA for TVCV infection.  

 

      Table 5.6 Arabidopsis T-DNA lines sourced from the Nottingham Arabidopsis Stock Centre 

T-DNA Insert Gene Description Line Homozygous Knockout
a 

AtGCN2 

Sail_793_H07 No 

Salk_085195c No 

Gabi-Kat_862B02_01 No 

Gabi-Kat_862B02_03 Yes 

Gabi-Kat_862B02_04 No 

Gabi-Kat_862B02_05 No 

Gabi-Kat_862B02_06 No 

Gabi-Kat_862B02_07 Yes 

Gabi-Kat_862B02_08 Yes 

Gabi-Kat_862B02_09 Yes 

Gabi-Kat_862B02_10 No 
a
 Determined indirectly by probing for eIF2α phosphorylation on a western blot. Lack of detectable 

eIF2α phosphorylation following glyphosate treatment of the individual plant lines, indicated the 

line was a homozygous knockout for AtGCN2. 

 

Methyl jasmonate treatment did not delay the TVCV infection rate (Fig. 5.17). Methyl jasmonate 

treatment only activates GCN2 to phosphorylate eIF2α for up to 12 hours (Lageix et al., 2008) and 

thus may not have been sufficient to delay infection similar to that observed for the glyphosate 

treated Nicotiana species. An initial 12 hour delay of protein translation may be insufficient to 

produce a notable reduction in virus infection at the later timepoints of 7 to 15 dpi.  

 

Cold shock treatment did delay the TVCV infection rate (Fig. 5.17). However, the delayed 

infection was observed in both wild-type and the GK_862B02 Line 07 plants. This indicates that 

cold shock inhibits viral replication by means other than AtGCN2 activation. In the wild-type 

plants, protein translation inhibition may play a role in reducing the infection rate but is not likely 

to be the main reason for the inhibition of viral replication. 
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Each of the experiments in this section (section 5.7) was conducted with multiple plants but 

performed one time only. The general trends observed were the same regardless of the infecting 

virus analysed. These trends indicate that eIF2α phosphorylation may delay virus infection at early 

time points. As NbeIF2α only remains phosphorylated for up to seven days post glyphosate 

treatment (data not shown), this release of eIF2α phosphorylation may be why the untreated and 

glyphosate treated plants have similar infection rates after this time point. 
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FIGURE 5.17 Cold shock-treated Arabidopsis plants have increased viral tolerance to TVCV in wild-type and GCN2 deletion T-DNA lines.  Eight 

to ten plants were treated with either 50 μM methyl jasmonate or cold shocked at 4°C prior to being inoculated with TVCV. Samples were collected 

between 7 to 15 dpi and assayed by ELISA for TVCV infection. Plants that had been treated with cold shock had a delayed systemic infection response 

compared with untreated plants. Conversely, plants that had been treated with methyl jasmonate did not have a delayed systemic infection response 

compared with untreated plants. 
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5.8 Conclusions and Discussion 
 

Lim et al. (2002) demonstrated that expressing HsPKR in N. tabacum resulted in virus resistance. 

This doctoral research set out to determine whether viral resistance in HsPKR expressing plants is 

due to eIF2α phosphorylation. However, after numerous attempts to express HsPKR within both 

Arabidopsis and N. benthamiana, HsPKR protein was unable to be detected, even though the 

HsPKR transcript could be detected. HsPKR can be ectopically expressed in mice (e.g. Kronfeld-

Kinar et al., 1999) and yeast (e.g. Chong et al., 1992) cells as well as in N. tabacum (Lim et al., 

2002). The protein translation mechanism is conserved between yeast, mammals and plants, and 

especially between N. tabacum and N. benthamiana. Therefore, potential protein translation 

differences between N. tabacum and N. benthamiana were not expected to be significant, therefore 

HsPKR expression in N. tabacum was not assessed. As the effect of HsPKR expression in plants 

was unable to be studied, the HsPKR mutant lines that were created were not further analysed, nor 

were the AtGCN2 mutant lines. 

 

The experiments conducted during this work were unable to determine whether HsPKR 

phosphorylates eIF2α in response to virus infection in plants. Plants overexpressing HsPKR 

transcript did not have increased resistance to TMV or CMV and it is presumed that this lack of 

viral resistance was due to the lack of HsPKR protein. It is not known why HsPKR protein would 

express from a pBCB_HsPKR construct (Lim et al., 2002) and not from the pBINsRNA_HsPKR 

or pHex2_HsPKR constructs. It is interesting to note that Lim et al. (2002) observed that plants 

from the same pBCB_HsPKR line had a varied response to each of the three different viruses 

(CMV, TEV and PVY). It would be expected that if HsPKR is being activated by the dsRNA 

produced during the viral replication stage, that plants from the same line would have a similar 

level of infection titre. The differing response may indicate that there are a number of biological 

processes inhibiting viral replication upon expression of HsPKR in plants. For instance, expression 

of pathogenesis-related genes that encode antimicrobial compounds could have increased to 

differing levels, or, HsPKR expression may have interfered with the different mechanisms of 

suppression of viral RNA silencing by these viruses. 

 

Following communication with the authors of Lim et al. (2002), the pBCB_HsPKR vector was no 

longer available, and so any possible differences between pBCB_HsPKR and constructs created in 

this research were not able to be further analysed. It is possible the HsPKR protein was not 

expressed from the pBCB_HsPKR vector either. HsPKR protein expression was not directly 
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assayed by Lim et al. (2002), although they did detect a very slight increase in radiolabelled 

phosphorylation at around 68 000 Mr upon addition of dsRNA in HsPKR overexpression lines 

compared to control plants. If HsPKR was not translated in the work reported by Lim et al. (2002) 

then the virus resistance may be a result of the T-DNA insertion into a N. tabacum gene involved 

in viral replication. As a number of different HsPKR N. tabacum overexpression lines 

demonstrated some level of resistance, this explanation does not seem likely. Nevertheless, it is 

difficult to understand why the plants utilised by Lim et al. (2002) could translate HsPKR, whereas 

the plants utilised in this work did not. 

 

Although plants expressing an HsPKR transcript did not have increased virus resistance, it is 

possible that plants overexpressing AtGCN2 may delay infection, as plants overexpressing 

AtGCN2 became infected with CMV less rapidly than control plants (Fig. 5.11). Because the 

TMV infection rate between plants expressing AtGCN2, HsPKR or GUS were only analysed at 18 

dpi, it could not determined whether AtGCN2 overexpressing plants became infected with TMV 

slower than control plants. Future experiments will need to use higher replicate numbers of plants 

and test for infection rate at a closer range of timepoints (e.g. samples taken daily from 5 dpi as in 

section 5.7). This will more clearly determine the difference of speed of infection between plants 

that overexpress AtGCN2 compared to control plants. 

 

Despite the fact this research project was unable to ascertain whether HsPKR expression in plants 

resulted in eIF2α phosphorylation upon virus infection, this research project did determine that 

AtGCN2 overexpression plants do not phosphorylate eIF2α upon TMV or CMV infection. 

Although overexpression of AtGCN2 did not result in virus resistance or virus-induced eIF2α 

phosphorylation, glyphosate activated GCN2 did result in eIF2α phosphorylation and delayed 

virus infection. Activating Nb or NoGCN2 with glyphosate resulted in delayed virus infection in 

N. benthamiana and N. occidentalis (Fig. 5.16). It was unable to be determined whether activating 

AtGCN2 with glyphosate would result in delayed virus infection, as Arabidopsis plants die much 

more quickly than Nicotiana plants as a result of the herbicide properties of glyphosate. It would 

be of interest to repeat this work in a N. benthamiana GCN2 deletion line to determine whether 

virus infection would still be delayed upon glyphosate treatment; however, no such line is 

currently available. 

 

It will be important to test whether GCN2 activation by a means other than glyphosate results in 

delayed virus infection. Although glyphosate is able to activate GCN2, glyphosate has many other 
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effects on the plant and leads to the eventual death of the plant. It is possible that glyphosate could 

be affecting virus infection through a pathway other than eIF2α phosphorylation. Glyphosate 

inhibits the shikimate pathway by inhibiting 5-enolpyruvylshikimic acid-3-phosphate synthase 

(EPSPS). This leads to the aromatic amino acids not being synthesised. The resulting amino acid 

starvation and accumulation of uncharged tRNA activate GCN2 to phosphorylate eIF2α. However 

the aromatic amino acids are also precursers to many other plant products that play crucial roles in 

plant growth, development, reproduction, defence and environmental responses (Maeda et al., 

2012). The shikimate pathway connects carbon metabolism to the biosynthesis of aromatic amino 

acids and their downstream products. Approximately 30% of the carbon fixed by plants is 

normally processed through the shikimate pathway (Maeda et al., 2012). Inhibition of EPSPS 

deregulates the pathway, which results in uncontrolled flow of carbon and subsequent massive 

accumulation of shikimate. This effect would likely exhaust most of the carbohydrate pool to form 

shikimate, meaning there is not enough carbohydrate for other regulatory processes. It is possible 

that the reduced pool of carbohydrates and other products created downstream from the shikimate 

pathway could alter gene expression that could affect viral replication. It is also possible the 

reduced carbon and sugars could result in a reduction of osmosis into the phloem due to the 

reduced solute concentration. A reduction in osmosis would lead to the phloem pressure dropping 

and so the phloem flow rate would also slow down. A reduced flow rate would slow the systemic 

movement of the virus, leading to a delay in systemic virus infection. 

 

Although the glyphosate induced delay of viral infection may not only be due to eIF2α 

phosphorylation, it is likely that eIF2α phosphorylation does play a role in the delay. When the 

non-phosphorylatable form of eIF2α (A56) was expressed in glyphosate treated plants, these plants 

had less of a delayed infection rate than the control glyphosate treated plants expressing 

phosphorylatable eIF2α (S56). This direct comparison between plants expressing the 

phosphorylatable and non-phosphorylatable forms of eIF2α indicates that the delayed infection 

rate is at least partly due eIF2α phosphorylation on S56. 

 

Lageix et al. (2008) demonstrated that many abiotic stressors can activate GCN2 to phosphorylate 

eIF2α. However, out of all these stressors, glyphosate treatment resulted in the longest activation 

of eIF2α phosphorylation. Both methyl jasmonate and cold shock treatment activate GCN2, 

however these stressors did not delay virus infection via GCN2 activation (Fig. 5.17). This may 

have been due to the short activation period as compared to inducing GCN2 with glyphosate. As 

GCN2 cannot be activated permanently, by glyphosate or any other known stressor, a 
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constitutively active GCN2 construct could be utilised. If plants that express constitutively active 

GCN2 had delayed virus infection rates, this would support the hypothesis that the delayed 

infection is a result of eIF2α phosphorylation. Constitutively active GCN2 has previously been 

studied in yeast (Qiu et al., 2002). AtGCN2 bearing a similar mutation could be could be 

expressed in planta to determine whether constitutively active GCN2 within plants induces a 

delayed infection rate without the need for glyphosate treatment. 

 

It must also be considered whether plants are able to inhibit virus translation as a result of eIF2α 

phosphorylation. It is unclear to what level protein translation inhibition occurs in plants upon 

eIF2α phosphorylation. Lageix et al. (2008) observed that protein translation was reduced in plants 

that were activated to phosphorylate eIF2α compared to control plants (see section 1.3.4 for more 

detail). Nevertheless, protein translation was not completely inhibited and the reduction in protein 

translation efficiency was less significant than that found in either the yeast or mammalian 

systems.  

 

In animals and yeast, the guanine exchange factor, eIF2B, recycles eIF2-GDP back to eIF2-GTP 

(see section 1.2 for more detail). When eIF2α is phosphorylated, this exchange is inhibited as 

phosphorylated eIF2α is a competitive inhibitor of eIF2B. Thus, when eIF2α is phosphorylated, 

protein translation is inhibited due to the reduction of active eIF2-GTP molecules. An orthologue 

of eIF2B has not yet been identified in plants. Moreover, it has been demonstrated that plant-eIF2 

may be able to exchange GDP to GTP without the need for eIF2B (Krishna et al., 1997; Shaikhin 

et al., 1992, see section 1.2 for more detail). If plants do not need eIF2B to exchange eIF2-GDP 

back to eIF2-GTP, then there would be a constant supply of eIF2-GTP and eIF2α phosphorylation 

would not result in translation inhibition. 

 

As mentioned above, Lageix et al. (2008) observed a reduction in protein translation upon eIF2α 

phosphorylation in plants. Also, Reijnders et al. (1975) have previously demonstrated that plants 

do not inhibit protein translation upon virus infection. In this doctoral research, a delayed infection 

rate was observed in plants that were treated with glyphosate to induce eIF2α phosphorylation. 

However, there was no corresponding reduction of viral titre in the glyphosate treated plants 

compared to untreated plants. Thus, it is unclear whether plant eIF2α phosphorylation inhibits viral 

protein translation or whether glyphosate induced eIF2α phosphorylation delays viral infection by 

a different mechanism. It is possible that glyphosate induced GCN2 activation may somehow alter 

the actin cytoskeleton. In yeast, an inhibitor of GCN2 is regulated via the binding of actin 



Chapter Five 

 

139 

 

(Sattlegger et al., 2011). Actin microfilaments are components of the plant cytoskeleton that 

extend through plasmodesmata. Plant viruses utilise diverse mechanisms to modify the exclusion 

limit of plasmodesmata channels so that the virus particles can move from cell to cell until they 

reach the vascular system to establish a systemic infection (Niehl et al., 2011). A number of 

viruses also interact with the microfilaments of the cytoskeleton for both intracellular and 

intercellular support and movement. In fact the intercellular movement of viruses from different 

genera (including TMV, PVX and Tomato bushy stunt virus) is inhibited by disruption of 

microfilaments (Harries et al., 2009). Thus, GCN2 activation may somehow disrupt the actin 

microfilaments and plasmodesmata and so delay the movement of the virus into the vascular 

system. 

 

In conclusion, this research project has determined that glyphosate induced eIF2α phosphorylation 

delays virus infection in plants. However, it is still unclear whether HsPKR induced plant viral 

resistance is a result of eIF2α phosphorylation. 
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Chapter Six 

What kinase phosphorylates 
eIF2α in virus infected 

P58IPK-silenced plants? 
 

 

As described in Chapter One (section 1.4.4), P58IPK is a cellular inhibitor of PKR in mammalian 

cells, and is encoded in both plants and animals. P58IPK may also be important for viral 

replication and spread within N. benthamiana and Arabidopsis. Bilgin et al. (2003) demonstrated 

that P58IPK-silenced plants phosphorylate eIF2α at early time points upon virus infection and the 

plants eventually undergo complete necrosis. According to the authors, the necrosis was most 

likely due to the high level of eIF2α phosphorylation, as P58IPK-silenced plants overexpressing 

nonphosphorylatable eIF2α A56 did not undergo necrosis upon virus infection. As GCN2 is the 

only verified plant eIF2α kinase, it was of interest in this current research, to determine whether 

GCN2 or a different kinase phosphorylated eIF2α in virus infected P58IPK-silenced plants. 

Therefore, a double knockout T-DNA line was created to determine whether a virus infected 

GCN2/P58IPK double knockout plant would phosphorylate eIF2α. If eIF2α was phosphorylated 

upon virus infection, it would suggest that a kinase other than GCN2 could phosphorylate eIF2α in 

a virus dependent manner. By contrast, if eIF2α was not phosphorylated in these virus infected 

double knockout plants, it would indicate that GCN2 is able to phosphorylate eIF2α in a virus 

dependent manner in the absence of P58IPK. Thus, this chapter addresses Objective 4: Determine 

what kinase phosphorylates eIF2α in virus infected P58IPK-silenced plants.  
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6.1 The in planta role of P58IPK 
 

The co-chaperone protein P58IPK (58-kDa inhibitor of protein kinase) is part of the family of ER 

localised DnaJ proteins (ERdj proteins), which interact with the chaperone, binding 

immunoglobulin protein (BiP). BiP, the ER localised orthologue of heat shock protein 70 (Hsp70), 

regulates the folding of nascent proteins and targets misfolded proteins for degradation. Like other 

members of the Hsp70 family, BiP interacts with DnaJ proteins (also known as Hsp40s). When the 

J domain of DnaJ proteins is bound to the ATPase domain of BiP, ATPase activity is stimulated 

which stabilises the binding between BiP and its substrate (see Fig. 6.1a). The stable binding of 

BiP to the substrate protein gives the substrate more time to fold into the correct conformation 

(Otero et al., 2010).  

 

Arabidopsis has nine different orthologues of ERdj proteins (AtERdjA8, AtERdjB9, AtERdjB10, 

AtERdjC19 (also known as AtP58IPK), AtERdjC20, AtERdjC21, AtERdjC22, AtERdjC39, 

AtERdjC55 (Rajan et al., 2009; Yamamoto et al., 2008). P58IPK contains a J domain in the C-

terminal region and also has nine tetratricopeptide repeats to facilitate protein-protein interactions 

in the N-terminal region. P58IPK has several interaction partners, but was initially identified as an 

inhibitor of PKR during influenza infection of mammalian cells (Lee et al., 1994). P58IPK 

interacts directly with PKR and inhibits its kinase activity by preventing dimerisation (Fig. 6.1b). 

P58IPK was later shown to be upregulated in animals (Yan et al., 2002) and plants (Kamauchi et 

al., 2005) in response to ER stress and the UPR. Under normal conditions, BiP binds to the ER 

sensor proteins PERK, IRE1 and ATF6 in animals and BAG7 and IRE1 in plants (Ye et al., 2011). 

Upon ER stress and the UPR, BiP binds to misfolded proteins and releases these sensor proteins. 

In mammalian cells, the released eIF2α kinase PERK is able to phosphorylate eIF2α, which 

reduces protein translation and allows the cell time to coordinate the re-folding of the aggregated 

proteins. In animals, P58IPK inhibits PERK (Yan et al., 2002) as well as PKR (Lee et al., 1994), 

whereas less is known about P58IPK inhibition of plant eIF2α kinases. The work undertaken by 

Bilgin et al. (2003) indicates that plant P58IPK also inhibits a plant eIF2α kinase. It has not been 

deteremined whether this kinase is GCN2 (the only verified plant eIF2α kinase), or an unknown 

plant eIF2α kinase. 
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FIGURE 6.1 P58IPK (DnaJ) protein regulation. (a.) Model of Hsp70:DnaJ protein chaperone 

cycle (Rajan et al., 2009). Hsp70 exists in two nucleotide-bound states, ATP and ADP state. (1) In 

ATP state, Hsp70 binds directly to the unfolded/client substrate protein with a relatively low 

affinity (fast-release form). (2) Similarly, J-proteins such as P58IPK also bind to unfolded/client 

proteins. (3) J-proteins bind to Hsp70–substrate complex directly, either alone or sometimes 

sequesters unfolded/client proteins to ATP-bound Hsp70. (4) The J-protein interacts with the 

ATPase domain of Hsp70 stimulating ATP hydrolysis, thus stabilising the Hsp70-substrate 

complex with a high affinity (slow-release form). (5) Nucleotide exchange factor (NEF) exchanges 

the ADP from Hsp70 and primes to the ATP state for the next cycle during the folding process 

(Rajan et al., 2009). (b.) Model of release of mammalian PERK upon the Unfolded Protein 

Response (UPR). Under normal physiological conditions, the eIF2α kinase PERK is present in an 

inactive form in a complex with BiP Hsp70. The J-protein P58IPK also interacts with BiP as in 

Fig. 6.1a. Upon the UPR or other stress signals, this complex is disrupted and PERK is released 

from the complex. The free PERK is available to phosphorylate eIF2α, which results in protein 

translation inhibition. However, when P58IPK binds to PERK, PERK is not competent to 

phosphorylate eIF2α. Similarly, during virus infection, PKR is activated to phosphorylate eIF2α, 

but when P58IPK binds to PKR, PKR is not competent to phosphorylate eIF2α and translation is 

not inhibited. 
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6.2 Verifying T-DNA knockout P58IPK and GCN2 Arabidopsis plants 
 

A number of Arabidopsis T-DNA lines with inserts in the genomic region of P58IPK or GCN2 

were obtained from NASC (Table 6.1). The Ws-0 P58IPK T-DNA line utilised by Bilgin et al. 

(2003) was not available from NASC or the Arabidopsis Biological Resource Center, nor was it 

available from the corresponding author and principal investigator of research published in Bilgin 

et al. (2003). Using standard methods (described in 2.3.4 and 2.4.2), homozygous P58IPK T-DNA 

lines obtained from NASC were grown and tested for the presence of AtP58IPK transcripts using 

primers AtIPK 242 Forward and AtIPK 1291 Reverse to amplify cDNA (Fig. 6.2). These primers 

extend over introns across the AtP58IPK gene such that cDNA- and genomic DNA- derived 

amplicons would be distinguished by size when separated on an agarose gel (1 kb and 1.7 kb, 

respectively). Moreover, a reaction with no reverse transcription was added (Fig. 6.2, Lanes 3, 6, 

9, and 12) to ensure only cDNA and no genomic DNA was being amplified. Absence of amplicon 

in the presence of reverse transcriptase indicated no AtP58IPK transcript expression (Fig. 6.2, 

Lanes 1, 4, 7, and 10). To ensure that the plant RNA was of sufficient quality to amplify the 

AtP58IPK transcript if present, the Nad5 transcript was also amplified using primers Nad5 

Forward and Nad5 Reverse (Fig. 6.2, Lanes 2, 5, 8, and 11). 

As seen in Fig. 6.2, Arabidopsis P58IPK T-DNA Salk_103659 and Salk_080901c lines were 

homozygous knockout lines, but the Salk_044772 line produced a P58IPK transcript. Furthermore, 

Yamamoto et al. (2008) have previously verified T-DNA lines Salk_103659 and Salk_080901c as 

homozygous P58IPK transcription knockout T-DNA lines by northern and western blotting. 

As described in section 5.7, GCN2 T-DNA lines were tested for eIF2α phosphorylation upon 

glyphosate treatment. If no eIF2α phosphorylation was detected upon glyphosate treatment, this 

indicated that GCN2 was not present. Table 6.1 lists the P58IPK and GCN2 T-DNA lines tested 

and whether they were homozygous knockout lines. 
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      Table 6.1 Arabidopsis T-DNA lines sourced from the Nottingham Arabidopsis Stock Centre 

T-DNA Insert Gene Description Line Homozygous Knockout
a, b 

GCN2 

Sail_793_H07 No 

Salk_085195c No 

Gabi-Kat_862B02_01 No 

Gabi-Kat_862B02_03 Yes 

Gabi-Kat_862B02_04 No 

Gabi-Kat_862B02_05 No 

Gabi-Kat_862B02_06 No 

Gabi-Kat_862B02_07 Yes 

Gabi-Kat_862B02_08 Yes 

Gabi-Kat_862B02_09 Yes 

Gabi-Kat_862B02_10 No 

P58IPK 

Salk_044772 No 

Salk_103659 Yes 

Salk_080901c Yes 
a
 GCN2 homozygous knockout lines were determined indirectly by probing for eIF2α phosphorylation 

on a western blot. Lack of detectable eIF2α phosphorylation following glyphosate treatment of the 

individual plant lines, indicated the line was a homozygous knockout for AtGCN2.  
b
 P58IPK homozygous knockout lines were determined by testing for the presence of AtP58IPK 

transcripts by RT-PCR. 

 

 

FIGURE 6.2 Salk_103659 and Salk_080901c are homozygous knockout lines of P58IPK. 

Primers AtIPK 3 Sal Reverse and Nad5 Reverse were used to reverse transcribe cDNA using as 

template RNA from Arabidopsis leaf tissue. Primers AtIPK 242 Forward and AtIPK 1291 Reverse 

and Nad5 Forward and Nad5 Reverse were used to PCR amplify a 1.0 kb and 0.2 kb product from 

the reverse transcription reaction, respectively. The PCR products were run on a 1% TAE agarose 

gel. 1kb+, TrackIt™ 1 kb Plus DNA Ladder; 100bp, 100bp DNA Ladder; size markers are 

indicated to the sides of the gel; RT, PCR amplification of reverse transcribed P58IPK (IPK) and 

Nad5; No, PCR amplification of P58IPK (IPK) that had no reverse transcriptase added to the 

reaction. 
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6.3 Creation of double knockout GCN2/P58IPK Arabidopsis plants 
 

In order to determine whether upon virus infection GCN2 or a different kinase phosphorylates 

eIF2α in the P58IPK silenced plants, a double knockout GCN2/P58IPK line was created. 

Arabidopsis P58IPK T-DNA (Salk_080901c) and Arabidopsis GCN2 T-DNA 

(GabiKat_862B02_03) deletion lines were crossed to produce a double knockout mutant line. 

Three Salk_080901c plants and three Gabi-Kat_862B02_03 plants were chosen as recipient plants 

to be crossed with pollen from the other genotypic line. 

 

Flowers and siliques were removed from around the unopened bud chosen to be crossed in the 

recipient plant. Forceps that had been wiped with 100% ethanol to remove any pollen were used to 

remove the sepals, petals and stamens from the chosen unopened bud. A flower with fully 

developed pollen from the donor plant was dabbed at the pistil of the recipient plant bud. The 

pollinated pistil was labeled and covered with a plastic bag for 48 h to retain humidity and prevent 

pollination from other pollen sources. The plastic cover was removed and the siliques were 

allowed to develop. Seeds were collected as per section 2.3.3.3. 
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6.4 P58IPK Arabidopsis plants do not die upon virus infection 
 

6.4.1 Turnip mosaic virus infection of P58IPK T-DNA deletion Arabidopsis lines 
 

To verify that P58IPK T-DNA Arabidopsis lines did indeed undergo necrosis and phosphorylation 

of eIF2α upon virus infection, the two verified P58IPK T-DNA lines (Salk_103659 and 

Salk_080901c) were infected with TuMV as per section 2.3.6.2. However, in direct contrast to 

Bilgin et al. (2003), the P58IPK T-DNA lines did not die upon TuMV infection (Fig. 6.3) and 

instead produced leaf distortion symptoms in both wild-type and P58IPK T-DNA lines. The plants 

were tested by RT-PCR (section 2.4.2) using primers TuMV (5356-5376) Forward and TuMV 

(5600-5580) Reverse and the plants were indeed infected with TuMV (data not shown). 

Furthermore, no eIF2α phosphorylation could be detected in the TuMV infected P58IPK T-DNA 

plant tissue (Fig. 6.4). 

 

FIGURE 6.3 Arabidopsis Salk_080901c and Salk_103659 lines do not die upon Turnip mosaic 

virus infection. Arabidopsis wild-type, Salk_080901c and Salk 103659 lines were infected with 

TuMV or mock infected at four weeks of age. The Arabidopsis plants were grown in an 8 h light, 

16 h dark cycle. Photos were taken at 12, 18 and 20 days post inoculation (dpi). 
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FIGURE 6.4 Arabidopsis Salk_080901c and Salk_103659 lines do not phosphorylate eIF2α 

upon Turnip mosaic virus infection. Western blot detecting phosphorylated eIF2αS
51 

(39 kDa, 

top panel) in TuMV infected wild-type, Salk_080901c and Salk_103659 Arabidopsis lines. 

Ponceau stained Rubisco (55 kDa, lower panel) was used as a loading control. Samples were taken 

at 5, 8 and 12 days post inoculation (dpi). Western blotting methods and antibodies used are found 

in section 2.5.10. ØG, glyphosate treated control line. 

 

 

6.4.2 Turnip vein clearing virus infection of P58IPK T-DNA deletion Arabidopsis lines 
 

As TuMV infection of Arabidopsis P58IPK T-DNA lines did not result in necrosis, the same lines 

were infected with TVCV, the other virus which resulted in necrosis in the Ws-0 P58IPK T-DNA 

line (Bilgin et al., 2003). Again in direct contrast to Bilgin et al. (2003), the P58IPK T-DNA lines 

did not die upon TVCV infection (Fig. 6.5), but produced leaf distortion symptoms in both wild-

type and P58IPK T-DNA lines. The plants were tested by ELISA as per section 2.5.11.1 using the 

TMV antibody and they were indeed infected with a Tobamovirus such as TVCV (data not 

shown). No eIF2α phosphorylation could be detected in the TVCV infected P58IPK T-DNA plants 

(Fig. 6.6). To further investigate why virus infection did not result in death in the P58IPK T-DNA 

lines, a third virus, TYMV, was inoculated on both wild-type and P58IPK T-DNA lines. TYMV 

was chosen as it is from a different family (Tymoviridae) than TuMV (Potyviridae) and TVCV 

(Virgaviridae). However, P58IPK T-DNA lines infected with TYMV also did not undergo 

necrosis (Fig 6.7). 
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FIGURE 6.5 Arabidopsis Salk_080901c and Salk_103659 lines do not die upon Turnip vein 

clearing virus infection. Arabidopsis wild-type, Salk_080901c and Salk_103659 lines were 

infected with TVCV or mock infected at four weeks of age. The Arabidopsis plants were grown in 

an 8 h light, 16 h dark cycle. Photos were taken at 12, 18 and 20 days post inoculation (dpi). 

 

 

 

FIGURE 6.6 Arabidopsis Salk_080901c and Salk_103659 lines do not phosphorylate eIF2α 

upon Turnip vein clearing virus infection. Western blot detecting phosphorylated eIF2αS
51 

(39 

kDa, top panel) in TVCV infected Salk_080901c and Salk_103659 Arabidopsis lines. Ponceau 

stained Rubisco (55 kDa, lower panel) was used as a loading control. Samples were taken at 12 

days post inoculation (dpi). Western blotting methods and antibodies used are found in section 

2.5.10. ØG, glyphosate treated control line. 
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FIGURE 6.7 Arabidopsis Salk_080901c and Salk_103659 lines do not die upon Turnip yellow 

mosaic virus infection. Arabidopsis wild-type, Salk_080901c and Salk_103659 lines were 

infected with TYMV or mock infected at four weeks of age. The Arabidopsis plants were grown in 

an 8 h light, 16 h dark cycle. Photos were taken at 12, 18 and 20 days post inoculation (dpi). 

 

  



Chapter Six 

 

150 

 

6.5 Virus infection of NbP58IPK silenced Nicotiana benthamiana plants 
 

6.5.1 Hairpin knockdown of P58IPK in Nicotiana benthamiana plants 
 

As the Arabidopsis P58IPK T-DNA lines did not die upon virus infection or phosphorylate eIF2α, 

it was decided to repeat the work in N. benthamiana silenced for P58IPK. Initially, a vector 

expressing an NbP58IPK hairpin to knockdown NbP58IPK was created. The same sequence of 

NbP58IPK in the PVX-VIGS vector used by Bilgin et al. (2003) was amplified from 

pUC57_NbIPK (Genscript) using primers Gateway NbIPK 833-857 Forward and Gateway NbIPK 

1403-1420 Reverse (Table 2.10). The PCR amplified product was recombined into pDONR™/Zeo 

(Invitrogen™) in a BP Clonase
™

 II reaction mix (Invitrogen™) as per section 2.4.4.3. The 

resulting entry clone, pZeo_NbIPK_833-1420, was then recombined with the pTKO2 destination 

vector (Snowden et al., 2005) in an LR Clonase
™

 II reaction mix (Invitrogen™). The resulting 

expression clone, pTKO2_NbIPK_833-1420 was then transformed into A. tumefacians before 

infiltration into N. benthamiana.  

 

      Table 6.2 NbP58IPK expression vectors created in this thesis 

Inserted Gene Description  Entry vector  Expression vector 

NbP58IPK C-terminal region  

833-1420bp (AY235682) 
pZeo_NbIPK_833-1420 pTKO2_NbIPK_833-1420 

NbP58IPK full-length (AY235682) pZeo_NbIPK pHex2_NbIPK 

 

The sequence verified (section 2.4.8) pTKO2_NbIPK_833-1420 vector was infiltrated into 

N. benthamiana leaves (section 2.3.5) and assayed for transcript expression. Semi-quantitative RT-

PCR (section 2.4.2) using primers that anneal beyond the hairpin region – NbIPK 545 Forward 

and NbIPK 823 Reverse (Table 2.6), were used to determine the level of NbP58IPK silencing. 

Samples were taken from both infiltrated and newly emerging leaves at 5, 7 and 14 days post 

infiltration and it was found that there was no silencing of NbP58IPK at any of these time points. 

A semi-quantitative RT-PCR of the infiltrated leaves at 5 and 7 days post infiltration are displayed 

in Fig. 6.8. Moreover, the N. benthamiana plants infiltrated with pTKO2_NbIPK_833-1420 did 

not die upon TVCV infection (data not shown). 
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FIGURE 6.8 NbP58IPK is not silenced in response to infiltration of pTKO2_NbIPK_833-

1420 into Nicotiana benthamiana. The primer NbIPK 1434 Reverse was used to reverse 

transcribe NbP58IPK from 1 µg of leaf tissue RNA sample prior to infiltration (non-infiltrated) as 

well as from pTKO2_NbP58IPK_833-1420 infiltrated leaf tissue RNA sample at days 5 and 7 post 

infiltration in a 20 µL reaction. 5 µL of this cDNA was added to a 125 µL PCR reaction mix using 

primers NbIPK 545 Forward and NbIPK 823 Reverse. This master mix was divided into five 

aliquots of 25 µL for each sample. The aliquots were run in the PCR machine for between 19 – 31 

cycles to amplify a 0.3 kb product. The PCR products were run on a 1% TAE agarose gel. No-31, 

A 31 cycle PCR amplification of sample that did not have reverse transcriptase added to the 

reaction; 1kb+, TrackIt™ 1 kb Plus DNA Ladder, size markers are indicated on the sides of the 

gel. 

 

6.5.2 PVX Virus Induced Gene Silencing of P58IPK in Nicotiana benthamiana plants 
 

A VIGS approach was used to silence NbP58IPK by infiltrating N. benthamiana with transgenic 

A. tumefaciens harbouring VIGS vectors. The PVX VIGS vector used to knockdown NbP58IPK 

was a kind gift from S. Dinesh-Kumar, the corresponding author and principal investigator of 

research published in Bilgin et al. (2003). The VIGS vector PVX-NbP58IPK was infiltrated into 

N. benthamiana as per section 2.3.5. The PVX empty control vector was not available for use and 

so as a negative control, N. benthamiana plants were inoculated with wild-type PVX virus as per 

section 2.3.6.3. To ensure that plants were indeed silenced for NbP58IPK, semi-quantitative RT-

PCR was performed on N. benthamiana infiltrated with PVX-NbP58IPK and compared to plants 

inoculated with PVX. As displayed in Fig. 6.9, NbP58IPK was indeed knocked down as reported 

by Bilgin et al. (2003); the endogenous NbP58IPK transcript was first detected at cycle 28 

compared to cycle 25 for PVX infected leaf tissue. 
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FIGURE 6.9 NbP58IPK is silenced in response to infiltration of PVX-NbP58IPK into 

Nicotiana benthamiana. Oligo(dT)20 primer (Invitrogen™) was used to reverse transcribe P58IPK 

using as template 1 µg of leaf tissue RNA sample from plants infected with PVX or plants 

infiltrated with PVX-NbP58IPK. cDNA (5 µL) was added to a 95 µL PCR reaction mix that 

included primers NbIPK 545 Forward and NbIPK 823 Reverse. This master mix was divided into 

five aliquots of 20 µL for each sample. The aliquots were run in the PCR machine for between 19 

– 31 cycles to amplify a 0.3 kb P58IPK product. The PCR products were run on a 1.5% TAE 

agarose gel. No-31, A 31 cycle PCR amplification of sample that did not have reverse transcriptase 

added to the reaction; 100 bp, 100 bp DNA Ladder, size markers are indicated on the sides of the 

gel. 

 

Bilgin et al. (2003) infected the PVX-VIGS infiltrated N. benthamiana plants with GFP tagged 

TMV or TEV as the secondary wild-type viruses. In this research project, the PVX 

infiltrated/inoculated N. benthamiana plants were infected with different secondary wild-type 

viruses for three different reasons. First, Plant & Food Research does not have EPA approval to 

use genetically modified viruses such as GFP tagged TMV and TEV. Second, TEV is not present 

in New Zealand and so could not be used as per the HSNO Act 1996. Third, wild-type TMV strain 

U1 causes necrosis in wild-type N. benthamiana plants. In the TMV construct utilised by Bilgin et 

al. (2003), the GFP tag is inserted between the movement protein and coat protein (Fig 5.2a). This 

TMV construct is also a hybrid of two different TMV strains - the replicase and movement 

proteins have TMV strain U1 sequences and the coat protein has TMV strain U5 sequence 

(Shivprasad et al., 1999). The insertion of the GFP tag between the movement and coat protein 

would also disrupt ORF6, which is known to enhance the virulence of TMV (Canto et al., 2004). 

These differences must enable the systemic infection of TMV-GFP into N. benthamiana without 

developing necrosis. As the exact same viruses that Bilgin et al. (2003) used were unable to be 

used in this research project, viruses were chosen from the same genus. The Potyvirus TuMV was 

used instead of TEV, and the Tobamovirus TVCV was used instead of TMV (see Appendix C for 

more detail on viruses used during this thesis).  
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Six plants were used for each virus combination as described in Table 6.3. N. benthamiana plants 

were infiltrated or mechanically inoculated, as appropriate, with the PVX-VIGS-NbP58IPK vector 

or wild-type PVX virus, and then eight days later the wild-type viruses TuMV or TVCV were 

inoculated onto the upper leaves. It was found that N. benthamiana plants that were infiltrated with 

the PVX-VIGS-NbP58IPK vector did indeed undergo necrosis upon a secondary virus infection 

and eventually died by 28 dpi (Fig. 6.10). However, plants infected with wild-type virus PVX and 

secondary virus TVCV or TuMV also underwent necrosis, but they did not die completely even by 

38 dpi. Virus infections were verified by ELISA (section 2.5.11, data not shown) and the all plants 

were indeed infected with the viruses.  

 

      Table 6.3 Co-infecting virus combinations and symptoms of Nicotiana benthamiana plants 

First Virus/s Second Virus Symptoms  

PVX 

Mock Leaf distortion, mild mosaic 

TVCV Stunted plants, yellow leaves, necrosis 

TuMV Stunted plants, yellow leaves with rugosity, necrosis 

PVX-NbP58IPK 

Mock Severe mosaic, necrotic flecks* 

TVCV Stunted plants, yellow mosaic leaves, necrosis, death 

TuMV 
Stunted plants, yellow mosaic leaves with rugosity, 

necrosis, death 

* Necrotic flecks have been reported when using PVX as a viral vector (Ratcliff et al., 2001). 

 

Although the N. benthamiana plants that were infiltrated with the PVX-VIGS-NbP58IPK vector 

underwent necrosis and death similar in manner to Bilgin et al. (2003), phosphorylation of eIF2α 

was not detected (Fig. 6.11). Four infected PVX-VIGS-NbP58IPK silenced plants (two infected 

with TVCV and two infected with TuMV) were probed by western blot for eIF2α phosphorylation 

at 5, 8, and 12 dpi. The eIF2α phosphor-specific antibody was unable to detect eIF2α 

phosphorylation in any of these samples, despite positive detection in the glyphosate treated 

positive control for eIF2α phosphorylation. It is not specifically mentioned how much total protein 

Bilgin et al. (2003) loaded on the poly-acrylamide gel to enable detection of phosphorylated 

eIF2α; however, this research project was unable to detect phosphorylated eIF2α from 12 µg of 

total protein from the virus infected PVX-VIGS-NbP58IPK samples, although phosphorylated 

eIF2α could be detected in the same amount of glyphosate treated sample. A prior study in this 

laboratory defined the sensitivity of the phosphor-specific eIF2α antibody to detect 5 ng 

phosphorylated eIF2α. Therefore, in direct contrast with Bilgin et al. (2003), phosphorylation of 

eIF2α is not detectable in virus infected PVX-VIGS-NbP58IPK silenced N. benthamiana plants 

(Fig. 6.11) nor virus infected AtP58IPK T-DNA Arabidopsis plants (Fig. 6.4 and 6.6).  



Chapter Six 

 

154 

 

 

FIGURE 6.10 PVX-VIGS silenced NbP58IPK Nicotiana benthamiana plants undergo 

necrosis upon virus infection. The VIGS vector PVX_NbP58IPK or the negative control PVX 

virus was, respectively, infiltrated or inoculated into N. benthamiana leaves. Eight days post 

inoculation/infiltration of wild-type PVX or PVX_NbP58IPK, the wild-type viruses TuMV or 

TVCV were inoculated onto the upper leaves. Photos were taken at 30 dpi. 

 

 

FIGURE 6.11 PVX-VIGS NbP58IPK silenced Nicotiana benthamiana plants do not 

phosphorylate eIF2α upon virus infection. Western blot detecting phosphorylated eIF2αS
51 

(39 

kDa, top panel) in TuMV, and TVCV infected N. benthamiana plants infiltrated with a PVX-

P58NbIPK VIGS vector. TATA box binding protein (TBP) (20 kDa, lower panel) was used as a 

loading control. Samples were taken at 5, 8 and 12 days post inoculation (dpi). Western blotting 

methods and antibodies used are found in section 2.5.10. ØG, glyphosate treated control line. 
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6.5.3 Overexpressing AteIF2α_A56 does not rescue PVX-VIGS-NbP58IPK induced death 
in Nicotiana benthamiana plants 
 

To further repeat the experiments conducted by Bilgin et al. (2003), AteIF2α_S56 and 

AteIF2α_A56 was overexpressed within NbP58IPK silenced N. benthamiana plants. A Gateway 

compatible TRV2 vector (CD3-1041), which was originally submitted by the laboratory of Bilgin 

et al. (2003), was obtained from the Arabidopsis Biological Resource Center. This TRV2 vector 

was used to recombine with pZeo_AteIF2α_S56 and pZeo_AteIF2α_A56 (section 5.1) in an LR 

Clonase™ II reaction mix (Invitrogen™, section 2.4.4.3). The resulting sequence-verified 

expression clones, pTRV2_AteIF2α_S56 and pTRV2_AteIF2α_A56 (Table 6.4) were co-

infiltrated or co-infected with a PVX-VIGS-NbP58IPK vector or PVX wild-type virus into 

N. benthamiana as displayed in Table 6.5. As TRV is a bipartite virus, the TRV1 vector was 

infiltrated along with the TRV2 vectors. Eight days post infiltration/inoculation of the TRV and 

PVX viruses, the wild-type viruses TuMV and CMV were inoculated onto the upper leaves. Since 

TRV is a member of the Virgaviridae family, CMV (a member of Bromoviridae) was substituted 

for TVCV (another member of the Virgaviridae) as under EPA decision ERMA200272 viruses 

from the same family were not allowed to be co-infected.  

 

      Table 6.4 TRV2 vectors created to express AteIF2α_S56 and AteIF2α_A56 in N. benthamiana 

Inserted Gene Description  Entry vector  Expression vector 

AteIF2α (At5G05470) 

Wild-type 
pZeo_AteIF2α_S56 pTRV2_AteIF2α_S56 

AteIF2α (At5G05470) 

A56 non-phosphorylatable 
pZeo_AteIF2α_A56 pTRV2_AteIF2α_A56 

 

      Table 6.5 Co-infecting virus combinations and symptoms of Nicotiana benthamiana plants 

 overexpressing AteIF2α 

First Viruses Second Virus  

PVX 

TRV1 

TRV2_AteIF2α_S56 

Mock 

CMV 

TuMV 

PVX 

TRV1 

TRV2_AteIF2α_A56 

Mock 

CMV 

TuMV 

PVX-VIGS-NbP58IPK 

TRV1 

TRV2_AteIF2α_S56 

Mock 

CMV 

TuMV 

PVX-VIGS-NbP58IPK 

TRV1 

TRV2_AteIF2α_A56 

Mock 

CMV 

TuMV 
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Six plants were used for each virus combination as described in Table 6.5 and the plants were 

subsequently verified by ELISA and RT-PCR to ensure they were infected with the virus 

combination. It was found that all N. benthamiana plants that were silenced for NbP58IPK and 

overexpressed wild-type AteIF2α (AteIF2α S56) underwent necrosis and died upon a secondary 

virus infection by 30 dpi (Fig. 6.12). Half of those plants treated as above but mock infected rather 

than infected with a secondary virus also died by 30 dpi. Infiltration with TRV-AteIF2α_A56 

rather than TRV-AteIF2α_S56 made little difference, with 80% of CMV and 100% of TuMV co-

infected plants dying. These results are in contrast to those published by Bilgin et al. (2003), who 

found that infiltration of PVX-AteIF2α_A56 rescued PVX-VIGS-NbP58IPK silenced plants from 

death upon a secondary virus infection. To ensure that AteIF2α was being overexpressed from the 

TRV vector, RT-PCR was performed on infected material. The amplified AteIF2α PCR product 

was then subjected to restriction digest with SacI. The single SacI restriction enzyme site within 

the AteIF2α sequence was deleted upon creation of AteIF2α_A56 (see section 5.1). Thus, when 

electrophoresed on an agarose gel, SacI digested amplicons derived from overexpressed 

AteIF2α_A56 or AteIF2α_S56 will produce a 1 kb amplicon, or, two amplicons at 162 bp and 876 

bp, respectively. AteIF2α_A56 and AteIF2α_S56 were indeed overexpressed resulting in the 

anticipated amplicons as exampled in Fig. 6.13. Thus, in contrast to Bilgin et al. (2003), TRV-

AteIF2α_A56 infection does not rescue PVX-VIGS-NbP58IPK silenced plants from death upon a 

secondary virus infection. 

 

FIGURE 6.12 Overexpressing AteIF2α does not rescue PVX-VIGS-NbP58IPK induced 

necrosis in Nicotiana benthamiana plants. The graph displays the percentage of plants that 

underwent necrosis by 30 dpi (n = 6). 
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FIGURE 6.13 TRV-AteIF2α expresses AteIF2α in Nicotiana benthamiana. Oligo(dT)20 primer 

(Invitrogen™) was used to reverse transcribe AteIF2α using as template 1 µg of leaf tissue RNA 

sample from plants infected with TRV-AteIF2α_A56 and TRV-AteIF2α_S56. Primers AteIF2A F 

EcoRI NcoI and AteIF2A R BamHI (Table 2.8) were used to amplify full-length AteIF2α in 20 µL 

reaction (section 2.4.2). 10 units of SacI restriction enzyme and appropriate buffer to 1 x 

concentration was added to the PCR reaction mix and incubated for 2 h at 37°C. The digested PCR 

products were run on a 1.5% TAE agarose gel. Overexpressed AteIF2α_A56 produces a 1 kb band 

and AteIF2α_S56 two bands at 162 bp and 876 bp. 1kb+, TrackIt™ 1 kb Plus DNA Ladder, size 

markers are indicated on the side of the gel. 
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6.6 Conclusions and Discussion 
 

The results obtained during this work demonstrated that in contrast to the findings of Bilgin et al. 

(2003), Arabidopsis P58IPK T-DNA lines do not die upon virus infection. Although generated, the 

double knockout GCN2/P58IPK T-DNA Arabidopsis line was not tested for eIF2α 

phosphorylation upon virus infection as the P58IPK T-DNA lines by themselves did not 

phosphorylate eIF2α upon virus infection. It is unknown whether the Arabidopsis Ws-0 P58IPK T-

DNA line phosphorylates eIF2α upon virus infection as this is not specifically mentioned by Bilgin 

et al. (2003). This research project has demonstrated that two verified Arabidopsis P58IPK T-

DNA lines (Salk_103659 and Salk_080901c) do not phosphorylate eIF2α, nor die upon TuMV, 

TVCV or TYMV infection. This thesis demonstrated, like Bilgin et al. (2003), that N. 

benthamiana plants infected with a secondary virus did indeed die when utilising a PVX-VIGS 

vector to silence NbP58IPK, although, in contrast to Bilgin et al. (2003), eIF2α phosphorylation 

was not detectable. Importantly, as plants infected with wild-type PVX and a secondary virus also 

undergo necrosis, these results indicate that the observed death is due to multiple virus infections; 

rather than eIF2α phosphorylation activated by virus infection in the absence of P58IPK. 

 

Plants infiltrated with PVX-VIGS-NbP58IPK had necrotic flecks by 6 dpi as well as severe mosaic 

symptoms. The PVX wild-type virus does not cause this same severe symptom (Table 6.3 and Fig. 

6.10) and unfortunately no empty PVX vector was available for use as a comparison. The necrotic 

flecks were not due to the process of mechanical inoculation as the virus was introduced by 

agroinfiltration. Necrotic flecks have been observed in N. benthamiana plants infiltrated with PVX 

alone by 14 dpi (Ratcliff et al., 2001). However, there is little mention of necrotic flecks as a 

symptom of PVX as a viral vector, whereas reports of only mild mosaic symptoms are common 

(Amin et al., 2011; Baulcombe et al., 1995; Mubin et al., 2011; Ruiz et al., 1998). Bilgin et al. 

(2003) do not mention necrotic flecks as a symptom of PVX-VIGS-NbP58IPK infiltrated 

N. benthamiana plants, but mention that the suppression of NbP58IPK using the PVX-VIGS 

vector had no visible effect on plant growth and development (Bilgin et al., 2003). It is possible 

that the PVX virus expressed from the vector was a more severe strain than the strain of wild-type 

PVX used. This may be why necrosis and death occurred in the PVX-VIGS-NbP58IPK and 

TuMV or TVCV co-infected plants and the wild-type PVX and TuMV or TVCV co-infected 

plants only underwent necrosis but did not die completely. Nevertheless, Bilgin et al. (2003) used 

the same viral vector to express the empty PVX control virus as well as the PVX-VIGS-NbP58IPK 

virus and did not report necrosis in the PVX and TMV-GFP or TEV-GFP co-infected plants. It 
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will be important to repeat this experiment and directly compare the empty PVX control virus to 

the PVX-VIGS-NbP58IPK virus to determine whether necrosis and death occurs in 

N. benthamiana plants upon secondary virus infection along with either of these vectors. 

 

As TMV strain U1 infection normally causes necrosis in N. benthamiana plants, it is possible that 

the same differences that enable systemic infection of TMV-GFP into N. benthamiana without 

developing necrosis, also enables co-infection of PVX and TMV-GFP without causing necrosis as 

described by Bilgin et al. (2003). However, it is very unusual that co-infection of PVX and TEV-

GFP into N. benthamiana did not result in necrosis in the experiments conducted by Bilgin et al. 

(2003). Co-infection of N. benthamiana with PVX and the Potyvirus TEV has previously been 

reported to result in death of the plant by 10-14 dpi (Gonzalez-Jara et al., 2004). This synergism is 

a result of the interaction between the PVX virus and the HC-Pro protein that is encoded by all 

Potyviruses (Pruss et al., 1997).  

 

Synergistic interactions are known to be produced predominantly by unrelated viruses that infect 

the same host cells. The classic example of a synergistic viral interaction is between the Potyvirus 

PVY and PVX. In N. tabacum, co-infection of PVY and PVX results in an enhancement of disease 

symptoms and an increase in the titre of PVX compared with single infections (Rochow et al., 

1955; Vance, 1991). In N. benthamiana, co-infection with PVY and PVX leads to systemic 

necrosis and death of the plant without an increase of the titre of PVX (Gonzalez-Jara et al., 2004). 

 

TEV, PVY and TuMV are all part of the Potyvirus genus. Thus, it was interesting that the co-

infection of PVX and TuMV only resulted in necrosis and not complete death of the plant (Fig. 

6.10). When N. benthamiana plants were infected with PVX and TuMV at the same time rather 

than the second inoculation 8 dpi after the first as performed in Fig. 6.10, the plants underwent 

necrosis by 12 dpi and died completely by 21 dpi (data not shown). These differences in synergism 

that were dependent on the timing of infection may be due to the PVX and TuMV viruses 

interacting in competition with each other. When viruses infect hosts at different time points, the 

primary virus has a numerical advantage for exploiting limited resources. Viruses have been 

known to mutually exclude other viruses from infecting the same cell (Syller, 2012). Thus, the less 

severe symptoms of PVX primary infection followed by the secondary TuMV infection eight days 

later, may protect the plant from a more severe synergistic response to co-infection of PVX and 

TuMV at the same time.  
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In further contrast to Bilgin et al. (2003), this present study demonstrates that TRV-AteIF2α_A56 

infection does not rescue PVX-VIGS-NbP58IPK silenced plants from death upon a secondary 

virus infection. The EPA approval ERMA200272 did not allow viruses from the same family to be 

co-infected and so two separate PVX vectors were unable to be used to knockdown NbP58IPK and 

express AteIF2α_S56 or AteIF2α_A56 at the same time, as carried out by Bilgin et al. (2003). 

Therefore, TRV was used as the vector to express AteIF2α_S56 or AteIF2α_A56. Co-infiltration 

of TRV and PVX are not known to result in necrosis (Andika et al., 2012; Martin-Hernandez et 

al., 2008) and indeed only 3 out of 12 plants infiltrated with TRV-eIF2α_S56 or TRV-eIF2α_A56 

and infected with wild-type PVX virus died (Fig. 6.12). 

 

Further synergistic responses were observed in that all plants infected with TRV and PVX and 

then inoculated with TuMV at 8 dpi after the first inoculation did not just undergo necrosis, but all 

died (Fig. 6.12). The plants infected with TRV and PVX and then mock or CMV infected did not 

all die. All of the plants infected with TRV and PVX and then TuMV died regardless of whether 

PVX or PVX-VIGS-NbP58IPK was used and regardless of whether TRV was expressing 

AteIF2α_S56 or AteIF2α_A56. This indicates that the synergistic effects of TuMV, TRV and PVX 

result in death of N. benthamiana regardless of whether NbP58IPK is present. When TuMV is 

infected at a later timepoint onto a PVX infected N. benthamiana plant, the plant undergoes 

necrosis, but does not die (Fig. 6.10). Thus, TRV can enable a more severe synergistic response 

when TuMV is infected at a later timepoint onto a PVX infected N. benthamiana plant. Therefore, 

TuMV infection is able to act synergistically with PVX and TRV in a different manner than CMV. 

In the work of Bilgin et al. (2003), a PVX vector was used to silence NbP58IPK and another PVX 

vector was used to express AteIF2α_S56 or AteIF2α_A56 and so this could be a reason why a 

difference in synergistic responses have been observed between this research project and the 

research of Bilgin et al. (2003). 

 

To better replicate the experiments performed by Bilgin et al. (2003), a PVX vector that expresses 

both NbP58IPK and AteIF2α_A56 could be infiltrated into N. benthamiana and then infected with 

the wild-type viruses TRV, CMV or TuMV to observe whether the plants undergo necrosis or not. 

Six plants per treatment were used in this study. A larger sample number of infected plants would 

facilitate analyses of the percentages of plants undergoing necrosis depending on the combination 

of viruses used to infect the plant; however, due to time constraints, larger experimental sets could 

not be conducted. 
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Co-infecting T-DNA P58IPK knockout Arabidopsis plants with PVX and another virus may shed 

light on the importance of P58IPK in response to multiple virus infection. Although, this will not 

explain why the Ws-0 P58IPK T-DNA Arabidopsis line described by Bilgin et al. (2003) died 

upon single virus infection while the two Col-0 P58IPK T-DNA Arabidopsis lines described in 

this present study did not die. As the Ws-0 P58IPK T-DNA Arabidopsis line is not available from 

the laboratory of Bilgin et al. (2003), or any of the Arabidopsis repositories that could be identified 

online, further analysis could not be undertaken. 

 

It has been demonstrated that BiP, the interacting partner of P58IPK, is upregulated upon pathogen 

invasion, including PVX infection, as a response to increases in protein translation (Ye et al., 

2011). Ye et al. (2011) used binary vectors that overexpress full-length PVX and its individual 

genes, to determine that the PVX movement protein TGBp3 induces the transcript expression of 

BiP as well as other ER stress and UPR related chaperones. This upregulation was observed in 

both N. benthamiana and Arabidopsis. The overexpression of TGBp3 also resulted in HR necrosis 

which could be alleviated by co-overexpressing BiP. This alleviation indicates that the TGBp3 

induced necrosis is linked to ER stress and that BiP may play a role in regulating the cytotoxic 

effects of PVX proteins during infection (Ye et al., 2011). It is possible that the necrosis and death 

observed in PVX-VIGS-NbP58IPK silenced co-infected N. benthamiana plants was due to HR 

necrosis in response to the lack of correct protein folding, and the resulting increased ER stress. 

This ER stress would likely be exacerbated by the synergistic response to infection of PVX and 

other co-infecting viruses. 

 

The research conducted during this doctoral study demonstrated the synergistic response plants 

can have to multiple virus infections. This synergistic response may have been due to the 

combined effect of the viral suppressors of RNA silencing (VSRs) expressed from each of the 

viruses (Fukuzawa et al., 2010; Pruss et al., 1997). VSRs are proteins encoded by viruses that 

inhibit the plant antiviral defense RNA silencing mechanism (Diaz-Pendon et al., 2008). The 

VSRs encoded by each of the viruses utilised during these experiments are displayed in Table 6.6. 

The fact that the PVX-VIGS-NbP58IPK silenced N. benthamiana plants needed to be infected 

with two viruses (PVX virus and another wild-type virus) in order to induce necrosis indicates that 

the response is due to synergistic effects of the two co-infecting viruses. If plant P58IPK normally 

inhibits a virus activated eIF2α kinase in a similar manner to inhibiting PKR and PERK in 

mammals, it would be expected that the kinase would be activated in response to PVX-VIGS-

NbP58IPK virus alone, and would not require co-infection.  
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      Table 6.6 Viral Suppressors of RNA Silencing encoded by the viruses utilised in this thesis 

Virus  VSR  Mode of Action 

PVX P25 
Promotes degradation of argonaute (AGO1) 

(Chiu et al., 2010) 

TRV 
16K 

29K 

Not fully characterised but enables transient invasion into 

meristematic tissue 

(Deng et al., 2013; Martin-Hernandez et al., 2008; 

Martinez-Priego et al., 2008) 

TVCV P126 
Inhibits HEN1-mediated stabilisation of siRNAs 

(Vogler et al., 2007) 

TuMV HC-Pro 
Inhibits accumulation of siRNA 

(Mallory et al., 2002) 

CMV 2b 

Sequesters siRNA 

Inhibits the argonaute proteins AGO1 and AGO4 

(Duan et al., 2012) 

 

The work undertaken by Bilgin et al. (2003) indicates that plant P58IPK inhibits an eIF2α kinase. 

The evidence produced during this doctoral research demonstrates that under the conditions tested, 

eIF2α is not phosphorylated in response to virus infection, with or without the presence of P58IPK 

(Figs. 6.4, 6.6 and 6.11). It is unknown why such disparate results were obtained during this 

research compared to the findings of Bilgin et al. (2003). The authors of Bilgin et al. (2003) have 

not continued any work in this area and, to my knowledge, there is no other data available to shed 

light on why these differences may have occurred. It is possible that an unaccounted stressor 

activated the only known plant eIF2α kinase, GCN2, to phosphorylate eIF2α during the 

experiments conducted by Bilgin et al. (2003). 
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Chapter Seven 

General Discussion 
 

 

The work undertaken in this thesis used a number of approaches to examine the role of plant eIF2α 

phosphorylation in the context of virus infection(s). It was found that under the conditions tested, 

eIF2α is not phosphorylated in response to virus infection in plants; although, when eIF2α 

phosphorylation was induced by amino acid starvation (glyphosate treatment) prior to virus 

inoculation, a delayed infection rate was observed.  

 

As virus infection does not activate eIF2α phosphorylation in plants, it is unlikely to be a plant 

anti-viral defence mechanism. Thus, all evidence to date suggests that the most important plant 

anti-viral defence mechanism is RNA interference (RNAi). As a counterdefence mechanism to 

RNAi, viruses encode VSRs. Intriguingly; a VSR has been demonstrated to block the activation of 

PKR.  

 

Consequently, this section will first discuss the findings that indicate that eIF2α phosphorylation is 

unlikely to be a plant antiviral defence mechanism; and second, will discuss the RNAi mechanism 

and whether VSRs are likely to inhibit eIF2α kinase activity in plants. 
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7.1 eIF2α phosphorylation is unlikely to be a plant antiviral defence mechanism 
 

7.1.1 CPK19 
 

As previously discussed in Chapters One and Four, there is evidence to suggest that plants encode 

a kinase that has PKR-like attributes; although, an Arabidopsis protein that encodes a known 

dsRNA binding domain as well as a kinase domain has not been identified. It was considered 

possible that a plant PKR-like kinase may therefore contain an uncharacterised dsRNA binding 

domain; or, that two proteins, one with a dsRNA binding domain and one with a kinase domain 

may function together. CPK19 was initially identified by Chan (2009) from a pool of proteins that 

had PKR-like characteristics, including the ability to phosphorylate an eIF2α peptide on S56. 

However, research from Chapter Four in this thesis demonstrated that while CPK19 does 

phosphorylate full-length eIF2α, this activity is not induced by dsRNA, CPK19 does not bind 

dsRNA, nor does it phosphorylate eIF2α on the S56 residue required to induce protein translation 

inhibition.  

 

Western blot analysis using an eIF2α-S
51

-Phosphor antibody demonstrated that S51/S56 of full-

length eIF2α is not phosphorylated by CPK19, and mass spectrometry analysis could not 

definitively determine a preferentially phosphorylated amino acid. Likewise, the residue that was 

phosphorylated in full-length eIF2α by the dsRNA-activated plant kinase in the work published in 

Langland et al. (1996) was not determined by the authors. Yet this (or another) kinase within a 

partially purified plant extract was able to phosphorylate S51/S56 on an eIF2α peptide, albeit with 

less efficiency than by HsPKR (Langland et al., 1996). Similarly, full-length eIF2α was 

phosphorylated by CPK19 (Chapter 4.3); and, CPK19 T-DNA Arabidopsis lines had reduced S56 

phosphorylation on an eIF2α peptide compared to wild-type lines (Chan, 2009). This difference in 

CPK19 phosphorylation site activity depending on whether eIF2α is full-length or a smaller 

peptide fragment, demonstrates that a full-length eIF2α substrate is necessary to identify genuine 

eIF2α kinase activity. Curran et al. (2011) also note that peptide phosphorylation assays do not 

represent a rigorous test of a peptide’s kinetic properties as a CPK substrate. Future research on 

target substrates of CPK19 (or other CPKs) would therefore benefit from the use of full-length 

putative target proteins. 

 

Other proteins that were identified as possible plant PKR-like kinases from the mass spectrometry 

analysis performed by Chan (2009) could be investigated for PKR-like qualities. However, none of 
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these proteins are obvious candidates for dsRNA-binding eIF2α kinases as none of them possess 

the specific sequences in their kinase domains that recognise the eIF2α S56 consensus sequence. 

All known yeast, plant, and mammalian eIF2α kinases contain this conserved sequence (Dar et al., 

2005). As the only plant-encoded kinase that contains this conserved eIF2α consensus sequence is 

GCN2 (Byrne et al., 2012; Lageix et al., 2008), it is most likely that plants only encode the one 

eIF2α kinase, GCN2. 

 

7.1.2 PKR 
 

Previously, published work demonstrated that N. tabacum plants expressing HsPKR have 

increased tolerance to virus infection (Lim et al., 2002). Although when these experiments were 

repeated in Arabidopsis plants, no viral resistance was detected (Chapter 5.4-5). Lack of viral 

resistance is likely due to only detectable HsPKR transcript and not protein being produced in 

these plants. The previously published experiments were not able to be exactly replicated as 

neither the plasmids nor the plants that Lim et al. (2002) had used were available upon request. 

HsPKR protein expression in plants was not tested for by Lim et al. (2002), or by any other 

laboratory. It is therefore possible that some other unaccounted for stress activated GCN2 in the 

experiments conducted by Lim et al. (2002). As was observed in Chapter 5.7 when endogenous 

NbGCN2 was activated in response to glyphosate treatment, Lim et al. (2002) observed a delayed 

infection rate in N. tabacum plants overexpressing HsPKR. However, this delay was on a much 

longer time frame (up to 19 dpi compared to 7 dpi in this thesis) and also a proportion of plants 

remained uninfected, whereas no reduction in susceptibility was observed in this thesis. 

 

There have been examples where a high level of recombinant mRNA transcription does not 

correspond to high accumulation of recombinant proteins (Hondred et al., 1999). This type of 

problem may be overcome by expressing the problematic protein translationally fused to a more 

stable protein. The fusion protein can increase expression by enhancing solubility and folding of 

the protein and acting as a chaperone. HsPKR overexpressed in Arabidopsis and N. benthamiana 

plants did not accumulate to detectable amounts using western blotting that is sufficiently sensitive 

to detect 4 ng PKR in a lane (Chapter 5.3-6). Nor was PKR activity present in these genetically 

modified plants as assessed by eIF2α phosphorylation assays (Chapter 5.4-5). Further research to 

enhance HsPKR protein accumulation to amounts that are detected either directly or indirectly 

could include: choice of expression vector (e.g. pBCB Lim et al., 2002), expressing a 

constitutively active HsPKR to enable detection of any eIF2α phosphorylation, codon optimising 
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HsPKR for plant expression or inserting an intron in the 5 UTR to stimulate intron-mediated 

enhancement of expression (Rose, 2004). 

 

7.1.3 GCN2 
 

Although a number of plant RNA viruses have tRNA like structures that could bind and activate 

GCN2 (Berlanga et al., 2006; Dreher, 2010), neither wild-type nor AtGCN2 overexpression 

Arabidopsis plants demonstrated resistance to plant viruses. However, when endogenous NbGCN2 

was activated in response to glyphosate treatment, N. benthamiana plants had a delayed infection 

response compared to untreated plants (Chapter 5.7). For example, 63% of CLRV infected plants 

were infected by 6 dpi when pretreated with glyphosate compared with 100% of CLRV infected 

plants that had no glyphosate treatment. To determine whether this delayed infection was a result 

of eIF2α phosphorylation alone, or whether glyphosate treatment caused other plant responses to 

delay virus infection, a constitutively active GCN2 construct could be expressed in planta. If 

plants that express constitutively active GCN2 had delayed virus infection rates, this would 

support the hypothesis that the delayed infection is a result of eIF2α phosphorylation. 

Constitutively active GCN2 has previously been studied in yeast (Qiu et al., 2002). AtGCN2 

bearing a similar mutation could be introduced into a wild-type plant to overexpress constitutively 

active GCN2, or alternatively, transformation of a homozygous GCN2 T-DNA knockout line with 

a constitutively active GCN2 gene would produce constitutively active GCN2 without also 

producing the endogenous wild-type GCN2. These plant lines could be used to determine whether 

constitutively active GCN2 within plants induces a delayed infection rate without the need for 

glyphosate treatment. 

 

7.1.4 P58IPK 
 

Bilgin et al. (2003) provided evidence for P58IPK to be an inhibitor of virus-activated eIF2α 

kinase activity in N. benthamiana and Arabidopsis plants. Nevertheless, all evidence obtained 

during this thesis demonstrates that there is no virus-activated eIF2α kinase activity in plants, with 

or without the presence of P58IPK (Chapter 6). It is possible that the necrosis observed by Bilgin 

et al. (2003) (replicated in Chapter 1.4.4) in N. benthamiana plants infected with PVX-VIGS-

NbP58IPK and a secondary virus may be a result of synergistic effects and not from virus 

activated eIF2α kinase activity. This doctoral research has demonstrated the severe response plants 

can have to multiple virus infections that are synergistic (Chapter 6.5); and thus highlights that 
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caution must be taken when using VIGS as a reverse genetics tool for studying virus infection 

mechanisms. The action of the replicating vector virus must be accounted when analysing results; 

multiple virus infections may obscure the function of the gene that is being targeted for silencing. 

 

Bilgin et al. (2003) state that “in plants, P58IPK is required by viruses for virulence and therefore 

functions as a susceptibility factor” and suggests that the death they “observed in NbP58IPK-

silenced plants was due to the activity of a PKR- or PERK-like kinase, which is relieved of its 

P58IPK inhibition.” However, rather than regulating virus activated eIF2α kinase activity, it is 

possible that P58IPK may act as a susceptibility factor in virus infection by regulating the correct 

folding of nascent proteins. As the protein translation load in the cell increases during virus 

infection(s), chaperones and co-chaperones such as P58IPK are extremely important to ensure that 

the newly translated proteins fold correctly and do not mass together with other nascent proteins 

(Chapter 6.1). Thus, the interpretation that I propose for the consequence that P58IPK interacts 

with TMV and TEV proteins (Bilgin et al., 2003), is not that these viruses utilise P58IPK to inhibit 

eIF2α kinase activity in a similar manner to the influenza virus (Lee et al., 1994), but instead that 

this interaction demonstrates the general co-chaperone role that P58IPK plays in any eukaryotic 

cell.  

 

7.1.5 Conclusions 
 

There have been three main pieces of work indicating that plants encode a virus-activated eIF2α 

kinase (Bilgin et al., 2003; Langland et al., 1996; Lim et al., 2002). Langland et al. (1996) 

demonstrated that a plant 68 000 Mr protein bound to poly(I)-poly(C) dsRNA can phosphorylate 

an eIF2α peptide on S51 as well as full-length eIF2α. Moreover, when poly(I)-poly(C) dsRNA was 

added directly to wheatgerm, in vitro translation of BMV RNA was inhibited in a dsRNA 

concentration-dependent manner (Langland et al., 1996). When HsPKR was expressed in 

N. tabacum, the plants had increased viral resistance (Lim et al., 2002). This indicates that plants 

are capable of inhibiting viral replication in response to HsPKR. Bilgin et al. (2003) demonstrated 

that when P58IPK is silenced within N. benthamiana plants then, and only then, is eIF2α 

phosphorylated in response to virus infection. 

 

In contrast to these publications, alternative research has indicated that plants are unlikely to 

encode a virus activated eIF2α kinase (Lageix et al., 2008; Reijnders et al., 1975; Zhang et al., 

2008). Reijnders et al. (1975) demonstrated that plants do not inhibit protein translation upon virus 
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infection; such inhibition of protein translation is the expected consequence of eIF2α 

phosphorylation. After an extensive bioinformatic search through the Arabidopsis genome, Lageix 

et al. (2008) determined that Arabidopsis plants only encode the one eIF2α kinase, GCN2. 

Moreover, in all plant species where full genome data are available, GCN2 is the only identified 

eIF2α kinase encoded by plants (Byrne et al., 2012). It was found during this thesis (Chapter 5 and 

6) and by Zhang et al. (2008) that in plants, virus infection does not cause phosphorylation of 

eIF2α by GCN2 or any other protein kinase. This thesis also demonstrated that contrary to the 

results published by Bilgin et al. (2003), eIF2α is not phosphorylated by GCN2, or any other 

protein kinase, in virus infected P58IPK silenced plants (Chapter 6). Table 7.1 provides a summary 

of the evidence for and against the presence of a plant encoded virus-activated eIF2α kinse. 

 

The presence of GCN4 uORFs in the 5 UTR of a recombinant transcript did not alter translation 

of the main, downstream ORF (Chapter 3) in N. benthamiama. These results are in direct contrast 

to similar experiments in Arabidopsis (Roy et al., 2010). The experiments conducted by Roy et al. 

(2010) should therefore be repeated in a separate laboratory under conditions that phosphorylate 

eIF2α to determine whether eIF2α phosphorylation is able regulate translation of transcripts 

containing GCN4 uORFs. 

 

It is often experienced within the scientific community that published research is not repeatable. 

Nature has published a number of articles that highlight the lack of reproducibility of published 

results (go.nature.com/huhbyr). Projects such as The Reproducibility Initiative 

(http://reproducibilityinitiative.org) have also been formed to tackle such a widespread problem. 

Studying complex organisms and especially studying pathosystems involving multiple organisms 

can lead to results that initially seem robust, but may actually be an artefact of the technique used. 

This thesis highlights the importance of repeating published results to ensure their basis is firm and 

that the overall interpretation of results is indeed accurate. 

 

With negative results, it is difficult to definitively conclude that specific kinases or pathways are 

not present or whether experimental conditions were not correct to detect them. Although negative 

results are unable to prove the non-existence of what is being tested, negative results can support a 

non-existence conclusion. The debate is whether the set of experiments would have detected the 

kinase of interest if it was there. Should an experiment's result be considered evidence of absence, 

or is it just absence of evidence? Acceptance of a negative result as evidence of absence depends 

on the methods used for detection and the confidence we have of the inference. Furthermore, lack 

http://reproducibilityinitiative.org/
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of repeatability in obtaining positive evidence also affects the confidence we have of the inference. 

The acceptance of evidence of absence in such cases will be proportional to the ratio between the 

amount of evidence that we do have and the amount that we should expect to have if the kinase 

existed. If our results give us greater confidence that the kinase does not exist (compared to 

existing), then acceptance of evidence of absence will help us to better understand plant antiviral 

defence. Until we have repeatable results to give us greater confidence that the kinase does exist, 

suggesting it is unlikely to exist is the most beneficial way forward for the scientific community. 

Therefore, publication of negative results are just as important as publication of positive and novel 

results. 

 

Overall, the conclusion from this thesis is that the only eIF2α kinase encoded by plants is GCN2 

and that eIF2α is not phosphorylated in response to virus infection. 
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      Table 7.1 Evidence for and against the presence of a virus-activated eIF2α kinase 

Factor required for virus-

activated eIF2α kinase to 

have an antiviral impact 
Plant virus-activated eIF2α kinase exists 

Plant virus-activated eIF2α kinase 
does not exist 

Further experiments required 

Plant eIF2α phosphorylation 

inhibits translation and so is 

able to inhibit viral protein 

synthesis. 

1. Wheat eIF2α interacts with yeast eIF2B to 

regulate translation via S51 phosphorylation 

(Chang et al., 2000). 
 
2. Phosphorylation of wheat eIF2α in 

mammalian cells inhibits translation and also 

induces apoptosis upon activation of PKR (Gil et 

al., 2000). 
 
3. Activated AtGCN2 induces a decrease in 

translation efficiency in vivo (Lageix et al., 

2008). 
 
4. An eIF2α kinase (GCN2) is conserved in 

plants indicating that plants can regulate 

translation via eIF2α phosphorylation (Berlanga 

et al., 1999). 
 
5. PKR mediated phosphorylation of barley 

eIF2α inhibits BMV RNA translation in wheat 

germ lysates (Langland et al., 1996). 
 
6. PKR expression in plants is able to inhibit 

viral replication – presumably via eIF2α 

phosphorylation (Lim et al., 2002). 
 

 

1. At a sufficiently high GTP:GDP ratio the 

nucleoside exchange on wheat germ-eIF2 may 

take place without the participation eIF2B 

(Shaikhin et al., 1992).  
 
2. Phosphorylation of wheat germ-eIF2 has 

little effect upon guanine nucleoside exchange 

in rabbit cells (Krishna et al., 1997). 
 
3. The reduction in eIF2α phosphorylation 

induced plant protein translation efficiency is 

less significant than that found in either the 

yeast or mammalian systems (Lageix et al., 

2008). 
 
4. Protein translation is not affected when plant 

eIF2α is phosphorylated in vitro (Browning et 

al., 1985). 

1. Use CRISPR-CAS to delete 

wild-type eIF2α and insert 

eIF2α -A56 or -S56 into 

Arabidopsis. Activate GCN2 

with glyphosate or express 

constitutively active GCN2 and 

determine whether translation 

decreases. If translation 

decreases only in S56 and not 

A56 expressing plants, this 

would indicate eIF2α 

phosphorylation on S56 

regulates translation inhibition. 
 
2. Express GST tagged 

catalytically inactive PKR in 

Nicotiana tabacum. Infect these 

plants with different viruses and 

test for eIF2α phosphorylation. 
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      Table 7.1 cont. Evidence for and against the presence of a virus-activated eIF2α kinase 

Factor required for virus-

activated eIF2α kinase to 

have an antiviral impact 
Plant virus-activated eIF2α kinase exists 

Plant virus-activated eIF2α kinase  
does not exist 

Further experiments required 

PKR sequence homologue 

exists in plants. 

1. PKZ contains a Z-binding domain rather than 

the dsRNA binding motif of PKR (Hu et al., 

2004), therefore a plant PKR sequence 

homologue may contain a domain not yet 

characterised for dsRNA-binding. 

1. GCN2 is the only plant eIF2α kinase as 

determined by sequence (Byrne et al., 2012; 

Lageix et al., 2008). 
 
2. No annotated Arabidopsis proteins contain 

both a dsRNA binding domain and a kinase 

domain (Chan, 2009). 

1. Annotate further plant species 

when full-genomes become 

available for proteins with a 

kinase domain and dsRNA-

binding domain. 

PKR functional homologue 

exists in plants. 

1. The dsRNA-binding motifs of PKR have 

immunoreactive properties to a 68 000 Mr plant 

protein (Langland et al., 1995). 
 
2. A barley kinase bound to dsRNA-agarose is 

capable of specific in vitro phosphorylation of 

human eIF2α, as well as barley eIF2α (Langland 

et al., 1996). 
 
3. A barley kinase bound to dsRNA-agarose 

phosphorylates an eIF2αS51 peptide, but with 

less efficiency than PKR (Langland et al., 1996). 
 
4. A wheat 68 000 Mr kinase phosphorylated an 

E. coli expressed carboxy-truncated version of 

SceIF2α but not a SceIF2α Ala51 mutant (Chang 

et al., 1999). 
 
5. In vitro translation of BMV RNA was 

inhibited in wheat germ in a dsRNA 

concentration-dependent manner (Langland et 

al., 1996). 

1. TYMV or TCV infection does not cause 

phosphorylation of AteIF2α by AtGCN2 or 

any other protein kinse (Zhang et al., 2008).  
 
2. TMV, CMV, PVX, TuMV, TVCV infection 

does not cause phosphorylation of plant eIF2α 

by AtGCN2 or any other plant protein kinase 

(This thesis). 
 
3. Shutdown of protein synthesis upon virus 

infection has not been observed in plants as it 

has in mammals (Reijnders et al., 1975). 
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      Table 7.1 cont. Evidence for and against the presence of a virus-activated eIF2α kinase 

Factor required for virus-

activated eIF2α kinase to 

have an antiviral impact 
Plant virus-activated eIF2α kinase exists 

Plant virus-activated eIF2α kinase  
does not exist 

Further experiments required 

PKR functional activity is 

masked in plants. 

1. P58IPK is a cellular inhibitor of PKR in 

mammalian cells, and is encoded in both plants 

and animals (Bilgin et al., 2003). 
 
2. P58IPK silenced N. benthamiana plants 

phosphorylate eIF2α upon virus infection and 

then die (Bilgin et al., 2003). 
 
3. P58IPK knockout Arabidopsis plants die upon 

virus infection (Bilgin et al., 2003). 
 
4. P58IPK silenced N. benthamiana plants 

expressing non-phosphorylatable eIF2α-A56 do 

not die upon virus infection (Bilgin et al., 2003). 
 
5. VSRs may inhibit eIF2α kinase activity 

(Bucher et al., 2004). 
 
6. Significant variation between wheat germ 

lysate preparations in the amount of dsRNA 

required for protein translation inhibition, with 

several preparations showing no response to 

dsRNA (Langland et al., 1996).  
 
7. The phosphorylation levels of a 68 000 Mr 

plant protein differ significantly, with reduced 

phosphorylation levels directly correlating with 

increased PKR inhibitor (PKI) protein levels 

(Langland et al., 1997). 

1. P58IPK silenced N. benthamiana plants do 

not phosphorylate eIF2α upon virus infection, 

but do undergo necrosis (This thesis). 
 
2. P58IPK knockout Arabidopsis plants do not 

phosphorylate eIF2α upon virus infection and 

do not die (This thesis). 
 
3. P58IPK silenced N. benthamiana plants 

expressing non-phosphorylatable eIF2α-A56 

die upon virus infection (This thesis). 
 
4. Necrosis in virus infected P58IPK silenced 

N. benthamiana plants is likely due to the 

synergistic effects of multiple virus infection, 

not eIF2α phosphorylation (This thesis). 
 
5. Plants have more DCLs than mammals, 

highlighting the importance of RNAi as an 

antiviral defence mechanism (Margis et al., 

2006). 
 
6. No change in eIF2α phosphorylation in 

response to glyphosate or virus infection when 

VSRs are overexpressed in N. benthamiana 

(Olliver, 2014). 
 

1. Infect plants with viruses that 

have had their VSR/s deleted 

and test for eIF2α 

phosphorylation. EPA approval 

is not currently available to 

undertake this experiement 
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7.2 RNAi antiviral defence mechanism 
 

The most important anti-viral defence mechanism in plants is RNAi. RNAi is a mechanism that 

triggers the degradation of RNA through detection of dsRNA. Long dsRNA produced during RNA 

viral replication is cleaved into small interfering RNA (siRNA). Upon cleavage of long viral 

dsRNA into siRNAs, the siRNA is methylated by Hua Enhancer 1 (HEN1) on the 3 terminal 

nucleotides on both strands to protect it from degradation (Li et al., 2005). A selected siRNA is 

incorporated into a multicomponent ribonuclease called RNA-induced silencing complex (RISC) 

(Martinez et al., 2002). The catalytic component of RISC is the small-RNA binding protein, 

Argonaute. RISC is guided by the incorporated siRNA to long complementary target RNA, which 

is then cleaved by Argonaute. This cleavage results in the target RNA being tagged for further 

degradation by 3 and 5 exonucleases. In this way, RISC uses the siRNA to specifically target any 

complementary viral RNA sequence for degradation. 

 

Long dsRNA is cleaved into siRNA by an RNase III-like endonuclease called Dicer in animals and 

Dicer-Like (DCL) in plants (Ding et al., 2007). Arabidopsis and rice have four and six DCLs 

respectively, while there is only one Dicer in most animals, including humans (Margis et al., 

2006). It has been postulated that the reduced number of Dicer genes in animals may reflect the 

different defence strategies that plants and animals employ. Mammals posses the interferon system 

to protect themselves against pathogens, and may only need the one Dicer to process microRNAs 

(a type of small RNA used in gene regulation) and viral derived siRNAs (Li et al., 2013b; Maillard 

et al., 2013). Plants do not have an interferon system and, therefore, rely on DCLs for gene 

regulation through microRNAs, but importantly, also as a defence against viruses (Margis et al., 

2006). 

 

It has been debated whether mammals also utilise RNAi as an antiviral defence mechanism 

(Umbach et al., 2009). Whereas viral siRNAs are abundant in plants, only low abundance of viral 

siRNAs has been detected upon infection in mammalian cells (Parameswaran et al., 2010). 

Mammalian cells do still express the proteins (e.g. Dicer and Argonaute) required for RNAi, but 

had only been demonstrated to be used in the microRNA pathway for gene regulation (Umbach et 

al., 2009). Recently, new data has emerged demonstrating that mammalian antiviral RNAi is 

functional, but is only revealed in certain situations such as when cells that lack a functional 

interferon pathway are infected with a virus that has had its VSR removed (Li et al., 2013b; 

Maillard et al., 2013).  
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The RNAi mechanism is a powerful tool for antiviral defence as dsRNA is a necessary component 

of RNA virus replication. To counter this antiviral defence, viruses have evolved a counter defence 

of VSR proteins. VSRs target key steps of the RNAi silencing pathway by inhibiting siRNA 

production, sequestering the siRNAs or preventing short or long distance spread of RNA silencing. 

The fact that all plant viruses studied to date encode at least one VSR (Li et al., 2006), but not all 

animal viruses have been demonstrated to encode such VSRs, highlights the strong selection 

pressure on plant viruses to avoid the plant antiviral defence of RNAi. 

 

The experiments undertaken by Maillard et al. (2013) and Li et al. (2013b) highlight the fact that 

mammal-infecting viruses can avoid detection from the infected host. It must be considered 

whether VSRs encoded by wild-type plant viruses are able to inhibit any plant encoded, virus-

activated eIF2α kinase from detecting dsRNA. A common mechanism of VSRs is to sequester 

dsRNA in order that host defence proteins are unable to detect the presence of foreign dsRNA. An 

example of this includes the NS1 VSR protein from the influenza virus. NS1 binds long dsRNA 

and is able to block the activation of PKR so that it is unable to phosphorylate eIF2α (Lu et al., 

1995). When expressed in N. benthamiana, NS1 binds to and sequesters siRNA and is able to 

suppress RNAi silencing (Bucher et al., 2004). Thus, it could be considered possible that plant 

virus VSRs can block dsRNA detection by a dsRNA-activated eIF2α kinase. However, this is not 

considered to be a likely hypothesis, as although all plant viruses studied to date encode a VSR (Li 

et al., 2006), not all of the VSRs act to sequester long dsRNA. In fact, p19 of Tomato bushy stunt 

virus, a Tombusvirus, p21 of Beet yellows virus, a Closterovirus, and HC-Pro of TEV, a Potyvirus, 

are size-selective siRNA-binding silencing suppressors. These VSRs efficiently form complexes 

with 21-nt siRNA but fail to bind long dsRNA (Merai et al., 2006). By contrast the VSR CP of 

TCV is a size-independent dsRNA-binding protein, which binds long dsRNAs as well as siRNAs 

(Merai et al., 2006). Therefore, although animals may utilise the RNAi mechanism as an auxiliary 

anti-viral defence in certain situations including in the very young without a fully developed 

immune system (Li et al., 2013b; Maillard et al., 2013), a growing body of evidence suggests that 

plants do not use eIF2α phosphorylation as an auxiliary anti-viral defence mechanism. 
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7.3 Final conclusions 
 

The evidence produced during this doctoral research suggests that the only eIF2α kinase encoded 

by plants is GCN2; and that eIF2α is not phosphorylated in response to virus infection. The fact 

that all plant viruses encode one or more VSRs highlights the selection pressure on plant viruses to 

avoid detection by the plant RNAi machinery. This suggests that RNAi is the main form of plant 

defence against viruses. Plants do not have an interferon-like system like mammals and therefore 

rely mainly on RNAi as an antiviral defence mechanism. 
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Appendix A 

Plasmid maps 
 

 

 
TOPO vectors (Invitrogen™) (images created in Geneious v5.5, Kearse et al., 2012). The 

pCR2.1-TOPO and pCR™8/GW/TOPO® vectors (Invitrogen™) were used for the cloning of 

PCR amplification products. These linearised plasmid vectors contain 3thymidine overhangs at 

each end that facilitate TA Cloning. TopoisomeraseI is covalently bound to each end of the 

linearised vectors and catalyses the ligation of the DNA insert with 3adenosine overhangs into the 

plasmid vector with 3thymidine overhangs. 
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pTYB2 vector (New England Biolabs) (image created in Geneious v5.5, Kearse et al., 2012). 

The pTYB2 protein expression vector provides a C-terminal intein tag with a chitin binding 

domain adjacent to the multiple cloning site. pTYB2 utilises a T7/lac promoter to allow induction 

of gene expression with IPTG. This pTYB2 vector also expresses Lambda-protein phosphatase to 

reduce autophosphorylation of expressed kinase proteins and was obtained from Dr Graeme Conn 

(University of Manchester) (Conn, 2003). 

 

pDONR/Zeo vector (Invitrogen™) (image created in Geneious v5.5, Kearse et al., 2012). The 

Gateway® donor vector pDONR™/Zeo was used to insert the PCR amplification DNA products 

to create pENTRY clones. Recombination is catalyzed by a mixture of enzymes and occurs 

between specific attachment (att) sites on the interacting DNA molecules. 
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pBINsRNA vector (Syngenta). pBINsRNA (reviewed in Roslan et al., 2001) is an ethanol 

inducible vector that utilises the CaMV 35S promoter to constitutively drive expression of the 

inactive AlcR molecule from the filamentous fungus Aspergillus nidulins. AlcR is activated in the 

presence of ethanol to bind specifically to the AlcA promoter. The AlcA promoter drives 

expression of the inserted gene of interest. Thus, when ethanol is present the gene of interest is 

expressed, and in the absence of ethanol, only the inactive AlcR molecule is expressed. The left 

and right borders that denote the area of T-DNA that is integrated into the plant chromosome 

includes: the gene of interest inserted using Gateway® technology between an AlcA promoter and 

Tnos terminator, the AlcR gene inserted between a 35S promoter and transcriptional nopaline 

synthase terminator (Tnos), and a kanamycin resistance marker. 
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pHex2 vector (Hellens et al., 2005) (image created in Geneious v5.5, Kearse et al., 2012). pHex2 

is a constitutively driven expression vector derived from the cloning vectors pART7 and pART27 

(Gleave, 1992). The left and right borders that denote the area of T-DNA that is integrated into the 

plant chromosome includes: the gene of interest inserted using Gateway® technology between a 

CaMV 35S promoter and the transcriptional termination region of the octopine synthase gene 

(OCS3), as well as a kanamycin resistance marker. 

 

pGreenII-598-5 vector (Hellens et al., 2000) (image created in Geneious v5.5, Kearse et al., 

2012). The pGREEN vectors are a series of binary Ti plasmids that were developed for transient 

expression as they do not contain a selectable marker within the T-DNA borders. The particular 

pGreen plasmid chosen (pGreenII-598-5) contains two reporter genes, Luciferase and Renilla 

luciferase, both driven by a CaMV 35S constitutive promoter. When culturing the pGreen vectors 

in A. tumefacians, another helper plasmid, pSoup, is necessary. The pSoup vector expresses the 

genes that pGreen requires for replication. 



Appendices 

 

181 

 

 

 

pTKO2 vector (Snowden et al., 2005) (image created in Geneious v5.5, Kearse et al., 2012). 

pTKO2 is a vector that expresses an inverted repeat of a gene fragment to facilitate RNA silencing 

of the corresponding gene. A Gateway® RfA cassette (attR1-CmR-ccdB-attR2) was placed 

between a CaMV 35S promoter and an intron amplified from the Arabidopsis Actin2 (ACT2) 

gene. Another Gateway® RfA cassette was placed downstream from the intron in the inverse 

orientation to the first RfA cassette introduced. The resulting DNA fragment cassette has an 

organizational structure of 35S-attR1-CmR-ccdB-attR2-intron-attR2-ccdB-attR1. This cassette 

was cloned into the plant transformation vector pART27 (Gleave, 1992), generating pTKO2. The 

presence of the two Gateway® RfA-derived cassettes, in an inverse orientation, facilitates the 

introduction of two copies of a selected gene fragment into the vector in a single LR Clonase™ II 

reaction (Invitrogen™). This generates an inverted repeat of the gene fragment, flanking the intron 

sequence. When transcribed, this produces a self-complementary RNA able to efficiently induce 

gene silencing (Snowden et al., 2005). 
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Appendix B  
 

Gene sequences and primers (images created in Geneious v5.5, Kearse et al., 2012). 

AtCPK19 
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AtCPK5 
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AteIF2α 
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AtGCN2 (2 pages) 

 



Appendices 

 

186 

 

AtGCN2 (2 pages) 
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AtP58IPK 
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CO-CPK19 
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HsPKR (2 pages) 
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HsPKR (2 pages) 
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NbP58IPK 
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Appendix C 
 

Plant viruses utilised and discussed during this research thesis 
 

Group Family Genus Species 

Group IV 

+ssRNA 

Alphaflexiviridae Potexvirus Potato virus X (PVX) 

Bromoviridae Cucumovirus Cucumber mosaic virus (CMV) 

Potyviridae Potyvirus 

Potato virus A (PVA) 

Potato virus Y (PVY) 

Tobacco etch virus (TEV) 

Turnip mosaic virus (TuMV) 

Secoviridae Nepovirus Cherry leaf roll virus (CLRV) 

Tombusviridae Carmovirus Turnip crinkle virus (TCV) 

Tymoviridae Tymovirus Turnip yellow mosaic virus (TYMV) 

Virgaviridae 
Tobamovirus 

Tobacco mosaic virus (TMV) 

Turnip vein clearing virus (TVCV) 

Tobravirus Tobacco rattle virus (TRV) 
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