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Translation is the process by which proteins are synthesized on the ribosome

according to the nucleotide code provided by the mRNA. This highly sophisticated

multistep process is tightly regulated at many levels. One of the key mechanisms

employed to regulate protein synthesis is via post-translational modifications of

translation initiation factors. This dissertation describes the structures of translation

initiation factors eIF2α and eIF4E; two key proteins involved in regulating the protein

synthesis pathway.

The Structure and Dynamics of the α subunit of eIF2

The alpha subunit of translation initiation factor 2 (eIF2α) is the target of specific

kinases that can phosphorylate a conserved serine residue as part of a mechanism for

regulating protein expression at the translational level in eukaryotes. The structure of the
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20 kDa N-terminal region of eIF2α from Saccharomyces cerevisiae was determined by

X-ray crystallography at 2.5 Å resolution. The S. cerevisiae eIF2α has a rather elongated

structure that consists of a five-stranded antiparallel β-barrel in the N-terminal, followed

by an almost entirely helical domain. The crystal structure of the yeast eIF2α  is

significant as it provides the first view of the putative phosphorylation site, serine 51. In

addition to the structure, the dynamic properties of the α  subunit of eIF2 were

investigated in solution by NMR spectroscopy.

Determination of the redox state of wheat eIF4E

Translation initiation factor eIF4E initiates protein synthesis by binding to the

m7GpppN cap structure of the mRNA. In this dissertation, the results of the redox studies

of wheat eIF4E in solution are presented. The NMR data indicate that all the cysteine

residues in wheat eIF4E are reduced in solution. However, C113 and C151 can be

oxidized to form a disulfide bond in vitro, causing some structural changes in the protein.

It was observed that the majority of the amino acid residues affected by this selective

oxidation seem to be concentrated in the cap-binding face of the protein. Based on these

observations it can be hypothesized that plants may employ changes in the redox state of

conserved cysteine residues as part of a regulatory mechanism to control protein

synthesis.
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Chapter 1

Introduction

Translation is the process by which a protein is synthesized at the ribosome

according to the information encoded on a messenger RNA. It is a highly sophisticated

process, and requires extensive biological machinery in the form of ribosomes, protein

factors, tRNA, and mRNA. According to some estimates 35-40% of the genes making up

the genetic pool of an organism are devoted to translation (Mathews et al., 2000). The

heavy investment of resources and energy into synthesis of proteins is justified by the

critical roles proteins play in sustaining all life forms.

The process of translation can be divided into three phases: initiation, elongation,

and termination. In the initiation phase, the protein synthesis competent 80S ribosome is

positioned at the start codon (AUG) on the mRNA. This is accomplished by first forming

a pre-initiation complex at the 5’ end of the mRNA. The pre-initiation complex consists

of proteins in the form of initiation factors, a 40S ribosome with a methionyl-initiator

tRNA positioned on the peptidyl site (P-site), and the mRNA. This complex then scans

the mRNA in a 5’ to 3’ direction until the initiation codon is identified. At this point the

protein factors are released, and the large 60S subunit joins the 40S subunit to form the

elongation competent 80S ribosome. In the elongation phase, the peptide chain is

synthesized according to the nucleotide code provided by the mRNA. First, a specific

aminoacylated tRNA binds tightly to the aminoacyl site (A-site) on the ribosome, and

base-pairs with the corresponding codon on the mRNA. Next, the ribosome catalyses the

formation of a peptide bond between the incoming amino acid on the aminoacylated
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tRNA, and the growing peptide chain at the P-site. To initiate another round of elongation

the ribosome translocates to the next codon, and the old tRNA is discharged. The

elongation continues until a termination codon is placed at the aminoacyl site (A-site) of

the ribosome. The termination factors recognize the stop codon, and promote the

hydrolysis of the ester bond between the tRNA and the polypeptide. The completed

protein chain is then released from the ribosome.

Translation of mRNA into proteins represents the final step in the gene expression

pathway. Regulation of this important process provides the cell with the opportunity to

modulate gene expression in a wide range of biological situations ranging from

embryonic development to cell differentiation and metabolism. It has been shown that

both the entry into and transit through the G1 phase of the cell cycle is correlated with

increased rates of translation initiation (Hershey and Miyamoto, 2000). Exercising

translation control to regulate gene expression allows the cell to respond rapidly and

effectively to external and internal signals, thereby conserving energy and important

resources.

In a multistep, multifactorial pathway like translation, regulation can be achieved

at various levels. Logic dictates that it is more efficient to control a pathway at the outset

than to interrupt it in midstream, where a plethora of recyclable components and

incomplete products would be wasted. Accordingly, regulation of protein synthesis is

most often exercised at the initiation phase. Initiation of translation involves a large

number of interactions among proteins in the form of initiation factors, as well as protein-

RNA interactions involving tRNA, mRNA, and rRNA within the ribosome. A fast and

efficient way to regulate translation initiation is by modulating the various protein-protein

and protein-RNA interactions (Hershey and Merrick, 2000).
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Reversible post-translational modification of initiation factors offers a convenient

way to modulate protein-protein, and protein-RNA interactions. Post-translational

modifications, such as phosphorylation, serve as positive as well as negative regulators of

general translation rates (Raught et al., 2000). Several initiation factors that promote

mRNA binding to the ribosome are phosphorylated, and the phosphorylation state of

these proteins correlates positively with translation rates. In contrast, phosphorylation of

eIF2 inhibits translation by blocking methionyl-initiator tRNA binding to eIF2, and

consequently to the ribosome (Hinnebusch, 2000). The phosphorylation state of initiation

factors is modulated in a wide variety of circumstances, and affects translation during cell

cycle, viral infection, in conditions of stress, including heat shock and starvation (Raught

et al., 2000; Pe’ery and Mathews, 2000; Schneider, 2000; Hershey and Miyamoto, 2000;

Kimball and Jefferson, 2000).

Apart from phosphorylation, the activity of initiation factors can also be regulated

by proteins that interact with initiation factors. For example, the activity of eIF4E, the 5’

cap binding factor within the eIF4F complex, is regulated by a family of proteins called

4E-BPs (4E binding proteins) (Haghighat et al., 1995). When bound to eIF4E they inhibit

the cap-dependent translation initiation (Raught et al., 2000). Interestingly, the interaction

of 4E-BP with eIF4E is affected by phosphorylation of 4E-BP via signal transduction

pathways (Pause et al., 1994; Rousseau et al., 1996).

The complex mechanism by which the various components work together to

initiate translation is becoming increasingly well understood in the eukaryotic systems

(Pestova et al., 2001; Sonenberg and Dever, 2003). Genetic and biochemical studies have

identified and characterized various steps and components involved in this highly

complicated and sophisticated pathway (Hershey and Merrick, 2000). However, for a

through understanding of the mechanism of translation initiation, detailed structural
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information about the various components of the initiation pathway is required. The high-

resolution three-dimensional structure of proteins can provide important information

about the protein fold, provide details on how the various components interact at the

atomic level, and locate the position of conserved residues, thereby providing a bridge

between the proteins primary sequence and its biological function.

This dissertation describes the structures of translation initiation factors eIF2α

and eIF4E; two key proteins involved in regulating the protein synthesis pathway. To

better understand how these two specific initiation factors fit in the larger scheme of the

translation initiation pathway, a brief description of the initiation phase of translation is

provided in section 1.1. Section 1.2 focuses on the translation initiation factor 2 (eIF2),

and section 1.3 describes how regulation is achieved via phosphorylation of the α

subunit.  A brief description of the eIF2α-specific kinases is provided in section 1.4.

Section 1.5 briefly describes the plant translation factor eIF4E.

1.1 INITIATION OF TRANSLATION

The process of translation initiation occurs in the cytoplasm. Therefore, to initiate

translation, the mRNA transcripts that are synthesized in the nucleus must first be

exported into the cytoplasm. Before exporting, the nascent mRNAs are post-

transcriptionally modified by addition of a poly(A) tail at the 3’ end, and a 7-

methylguanosine cap is attached to the first base at the 5’end. The noncoding regions of

the RNA called introns are also spliced out as part of this mRNA maturation process. The

mature mRNA is then exported out of the nucleus through the nuclear pores, and it

emerges in the cytoplasm as a messenger ribonucleoprotein (mRNP) complex.
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The general mechanism of cap-dependent translation initiation is explained by the

scanning model proposed by Kozak (Kozak and Shatkin, 1978). The scanning model is

considered to be the most common eukaryotic translation initiation mechanism, and will

be discussed here. Alternative mechanisms of translation initiation have been reviewed

elsewhere (Jackson, 2000).

Eukaryotic translation initiation involves the participation of the ribosome, the

mRNA, methionyl-initiator tRNA, and a number of protein factors called initiation

factors. The complex multifactorial initiation stage can be divided into four linked stages

that culminate in the formation of an 80S ribosome that is capable of protein synthesis.

These stages are;

i) formation of a 43S pre-initiation complex from the small 40S ribosomal

            subunit, initiation factors, and methionyl-initiator tRNA.

ii) binding of the 43S pre-initiation complex to the 5’ capped end of mRNA.

iii) scanning of the 5’ untranslated region (UTR) of the mRNA by the mRNA

bound ribosomal complex and recognition of initiation start codon to form

a 48S initiation complex.

iv) formation of the elongation-competent 80S ribosome by joining the large

60S subunit to the 48S complex.

Formation of the 43S pre-initiation complex

The 43S pre-initiation complex consists of the 40S ribosome subunit, initiation

factors eIF1A, eIF3, eIF1, and a ternary complex of eIF2•GTP•Met-tRNAi (Figure 1.1).

Since physiological conditions favor the association of 40S and 60S subunits to form 80S

ribosomes, the dissociation of 80S ribosomes into their subunits is the first requirement
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Figure 1.1. A cartoon representation of the “scanning model” of eukaryotic translation
initiation process. The figure is adapted from Hershey and Merrick, 2000.
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for translation initiation to proceed. Translation initiation factors eIF3 and eIF1A are

thought to promote this dissociation (Hershey and Merrick, 2000). The dissociated 40S

subunit then binds the initiator methionyl-tRNA, which is delivered to the 40S subunit as

part of eIF2•GTP•Met-tRNAi ternary complex (Figure 1.1). Another initiation factor,

eIF1, is also thought to be associated with the 43S pre-initiation complex, and this factor

is involved in the mRNA scanning process, and also plays a role in initiation codon

selection (Pestova and Kolupaeva, 2002). The 43S complex thus formed is stable, and

can be detected by sucrose gradient centrifugation (Smith and Henshaw, 1975).

The first step in the formation of 43S complex is the dissociation of 80S ribosome

into 40S and 60S subunits. The actual mechanism of dissociation is very poorly

understood, and awaits high-resolution structural studies of eIF3, and its complex with

the 40S ribosome subunit. It is however a challenging task as eIF3 is a very complex

initiation factor. The mammalian eIF3 has a molecular weight of 600,000 daltons, and

contains at least 11 different subunits (Browning et al., 2001). A related, but smaller eIF3

has been characterized from yeast, and that probably defines the core functional unit of

eIF3 (Phan et al., 1998). Along with its role in ribosome subunit dissociation, mammalian

eIF3 has also been implicated in Met-tRNAi and mRNA binding to 40S subunit (Hershey

and Merrick, 2000). The various eIF3 subunits interact with other translation initiation

factors, and this probably helps organize higher-order initiation complexes on 40S

ribosomal subunit.

The other translation initiation factor involved in ribosome dissociation (anti-

association) is eIF1A. eIF1A is a highly conserved initiation factor, and is one of the two

universal initiation factors that are found in all three domains of life (Keeling and

Doolittle, 1995; Kyrpides and Woese, 1998b). The three-dimensional structure of the

human factor was determined by NMR spectroscopy (Battiste et al., 2000), and was
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shown to contain the oligomer binding (OB) domain, which is also found in the bacterial

homolog IF1 (Sette et al., 1999), and the archaeal homolog aIF1A (Li and Hoffman,

2001). Eukaryotic eIF1A plays a multifunctional role in translation initiation. The

functions associated with eIF1A include, ribosome dissociation, binding of Met-tRNAi to

40S ribosome subunit, and it is also thought to play a role in mRNA binding and

scanning (Pestova et al., 1998).

The second stage in the formation of the 43S pre-initiation complex is the binding

of the ternary complex of eIF2•GTP•Met-tRNAi to the 40S ribosome subunit. The GTP

bound eIF2 (eIF2•GTP) binds the initiator methionyl-tRNA, and then delivers it to the P

site of the ribosome. Eukaryotic initiation factor 2 (eIF2) consists of three non-identical

subunits, referred to as eIF2α, eIF2β, and eIF2γ. The eIF2γ subunit binds the GTP

(Bommer et al., 1991), and the eIF2β and eIF2γ subunits together are thought to be

responsible for initiator methionyl-tRNA binding (Gaspar et al., 1994). The alpha subunit

of eIF2 functions as the regulator of translation initiation. This regulation is achieved via

phosphorylation of a highly conserved serine residue by eIF2 specific kinases

(Hinnebusch, 2000). A detailed description of the eukaryotic translation initiation factor 2

is provided in section 1.2.

Each round of translation initiation generates a binary complex of eIF2•GDP

(Figure 1.1). The eIF2•GDP must be recycled to eIF2•GTP in order to form an initiation

competent ternary complex. This nucleotide exchange reaction is catalyzed by eIF2B.

eIF2B consists of five non-identical subunits (α,β,γ,δ,ε) (Kimball et al., 1994), and under

physiological salt conditions exists in a 1:1 complex with its substrate, eIF2 (Cigan et al.,

1991; Proud, 1992). The primary sequences of the five subunits are conserved between

yeast and mammals (Kimball et al., 1994). In vitro studies suggest that the five subunits

can be divided into two subcomplexes, a catalytic subcomplex consisting of δ and ε
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subunits is responsible for nucleotide exchange, and a regulatory subcomplex of the

remaining three subunits is responsible for proper response to eIF2α phosphorylation

(Pavitt et al., 1998). eIF2Bδ and eIF2Bε subunits exhibit sequence homology with each

other (Paddon et al., 1989), and mutation data indicates that the nucleotide exchange

activity resides in the C-terminal region of eIF2Bε (Boesen et al., 2004; Gomez et al.,

2002). The α, β, and γ subunits also share extensive sequence similarity with each other,

and form a stable regulatory subcomplex in the absence of the other two subunits (Pavitt

et al., 1998). The αβγ regulatory complex mediates the inhibition of eIF2B activity by

binding to phosphorylated eIF2. A detailed description of the role of eIF2B in regulation

of translation initiation is provided in section 1.3.

Recruitment of the 43S pre-initiation complex to the 5’ capped end of mRNA

The 43S pre-initiation complex is recruited to the mRNA through interactions of

eIF3 with translation initiation factor 4F (eIF4F) (Figure 1.1). eIF4F is a heterotrimeric

complex comprising of eIF4E, the cap binding protein; eIF4A, a DEAD box RNA

helicase; and eIF4G, which functions as a scaffolding protein by interacting with eIF4E,

eIF4A and eIF3. The recruitment of the 43S pre-initiation complex to the 5’ capped end

of mRNA is facilitated by the formation of a protein bridge between the mRNA and the

ribosome, and can be summarized as: m7G cap – eIF4E – eIF4G – eIF3 – 40S ribosome

subunit. In mammals, the phylogenetically conserved central region of eIF4G was shown

to interact with the 40S ribosome bound eIF3 (Lamphear et al., 1995). The exact subunit

of eIF3 that is involved in this interaction has not been identified.

The m7G-cap structure at the 5’ end of mRNA is recognized by the eIF4E subunit

within the eIF4F protein complex. The core structure of eIF4E resembles a cupped hand,
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and it binds the m7G-cap in a hydrophobic pocket on the concave side of the protein

(Matsuo et al., 1997; Marcotrigiano et al., 1997). This interaction is mediated through

specific amino acids, all of which are conserved from yeast to mammals. eIF4E is the

least abundant of the known initiation factors, and hence its availability dictates

translation rates in cells. The activity of eIF4E is regulated by a family of proteins called

4E-BPs (4E binding proteins). Under resting conditions eIF4E is bound to 4E-BPs, and

this interaction prevents the association of eIF4E with eIF4G to form active eIF4F protein

complex (Haghighat et al., 1995). Hormones, mitogens, and growth factors stimulate

signaling pathways that lead to phosphorylation of 4E-BP (Joshi et al., 1995; Whalen et

al., 1996). Phosphorylation of 4E-BP causes the dissociation of the eIF4E•4E-BP

complex, and allows eIF4E to bind eIF4G to form active eIF4F protein complex.

Furthermore, the affinity of eIF4E for the 5’ cap moiety is also regulated by

phosphorylation of a conserved serine residue at the C-terminal of eIF4E sequence

(Raught et al., 2000).

eIF4A is a DEAD box RNA helicase that is believed to unwind secondary

structures in the cap-proximal region of the mRNA, and this enables the 43S pre-

initiation complex to bind the mRNA. The helicase activity of eIF4A is enhanced when

present within the eIF4F protein complex, and by association with eIF4B and eIF4H

(Rogers et al., 1999). The crystal structure of the yeast eIF4A revealed two domains

connected by a flexible linker (Caruthers et al., 2000). The structural data suggests that

ATP binding and hydrolysis are probably coupled with a conformational change that

modulates RNA binding.

eIF4G functions as scaffolding protein that brings various components of the

initiation pathway in close proximity (Hentze, 1997). The conserved central domain of

eIF4G interacts with eIF4A, RNA and eIF3 (Aravind and Koonin, 2000; Ponting, 2000).
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The structure of this conserved middle region of eIF4G was solved by crystallography,

and revealed a crescent-shaped domain consisting of ten α-helices (Marcotrigiano et al.,

2001). The N-terminal third of eIF4G was also shown to interact with the eIF4E, and

poly(A)-binding protein (PABP) (Sachs and Varani, 2000). The simultaneous interaction

of 5’ cap bound eIF4E and poly(A)-binding protein with eIF4G is believed to circularize

the mRNA, and this may help in bringing the 3’ UTR associated translation initiation

regulatory factors in close proximity to the 5’ end of the mRNA (Wells et al., 1998). The

C-terminal region has an additional binding site for eIF4A, however it is unclear if both

eIF4A binding sites are occupied simultaneously (Korneeva et al., 2001). The extreme C-

terminus has homology to eIF5 and eIF2Bε (Asano et al., 1999), and binds Mnk-1; an

eIF4E phosphorylating kinase (Pyronnet et al., 1999).

mRNA scanning and AUG recognition

Once the 43S pre-initiation complex has been assembled near the 5’ end of

mRNA, the next step is to locate the start codon on the mRNA. A ‘scanning’ mechanism

is believed to be used for most mRNAs (Kozak and Shatkin, 1978). According to this

hypothesis the 43S pre-initiation complex scans down the mRNA in a 5’ to 3’ direction

until it reaches, and identifies the start codon. For most mRNAs, translation initiation

starts at the AUG codon closest to the 5’ end. This linear movement along the mRNA

consumes energy in the form of ATP. The migration of the 43S pre-initiation complex

stops when the CAU anticodon on the initiator methionyl-tRNA, base pairs with the

AUG start codon on the mRNA (Jackson, 2000). The stable complex thus formed is

referred to as the 48S initiation complex.
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The scanning hypothesis is consistent with a large body of genetic and

biochemical data, however direct physical evidence for scanning intermediates remains to

be found (Kozak, 1999). In vitro reconstitution assays using highly pure mammalian

initiation factors indicate a critical role for eIF1 in the scanning process (Pestova et al.,

1998). In the absence of eIF1, 43S pre-initiation complex were assembled at the 5’ cap on

mRNA, but did not scan along the mRNA. A similar dependence was also observed for

eIF1A (Pestova et al., 1998). Inclusion of eIF1 and eIF1A in the assay led to the

formation of an authentic 48S complex that was centered over the AUG start codon. The

three-dimensional structure of eIF1 revealed a fold that is similar to that found in

ribosomal proteins, and RNA binding domains (Fletcher et al., 1999). eIF1 forms a

tightly packed structure with two α helices packed on one side of a five-stranded β sheet

domain. Mutation of several conserved residues in yeast eIF1 led to a lower fidelity in

initiation codon selection (Preiss and M, 2003). eIF1 was also shown to specifically bind

to p110 subunit of eIF3, and this interaction explains how eIF1 is recruited to the 40S

ribosome subunit (Fletcher et al., 1999).

The same study also shows that eIF4A, eIF4B, and eIF4F also contribute to the

processivity of scanning (Pestova et al., 1998). These factors may be involved in

unwinding secondary structures in the 5’ UTR to allow linear movement of the 43S pre-

initiation complex towards the start codon. The observation that eIF4F is involved in the

scanning process suggests that it continues to be associated with the pre-initiation

complex as it leaves the 5’ capped end.
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Assembly of the 80S ribosome

Once a stable 48S initiation complex has been formed at the start codon of the

mRNA, the eIF2-bound GTP is hydrolyzed to GDP in a reaction that requires eIF5. This

is followed by release of the eIF2•GDP binary complex, and possibly other initiation

factors from the translation initiation machinery (Hershey and Merrick, 2000). Following

the dissociation of the protein factors from the initiation machinery, the 60S ribosome

subunit joins the 40S subunit to form the elongation competent 80S ribosome. Subunit

joining requires the activity of eIF5B•GTP (Pestova et al., 2000).

Thus, formation of elongation competent 80S ribosome requires two distinct GTP

hydrolysis steps. The first step involves the hydrolysis of eIF2 bound GTP in a reaction

requiring eIF5. The establishment of the codon/anticodon interaction between Met-tRNAi

and the initiation codon in the mRNA has been suggested to act as a signal for the eIF5

dependent hydrolysis of GTP (Thompson et al., 2000). This hydrolysis serves as a

checkpoint for proper identification of the AUG start codon on the mRNA. The C-

terminal region of eIF5 contains a highly conserved bipartite motif called AA boxes

(Asano et al., 1999). This conserved region in the C-terminal has been implicated in

binding eIF2β, and stimulating the GTP hydrolysis by the γ subunit of eIF2 (Asano et al.,

1999; Das et al., 1997). A subunit of eIF3 (p93 in yeast) has also been shown to interact

with the conserved AA boxes in the C-terminal of eIF5 (Asano et al., 1999).

The assembly of 80S ribosome was for a long time thought to be a passive step,

however, recent experiments suggest that it requires the activity of eIF5B•GTP (Pestova

et al., 2000;(Lee et al., 2002). In vitro experiments suggest that eIF5B stimulates subunit

joining, however the GTP hydrolysis occurs only after the 80S ribosome is formed, and is

required for the release of eIF5B (Pestova, 2000). This second GTP hydrolysis step in the
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initiation pathway possibly serves as a final checkpoint for the formation of correct 80S

ribosomes (Shin et al., 2002). The X-ray structure of the archaeal homolog of eIF5B

revealed a four-domain protein that resembles a chalice (Roll-Mecak et al., 2000). The

three N-terminal domains (domains I-III) form the cup of the chalice, and the forth

domain (domain IV) forms the base of the chalice. Domain IV is connected to the cup of

the chalice by a long α helix. The GTP binding motif resides in domain I. A modest

conformational change in the GTP-binding active site is transduced to domain IV through

a lever-type mechanism involving the long connector α helix, and this results in a more

significant movement of domain IV. This switch-like conformational change probably

regulates the affinity of eIF5B for the ribosome (Shin et al., 2002).

1.2 TRANSLATION INITIATION FACTOR 2

The eukaryotic translation initiation factor 2 (eIF2) consists of three non-identical

subunits, referred to as eIF2α, eIF2β, and eIF2γ. All three subunits of eIF2 have been

purified from higher and lower eukaryotes, and show high degree of sequence

conservation. Homologs of all subunits have also been purified from archaea, but not

from prokaryotes (Bult et al., 1996). eIF2 plays essential roles in the recognition of the

start codon within the mRNA, and is responsible for delivering the initiator tRNA to the

40S ribosome as part of a ternary complex with GTP (Hershey and Merrick, 2000). It is

also one of the key protein factors involved in regulation of protein synthesis at the

initiation stage. The key roles played by eIF2 in translation initiation has made it the

focus of a large number of genetic and biochemical studies which have provided new

insights about protein synthesis, its initiation and regulation.
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The α subunit of eIF2

The α subunit of eIF2 is the site of regulation of overall protein synthesis in

eukaryotes (Hinnebusch, 2000). This regulation is achieved via phosphorylation of a

highly conserved serine residue at position 51 (Dever et al., 1992; Hershey, 1991).

Phosphorylation of Ser 51 blocks the exchange of GDP to GTP by eIF2B by increasing

the affinity of eIF2 for GDP and eIF2B (Krishnamoorthy et al., 2001; Pavitt et al., 1998).

eIF2•GDP binary complex is incapable of binding the initiator Met-tRNA to form the

active ternary complex, and therefore in the absence of the ternary complex no new

rounds of translation initiation are initiated, and this eventually leads to termination of

protein synthesis. Regulation of eIF2 activity in this manner is highly conserved across

species, and occurs in response to various stimuli such as viral infection, apoptosis,

nutrient deprivation, and other stress conditions (Dever, 2002).

The α  subunit of eIF2 has a molecular weight of ~35 kDa. The amino acid

sequence alignment suggests a high degree of sequence conservation among all species

including archaea (no homolog has been reported for eubacteria). The N-terminal

(residues 1 – 90 in yeast) represents the most well conserved region across species. Using

profile fitting analysis Gribskov predicted an oligonucleotide-binding (OB) fold for these

residues (Gribskov, 1992). The hypothesis was confirmed by the determination of the

three-dimensional structure of the N-terminal two-thirds of the human eIF2α (Nonato et

al., 2002). This analysis revealed a two-domain structure; the N-terminal region formed a

β-barrel with an oligonucleotide-binding (OB) fold, followed by a compact helical

domain. Interestingly, a 17 residue highly conserved loop connecting strands β3 and β4

of the N-terminal β-barrel domain was not visible in the crystal structure of the human

eIF2α (Nonato et al., 2002). This conserved loop is arguably the most important
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functional part of the α subunit, and contains a high density of conserved amino acids as

well as the serine residue that is the target for phosphorylation (Figure 1.2).

The structural studies of yeast eIF2α presented in this dissertation provide the

first view of the functionally important conserved loop containing the phosphorylation

site, Ser 51. This structure provides an essential step towards better understanding the

molecular functions of eIF2α, and can be used as a model to investigate the possible

structural consequences upon phosphorylation of Ser 51.

The β subunit of eIF2

The sequence of the β subunit of translation initiation factor 2 has several unique

features, including the presence of three lysine blocks in the N-terminal half, and a C2- C2

type zinc-finger motif at its carboxyl terminal (Donahue et al., 1988; Pathak et al., 1988;

Ye and Cavener, 1994). The N-terminal one-third of eukaryotic eIF2β is divergent in

length and sequence, with the three polylysine tracks being the only conserved bits. The

carboxy-terminal two-thirds of eIF2β shows significant sequence similarity to the full

length archaeal eIF2β, and is also homologous to the N-terminal region of eIF5, the

GTPase activating protein (Figure 1.3) (Asano et al., 1999; Koonin, 1995). The high-

resolution structure of archaeal eIF2β was determined by NMR spectroscopy, and was

found to contain two independent structural domains corresponding to the central and C-

terminal domains in eukaryotic eIF2β, respectively (Cho and Hoffman, 2002). The N-

terminal α/β domain contains a four-stranded antiparallel beta sheet and two alpha

helices packed on the same side of the β-sheet. This domain shows significant structural



17

Figure 1.2. An alignment of the amino acid sequences of eIF2α from six eukaryotic
species. The representative species are yeast (Saccharomyces cerevisiae), fission yeast
(Schizosaccharomyces pombe), human (Homo sapiens), rat (Rattus norvegicus), fruit-fly
Drosophila melanogaster and plant Arabidopsis thaliana. Conserved hydrophobic
residues are indicated in blue, and conserved hydrophilic residues are red. The site of
phosphorylation, Ser 51, is indicated by  an arrow. Cystene residues (69 and 97) that form
a disulfide bond in mammalian eIF2α are shown in green. The secondary structural
elements are also shown.
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Figure 1.3. A schematic diagram showing the relative locations of conserved structural
regions in the three subunits of translation initiation factors eIF2. The eukaryotic proteins
are numbered according to the human sequence. The aIF2β is numbered according to the
Methanococcus jannaschii sequence. Numbers indicate the positions of conserved
structural elements within each protein. The site of phosphorylation in the α subunit is
shown in red. The Lysine tract and the Cys4 motif are indicated in the β subunit by green
and yellow, respectively. For the γ subunit, the three GTP binding motifs are shown in
purple.
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homology to the DNA-binding domain of a yeast heat shock transcription factor (HSF)

(Harrison et al., 1994), and a domain within ribosomal protein S4 (Markus et al., 1998).

The C-terminal domain folds into a zinc ribbon structure that consists of three antiparallel

β strands with the zinc binding site at one end of the molecule. This fold is similar to the

‘zinc ribbon’ fold of ribosomal protein L36 (Hard et al., 2000). The NMR data on

Methanococcus jannaschi aIF2β indicates that the N- and C- terminal domains are

connected by a 15-residue linker that is likely to be α-helical in structure (Cho and

Hoffman, 2002).

The β subunit of eIF2 has been reported to interact with eIF2γ subunit (Hashimoto

et al., 2002), subunits of eIF2B (Thompson et al., 2000), and the C-terminal domain of

eIF5 (Das et al., 1997). The N-terminal region containing the three polylysine stretches

was shown to be involved in binding the C-terminal domain of eIF5, and subunits of

eIF2B (Thompson et al., 2000). The archaeal eIF2β subunit lacks the N-terminal

fragment bearing the lysine tracts, and this is consistent with the observation that archaea

do not appear to contain either eIF5 or eIF2B within their genome (Kyrpides and Woese,

1998a). The central region, homologous to the N-terminal α/β domain in archaeal eIF2β,

was shown to bind the eIF2γ subunit, while the C-terminal zinc finger domain may be

important for initiation site recognition.

The γ subunit of eIF2

The γ subunit of eIF2 belongs to the superfamily of GTP-binding proteins and is

very closely related to the translation elongation factor eEF1A and its eubacterial

counterpart EF1A, which form ternary complexes with GTP and aminoacylated elongator

tRNAs (Hinnebusch, 2000). The sequence similarity between eIF2γ and EF1A is most



20

pronounced in the GTP and aminoacylated elongator tRNA binding regions of EF1A,

suggesting that eIF2γ can interact directly with GTP and Met-tRNAi (Gaspar et al.,

1994). Biochemical analysis of point mutations in the GTP binding motif of eIF2γ have

provided strong evidence regarding the crucial role of eIF2γ in GTP and Met-tRNAi

binding (Harashima and Hinnebusch, 1986).

The γ subunit is the largest of the three eIF2 subunits, and forms the core of the

ternary complex by binding the α, and β subunits along with GTP, and Met-tRNAi. The

three-dimensional structures of the γ subunit from the archaeon Pyrococcus abyssi and

Methanococcus jannaschii have been determined by X-ray crystallography (Roll-Mecak

et al., 2004; Schmitt et al., 2002). The nucleotide free aIF2γ consists of three domains

structurally homologous to the EF-Tu or eEF1A . Domain I is the GTP-binding domain,

and consists of a β-sheet of mixed polarity flanked by five α-helices. Domains II and III

are β-barrel folds. Domain II of eIF2γ shows marked structural, and sequence similarity

with domain II of EF1A, which was shown to be involved in Phe-tRNA recognition.

Mutation analysis of conserved residues in domain II of eIF2γ provide strong evidence

about its role in binding initiator Met-tRNA (Roll-Mecak et al., 2004). Mutation studies

also indicate that binding sites for eIF2α, and initiator Met-tRNA are in close proximity

on the eIF2γ surface. The eIF2γ structure also contains two conserved switch I and switch

II elements in the GTP binding domain. In the high-resolution structures of other

GTPases these polypeptide chain segments were associated with significant

conformational changes upon interactions with effectors. A unique feature of the eIF2γ

structure is the presence of a zinc ribbon that protrudes from the main body of the G

domain.
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1.3 REGULATION OF TERNARY COMPLEX FORMATION BY PHOSPHORYLATION OF
THE α SUBUNIT OF TRANSLATION INITIATION FACTOR 2

Translation initiation factor eIF2 is responsible for delivering the initiator Met-

tRNA to the 40S ribosome as part of a ternary complex with GTP (Hinnebusch, 2000).

Upon base pairing of the initiator Met-tRNA to the AUG start codon on the mRNA, the

eIF2-bound GTP is hydrolyzed to GDP, and the resulting eIF2•GDP binary complex is

released from the ribosome. In order to regenerate the active ternary complex the GDP

bound to eIF2 must be replaced to GTP. The nonenzymatic exchange reaction is very

slow due to the higher affinity of eIF2 for GDP as compared to GTP (Proud, 1992).

Accordingly, this exchange reaction is facilitated by the guanine nucleotide exchange

factor eIF2B (Figure 1.4).

Several physiological stimuli including heme deficiency, viral infection, and

nutrient deprivation activate specific eIF2α  kinases that phosphorylate a highly

conserved serine residue in the α subunit (Hinnebusch, 2000). Phosphorylation of the α

subunit on Ser 51 converts eIF2 from a substrate to a competitive inhibitor of eIF2B

(Figure 1.4) (Dever et al., 1995). The binary complex of eIF2(αP)•GDP has higher

affinity for the exchange factor eIF2B as compared to unphosphorylated eIF2•GDP

(Krishnamoorthy et al., 2001; Pavitt et al., 1998). The increase in affinity upon

phosphorylation has been reported to range from severalfold (Goss et al., 1984; Pavitt et

al., 1997) to more than 100-fold (Rowlands et al., 1988b). Furthermore, as the

concentration of eIF2B is two to five-fold lower than that of eIF2, phosphorylation of a

fraction of cellular eIF2 is sufficient to sequester all of eIF2B (Cigan et al., 1991; Dever

et al., 1992; Rowlands et al., 1988a). By binding more tightly to eIF2B, phosphorylated



22

Figure 1.4. Cartoon representation of regulation of initiation of translation via
phosphorylation of α subunit of eIF2. The translation initiation factor eIF2 is released
from the ribosome as a binary complex of eIF2•GDP. The nucleotide exchange factor
eIF2B catalyzes exchange of eIF2 bound GDP to GTP; the eIF2•GTP binary complex
can recruit tRNA to form the ternary complex, and initiate a fresh round of translation
initiation. Several physiological stimuli activate eIF2α -specific kinases that
phosphorylate a specific serine residue in the α subunit. The eIF2(αP)•GDP binds eIF2B
with higher affinity and interferes with the recycling of eIF2•GDP to eIF2•GTP.
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eIF2 sequesters all of eIF2B, and interferes with the recycling of nonphosphorylated

eIF2.

1.4 THE EIF2α-SPECIFIC KINASES

Regulation of protein synthesis via phosphorylation of Ser 51 in the α subunit of

eIF2 is carried out by highly specific eIF2α  kinases that are activated under different

stress conditions. Four different eIF2α kinases regulated by different signals have been

identified in mammalian cells, and these are the hemin-regulated inhibitor kinase (HRI)

(Chen, 2000), the general control of amino acid biosynthesis kinase (GCN2)

(Hinnebusch, 2000), the double-stranded (ds) RNA-activated protein kinase (PKR)

(Kaufman, 2000), and the PKR-endoplasmic reticulum (ER)-related kinase (PERK) (Ron

and Harding, 2000). The eIF2α kinases share extensive homology in the kinase catalytic

domain (Berlanga et al., 1998; Chen et al., 1991; Chong et al., 1992; Meurs et al., 1990;

Ramirez et al., 1991), however the regulatory domains and regulatory mechanisms of

each of these kinases are very different.

The general control of amino acid biosynthesis kinase (GCN2)

The eIF2α kinase GCN2 is activated under conditions of amino acid deprivation,

and uncharged tRNA appears to be the activating ligand (Wek et al., 1995). The primary

sequence of yeast GCN2 has several characteristic domains including a protein kinase

domain (PK), and a 500-residue tRNA binding domain. The tRNA binding domain is

carboxy-terminal to the kinase domain, and has sequence similarity to histidyl-tRNA
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synthetase (HisRS) (Wek et al., 1989). Based on these observation it was proposed that

the binding of uncharged tRNA to the HisRS-like domain would produce a

conformational change in GCN2 that activates the kinase domain and allows it to

phosphorylate eIF2α (Wek et al., 1989). In agreement with this model, mutations within

the tRNA binding domain abolished GCN2 kinase activity in vivo and in vitro (Wek et

al., 1995; Zhu et al., 1996). GCN2 is activated due to starvation for numerous amino

acids (Wek et al., 1995), and it was shown that the HisRS-like domain can bind many

deacylated tRNAs with similar affinity (Zhu et al., 1996). GCN2 orthologs have been

identified in N. crassa, D. melanogaster, and mouse (Ramirez et al., 1992). The highest

similarity among these proteins occurs in the protein kinase domain, all of which contain

a few signature residues conserved among the known eIF2α kinases but not among

kinases at large (Ramirez et al., 1992).

The double-stranded (ds) RNA-activated protein kinase (PKR)

The double-stranded RNA-activated protein kinase (PKR) is expressed in the

majority of cells in higher vertebrates, and plays a role in the cellular antiviral defense

mechanism (Samuel et al., 1997; Stark et al., 1998). The PKR primary sequence contains

a dsRNA-binding domain (dsRBD) in the amino-terminus that is connected via a short

linker to the Ser/Thr protein kinase domain in the carboxy-terminal (Green and Mathews,

1992; St Johnston et al., 1992). The dsRBD contains two dsRNA-binding motifs, and

both the domains are required for the specific and high-affinity binding to dsRNA, a

prerequisite for the activation of PKR kinase activity (Bevilacqua and Cech, 1996; Patel

and Sen, 1992; Romano et al., 1995). The binding of dsRNA to PKR is proposed to cause

a conformational change in PKR resulting in the exposure of the ATP-binding site, and
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also causes dimerization (Galabru and Hovanessian, 1987). Dimerization stimulates

autophosphorylation (Thomis and Samuel, 1993), an important requirement for the

formation of a catalytically active kinase capable of binding and phosphorylating eIF2α

(Galabru and Hovanessian, 1987; Galabru et al., 1989; Wu and Kaufman, 1997).

Biochemical analysis has demonstrated that PKR binds dsRNA primarily through

electrostatic interactions, and does not bind dsDNA or RNA-DNA structures (Hunter et

al., 1975). PKR is activated by a variety of viral dsRNA genomes (e.g., reovirus), RNA

molecules with a high degree of secondary structure, and replication intermediates, thus

suggesting an interaction independent of the RNA sequence (Manche et al., 1992; Minks

et al., 1979). In addition to regulating translation, PKR has been proposed to play roles in

cell signaling (Yang et al., 1995), and growth control (Kirchhoff et al., 1995; Koromilas

et al., 1995). Other reports have proposed additional substrates for PKR, like NF90

(Langland et al., 1999), IκB (Kumar et al., 1994), and HIV Tat (Brand et al., 1997;

McMillan et al., 1995).

The solution structure of the 20 kDa dsRBD was determined by NMR

spectroscopy (Nanduri et al., 1998). The structure of dsRBD exhibits a dumb-bell shape

in which the two dsRNA-binding motifs (dsRBM) are separated by a highly flexible

linker. Each dsRBM comprises of a α-β-β-β-α fold, with the two helices stacked on one

side of the three-stranded antiparallel β sheet. The NMR structure suggests that the highly

flexible central linker facilitates the high-affinity binding of dsRNA to PKR by enabling

the two dsRBMs to wrap around the RNA duplex. In the inactive kinase, the dsRBD is

thought to fold back upon the kinase domain, and block the ATP-binding site in the

catalytic domain (Carpick et al., 1997). Binding of dsRNA causes the folded PKR to

elongate, thereby exposing the ATP-binding site, and this subsequently leads to the

activation of PKR.
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The PKR-endoplasmic reticulum (ER)-related kinase (PERK)

One of the immediate responses to ER stress caused by accumulation of

malfolded proteins is the inhibition of translation initiation via phosphorylation of eIF2α

(Harding et al., 1999). The ER stress is transduced to eIF2α  phosphorylation by a

complex signaling pathway involving the PKR-endoplasmic reticulum (ER)-related

kinase (PERK). PERK is a transmembrane protein with an amino-terminal ER-stress-

sensing lumenal domain, and a carboxy-terminal cytoplasmic domain that has all the

features of a protein kinase (Ron and Harding, 2000). Very little is known about the

pathways that result in PERK activation and attenuation of translation. According to one

model the signaling pathway is dependent upon the availability of free immunoglobulin-

binding protein (BiP) (Kaufman, 2004). BiP is a soluble ER protein chaperone that

interacts with the amino-terminus sensory domain of PERK under non-stressed

conditions. As unfolded proteins accumulate in the lumen of endoplasmic reticulum, BiP

is released from PERK and other ER protein factors (Bertolotti et al., 2000). PERK

molecules that have lost their inhibitory BiP partner undergo spontaneous

homodimerization that is mediated by their lumenal domains (Liu et al., 2003). This

triggers a transphosphorylation event that activates the kinase activity of PERK resulting

in the phosphorylation of Ser 51 on the α subunit of eIF2.

The hemin-regulated inhibitor kinase (HRI)

The hemin-regulated inhibitor kinase (HRI) is activated in reticulocyte lysate by

heme deficiency (Howard et al., 1970; Hurst and Matts, 1987), heavy metal ions (Hurst et

al., 1987), or heat shock (Bonanou-Tzedaki et al., 1978). HRI comprises of five domains
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of which two domains have been shown to bind heme. The amino-terminal domain 1

purifies as a hemoprotein (Chen, 2000). Consistent with this observation, the predicted

secondary structure of the amino-terminal domain has a significant similarity to the

known structures of mammalian α-globin, and can be modeled to fit the helical structure

of α-globin (Uma et al., 2000). The second heme-binding domain corresponds to the

third domain within the HRI primary sequence, and is referred to as the kinase insert (KI)

domain. The KI domain does not purify as a hemoprotein however, it binds exogenous

heme in a reversible manner (Rafie-Kolpin et al., 2000). This data indicates that there are

two heme-binding sites per HRI monomer (Chefalo et al., 1998), and that heme binding

to KI domain is responsible for rapid regulation of HRI by heme. Purified HRI (species

1) is a stable homodimer whose subunits are joined by noncovalent interactions. This

species is autophosphorylated, and has one heme per subunit bound at its amino terminus

(Chefalo et al., 1998). When heme concentration is high, it binds to the KI domain, and

promotes intersubunit disulfide bond formation in the HRI homodimer, and inhibits its

kinase activity (Chen et al., 1989). On the other hand, when heme concentration is low,

HRI (species 1) undergoes further multiple autophosphorylation, and phosphorylates

eIF2α.

1.5 THE PLANT TRANSLATION INITIATION APPARATUS

The fundamental process of translation initiation in plants is very similar to that

described for other eukaryotes, and can be explained with the scanning model (Browning,

1996). However, some aspects of the initiation pathway are unique to plants, making it an

attractive system to study. The uniqueness of plant translation initiation apparatus can be

traced to differences in initiation factors like eIF4F, eIF3, eIF4B, and eIF2 (Browning,



28

2004). Interestingly, eIF4E (a factor within the eIF4F complex), and eIF2 are key players

involved in regulation of protein synthesis at the initiation phase. The observation that

these particular factors from plants are different may suggest that plants regulate their

protein synthesis in unique ways. The different regulatory mechanisms may have evolved

to accommodate the several unique biochemical processes carried out only by plants.

The plant translation initiation factor 4F (eIF4F)

The translation initiation factor eIF4F from plants is similar to that from other

eukaryotes. The eIF4F complex consists of eIF4E, a small cap-binding protein that

interacts with the 7-methylguanosine cap structure at the 5’ end of mRNAs, and eIF4G,

which functions as a scaffolding protein by interacting with other initiation factors. A

third factor eIF4A, is loosely associated with eIF4F, and it functions as an ATP

dependent RNA helicase by unwinding secondary structure in the 5’ untranslated region

of the mRNA to facilitate ribosome binding. The eIF4F complex mediates the binding of

the 43S pre-initiation complex to the mRNA, an essential interaction in the translation

initiation pathway (Hinnebusch, 2000).

Although the basic structure and functions of the eIF4F complex are conserved

among plants and other eukaryotes, a striking difference is the presence of another form

of eIF4F, termed eIFiso4F, in plants (Browning, 1996). Similar to eIF4F, eIFiso4F also

consists of two subunits, a small cap binding protein termed eIFiso4E, and a large

scaffolding protein called eIFiso4G. The cap binding factor eIF4E and eIFiso4E isolated

from wheat germ show 50% similarity in their amino acid sequences, and have

comparable molecular mass, 24 kDa. However, the two plant eIF4G subunits are

significantly different in molecular mass, 180 kDa for eIF4G versus 86 kDa for eIFiso4G,
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and show only 30% sequence similarity in their primary sequence. Comparison of eIF4G

and eIFiso4G primary sequence revealed that eIFiso4G lacks a significant portion of the

N-terminal sequence. The presence of two isoforms of eIF4F suggests that they may have

evolved to perform specialized functions (Gallie and Browning, 2001).

The plant translation initiation factor eIF4E

The plant eIF4E initiates protein synthesis by binding to the m7GpppN cap

structure of the mRNA. The universal conservation of function of eIF4E is illustrated by

the high degree of sequence homology between eIF4E from plants and other eukaryotes

(Figure 4.1). Consistent with the sequence and functional homology, the X-ray crystal

structure of wheat eIF4E (Sadow, 2000) revealed a core structure that was similar to the

previously reported structures of eIF4E from yeast and mouse (Matsuo et al., 1997;

Marcotrigiano et al., 1997). Although the core structure was conserved, the wheat eIF4E

structure presented important differences in the functionally important cap-binding

pocket. The authenticity of the observed differences could not be confirmed due to the

specific crystallization conditions. These questions were addressed by NMR

spectroscopy, and the results are presented in this dissertation.

Organization of this dissertation

In chapter 1, the eukaryotic translation initiation pathway was described. The

translation initiation factor 2 and its role in regulating protein synthesis were also briefly

reviewed. Chapters 2 and 3 present the structure and dynamics of the α subunit of

translation initiation factor 2 (eIF2α). A description the wheat eIF4E structure is provided
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in chapter 3. Specifically, this chapter describes the use of NMR spectroscopy to

determine the redox state of cysteine residues in wheat translation initiation factor 4E

(eIF4E) in solution. An analysis of the possible structural effects caused by the formation

of the disulfide bond is also described therein.
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Chapter 2

Crystal Structure of the Yeast eIF2α

2.1 INTRODUCTION

X-ray crystallography is a powerful biophysical method that can provide high-

resolution structures of biological molecules such as proteins and nucleic acids and their

complexes at atomic resolution. Determination of structure by X-ray crystallography

requires the analysis of the diffraction patterns that emerge when the crystal is targeted by

a beam of X-rays. Structure determination by X-ray crystallography is a multistep

process. A brief overview of the various steps is discussed below. For a detailed

treatment of protein crystallography refer to texts by Drenth, 1999 and Blundell, 1976.

2.1.1 Crystallization of Proteins

Structural analysis of proteins by X-ray crystallography requires high

concentrations of pure, homogeneous, and soluble sample. Crystallization typically

requires protein samples at 10 mg/ml or higher concentration, although larger proteins

tend to require less concentrated samples as compared to smaller proteins (10-20 kDa

range). Protein crystallization is mainly a trial-and-error procedure, and can be an

exhausting and time consuming effort. Before beginning a crystallization experiment, it is

perhaps a good idea to become familiar with the protein. Knowledge about stability of the

protein in different buffers and pH, the pI of the protein, and finding ligands that may
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increase stability, may help save valuable time later. A careful examination of the

primary sequence can give important information about domains, and flexible regions.

Disordered regions may make the protein difficult to crystallize. Therefore, it may be

advantageous to remove flexible bits by proteolysis or cloning.

The principle of crystallization is to gently precipitate the protein from its solution

and induce it to arrange in a well-ordered lattice to form crystals. Finding the right

conditions to obtain suitable crystals is mainly through trial-and error, and perhaps the

only way to increase the chances of being successful is by trying as many different

conditions as possible. Conditions that are typically varied include crystallization

reagents, pH, and temperature. Crystallization reagents typically contain a buffering

agent, a salt, and a precipitant, and offer numerous combinations of reagents that can be

screened. Additives like organic solvents, and detergents can also be tried. Temperature

can also be an important determinant in success, and therefore the multitude of

crystallization reagent combinations are usually screened at a few different temperatures.

Varying the precipitant and protein concentration is also a useful way to screen more

conditions particularly in cases where initial trials resulted in small crystals. The final

goal is to produce reasonably large (>0.1 mm in its smallest dimension) protein crystals

that will produce an adequate diffraction pattern upon exposure to X-rays at either a local

source or synchrotron.

2.1.2 Crystal Symmetry and Space Groups

Crystals consist of an array of three-dimensional unit cells. A unit cell is defined

as the smallest group of atoms or molecules whose repetition at regular intervals in three-

dimension produces the lattice of a crystal.  The edges of the unit cell are denoted by
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three vectors, a, b, c and the angles between them are denoted by α, β, γ. As a result of

regular packing of molecules in a crystal lattice, special symmetry relationship exits

between the molecules. The most commonly found symmetry elements in biological

macromolecular structures are translation, rotation and screw symmetry. Due to

limitations imposed by the symmetry elements there are 230 possible ways by which

identical objects can pack in three dimensions, leading to 230 space groups. For chiral

objects, such as proteins, only 65 of the possible 230 space groups are allowed.

A unit cell can have one or several asymmetric units. An asymmetric unit is the

smallest portion of a crystal structure to which crystallographic symmetry can be applied

to generate one unit cell. Therefore, a unit cell is generated by applying the symmetry

operators to one asymmetric unit, and translation of this unit cell in three-dimensions will

recreate the crystal.

2.1.3 Characterization of the Crystal

The ability of a crystal to diffract X-rays to high resolution depends upon the

quality of the crystals, which is a function of the ordering of the molecules in the unit

cell. The positions of most molecules are not fixed due to thermal vibrations and static

disorder. As a consequence the intensities of X-ray diffraction drop at higher diffraction

angles. The mosaicity of the crystal also contributes to the quality of the X-ray data.

Mosaicity arises due to the defects in the repetition of the unit cell. Under such conditions

each unit cell contributes a slightly different diffraction pattern to the overall diffraction

of the crystal. The mosaicity in good crystals is low, and can be accounted for during data

processing.
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2.1.4 Data Collection and Processing

Once the crystals have reached desirable size (ideally ≥ 0.2 mm), they can be used

for data collection. To collect data, the crystal is gently removed from the mother liquor

by a nylon loop, and placed in the X-ray beam between the X-ray source and the detector.

The crystal within the loop is then centered in the path of the X-ray beam. To collect data

at lower temperature (~100 K), the crystals are flash cooled in liquid nitrogen prior to

data collection. This significantly reduces damage from radiation, and usually results in

higher resolution and better quality data. A disadvantage of cryocrystallography is that

the crystal mosaicity usually increases on flash cooling (Garman, 2003). To collect data

at room temperature (~295 K) the crystals are sealed in glass capillaries and mounted on

the goniometer head without freezing.

Experimental conditions like exposure time, distance between the crystal and the

detector, and degrees of oscillation are determined empirically. To collect a complete

data set each unique reflection must be recorded at least once. This is achieved by

rotating the crystal a fixed number of degrees, and the diffraction image upon each

rotation is recorded.

Raw X-ray diffraction data must be processed before it can be used for structure

determination. To process and analyze raw data, the diffraction pattern is indexed, and

the intensities of the spots are measured by integration of the diffraction maxima.

Following indexing and integration, the measurement is then scaled against the rest of the

reflections in the dataset so they can be related. Several computer programs have been

written to analyze the diffraction data. DENZO and SCALEPACK within HKL suit

(Otwinowski and Minor, 1997) are the commonly used programs for integrating and

scaling the diffraction data.
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2.1.5 The Phase Problem

The diffraction experiment measures the intensities of the waves reflected from

planes in the crystal (denoted by hkl). The intensity of the diffracted beam (Ihkl) is

proportional to the square of the amplitude of the wave |Fhkl|. In order to calculate the

electron density at a position (xyz) in the unit cell requires the following summation over

all the hkl planes in the crystal:

                     ρ(xyz) = 1/V ∑ |Fhkl| exp(iαhkl) exp[-2πi(hx + ky + lz)]

where V is the volume of the unit cell and αhkl is the phase associated with the structure

factor amplitude |Fhkl|. To calculate the electron density map the amplitudes can be

obtained from the diffraction data however the phases are lost in the experiment. The

phases can be determined in one of the three ways: use of data from heavy-atom

derivatives of the crystal, the use of data from one heavy atom derivative at multiple

wavelengths, or through molecular replacement.

2.1.6 Molecular Replacement

Molecular replacement offers a fast and convenient method for determining the

structure of the protein under study when the structure of a similar or homologus protein

is already known. The success of the molecular replacement problem depends more upon

the structural identity between the two proteins, and less on sequence identity. But since
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the structural identity is not known, sequence identity is used as a guide. For most cases

the sequence identity needs to be >25%, and the r.m.s.d should be <2.0 Å between the

Cα atoms of the model and the protein understudy (target protein). Having a model

whose structure is fairly complete with respect to the unknown structure can also be

crucial to success.

In this method, the structure factors and phases required to generate the electron

density map for the unknown structure are calculated by using the search model. In order

to do this, a preliminary model of the unknown structure is constructed by placing the

search model in the unit cell of the target protein in the same position and orientation as

the target molecule. New phases can then be calculated from this model and combined

with the observed amplitudes to give an accurate and interpretable electron density map

for the target protein.

If there is one molecule in the asymmetric unit, then six parameters fully describe

how the search model is placed in the target proteins unit cell. Three parameters specify

the orientation (three angles), and three parameters specify the position (three

translations). The six-dimensional search can be split into two three-dimensional

searches: a rotation search followed by a translation search.

The rotation search is carried out by looking for agreement between the Patterson

functions of the search model and unknown structure as a function of their relative

orientation. A Patterson map shows the vectors between atoms in the unit cell, and is

calculated from the X-ray data by assuming the phase to be 0.0, squaring the amplitudes,

and adding a centre of symmetry.  The goal of rotation search is to orient the search

model in the new unit cell such that it produces maximum overlap with the unknown

structure. Mathematically this can be defined as:
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                             R(C) = ∫u P1(x)P2(Cx) dV

Here P1 and P2 are the Patterson functions, C is a rotation operator that rotates the

coordinate system of P2 with respect to P1. R(C) is the rotation function, and a maximum

for this function indicates a potential orientation with best overlap.

Once the correct orientation has been found, the translation search is carried out to

find the right position for the search model in the unit cell. The correctly oriented

molecules are moved about in the unit cell, and intensities are calculated for each

resultant model. The best agreement between the calculated and observed intensities

defines the position of the molecule in the unit cell. The translation search takes longer to

perform as compared to rotation search, and are very sensitive to misorientation of the

search model by a few degrees.

A number of computer programs are now available to perform the rotation and

translation searches. These include MOLREP (Vagin et. al., 2000), CNS (Brünger et. al.,

1998), PHASER (Storoni et. al., 2004), among others. If the molecular replacement

problem is straightforward, a clear solution can be obtained with the default settings with

most programs. However a numbers of settings can be optimized to increase the

sensitivity of the program to obtain a clear solution for a particular problem.

2.1.7 Refinement and Model Building

The ultimate goal of deriving the phase information is to generate a good quality

electron density map, and subsequently determine the three-dimensional structure of the

protein. An electron density map of reasonable quality will show secondary structure

elements like α helices. From a map of this quality the target protein model can be
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constructed. The model is built by manually placing each amino acid into the observed

electron density. The sequence of amino acids is dictated by the primary sequence of the

protein. Because of their large size and distinctive shape tryptophans are good reference

points for assigning sequence to electron density maps. The model thus constructed is

refined to the lowest energy by iterative rounds of manual model building and

refinement.

One way to determine the accuracy of the model is by comparing the observed

amplitudes (Fo ) with the calculated amplitudes (Fc). This is referred to as the R-factor,

and is defined by:

Rcrystallographic  =  Σ| Fo – Fc |/ Σ| Fo |

Typically after each round of model building and refinement the agreement

between the observed and calculated amplitudes should increase, and this corresponds to

a lower value for the R-factor. It should be noted that the R-factor alone should not be

used as the sole criterion for determining the accuracy of the model. Other indicators of

the accuracy of the protein model are provided by the Ramachandran plot. This plot

shows if the phi and psi angles for each residue fall within the allowed values. If there are

a considerable number of outliers, then the model probably needs to be refined more.

Glycine residues do not have a side chain, and therefore are an exception.
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2.1.8 Electron Density Maps

The type of maps used to fit and refine the protein model include Fo-Fc maps, 2Fo-

Fc maps and omit maps. The Fo-Fc map is a difference fourier map that emphasizes the

difference between the calculated phases and the observed phases. The Fo-Fc map is very

useful in terms of information content but may be hard to interpret. This map is especially

useful for finding corrections to the current model, for e.g. if there is unaccounted

electron density then molecules need to be added. This map is also useful for locating

misfitted molecules, and finding movements in mutants.

A 2Fo-Fc map is the sum of an Fo map plus an Fo-Fc map. This map is easy to

interpret as it looks like protein density. The quality of the 2Fo-Fc depends on the quality

of the phases. A disadvantage of using this map is that it is subject to model bias, and

therefore the accuracy of the target proteins model is difficult to ascertain.

A third type of map is called the omit map. To calculate an omit map, the portion

of protein model that is being examined is left out of the phase calculation altogether, and

the rest of the model is used to calculate the electron density for this portion of the

protein. If electron density for the left out portion is seen in the omit map it implies that

these atoms contributed to the amplitude information of the protein data set. This

approach is very useful in eliminating model bias in situations were the experimental

phases were obtained by molecular replacement.

This chapter describes the crystal structure of the N-terminal two-thirds of the

yeast eIF2α. The structure was solved by the molecular replacement method. The

structures and relative positions of residues that have been implicated in kinase binding
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and in the interaction with the guanine exchange factor eIF2B are also described. This

chapter was adapted from Dhaliwal and Hoffman, 2003.

2.2 MATERIALS AND METHODS

2.2.1 Initial Cloning and Expression Studies

An important requirement for structural studies is the availability of large

quantities of soluble folded protein. This is typically obtained by cloning the desired

protein into an expression vector, and the recombinant protein is then obtained by

growing a few liters of E.coli cells in Luria broth supplemented with the appropriate

antibiotic. In the case of translation initiation factor 2α (eIF2α) obtaining soluble protein

proved to be very troublesome. To increase the chances of obtaining soluble folded

protein a rather extensive cloning project involving multiple eukaryotic organisms was

undertaken (Table 2.1). Briefly, the DNA coding sequence of eIF2α subunit from a

variety of different species (including yeast, drosophila, and others) were amplified by

PCR, and inserted into three E.coli expression vectors. In general, the recombinant

protein induced very well, however all the protein obtained was insoluble (Figure 2.1).

Different growth temperatures, and media were also tried without success. Extensive

refolding studies performed on yeast constructs consisting of residues 1-88, and 1-121

also failed to yield soluble folded protein.
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Table 2.1. Summary of cloning and expression studies on translation initiation factor
eIF2α

 ORGANISM
      FRANGEMT
         LENGTH
         CLONED

 VECTOR         RESULTS

Yeast (304 aa) 1-88 pET-3a Inclusion Bodies

Yeast 1-88 pMAL Inclusion Bodies

Yeast 1-92 pET-3a Inclusion Bodies

Yeast 1-92 pMAL Inclusion Bodies

Yeast 1-121 pET-3a Inclusion Bodies

Yeast 1-121 pET-14b No Expression

Drosophila (335 aa) 1-88 PET-3a Inclusion Bodies

Drosophila 1-88 pMAL Inclusion Bodies

Drosophila 1-121 pET-3a Inclusion Bodies

Drosophila 1-121 pMAL Inclusion Bodies

Drosophila 1-121 pET-14b No Expression

Mouse (307 aa) 1-120 pET-14b No Expression
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A)                                                                      B)

Figure 2.1. A representative SDS-PAGE gel showing the expression and purification
results on translation initiation factor eIF2α. (A) Expression studies on yeast eIF2α
(amino acids 1-121). Lane 1: Before induction, Lanes 2-4: After induction. The position
of the induction band is indicated by an arrow.  (B) Purification studies on yeast eIF2α
(amino acids 1-121). Lane 1: Soluble fraction, Lane 2: Insoluble fraction. The band
corresponding to the insoluble yeast eIF2α in lane 2 is indicated by an asterick.

1          2         3        4        1          2
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A protein with an amino acid sequence corresponding to residues 1-175 of the yeast

eIF2α was expressed in E.coli. This construct was similar in size to the fragment of

human eIF2α that was analyzed successfully by X-ray crystallography. Initial studies

with this plasmid also yielded insoluble protein, however lowering the growth

temperature to 15 °C after induction with IPTG resulted in partially soluble protein that

was readily purified, and used in subsequent structural studies.

2.2.2 Cloning, Expression, and Purification of the Yeast eIF2α

The gene fragment consisting of residues 1-175 of yeast eIF2α was obtained by

PCR from the yeast genomic DNA. PCR primers were designed to introduce a unique 5’-

NdeI site and a 3’-BamHI site. The PCR product, and the expression vector pET3a

(Novagen) were digested with the appropriate restriction enzymes, and following gel

purification of the digested products, the DNA was inserted into the expression vector.

The recombinant plasmid was then transformed into DH5α  cells (Novagen). The

sequence of the yeast eIF2α gene was verified by automated DNA sequencing (ICMB

Core Facility). The obtained plasmid was transformed into the E.coli expression strain

BL21 (DE3) (Novagen).

The recombinant eIF2α protein was obtained by growing the E.coli cells in Luria

broth supplemented with 100 mg/l of ampicillin. The cells were grown at 30 °C until they

reached an A550 of 0.5, at which point the temperature was reduced to 15 °C, and protein

expression induced with 0.3 mM IPTG. Cells were grown for 15 hours after induction,

and then harvested by centrifugation, and stored at –80 °C. Protein purification was

straightforward; the cells were lysed by thawing and sonication, and the nucleic acids

were precipitated by the addition of 0.5% polyethylenimine (v/v). The cell lysate was
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centrifuged for 20 minutes at 12,000 g to remove the cellular debris and nucleic acids. To

the supernatant, ammonium sulfate up to 70% saturation was added to precipitate the

cellular proteins. After stirring for 30 minutes, the solution was centrifuged at 12,000 g

for 20 minutes. The protein pellet obtained after centrifugation was dissolved in 20 mM

Tris-HCl buffer (pH 7.8), and loaded to an DEAE anion-exchange column. A large

number of impurities are removed in this step as yeast eIF2α flows through the column

without binding while the impurities are retained on the column. The flow through was

then loaded to an SP-Sepharose cation-exchange column (Sigma), and the protein was

eluted using a 0 to 1 M NaCl gradient in 25 mM potassium phosphate buffer (pH 8). The

fractions containing the yeast eIF2α  were identified by SDS-PAGE, pooled and

concentrated. The yield of eIF2α was typically 7 mg of purified protein per liter of

culture. N-terminal sequencing and mass spectrometry were used to confirm the identity

of the purified protein. The results indicated that the N-terminal methionine residue was

absent from the final protein product.

2.2.3 Crystallization and X-ray Diffraction

Yeast eIF2α was crystallized by hanging drop vapor diffusion method with

protein at concentrations of 10 mg/ml. Rod shaped crystals were grown in 1.8–2.5 M

sodium formate and 0.1 M sodium acetate (pH 4.6), with crystal formation occurring

overnight (Figure 2.2). Diffraction data were collected at room temperature (~295 K), and

also at lower temperature (~100 K). To collect the data at 100 K, the crystals were

removed from the mother liquor and transferred to a cryoprotectant solution containing

crystallization buffer plus 20% (w/v) PEG 400. The crystals were soaked for ~30
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Figure 2.2. Crystals of yeast eIF2α. The crystals of yeast eIF2α were grown by vapor
diffusion using the hanging drop technique. The protein crystallized readily at 4 °C using
a precipitant of 1.8-2.5 M sodium formate and 0.1 M sodium acetate. The protein
crystallized in the space group P43212.
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minutes, removed from the cryoprotectant using a nylon loop (Hampton Research), and

frozen in the nitrogen stream.  The data at 100 K were collected at the PX beamline at the

Center for Advanced Microstructures and Devices (CAMD) synchrotron in Baton Rouge,

LA. To collect the diffraction data set at 295 K, crystals were sealed in glass capillaries,

and never frozen. The diffraction data was collected at a wavelength of 1.54 Å using a

rotating copper anode source and a MAR345 detector. The diffraction data sets collected

at 100K and 295K were integrated and scaled using DENZO and SCALEPACK

(Otwinowski and Minor, 1997) to a resolution of 2.5 Å and 2.86 Å, respectively.

2.2.4 Crystal Structure Determination and Refinement

The structure of yeast eIF2α was solved from both the low-temperature and the

room-temperature data using the molecular replacement method, with the human eIF2α

(PDB entry 1KL9) as a search model (Nonato et al., 2002). The molecular replacement

program MOLREP within the CCP4 suit was used to find the correct solution (Vagin et.

al., 2000). The unique solution thus identified was used to calculate the initial electron

density maps. The structure was re-built into the electron density maps with the yeast

sequence using O (Jones et. al., 1991) and was refined by cycles of manual model

building and energy minimization with CNS (Brünger et. al., 1998) using data between

20 and 2.8 Å resolution.

The electron density for residues 51-62 was missing in the search model. In the

yeast eIF2α data set collected at 295K (room-temperature), electron density for residues

51-62 was visible in the maps generated without using a model for the missing residues.

The residues were manually built into the corresponding electron density, and refined

using CNS. After multiple rounds of re-building using omit maps, interspersed with



47

torsion angle simulated annealing with CNS, the structure of the yeast eIF2α  was

completed using data to a resolution of 2.86 Å. Summary of the crystallographic and

refinement statistics is given in Table 2.2. The quality and stereochemistry of the final

structure was evaluated using PROCHECK (Laskowski et al., 1996).

2.3 RESULTS AND DISCUSSION

2.3.1 Comparison of Low Temperature and Room Temperature Data Sets

The X-ray diffraction data for yeast eIF2α  crystals were collected at two

temperatures. Two essentially complete data sets were collected at low temperature

(~100K), and two additional data sets were collected at room temperature (~295K). The

yeast eIF2α crystals were found to have an unusually high solvent content, ~71% (v/v).

The crystals diffracted reasonably well despite their high solvent content, and the

structure was readily solved from both the low-temperature and room-temperature data

sets using the molecular replacement method.

For most regions of the eIF2α molecule, slightly better quality electron density

maps and lower crystallographic B-factors were obtained from the diffraction data

collected at low temperature using frozen crystals, rather than the room-temperature data.

For example, using the low-temperature diffraction data the structure was refined to 2.5

Å as compared to 2.86 Å for the room temperature diffraction data. Similarly, the average

B-factors were 17.4 Å2 for low-temperature data, versus 29.6 Å2 at room-temperature.
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Table 2.2. Summary of crystallographic and structural statistics for the yeast eIF2α
protein. Values in parenthesis refer to the highest (10%) resolution shell of the x-ray data.

          Statistic            293 °K                100 °K

Unit cell constant (Å)                                           a = 94.01                                a = 92.55
                                                                              b = 94.01                               b = 92.55
                                                                              c = 81.20                               c = 81.12

Space group                                                          P43212                                   P43212

Molecules per asymmetric unit                             1                                            1

Mathews coefficient (Å3 / Dalton)                       4.3                                         4.2

Data collection wavelength                                  1.54 Å                                   1.38 Å

Total reflections                                                   77383                                    189133

Unique  reflections                                               9935                                     18467

Average redundancy                                            7.78                                       10.24

Rsym (%)                                                                7.7 (58.3)                              5.8 (22.6)

Completeness                                                       99.5 %                                  99.9 %

I/σ                                                                         8.7 (1.3)                                14.7  (2.0)

Resolution range for refinement                          20.0 – 2.86 Å                        20.0 – 2.5 Å

Residues included in the model                           2-175                                    2-54, 63-175

Protein atoms                                                       1441                                     1374

Water molecules                                                  0                                            32

rmsd  from ideal geometry, covalent bonds        0.006 Å                                 0.006 Å

rmsd  from ideal geometry, covalent angles       1.21 deg                                1.23 deg

Average B-factor                                                 29.6 Å                                   17.4 Å

Rwork                                                                     22.2 %                                   25.4 %

Rfree                                                                      24.3 %                                   28.1  %

Residues in most favored regions
of the Ramachandran plot                                    88.8 %                                   89.1%

Residues additional allowed regions
of the Ramachandran plot                                    10.6 %                                   10.9 %

Residues in generously allowed regions
of the Ramachandran plot                                     0.6 %                                     0.0%

Residues in disallowed regions
of the Ramachandran plot                                     0.0 %                                     0.0 %
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The difference in the quality of the data may be because at low temperatures the free

radicals that are produced by the incident radiation have much lower diffusion rates. This

significantly reduces damage from radiation, and usually results in higher resolution and

better quality data.

However, obtaining X-ray data at room-temperature was fortuitous in that the

electron density for the surface loop containing residues 48-65 is clearly seen in the maps

calculated from the room-temperature X-ray data (Figure 2.3); in contract, the same loop

is only partially visible in the electron density maps calculated from the low-temperature

X-ray data (Figure 2.4). Significantly, this surface loop contains Ser 51, the putative

phosphorylation site. In the low-temperature data set, residues 48-53, 64 and 65 were

clearly seen with well defined electron density for the backbone and the side-chains

(Figure 2.6), while residues Arg54 and Arg63 were only partially visible. Electron

density for loop residues 55-62 was not visible at all in the maps calculated with the low-

temperature X-ray data (Figure 2.4). Although freezing is best for keeping the crystals

stable in the X-ray beam, it appears that freezing is not good for the quality of the lattice

in all regions of the structure. It was noted that the unit cell constants of the frozen

crystals are smaller by 1.5 Å along both the a and b-axes, and the unit cell volume also

decreased by about 3% upon freezing. Perhaps the surface loop becomes disordered

during the contraction associated with the freezing process.

Data collection at low-temperatures usually reduces radiation damage resulting in

higher resolution and better quality data, however a disadvantage of cryocrystallography

is that crystal mosaicity usually increases on freezing (Garman, 2003). Consistent with

this observation, it was noted that the frozen crystals had a slightly higher mosaic spread

than the crystals that were never frozen. Crystal decay due to radiation damage at room-
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Figure 2.3. A section of a 2Fo-Fc electron density map omit map of the yeast eIF2α
crystal structure focusing on residues 50-65 calculated using the 295 K X-ray data. The
map is contoured at 1.3σ. A model including only residues 2-50 and 63-175 was
subjected to simulated annealing before map calculation, so that the model bias in the
electron density for residues 51-62 is minimized. Key residues in the loop are indicated.
Residues labeled in red are part of a neighboring molecule in the unit cell. The figure was
created using O (Jones et al., 1991).
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Figure 2.4. A section of a 2Fo-Fc electron density map of yeast eIF2α crystal structure
focusing on residues 50-65 calculated using the 100 K X-ray data. The map is contoured
at 1.3σ. Electron density for residues 55-63 is not visible. The electron density for Ser51,
the target of phosphorylation by specific kinases, is clearly defined in the electron density
map. The figure was created using O (Jones et al., 1991).
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temperature was not a significant problem during room-temperature X-ray data

collection. To increase the overall quality of the data set, poor quality diffraction images

were eliminated upon careful monitoring of the scaling statistics. A good quality,

essentially complete data set was recorded at room temperature on a single crystal.

2.3.2 Description of the Yeast eIF2α Structure

The N-terminal two-thirds of yeast eIF2α has a rather elongated two-domain

structure (Figure 2.5). The N-terminal domain consists of the first 89 residues, and forms

a five-stranded antiparallel β-barrel. A β-hairpin connects strands β1 and β2; a four-

residue loop connects strands β2 and β3, and a three-residue loop connects strands β4 and

β5. A rather long 17 amino acid surface loop connects strands β3 and β4. The

connectivity of the strands within the β-barrel conforms to the oligonucleotide-binding

(OB) fold (Murzin, 1993). This fold has been observed in several other translation

initiation factors including eukaryotic translation initiation factor-1A (eIF1A) (Battiste et

al., 2000), and bacterial translation initiation factor IF1 (Sette et al., 1997). Other

examples of members of this family include a number of RNA-associated proteins such

as ribosomal protein S17 (Golden et al., 1993), the β-barrel domain of ribosomal protein

S1 (Bycroft et al., 1997), and the N-terminal domain of aspartyl-tRNA synthetase (Ruff

et al., 1991).

In all cases, the proposed RNA binding site is formed by the concave side of the

β-barrel (Figure 2.5). The RNA-protein interactions are thought to be facilitated by the

solvent exposed aromatic residues and the side chains of positively charged residues on

the surface of the protein. Although domain I of eIF2α contains the OB fold, it does not

share significant sequence similarity in the proposed RNA binding site with other
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Figure 2.5. Stereo view of a cartoon representation of N-terminal two-third of the yeast
eIF2α. Shown are residues 1-175 color ramped from blue at the N-terminus to purple at
the C-terminus. The figure was created using RIBBONS (Carson, 1997).
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members of this family. In yeast eIF2α this region contains two tyrosine residues, Tyr32

and Tyr81, along with side chains of non-polar residues such as Gly43, Met44, Leu46,

and Ile82, and negatively charged side chains of Glu42 and Asp83.

The N-terminal β-barrel domain is followed by an α-helical domain. The helical

domain comprises of residues 90-175, and adopts a previously unreported fold (Figure

2.5). It begins with a 30-residue long α helix (α1), followed by four short helices (α2-α5)

that are packed tightly to form a compact helical domain. A single turn of a 310 helix is

present in the loop connecting α4 and α5. A distinctive feature of the helical domain of

yeast eIF2α is the presence of a slight but distinct bend in the long helix (α1) (Figure

2.7). Interactions between the side chains keep the orientation of helix α1, and the

remainder of the helical domain, fixed relative to the β-barrel.

Among all eukaryotic and archaeal species, the helical domain displays more

sequence variability as compared to the N-terminal barrel domain (Yatime et al., 2005).

The yeast eIF2α has a four residue deletion relative to the human protein between helices

α1 and α2 of the helical domain, and another four residue deletion between helices α3

and α4 (Figure 1.2). In each case, the deletions of the loop residues occur in such a way

that the orientations of the adjacent helices do not differ substantially between human and

yeast proteins. The mammalian eIF2α protein contains two highly conserved cysteine

residues; Cys69 in β4, and Cys97 in α1. In other eukaryotes, only the second cysteine

residue is found. In the human eIF2α crystal structure a disulfide bond was observed

between these two cysteine residues (Nonato et al., 2002). In contrast, the yeast protein

contains a valine at position 69 that makes a hydrophobic contact with Cys97, rather than

a disulfide bridge.
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2.3.3 The Loop Containing Serine 51

 A 17-residue loop connects strands β3 and β4 of the N-terminal β-barrel domain.

This loop is arguably the most important functional part of the α subunit, and contains a

high density of conserved amino acids as well as the serine residue that is the target for

phosphorylation by the eIF2α-specific kinases (Figure 1.2). The electron density for the

loop is reasonably well defined in the yeast structure, despite its being relatively solvent

exposed (Figure 2.6). The primary sequence of the loop is highly conserved in all

eukaryotic eIF2α proteins, with only one amino acid different between yeast and human

proteins. This difference is in residue 59, which is glutamine in yeast and asparagine in

the human sequence. The remarkably high degree of conservation of the loop sequences

suggests that; 1) there may be numerous specific interactions between eIF2α and its

specific kinases, and 2) the loop structure determined for the yeast protein is likely to be

relevant for all eukaryotes.

The loop begins with a short 310 helix comprising of residues 46-50. The 310 helix

is stabilized by a hydrogen bond between the carbonyl group of Leu46 and nitrogen of

Glu49. Serine 51 comes immediately after this 310 helix (Figure 2.7). The amide nitrogen

atom of Ser51 is hydrogen bonded to the carbonyl group of Ser48, which probably

stabilizes its orientation. Ser51 is followed by three well conserved arginine residues,

Arg52, Arg53, and Arg54. The side chain of Arg53 points towards the core of the

protein, while the side chains of Arg52 and Arg54 are oriented away from the protein and

make contacts with residues in a neighboring protein molecule within the crystal. The

three arginine residues along with residues Ile55, Arg56, and Ser57 form an extended

structure. This is followed by another short 310 helix, consisting of residues 58-61. Lastly

residues 62-65 form another extended structure linking the loop to strand β4 of the β-



56

Figure 2.6. A section of a 2Fo-Fc electron density map of the yeast eIF2α crystal structure
focusing on residues 50-65 calculated using the 295 K X-ray data. The map is contoured
at 1.3σ. Key residues in the loop are indicated. Much of the loop is relatively solvent
exposed; Ser51 is somewhat protected, although the side chain hydroxyl group is oriented
towards the solvent. Side chains of Arg52 and Arg54 form intermolecular contacts with
another molecule in the unit cell. The figure was created using O (Jones et al., 1991).
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barrel. The backbone for the entire loop is clearly visible in the electron density maps,

however the side chains are well defined only for loop residues 50-54, 59, 62, 64, and 65

(Figure 2.6). Much of the loop is relatively solvent exposed in the crystal; Ser 51 is

somewhat protected, although its side chain hydroxyl group is oriented towards the

solvent, making it easily accessible to the eIF2α-specific kinases.

The loop residues 51-65 appear to be stabilized by interactions between side-

chains of hydrophobic residues such as Leu50, Ile55, Leu61, and Ile62. These

hydrophobic residues are well conserved within the loop, suggesting that the interactions

may also be conserved. A favorable interaction is also observed between Ile26, another

well conserved hydrophobic amino acid, and the short 310 helix formed by residues 58-61.

This interaction may play an essential role in stabilizing a particular loop conformation.

Two of the loop residues, Arg52 and Arg54, are involved in intermolecular

contacts within the crystal lattice that may further stabilize the loop structure (Figure 2.6).

This raises the possibility that the observed loop conformation may be induced, or at least

partially stabilized by the crystal packing. However, since only two of the loop residues

are involved in the intermolecular interactions, and these are polar side-chains that are

normally found on the exterior surface of the protein, it seems likely that the observed

loop conformation is similar to the biologically relevant structure in solution. In addition

to these two loop resides, other residues on the surface of yeast eIF2α are also observed

to be involved in making intermolecular contacts. These include, Glu99 in the long helix

α1 that makes contact with Lys145 in the neighboring molecule, His4 is close to Asp16

of another molecule, and Gln25 and Asp83 that contact Arg52 and Arg54, respectively.
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Figure 2.7. A diagram showing residues 1-175 of the yeast eIF2α structure. The structure
of the conserved surface loop connecting β strands β3 and β4 and containing the
phosphorylation site Ser51 is also shown. The positions of some of the conserved side-
chains in the vicinity of Ser 51 are indicated. The 17-residue surface loop contains two
310 helices along with some extended structure. Ser51 is present immediately after the
first 310 helix. The figure was created using RIBBONS (Carson, 1997).
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2.3.4 Structure at the eIF2B Interaction Site

The guanine nucleotide exchange factor (eIF2B) facilitates the formation of an

active ternary complex by catalyzing the exchange of eIF2 bound GDP to GTP. The

multisubunit eIF2B factor comprises of a catalytic and a regulatory subcomplex. The

regulatory subcomplex of eIF2B, comprising of subunits α, β, and δ, interacts with the α

subunit of eIF2, and this interaction is enhanced by the phosphorylation of Ser51 on the α

subunit (Krishnamoorthy et al., 2001).  Mutation studies have mapped the residues in

eIF2α that are important for this interaction (Vazquez de Aldana et al., 1993). These

residues are Glu49, in the 310 helix just before the phosphorylation site, Lys79 and Gly80,

in the loop connecting strands β3 and β4, and Arg88 in the loop connecting β5 and α1.

Lys79, Gly80, and Arg88 are located 30 or more residues away from the phosphorylation

site, suggesting that two noncontiguous segments within eIF2α maybe involved in

binding the regulatory subunits of eIF2B. Although Ser51 and Arg88 are far apart in

primary structure, a look at the tertiary structure reveals that the loop connecting β5 and

α1, containing Arg88, is in close proximity to the 310 helix just before the

phosphorylation site (Figure 2.8). The electron density map also reveals an

intramolecular salt-bridge between Glu49 and Arg88. Lys79 and Gly80, in the loop

connecting strands β3 and β4, are also on the surface of the protein. These loop residues

are on the same face of the protein as the other residues involved in interaction with

eIF2B (Figure 2.8). The distance between Glu49 and lys79 is about 19.2 Å, consistent

with there being non-contiguous regions of contact between eIF2α and eIF2B.
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Figure 2.8. A diagram showing positions of residues implicated in binding the guanine
nucleotide exchange factor eIF2B. Glu49, Lys79, Gly80 and Arg88 on the surface of
eIF2α have been implicated in binding eIF2B. The position of Ser51, the target of the
eIF2α-specific kinases, is shown for comparison. The distance between Glu49 and Lys79
is about 19 Å. The figure was created using RIBBONS (Carson, 1997).
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2.3.5 Structure at the Kinase-Binding Site

Several physiological stimuli including heme deficiency, viral infection, and

nutrient deprivation activate specific kinases that phosphorylate Ser51 in the α subunit of

eIF2. The residues of eIF2α that are involved in binding the eIF2α-specific kinases were

mapped in the K3L protein encoded by vaccinia virus (Dar and Sicheri, 2002). K3L is a

structural mimic of eIF2α, and functions as a pseudosubstrate inhibitor of PKR, an

eIF2α-specific kinase (Kawagishi-Kobayashi et al., 1997). The mutation studies have

shown that residues in the K3L protein corresponding to Lys79 through Asp83 in the

eIF2α (sequence 79KGYID83) play a role in substrate recognition (Dar and Sicheri,

2002). These residues are highly conserved in the eIF2α primary sequence of all the

eukaryotes (Figure 1.2), and interestingly, are also conserved in the archaeal eIF2α

protein. In the yeast eIF2α structure, Lys79 and Gly80 form part of the loop connecting

strands β4 and β5, and Tyr81, Ile82 and Asp83 extend into the fifth β strand (Figure 2.9).

Four of these five residues (Lys79, Gly80, Tyr81, and Asp83) are exposed on the surface

of the protein (Figure 2.9), while the fifth residue, Ile82, is part of the hydrophobic core

of the β-barrel. The distance from the centre of the substrate recognition motif (Tyr81) to

Ser51, the phosphorylation site, is 22.9 Å.  Apart from these residues, the amino acids

flanking the phosphorylation site are also important for kinase recognition (Kawagishi-

Kobayashi et al., 1997), suggesting a bipartite kinase-binding surface. Interestingly,

residues Lys79 and Gly80 are also implicated in eIF2B binding, which suggests an

overlap between the binding domains of eIF2B and the eIF2α-specific kinases.
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Figure 2.9. A diagram showing positions of residues implicated in binding the eIF2α-
specific kinases. Residues Lys79, Gly80, Tyr81, Ile82, and Asp83 of eIF2α have been
implicated in kinase recognition. The β strand containing these residues is colored purple.
Other residues near Ser51 have also been implicated in kinase binding. The figure was
created using RIBBONS (Carson, 1997).
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2.3.6 Comparisons with other Kinase Substrates

The modification of proteins by phosphorylation and dephosphorylation is a

major regulatory mechanism for controlling biological process in response to internal and

external stimuli. Protein phosphorylation is now recognized to affect diverse and

important processes including gene transcription and translation, metabolism, growth,

differentiation, motility, membrane transport, learning, and memory. The chief virtues of

phosphorylation as a regulatory mechanism is that it is a reversible process, and offers the

possibility of rapid response to different stimuli. Moreover, the forward and backward

reactions are catalyzed by different enzymes operating with different specificities,

thereby allowing the cell to fine tune biological processes by turning on or off reactions

in response to different stimuli.

The eukaryotic protein kinases make up an unusually large family of proteins,

related on the basis of a homologus catalytic domain (Cherry et al., 1989). In the human

genome the protein kinase domain represents 2% of the total genome, and is the third

most populous domain (Lander et. al., 2001). It is not surprising therefore that the

substrates for these kinases are many, and this number continues to grow even today.

While the number of phospho-proteins that have been identified is large, and represents

diverse processes, it is interesting to note that the phosphorylation sites from these

proteins share a few underlying similarities. Phosphorylation sites are usually located on

the surface of a protein, and are at least partially accessible. This is understandable, as

this would allow easy recognition of the phosphorylation site by the kinases (Johnson and

Barford, 1993). The yeast eIF2α is a classis example to illustrate this observation (Figure
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2.7).  The site of phosphorylation, Ser 51, lies in a conserved surface loop, and the side

chain hydroxyl group of Ser 51 is oriented towards the solvent. It has also been observed

that the phosphorylation sites are often preceded or followed by  several  arginine

residues (Johnson and Barford, 1993; Pearson and Kemp, 1991). This is particularly true

in the case of proteins where the phosphorylation site is not present within an α helix.

The guanidinium group of an arginine residue is well suited for protein-phosphate

interactions by virtue of its planar geometry, and ability to form multiple hydrogen bonds

with the oxygen atoms of the phosphate group. The tight binding achieved by hydrogen

bonds and electrostatic interactions to arginine side chains play a dominant role in

recognition and stabilization of protein conformations (Waksman et al., 1992). In yeast

eIF2α, the phosphorylation site is followed immediately by three conserved arginine

residues, and two other positively charged side-chains (Arg56 and Lys60) are nearby in

the three-dimensional structure (Figure 2.7). In vitro studies using synthetic peptides with

differing configuration of basic residues relative to Ser 51 have also demonstrated the

importance of C-terminal arginine residues (Proud et al., 1991). Synthetic peptides with

C-terminal arginine residues at position +3 and/or +4 relative to the phosphorylation site

were better substrates for eIF2α-specific kinases as compared to peptides with N-terminal

basic residues.

It has also been noted that the phosphorylation sites may be located close to the

N-terminal end of a helix. The protein-phosphate interaction in this case are stabilized by

favorable interactions between the positive charge of the helix dipole and the negative

charge on the phosphate groups (Hol, 1985).  The phosphorylation site in yeast eIF2α is

located at the C-terminal end of a short 310 helix (Figure 2.8). Therefore, it can be

hypothesized that the interactions with the helix dipole probably do not play a significant

role in stabilizing phosphorylated eIF2α.
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2.3.7 Structural Basis for Control by Phosphorylation

The past few years have seen remarkable progress in understanding some of the

basic responses of proteins to phosphorylation. A comparative study involving phospho-

proteins with structures known for the phosphorylated and the unphosphorylated form

revealed two different mechanisms for the structural response to phosphorylation

(although other responses are not ruled out) (Johnson and Barford, 1993; Johnson and

Lewis, 2001; Johnson and O'Reilly, 1996). One way by which protein phosphorylation

may regulate function is by inducing significant conformational change in the protein

structure. Examples include rabbit muscle glycogen phosphorylase (Johnson, 1992), yeast

glycogen phosphorylase (Lin et al., 1996), and CDK2-cyclin A (Jeffrey et al., 1995;

Russo et al., 1996). The target of phosphorylation is a serine residue in rabbit muscle

glycogen phosphorylase (rmGP), while a tyrosine residue is phosphorylated in yeast

glycogen phosphorylase (yGP), and CDK2-cyclin A. The underlying similarity between

these diverse substrates is the involvement of two or three arginine residues that make

contact with the phosphate group. In rmGP the two arginine residues come from different

subunits, and phosphorylation of the serine residue results in increasing the degree of

order near the phosphorylation site while inducing significant tertiary and quaternary

structural changes at the catalytic site that is 45 Å away from the phosphoylation site.

Phosphorylation of the target residue in yeast glycogen phosphorylase and CDK2-cyclin

A also promote local organization near the phosphorylation site, and induce long range

conformational changes at the active site.

In other instances the phosphorylation of the target residue influences the activity

of the protein by changing the electrostatic environment on the surface of the protein.
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Examples were this mechanism of regulation was observed include isocitrate

dehydrogenase (Hurley et al., 1990), histidine-containing phosphocarrier protein (HPr)

(Audette et al., 2000; Garrett et al., 1999), and the Bacillus subtilis cell fate-determinant

protein SpoIIAA (Seavers et al., 2001). In each of these proteins, the target of

phosphorylation is a serine residue that is located on the protein surface, and

phosphorylation is associated with minimal conformational changes in the protein

structure. The most significant change introduced by the phosphate group is the change in

the electrostatic environment on the protein surface, which is thought to influence the

interaction of the phosphorylated protein with its interacting partner. Interestingly, the

regulatory effects of phosphorylation of Ser113 in isocitrate dehydrogenase can be

mimicked by replacing the serine residue with glutamate or aspartate residue (Dean et al.,

1989).

The results of the present structural investigation permit us to speculate as to the

possible consequences of phosphorylation of Ser51 with regards to the structure of

eIF2α. To aid in this speculation, a model of eIF2α was prepared where a phosphate

group was added to the Ser51 side-chain. This modeling exercise showed that; (1) the

phosphorylation of Ser51 can be accomplished without inducing a significant structural

change in the loop, and (2) the side-chain of Arg53 and the backbone amide group of

Ile55 are well placed to form hydrogen bonds with the added phosphate group. Based on

this model it can be hypothesized that the regulatory effects of phosphorylation of the α

subunit of eIF2 may be mediated via a change in the electrostatic environment on the

protein surface. This hypothesis is also strengthened by the observation that the effects of

Ser51 phosphorylation can be mimicked by substitution of Ser 51 with aspartate (Dever

et al., 1992). However, a definitive answer to the effects of phosphorylation upon the

structure of eIF2α , and a possible mechanism of activation must await direct
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investigation of the phosphorylated form of eIF2α using either X-ray crystallography or

NMR spectroscopy.
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Chapter 3

Investigation of the Dynamics of Yeast eIF2α

3.1 INTRODUCTION

The crystal structure of yeast eIF2α provides a view of the protein that includes a

highly conserved 17 amino acid surface loop within the α subunit of eIF2. The conserved

loop connects strands β3 and β4 of the N-terminal β-barrel domain, and contains Ser 51,

the target of the eIF2α-specific kinases. In the crystal structure of human eIF2α this loop

was not visible (Nonato et al., 2002), suggesting the possibility that the loop may be

highly flexible. In contrast, this loop is clearly visible in the crystal structure of yeast

eIF2α, and appears to be stabilized by interactions between conserved hydrophobic side

chains of loop residues Leu 50, Ile 55, Leu 61 and Ile 62. The loop structure is also

stabilized by two intermolecular crystal contacts involving the side chains of polar

residues Arg 52, and Arg 54, raising the possibility that the observed loop structure may

be induced by crystal packing. The two different views observed for the conserved loop

raise an interesting question; what is the biologically relevant structure of the conserved

loop?

 3.1.1 Analysis of Protein Dynamics by NMR Spectroscopy

Unlike crystallography, NMR spectroscopy has the unique ability to provide

detailed structural information about flexible as well as rigid regions of the protein. For



69

example, NMR spectroscopy can provide useful information about the global tumbling of

a protein molecule, and also yield information about the mobility and motions of

individual amino acids (Lipari and Szabo, 1982; Clore et al., 1990). The NMR-

observable parameters whose behavior can be related to the motions of nuclei within

proteins include 15N longitudinal relaxation times (T1), and 15N transverse relaxation

times (T2).

T1 and T2 describe the rates at which the magnetization M returns to equilibrium

after being perturbed. The T1 relaxation rate is correlated with the overall tumbling of the

molecule in solution, and is typically in the order of seconds. T2 is shorter than T1

(usually in the milliseconds time scale), and is correlated with the dynamic processes in

the molecule in addition to overall tumbling time. T2 relaxation rates typically decrease

with increasing molecular weight; this presents a challenge for analysis of large

molecular weight proteins by NMR. Experimental analysis of T1 and T2 relaxation rates

can provide information about the degree of flexibility within different regions of the

protein structure.

In this chapter, the results of the 15N nuclear relaxation rates are presented.

Experimental analysis of T1 and T2 relaxation rates requires resonance assignments of  the

peaks observed in the 15N-1H correlated two-dimensional spectra. Yeast eIF2α was not

suitable for assignment by triple resonance NMR methods, therefore comparison of

spectra of mutant and wild type proteins were used to assign NMR signals of important

amino acids.
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3.2 METHODS AND MATERIALS

3.2.1 Construction of the Yeast eIF2α S51A Mutant

The yeast eIF2α S51A mutant was constructed by site-directed mutagenesis. The

sequence of the primers used for PCR were:

1) 5’-ACGTCATATGTCCACTTCTCATTGCAG-3’

2) 5’-GGATTGACCTAATACGTCTACGAGCCAATTCACTTAGT-3’

3) 5’-CGTAGACGTATTAGGTCAATCC-3’

4) 5’-ACGTGGATCCTTATCTCTTGGAGATATAGTTC-3’

The PCR primers were designed to include unique Nde1 and BamH1 restriction

sites to allow the PCR product to be cloned into pET3a plasmid vector (Novagen). The

Nde1 and BamH1 restriction sites are underlined in primers 1 and 4, respectively. The

serine at position 51 was substituted with an alanine residue by replacing the Ser51 triplet

codon (GGA) with an alanine codon (AGC), shown in bold underline in primer 2.

Two independent PCR reactions were performed using primers 1 and 2, and 3 and

4, respectively. The PCR products obtained were gel purified, and then used as the yeast

eIF2α gene template in a third PCR reaction. The PCR product of the third reaction was

gel purified, digested with the restriction enzymes Nde1 and BamH1, and ligated into the

expression vector pET3a (Novagen). The recombinant plasmid was then transformed into

DH5α cells (Novagen). The sequence of the mutated S51A gene was verified by
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automated DNA sequencing (ICMB Core Facility). The obtained plasmid was

transformed into the E.coli expression strain BL21 (DE3), and the recombinant mutant

yeast eIF2α protein was produced according to the protocol described in section 2.2.2.

3.2.2 Preparation of Enriched Media

15N and/or 13C isotope labeled eIF2α samples were prepared as described in

section 2.2.2, but with M9 minimal media containing 0.5 g/l 15N ammonium chloride

and/or 2.0 g/l 13C glucose (Cambridge Isotope Laboratories) as the source of nitrogen

and/or carbon (Table 3.1). In M9 minimal media the cells grew much slower, and

therefore were typically grown for 24-30 hours after induction.

A protein sample selectively labeled with 15N glycine, cysteine, serine, and

tryptophan was prepared using M9 minimal media supplemented with 100 mg/l of 15N

labeled glycine and 100 mg/l of each of 16 unlabeled amino acids (all except glycine,

serine, cysteine and tryptophan). 15N glycine was added in two batches, 50 mg was added

at the time of inoculation, and the rest was added at the time of induction. In E.coli,

glycine is used as a precursor for the synthesis of serine, cysteine, and tryptophan. By

using 15N glycine, these four amino acids (Gly, Cys, Ser, Trp) are labeled with 15N at their

α nitrogens.



72

Table 3.1 Reagents used for preparation of M9 minimal media for isotope labeling (per
liter).

Na2HPO4   8.0 g

KH2PO4        3.0 g
NaCl          0.5 g

NH4Cl          0.5 g

Glucose       3.0 g
MgSO4        2 mM

FeCl3            1µM

CaCl2            0.1 mM

Ampicillin    100 mg
Trace Metal Solution    1ml

Vitamin                 1 ml

Trace metal solution (per liter ) (Battiste et al., 2000)
CoCl2             0.8 mg
CuSO4              0.7 mg

MoNa2O4             2.0 mg
MnSO4                  4.0 mg

ZnSO4 5.0 mg

Vitamin (per ml)
Thiamine         5.0 mg
Biotin               1.0 mg

Folic acid          1.0 mg

Niacinamide       1.0 mg
Panthothenate      1.0 mg

Riboflavin            1.0 mg
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3.2.3 NMR Experiments

All the NMR spectra were recorded on a 500 MHz Varian Inova spectrometer

equipped with a triple-resonance probe and a pulsed field gradient in the z-axis. T1 and T2

relaxation times were measured using pulse sequences that feature gradient selection and

sensitivity enhancement, and pulses for minimizing saturation of the solvent water

(Farrow et al., 1994). For T1 relaxation measurements, five independent two-dimensional

spectra with relaxation delays of 10, 260, 510, 760, and 1010 ms were acquired.

Similarly, for T2 relaxation measurements, five independent two-dimensional spectra

with relaxation delays of 29, 58, 87, 116, and 145 ms were acquired. T1 and T2 relaxation

times were determined from the slope of plots of the logarithm of peak height versus

relaxation delay.

3.3 RESULTS AND DISCUSSION

3.3.1 Sample Characterization

The NMR data were obtained at 12 °C and pH 8 at a sample concentration of 10-

15 mg/ml. The temperature at which NMR data is collected can have a profound effect on

the quality of the NMR data. Elevated temperatures increase the local and overall

mobility of the protein, causing decreased resonance linewidth and increased resolution.

The yeast eIF2α protein sample was very unstable at temperatures higher than 20 °C, and

degraded quickly during data collection. To maintain the homogeneity of the protein

sample during NMR data collection, all the data were collected at lower temperature
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(12°C). The pH and salt concentration of the protein solution can also affect the quality of

the NMR data. To enhance the sensitivity of NMR experiments, protein samples are

usually prepared at an acidic pH (between 3.0 and 5.0), and at low ionic strength. The

yeast eIF2α was insoluble at high concentration when purified at pH 6 or lower. To

obtain concentrated, stable, and soluble yeast eIF2α protein, the NMR sample was

prepared in potassium phosphate buffer at pH 8.

3.3.2 Resonance Assignment

The 15N-1H correlated two-dimensional spectrum of yeast eIF2α was collected on

a sample that had been uniformly labeled with 15N (Figure 3.1). The spectrum was

obtained at 12 °C and pH 8 at a sample concentration of 10-15 mg/ml. The 15N-1H

correlated two-dimensional spectrum of yeast eIF2α  was of poor quality due to

limitations imposed by data collection at low temperature and high pH. The spectrum was

not well resolved, and a number of peaks were not observed as a result of peak overlap or

due to resonance line broadening.

An important prerequisite for experimental analysis of T1 and T2 relaxation rates is

the resonance assignment of all the peaks observed in the 15N-1H correlated two-

dimensional spectra. In an attempt to assign all the peaks in the 15N-1H correlated 2D

spectra of yeast eIF2α , 3D heteronuclear data were collected on 13C and 15N labeled

eIF2α sample. The 3D heteronuclear experiments were also recorded at 12 °C and pH 8,

and the data obtained was not of adequate quality for chemical shift assignment.

Due to poor quality NMR data the relaxation rates for all the residues in the yeast

eIF2α structure could not be ascertained. The focus was then shifted to specifically

determine the degree of flexibility of Ser 51, and compare it with the relaxation rates for
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Figure 3.1. 15N-1H correlated two-dimensional spectrum of the yeast eIF2α. The spectrum
was collected at 12 °C and pH 8. A number of peaks are not observed due to peak overlap
or due resonance line width broadening.
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a subset of unassigned peaks picked from all parts of the protein. The goal now can be

specifically defined as 1) Assign the resonance for Ser 51, and 2) Select a subset of peaks

such that all parts of the structure are represented in the relaxation measurement analysis.

Amino acid residues such as glycine, serine, cysteine, and tryptophan can be

specifically labeled at their α nitrogens by using 15N glycine in the growth media. A two-

dimensional 15N-1H correlated spectra recorded on such a sample will only show the

peaks corresponding to the labeled amino acids, and therefore are easier to interpret

(Figure 3.2). In the case of yeast eIF2α these four residues represent 14% of all possible

peaks (25 out of a total 176 residues). Of these 25 residues, 7 are present in the N-

terminal β-barrel, 4 residues (including Ser 51) are present in the conserved surface loop,

and 14 residues are present in the C-terminal helical domain.

To assign Ser 51 in the yeast eIF2α spectrum a mutant was constructed in which

Ser 51 was replaced with an alanine residue. The two-dimensional 15N-1H correlated

spectrum on a 15N-gly/ser/cys/trp labeled sample was collected on the S51A mutant, and

compared against the wild type two-dimensional 15N-1H correlated spectrum collected on
15N-gly/ser/cys/trp labeled sample. Since alanine residues are not labeled, they will not

show up in the two-dimensional spectrum of specific amino acid type labeled sample.

Therefore, the two-dimensional spectra collected on the S51A mutant will have one less

peak than the wild type spectrum collected under similar conditions. That peak

corresponds to Ser 51 and is shown in Figure 3.3.
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Figure 3.2. 15N-1H 2D correlated spectra on a 15N-Gly/Ser/Cys/Trp labeled
sample of yeast eIF2α. The spectrum was collected at 12 °C and pH 8. The
peaks for which relaxation data were collected are numbered. Peaks are
observed from the labeled Gly, Ser, Cys, Trp residues. A few extra peaks are
observed due to scrambling of the isotope to other amino acid types by the
natural metabolic pathways.
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A)

B)

Figure 3.3. Comparison of 15N-1H 2D correlated spectra on a 15N-Gly/Ser/Cys/Trp sample
of wild type (A) and mutant (B) yeast eIF2α to assign NMR signal of Ser 51. The
position of the missing peak corresponding to Ser 51 is marked with an arrow in
spectrum B. A few extra peaks are observed due to scrambling of the isotope to other
amino acid types by the natural metabolic pathways.
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3.3.3 T1 and T2 Relaxation Rate Measurements

Of the 25 residues (Gly, Ser, Cys, Trp) of yeast eIF2α with potentially observable
15N-1H cross peaks, only 16 cross peaks were clearly observed in the two-dimensional
15N-1H correlated spectrum on a 15N-gly/ser/cys/trp labeled sample (Figure 3.2). The cross

peaks were not observed for some of the labeled residues for one or more of several

possible reasons: 1) due to resonance overlap in the two-dimensional 15N-1H correlated

spectrum; 2) due to the fast exchange rate of the amide proton with the solvent water; or

3) due to decreased resolution as a result of increased resonance line width caused by

rapid equilibrium between multiple conformations. Serine 51 is clearly observed in these

spectra. The 16 residues for which relaxation data were obtained are potentially

distributed throughout the protein molecule, including the N-terminal β-barrel, the

conserved surface loop, and the C-terminal helical region. The average value observed

for the T1 relaxation time was 0.93 seconds, and the average T2 relaxation time was 52.67

milliseconds. The average rotational correlation time (τm) calculated from the T1 and T2

relaxation rates for yeast eIF2α is 16.2 ns. This rotational correlation time is comparable

to the rotational correlation time reported for other proteins of similar size. For example,

the rotational correlation time reported for E.coli RNase H (155 amino acids) was ~10 ns

(Mandel et. al., 1995), while rotational correlation time for a complex of FUSE-binding

protein (FBP) with a small ssDNA was reported to be approximately 21.5 ns (Braddock

et. al., 2002). The T1 and T2 relaxation rates for Ser 51 (peak 11) were 0.76 seconds, and

50.89 milliseconds, respectively (Table 3.3). The rotational correlation time for Ser 51

was calculated  to be ~14.6 ns (Table 3.3). The longest rotational correlation time,

τm ≈ 21.2 ns, was recorded for peak 6 (Table 3.3, Figure 3.2), while the shortest rotational
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Table 3.3 Summary of T1 and T2 relaxation data for the yeast eIF2α.  The relaxation

times T1 and T2 are in ms. The rotational correlation time τm is in ns. Peak numbers

correlate to the peaks numbered in Figure 3.2. Slope refers to the slope of a least square

best line fit to a plot of the logarithm of peak height versus 1/delay time. ∆ slope is the

uncertainty in the slope.

Peak # Slope=(-1/T1) ∆ slope Slope=(-1/T2) ∆ slope T1/T2 ∆ T1/T2 τm ∆ τm

1 -0.00089 0.00009 -0.0189 0.0022 21.1 3.27 17.4 1.46

2 -0.0011 0.0003 -0.0160 0.0073 14.2 7.43

3 -0.0009 0.0001 -0.0249 0.0005 28.6 3.83 20.4 1.44

4 -0.00125 0.00005 -0.0208 0.0006 16.6 0.81 15.4 0.43

5 -0.00120 0.00007 -0.0214 0.0004 17.8 1.08 15.9 0.51

6 -0.00061 0.00006 -0.0195 0.0056 31.9 9.64 21.2 3.44

7 -0.00117 0.00006 -0.0267 0.0011 22.7 1.49 18.1 0.62

8 -0.0014 0.0002 -0.0197 0.0028 14.4 2.87 14.1 1.48

9 -0.00125 0.00004 -0.0204 0.0004 16.4 0.61 15.2 0.30

10 -0.00115 0.00002 -0.0238 0.0016 20.6 1.43 17.2 0.63

11 -0.00126 0.00014 -0.0196 0.0042 15.6 3.77 14.6 2.05

12 -0.00105 0.00005 -0.0209 0.0013 19.8 1.54 16.8 0.69

13 -0.00106 0.00004 -0.0256 0.0001 24.0 0.90 18.7 0.38

14 -0.00970 0.00004 -0.0183 0.0026 18.8 2.82 16.3 1.25

15 -0.0012 0.0002 -0.0142 0.0009 12.2 1.85 12.9 1.08

16 -0.00143 0.00008 -0.0100 0.0014 7.0 1.06 9.4 0.84
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correlation time was recorded for peak 16 (τm ≈ 9.5 ns).  Long rotational correlation times

are typical for residues present in well ordered regions of the protein, while residues

present in flexible regions of the molecule usually tumble relatively fast, resulting in

shorter rotational correlation times. Given these observations it can be suggested that Ser

51 is present in an ordered region with relaxation rates comparable to residues from other

regions of the protein molecule.

3.4 CONCLUSION

In summary, the T1 and T2 relaxation rate values indicate that the conserved

surface loop is located in a relatively ordered region of the protein, consistent with the

observations of the crystal structure of yeast eIF2α. These results were also corroborated

by the recently published solution structure of the human eIF2α (Ito et al., 2004), and X-

ray crystal structure of the archaeal homolog of eIF2α (Yatime et al., 2005). In both these

eIF2α structures, the loop residues adopt a conformation similar to what was observed in

the crystal structure of yeast eIF2α (Dhaliwal and Hoffman, 2003).
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Chapter 4

Redox Studies of Plant Translation Initiation Factor 4E

4.1 INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy has traditionally been used to

determine three-dimensional structures of biological molecules in solution. Apart from

high-resolution structure determination, biomolecular NMR provides a depth of

knowledge about internal motion and dynamics of biomolecules, and is in favorable cases

useful for mapping protein/protein, and protein/ligand interactions (Zuiderweg, 2002).

Another application of NMR spectroscopy is in detection of disulfide bonds in proteins

(Sharma and Rajarathnam, 2000). Formation of disulfide bonds is an important covalent

posttranslational modification that plays an important regulatory role in many biological

processes (Buchanan and Balmer, 2005). NMR spectroscopy therefore provides a means

of studying regulation caused by change in redox state of thiol group in the cysteine

residues.

This chapter describes the use of NMR spectroscopy to determine the redox state

of cysteine residues in wheat translation initiation factor 4E (eIF4E). An analysis of the

possible structural effects caused by the formation of the disulfide bond is also described.

To orient the reader, a brief description of the structures of eIF4E from other organisms is

presented, along with the description of X-ray crystal structure of wheat eIF4E.
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4.1.1 Overview of the eIF4E Structure

The primary sequences of translation initiation factor eIF4E display a high degree

of homology across all eukaryotic species (Figure 4.1). The sequence homology is most

pronounced in the C-terminal two-thirds of the protein while the N-terminal 30-40 amino

acids are quite divergent. An interesting feature in the eIF4E sequence is the presence of

eight tryptophans, all of which are conserved in all known eIF4E sequences (shown in

green in Figure 4.1). Serine 209 (mouse numbering) is another conserved residue, and is

the site of phosphorylation of mammalian eIF4E.

The high degree of sequence similarity is reflected in the three dimensional

structures of eIF4E from different organisms. To date, three structures of eIF4E have

been published, and these include the NMR structure of yeast eIF4E (Matsuo et al.,

1997), and the X-ray crystallographic structures of murine (Marcotrigiano et al., 1997)

and human eIF4E (Tomoo et al., 2002). In all three structures the core region was

conserved, while the divergent N terminal region was disordered. The core structure of

eIF4E represents a novel protein fold and resembles a cupped hand (Figure 4.2). It

consists of an eight-stranded antiparallel β sheet (β1-β8), lining the palm, and three long

helices α1, α2, and α3 that cover the convex hydrophobic face of the beta sheets (Figure

4.2). A fourth short helix, α4 is inserted between strands β7 and β8. Two relatively long

loops, loop 1 and loop 2 are also an integral part of all eIF4E structures. Loop 1 connects

strands β1 and β2 while loop 2 connects β3 and β4. All three eIF4E structures were

solved in the presence of a cap analog, and show the cap binding site to be conserved on

the concave face of the protein (Figure 4.2). The binding site for eIF4E interacting

proteins, like eIF4G and eIF4E-BP were shown to be distinct from the cap binding pocket

(Matsuo et al., 1997).
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Figure 4.1. An alignment of the amino acid sequences of eIF4E from six species of
eukaryotes. Representative species are Wheat p26 (Z12616), Rice p26 (U34597),
Arabidopsis (Y10548), mouse (M61731), human (M15353), and fission yeast (M15436).
Conserved tryptophans are indicated in green, and the conserved C113 and C151 are
indicated in red. The amino acid residues implicated in cap binding are marked with an
asterisk.

Wheat-p26    M A E D T - - - - - - - - E T R P A S A G - - - - - - - - - - - - A E E R 
Rice-p26      M A E E H - - - - - - - - E T R P P S A G R P P S S G R G R A D D A D E R 
Arabidopsis  M A V E D T P K S V V T E E A K P N S I E N P I D R - - - Y H E E G D D A 
Mouse        M A T V E P - - - - - - - E T T P T T N P P P A E E - - - - - - - E K T E 
Human        M A T V E P - - - - - - - E T T P T P N P P T T E E - - - - - - - E K T E 
Yeast        M S V E E V - - - - - - - - S K K F E E N V S V D D - - - - - - - T T A T 

Wheat-p26    E E G E I A D – D G D G S S - - A A A A G R I T A H P L E N A W T F W F D 
Rice-p26     E E G E I A D – D D S G H A - - P P Q A N P A A P H P L E H A W T F W F D 
Arabidopsis  E E G E I A G G E G D G N V D E S S K S G V P E S H P L E H S W T F W F D 
Mouse        S N Q E V A N - - - - - - - - - - - - P E H Y I K H P L Q N R W A L W F F 
Human        S N Q E V A N - - - - - - - - - - - - P E H Y I K H P L Q N R W A L W F F 
Yeast        P K T V L S D - - - - - - - - - - - S A H F D V K H P L N T K W T L W Y T 

Wheat-p26    N P Q G K S R Q V A W G S T I H P I H T F S T V E D F W G L Y N N I H N P 
Rice-p26     N P Q G K S K Q A T W G S S I R P I H T F S T V E D F W S L Y N N I H H P 
Arabidopsis  N P A V K S K Q T S W G S S L R P V F T F S T V E E F W S L Y N N M K H P
Mouse        K - - - N D K S K T W Q A N L R L I S K F D T V E D F W A L Y N H I Q L S 
Human        K - - - N D K S K T W Q A N L R L I S K F D T V E D F W A L Y N H I Q L S 
Yeast        K P – A V D K S E S W S D L L R P V T S F Q T V E E F W A I I Q N I P E P 

Wheat-p26    S K L N V G A D F H C F K N K I E P K W E D P I C A N G G K W T I S C G R 
Rice-p26     S K L V V G A D F H C F K N K I E P K W E D P I C A N G G K W T F S C G R  
Arabidopsis  S K L A H G A D F Y C F K H I I E P K W E D P I C A N G G K W T M T F P K 
Mouse        S N L M P G C D Y S L F K D G I E P M W E D E K N K R G G R W L I T L N K 
Human        S N L M P G C D Y S L F K D G I E P M W E D E K N K R G G R W L I T L N K 
Yeast        H E L P L K S D Y H V F R N D V R P E W E D E A N A K G G K W S F Q L R G 

Wheat-p26    G K S - - - - D T F W L H T L L A M I G E Q F D – F G D E I C G A V V S V 
Rice-p26     G K S - - - - D T M W L H T L L A M I G E Q F D – Y G D E I C G A V V S V 
Arabidopsis  E K S - - - - D K S W L Y T L L A L I G E Q F D - H G D E I C G A V V N I 
Mouse        Q Q R R S D L D R F W L E T L L C L I G E S F D D Y S D D V C G A V V N V 
Human        Q Q R R S D L D R F W L E T L L C L I G E S F D D Y S D D V C G A V V N V  
Yeast        K G A D - - I D E L W L R T L L A V I G E T I D E D D S Q I N G V V L S I 
 

Wheat-p26    R Q K Q E R V A I W T K N A A N E A A Q I S I G K Q W K E F L D Y - - K D 
Rice-p26     R G K Q E R I A I W T K N A A N E A A Q I S I G K Q W K E F L D Y - - K D 
Arabidopsis  R G K Q E R I S I W T K N A S N E A A Q V S I G K Q W K E F L D Y - - N N 
Mouse        R A K G D K I A I W T T E S E N R D A V T H I G R V Y K E R L G L P P K I 
Human        R A K G D K I A I W T T E C E N R E A V T H I G R V Y K E R L G L P P K I 
Yeast        R K G G N K F A L W T K - S E D K E P L L R I G G K F K Q V L K L T D D G 

Wheat-p26    S I G F I V H E D - A K R S D K G P K N R Y T V 215
Rice-p26     S I G F I V H D D – A K K M D K G L K N R Y T V 227
Arabidopsis  S I G F I I H E D - A K K L D R N A K N A Y T A 235
Mouse        V I G Y Q S H A D T A T K S G S T T K N R F V V 217
Human        V I G Y Q S H A D T A T K S G S T T K N R F V V 217
Yeast        H L E F F P H S S - - - A N G R H P Q P S I T L 213
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Description of the Cap Binding Pocket

The 7-methylguanosine cap lies in a hydrophobic pocket created by the concave

surface of the β sheets, the short helix α4, and loops 1 and 2. Two conserved tryptophans,

W56 and W102 (mouse numbering is followed in describing the cap binding pocket),

located in loop 1 and 2 respectively, capture the m7G moiety of the cap between their

aromatic side chains in a π-π interaction. This interaction is strengthened by hydrogen

bonds between the oxygen and nitrogen of the cap moiety to W102 and E103 in the

protein. The methyl group is directed towards the interior of the cap binding pocket

where it makes van der waals interaction with W166. These four residues (W56, W102,

E103 and W166) are conserved in all known eIF4E sequences (Figure 4.1). The ribose

and the phosphate groups of the cap analog point away from the methylated base towards

the entrance of the cap binding pocket. The positions of the phosphate groups are

stabilized by direct or water mediated hydrogen bonds with several basic residues of

which R157 is absolutely conserved.

4.1.2 The Wheat eIF4E Structure

The translation initiation factor eIF4E from plants display a high degree of

homology to eIF4E from other eukaryotes (Figure 4.1). As noted before, the N-terminal

region is the most divergent, while the C-terminal is highly conserved. Plants also contain

all of the eight highly conserved tryptophans, including W56 and W108 (W62 and W108
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Figure 4.2. X-ray crystal structure of the Murine eIF4E-7-methyl-GDP complex. The α
helices are labeled a1-a4, and the β  sheets are labeled b1-b8 (PDB code 1ej1,
Marcotrigiano et. al., 1997). 7-methyl-GDP, included as an atomic stick figure, is located
in the cap binding pocket created on the concave face of the protein by Loops 1 and 2,
and helix a4.  The figure was created using RIBBONS (Carson, 1997).
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in wheat eIF4E, respectively) that are involved in cap binding. The other residues

involved in cap binding are also conserved (Figure 4.1). This suggests a similar cap

binding mechanism in plants and other eukaryotes.

Despite the extensive similarities, there are some significant differences between

plant eIF4E and the corresponding protein from other eukaryotes. Serine 209 (mouse

sequence) is a highly conserved amino acid in higher eukaryotes but in the plant genomes

sequenced so far, this serine residue is not conserved. The conserved Ser209 residue is

the site of phosphorylation of mammalian eIF4E. The function of eIF4E phosphorylation

is not well understood, but it is thought to play a role in the regulation of the eIF4F-

mRNA interaction (Minich et al., 1994).

The most significant difference between eIF4E from plants and other eukaryotes

is the presence of two highly conserved cysteine residues in the plant eIF4E sequences.

These cysteine residues are at position 113 and 151 in the wheat sequence (shown in red

in Figure 4.1). C113 and C151 are conserved in all the plant genomes sequenced to date,

and they are also conserved in eIF(iso)4E (the other form of eIF4E present only in plants

and has not been found in other eukaryotes). In higher eukaryotes C151 is conserved but

not C113. The universal conservation of these cysteine residues in plants suggests that

they may play an important role in plant translation initiation mechanism.

The structure of the wheat eIF4E (residues 39 -215) was solved by X-ray

crystallography by Jennifer Hurley Sadow in Dr. Jon Robertus’s lab at The University of

Texas at Austin (Sadow, 2002). The wheat eIF4E core structure was similar to the

previously reported structures of eIF4E from yeast and mouse. It shows a similar α/β fold

resembling a cupped hand, with the β strands lining the palm, and the α helices covering

the convex hydrophobic face of the protein.

Although the core structure was conserved, the wheat eIF4E structure presented a
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few important differences. The most prominent difference was the presence of a disulfide

bridge formed by C113 and C151, the evolutionarily conserved cysteine residues in

plants (Figure 4.3). The S-S bond length in the wheat eIF4E structure was 2.03 Å, which

is in agreement with the average distance recorded for a disulfide bond. Secondly, even

though the protein was crystallized in the presence of the cap, the wheat eIF4E structure

did not include a cap in the conserved cap binding pocket. This was because in the wheat

eIF4E structure the cap binding tryptophan, W62, in loop 1 is displaced and is not in

position to form a stacking interaction required to form the cap binding pocket along with

the other tryptophan, W108.

Two possible reasons may explain why the cap binding pocket in wheat eIF4E is

distorted. Firstly, the wheat eIF4E crystallized as a dimer with two crystallographically

related molecules in the asymmetric unit. The two molecules forming the dimer share a

four stranded β sheet structure formed by some of the residues at the dimer interface

(Figure 4.4). The cap binding tryptophan, W62, in loop 1 is one of the amino acids at the

dimer interface and therefore, this makes it difficult to ascertain the validity of the

observed structural effects on the cap binding site. If dimerization were the sole cause for

the observed differences, then the absence of the cap moiety from the cap binding site is

purely a crystallization artifact and has no biological significance.

Another possible explanation for the observed structural changes resulting in the

apparent loss of the cap moiety from the binding pocket can be due to the formation of

the disulfide bond between C113 and C151. The disulfide bond is in close proximity to

the cap binding pocket and therefore, it is possible that formation of the bond leads to a

structural change in the cap binding pocket resulting in the loss of the cap moiety.
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Figure 4.3 A section of a 2Fo-Fc electron density map of the wheat eIF4E crystal structure
showing the disulfide bridge between C113 and C151. The S-S bond distance is 2.03 Å.
The disulfide bond was not observed in the yeast, mouse and human eIF4E structures.
The map is contoured at 1.5σ. The figure was created using O (Jones et al., 1991).
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Figure 4.4. X-ray crystal structure of wheat eIF4E. Two crystallographically related
molecules are present in the asymmetric unit. The dimer interface is stabilized by a four-
stranded β sheet structure. The dimer interface is at the cap binding pocket, with some of
the amino acid residues involved in cap binding forming the four-stranded β sheet at the
dimer interface. The figure was created using RIBBONS (Carson, 1997).
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The crystallization conditions make it difficult to verify the authenticity of the

disulfide bond in solution and its possible effects on the cap binding pocket. However,

two observations corroborate the hypothesis that the disuldife bond may not purely be a

crystallization artifact. First, cysteine residues C113 and C151 involved in the disulfide

bond formation are universally conserved in all plant genomes sequenced to date.

Second, the crystal structure of the C113S mutant of wheat eIF4E structure looked

exactly like the previously solved structures for yeast and murine eIF4E (unpublished

work). In the absence of C113, the disulfide bond was not formed, and the mutant eIF4E

structure had an intact cap binding pocket with the cap moiety stacked between the

tryptophan side chains of W62 and W108 in a π-π interaction.

In light of the facts mentioned above, the objectives of this study were;

1. To use NMR techniques to determine the redox state of C113 and C151 in

solution.

2. To study the effects of oxidation of C113 and C151 on the structure of

eIF4E

4.1.3 Determination of Redox State of Cysteine Residues by NMR

X-ray crystallography has always been the method of choice to unambiguously

demonstrate the presence of disulfide bonds in proteins. NMR can also be used to

distinguish free reduced cysteine residues from disulfide bonded oxidized cysteine

residues. The basis for this detection is the difference in the Cβ chemical shift of reduced

and oxidized cysteine residues. NMR chemical shifts are extremely sensitive to the local

environment of the nuclei, and therefore a change, such as one caused by change in the
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redox state of the cysteine residues, produces a significant change in the Cβ chemical

shift.

An analysis of the cysteine Cβ chemical shift from a database of 317 proteins

revealed that the chemical shifts for the Cβ nuclei of cysteine residues fall in two distinct

clusters (Sharma and Rajarathnam, 2000). The Cβ chemical shift is 40.7 ± 3.8 ppm for

oxidized cysteine, and 28.4 ± 2.4 ppm for reduced cysteine. These results clearly

demonstrate that cysteine Cβ chemical shift is a function of the redox state, and can be

used for unambiguous determination of the redox state of the cysteine residue.

 4.1.4 Spectra Assignment

To obtain any kind of information from an NMR spectrum the first step is the

assignment of the chemical shifts of all the atoms of the molecule which are observed in

the NMR spectrum. This is achieved by analyzing series of two dimensional

homonuclear, and two and three dimensional heteronuclear spectrum. Specifically, the

introduction of three dimensional NMR experiments has considerably simplified the

assignment problem for proteins with molecular weight of 20 kDa or higher. The triple

resonance NMR spectra are collected on uniformly labeled 15N-13C protein, and can be

used to establish correlation between nuclei of sequential amino acids without prior

knowledge of their type by detecting through bond interactions across the peptide

backbone. The 13C chemical shifts of the Cα, Cβ and Co carbons can be correlated to the
15N chemical shift of the amide nitrogen on the adjacent amino acid residue by using

experiments such as HNCA, HN(CO)CACB, HNCO, and HNCACB. For example, the

HNCA experiment correlates the amide nitrogen (15N) and amide proton (1H) chemical
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Figure 4.5. Schematic diagram of a 3D heteronuclear HNCA experiment. The HNCA
experiment correlates the amide nitrogen and proton chemical shifts to the Cα chemical
shift of the same and preceding amino acid.

Figure 4.6. Backbone assignments using heteronuclear NMR. Schematic diagram of a
peptide backbone demonstrating how a HNCA (red) 3D NMR experiment can be used in
conjuction with a HN(CO)CACB (blue) to assign the peptide backbone. The amide
proton and nitrogen chemical shifts can be used to link sequential amino acids.

shift to the 13Cα chemical shift of the same and preceding amino acid (Figure 4.5).

Further, when HNCA spectra is used in conjunction with HN(CO)CACB spectra it
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establishes connectivity between amide 15N and 1H resonances on the same amino acid to

the 13Cα  and 13Cβ resonances of the preceding amino acid residue (Figure 4.6).

Similarly, the connectivity between sequential 13Co and amide 15N can be detected by

using HNCA spectra in conjunction with the HNCO spectra.

Triple resonance NMR spectra also provide information to determine the specific

type of amino acid. Amino acids like glycine, alanine, serine, and threonine can be

identified by their distinctive 13Cα  and/or 13Cβ chemical shifts obtained from

HN(CO)CACB and HNCA spectra. The 13Cβ chemical shift for alanine is around 20

ppm, and for serine and threonine is around 60-70 ppm. Glycine residues lack the 13Cβ

carbon and therefore, are easily identified in the HN(CO)CACB spectrum. Additional

side chain resonance information is also provided by HCCH-TOCSY and 15N-edited

HSQC-NOESY.

In theory it is possible to work from one end of the protein sequence to another

using only the triple resonance data. However, due complications caused by overlap of

resonances, and in some instances the apparent failure to observe some side chain

resonances, it is usually not possible to do so. In practice, complete chemical shift

assignment is accomplished in small steps that involve establishment of connectivity

between 3-5 sequential amino acid residues, and obtaining as much information about the

side chain chemical shifts for these amino acid residues. This information is then used to

uniquely identify or narrow down their position within the known primary sequence of

the protein.
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4.2 MATERIALS AND METHODS

4.2.1 Purification of Wheat eIF4E

The plasmid containing the DNA coding sequence for wheat translation initiation

factor 4E (eIF4E) was kindly provided by Dr. Karen Browning. It consisted of amino

acid residues 39-215 cloned in pET15b (Novagen). The recombinant eIF4E protein was

obtained by growing the E.coli cells in Luria broth supplemented with 100 mg/l of

ampicillin. The cells were grown at 37 °C until they reached an A550 of 0.5, at which

point the temperature was reduced to 30 °C and protein expression induced with 0.3 mM

IPTG. Cells were grown for 6 hours after induction, and then harvested by centrifugation.

The cell pellets were resuspended in 10 ml/l of lysis buffer V’[0.05] (0.05 M KOAc, 50

mM Hepes pH 7.0, 0.1 mM EDTA, and 100 µM GTP), and frozen at –80 °C. Thawed

cells were lysed by sonication, and centrifuged in a Beckmann ultracentrifuge at 35,000

rpm for 45 minutes. The supernatant was loaded to an m7GTP-Sepharose affinity column

that had been equilibrated with the lysis buffer. The column was then washed with 5

column volumes of buffer V’[NS] (50 mM Hepes pH 7.0, 0.1 mM EDTA, and 100 µM

GTP), followed by a second wash with 20 ml of NMR buffer (10 mM potassium

phosphate buffer pH 7.0, and 100 mM KCl ). The protein was eluted with the cap

analogue m7GTP (200 µM) in the NMR buffer (10 mM potassium phosphate buffer, pH

7.0, and 100 mM KCl). The fractions containing the wheat eIF4E were identified by

SDS-PAGE, pooled and concentrated.
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4.2.2 Preparation of Enriched Samples

15N and/or 13C isotope labeled eIF4E samples were prepared as above, but with

M9 minimal media containing 0.5 g/l 15N ammonium chloride and/or 2.0 g/l 13C glucose

(Cambridge Isotope Laboratories) as the source of nitrogen and/or carbon (Table 3.1). In

M9 minimal media the cells grew much slower, and therefore were typically grown for

12-15 hours after induction. Interestingly, it was observed that the yield of eIF4E per liter

of cells was almost double in M9 minimal media as compared to the cells grown in Luria

broth.

A protein sample selectively labeled with 15N glycine, cysteine, serine, and

tryptophan was prepared using M9 minimal media supplemented with 100 mg/l of 15N

labeled glycine and 100 mg/l of each of 16 unlabeled amino acids (all except glycine,

serine, cysteine and tryptophan). 15N glycine was added in two batches, 50 mg was added

at the time of inoculation, and the rest was added at the time of induction. In E.coli,

glycine is used as a precursor for the synthesis of serine, cysteine, and tryptophan. By

using 15N glycine, these four amino acids (Gly, Cys, Ser, Trp) are labeled with 15N at their

α nitrogens.

4.2.2 Preparation of Oxidized Wheat eIF4E Protein

15N and 13C isotope labeled eIF4E cells were grown in M9 minimal media, and the

protein was purified on a m7GTP sepharose column as described in section 4.2.1. The

fractions containing wheat eIF4E were identified by SDS-PAGE, pooled and

concentrated to about 10 mg/ml. Oxidized wheat eIF4E sample was obtained by adding

hydrogen peroxide (10 mM), and ammonium sulfate (0.3 M). The oxidation state of the
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wheat eIF4E sample was confirmed by checking the Cβ chemical shift for C113 and

C151. Addition of hydrogen peroxide alone, at concentrations of 0.1, 1.0, and 10 mM had

no effect on the oxidation state of the protein.

4.3 RESULTS AND DISCUSSION

4.3.1 NMR Spectroscopy

All the NMR spectra were recorded at 25 °C on a 500 MHz Varian Inova

spectrometer equipped with a triple-resonance probe and a pulsed field gradient in the z-

axis. The wheat eIF4E NMR sample typically contained 0.5-1.0 mM of protein in 10 mM

potassium phosphate buffer (pH 7.0), 100 mM KCl and 90% H2O/10% D2O. The pulse

sequences used were obtained from Lewis Kay’s group at Toronto NMR centre, and were

optimized before use on the local NMR instrumentation.

Backbone assignments were obtained using the following triple resonance

experiments: HNCA, HN(CO)CACB, HNCACB (Muhandiram and Kay, 1994), HNCO

(Grzesiek and Bax, 1992) and HACACBCO (Kay, 1993). These three dimensional

spectra correlate the backbone protons to the N, Cα, Cβ, and Co signals of the same, and

adjacent amino acid residues. Three dimensional 15N-edited HMQC-TOCSY and 13C-

edited HCCH-TOCSY (Wang et al., 1995) were used to assign side chain resonances.

The chemical shift assignments of some specific amino acids were confirmed by

using amino acid selective labeled sample. For example, a 15N-1H correlated two

dimensional spectrum was recorded on a 15N-labeled glycine, serine, cysteine, and

tryptophan sample. This spectra contained peaks of only the labeled residues (Figure 4.7).
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Figure 4.7. 15N-1H correlated 2D spectrum of wheat eIF4E selectively labeled with 15N-
Gly, Cys, Ser, and Trp. The spectrum was collected on a sample (1.0 mM) in 10 mM
potassium phosphate pH 7.0 with 100 mM KCl at 25 °C. Peaks are observed from the
labeled Gly, Ser, Cys, Trp residues. A few extra peaks are observed due to scrambling of
the isotope to other amino acid types by the natural metabolic pathways.
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This specific 15N-1H correlated spectrum was also recorded on a 15N-labeled glycine,

serine, cysteine, and tryptophan sample at pH 5. At low pH the exchange rate with the

solvent is slow, and this allows for detection of fast exchanging nuclei.

The data were processed by NMR-Pipe (Delaglio et al., 1995). 1H, 15N and 13C

chemical shifts are referenced as recommended (Wishart et al., 1995), with proton

chemical shifts referenced to internal 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at 0

ppm.  The 0 ppm 13C and 15N reference frequencies were determined by multiplying the 0

ppm 1H reference frequency by 0.251449530 and 0.101329118 respectively.

4.3.2 Initial Sample Characterization

A number of factors like stability, solubility, and molecular weight of the protein

play an important role in the successful NMR analysis of any protein. A one-dimensional

NMR spectrum is a good starting point for obtaining useful information regarding the

suitability of the protein sample for NMR analysis. A 1D 1H-NMR spectrum collected on

the wheat eIF4E sample showed a well behaved folded protein with sharp dispersed

resonances (Figure 4.8). The spectrum was collected at 25 °C and pH 7.0 at a sample

concentration of 10-15 mg/ml. Previously it had been reported that the protein could only

be concentrated to about 2 mg/ml (Sadow, 2002). However, the wheat eIF4E protein

when purified in potassium phosphate buffer (pH 7.0) proved to be highly soluble and

stable, and could be easily concentrated to 1.0 mM or higher. The two-dimensional 15N-
1H correlated spectrum was also very encouraging as it showed about 158 of the 179

possible peaks, and with very little overlap (Figure 4.9).
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Figure 4.8. One dimensional spectrum of wheat translation initiation factor 4E (eIF4E).
The sample contains 1.0 mM protein in potassium phosphate buffer consisting of 90%
H2O/10% D2O at pH 7.0. The spectrum was acquired at 25 °C. The peaks are well
dispersed, indicative of a folded protein.
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Figure 4.9. 15N-1H correlated 2D spectrum of wheat translation initiation factor 4E
(eIF4E). The spectrum was collected at 25 °C and pH 7.0. The spectrum shows 158 of the
possible 179 peaks. The remaining peaks could not be observed due to fast exchange or
spectral overlap.
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4.3.3 Resonance Assignment of Wheat eIF4E

The 15N-1H correlated two-dimensional spectrum was collected on a wheat eIF4E

sample that had been uniformly labeled with 15N. This spectra was obtained at 25 °C and

pH 7.0. The 15N-1H correlated two-dimensional spectrum of wheat eIF4E was assigned by

analyzing several pairs of three-dimensional heteronuclear spectra, along with two-

dimensional 15N-edited HSQC-TOCSY and HSQC-NOESY spectra (Figure 4.9).

Backbone resonance assignments were recorded for 88% of the wheat eIF4E primary

sequence.

The amide nitrogen and amide proton chemical shifts for 21 amino acids could

not be assigned as the correlation peaks for these amino acids were not observed in the
15N-1H correlated two-dimensional spectrum. 7 out of the total 21 unobserved amino

acids are proline residues. Proline lack the amide proton, and hence do not show up in
15N-1H correlated two-dimensional spectrum. Of the remaining 14 amino acids, 12 are in

the N terminal half of the protein and only 2 residues, F146 and V198, lie in the C

terminal (Figure 4.10). When these amino acids were mapped onto the secondary

structure of wheat eIF4E, it was observed that all these residues were present in flexible

loops. The amide proton from amino acids present in flexible loops exchange very

rapidly with the solvent, and hence these cross peaks are much weaker and in some

instances are completely missing.

Interestingly, all of the unobserved amino acids in the N-terminal are clustered in

the two big loops, loop 1 and 2. Amino acids S57, Q59, W62, G63, T65, and H67 are

present in loop 1, and amino acids K107, E109, N115, and G117 are in loop 2 (Figure

4.10). As previously mentioned, the 7-methylguanosine cap lies in a hydrophobic pocket

created by loops 1 and 2 on the concave surface of the β sheets. The NMR data suggests
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Figure 4.10. Schematic diagram showing the position of the amino acids that were
unobserved in the 15N-1H 2D correlated spectrum. The amino acids that were not
assigned in the 15N-1H 2D correlated spectrum are indicated in red. Most of these
residues are present in flexible loops. These cross peaks may be unobserved due to the
fast solvent exchange rates of the amide protons within flexible regions of the proteins.
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that these loops are flexible in solution, and are probably in rapid equilibrium between

multiple conformations. Cross peaks for important cap binding residues, W62 in loop 1

and E109 in loop 2, were not observed in the 15N-1H correlated two-dimensional

spectrum, although the Cα and Cβ chemical shifts for E109 were recorded from the

HN(CO)CACB spectrum.

The 15N-1H correlated two-dimensional spectrum recorded on a 15N-labeled glycine,

serine, cysteine, and tryptophan sample was used to confirm the assignments of these

residues. This spectra, collected at 25 °C and at pH 7.0, contained a total of 32 out of the

possible 37 peaks (Figure 4.7). Assignments for all the cysteine residues, 11 out of 14

glycine residues, 9 out of 10 serine residues and 8 out of 9 tryptophan residues were

unambiguously confirmed. This experiment was most helpful in confirming the

resonance assignments for C113 and W108, which were not easily assigned as they are in

a very crowded part of the spectrum. G55, a very weak cross peak in the uniformly

labeled 15N-1H correlated two-dimensional spectrum, could not be seen in the type

labeled 15N-1H correlated two-dimensional collected at pH 7.0. However, when the pH of

the sample was changed to 5.0, and the 15N-1H correlated two-dimensional experiment

was re-recorded, cross peak for G55 was clearly seen (Figure 4.11). G55 is located in the

flexible loop 1, and was not seen at pH 7.0 due to fast exchange of the amide proton with

the solvent. Lowering the pH slowed the exchange rate with the solvent, and this helped

in detection of this fast exchanging nuclei. Similarly, cross peaks for S205 and W49 are

also much stronger when recorded at pH 5.0.
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Figure 4.11. 15N-1H correlated 2D spectrum collected at pH 5.0 on wheat eIF4E protein
selectively labeled with 15N-Gly, Cys, Ser, and Trp. The spectrum was collected on a sample (1.0
mM) in 10 mM potassium phosphate pH 5.0 with 100 mM KCl at 25 °C. Peaks are observed
from the labeled Gly, Ser, Cys, Trp residues. Cross peaks for G55, S205, and W49, indicated
with red lines, are much stronger at lower pH. A few extra peaks are observed due to scrambling
of the isotope to other amino acid types by the natural metabolic pathways.
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Resonance assignments of Cysteine residues in the wheat eIF4E spectrum

Wheat eIF4E consists of four cysteine residues at position 99, 113, 123, and 151,

respectively. The amide nitrogen and amide proton correlation peaks for all the four

cysteine residues were unambiguously assigned in the 15N-1H correlated two-dimensional

spectrum (Figure 4.12). As mentioned previously, C113 and C151 form a disulfide bridge

in the crystal structure of wheat eIF4E. To determine the redox state of the thiol groups of

the cysteine residues in solution, the Cα  and Cβ  chemical shifts of all four cystein

residues were recorded by analyzing the three-dimensional heteronuclear HNCA, and the

HN(CO)CACB spectra. For C113, the Cα chemical shift was 59.74 ppm, and the Cβ

chemical shift was 29.17 ppm. The Cα and Cβ chemical shifts for C151 were 60.25 ppm

and 29.11 ppm, respectively (Figure 4.13). These chemical shifts indicate that C113 and

C151 are reduced in solution. For C99 and C123 the Cα chemical shifts were 59.23 ppm

and 56.14 ppm, and the Cβ chemical shifts were 29.39 ppm and 32.1 ppm, respectively.

The average Cα and Cβ chemical shifts for all four cysteine residues was 58.84

ppm and 29.94 ppm, respectively. These shifts are typical for reduced cysteine residues.

Given these observations it can be suggested that wheat eIF4E was purified in reduced

state, and probably that is the natural state for the protein in the cell. The HN(CO)CACB

experiment was repeated on a three month old eIF4E sample preserved at 4 °C, and no

change in chemical shift index were observed. The protein was stored in NMR buffer (10

mM potassium phosphate buffer pH 7.0, and 100 mM KCl), and sodium azide (10 mM)

was added to the protein sample to inhibit bacterial growth. Reducing agents like DTT

were not added at any time. Since the spectrum of the aged protein sample looked

essentially the same as before it suggests that wheat eIF4E is a stable protein, and is not

very susceptible to oxidation under the conditions of this experiment.   



107

Figure 4.12. 15N-1H correlated 2D spectrum of wheat eIF4E showing the chemical shift
assignments for the cysteine residues. The spectrum was obtained at 25 °C and pH 7.0.
All the cysteine residues were unambiguously assigned. C113 is in a crowded part of the
spectrum, while C99, C123, and C151 are well dispersed.

C151

C123
C99

C113
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Figure 4.13. The 3D heteronuclear HN(CO)CACB spectrum showing the Cα and Cβ
chemical shifts for C113 and C151. The spectrum was recorded on a sample that was
uniformly labeled with 13C and 15N. The observed Cβ chemical shifts for C113 and C151
are typical for reduced cysteine residues.
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4.3.4 Effect of Oxidation on the Structure of Wheat eIF4E

In an attempt to oxidize the cysteine residues involved in disulfide bond

formation, hydrogen peroxide, an oxidizing agent, was added. Peroxide, at concentrations

of 0.1, 1.0, and 10 mM was added, and three-dimensional heteronuclear HN(CO)CACB

experiments were collected to record any changes in the Cα and Cβ chemical shifts of the

cysteine residues. No change in the HN(CO)CACB spectrum were recorded at any of the

above mentioned hydrogen peroxide concentrations. At this point ammonium sulfate (0.3

M) was added to the eIF4E sample already containing 10 mM hydrogen peroxide.

Ammonium sulfate is not known to be an oxidizing agent, however, in this specific case

it was added because the crystals of wheat eIF4E were obtained in 1.8-2.4 M ammonium

sulfate (Sadow, 2002). Due to the insensitivity of NMR experiments at high salt

concentrations, an initial concentration of 0.3 M ammonium sulfate was added first.

Upon addition of ammonium sulfate, a one-dimensional 1H-NMR spectrum, and three-

dimensional heteronuclear HN(CO)CACB and HNCO were recorded. An analysis of the

observed changes is summarized in this section.

The one-dimensional 1H-NMR spectrum looked essentially the same as before.

The spectrum, collected at 25 °C and pH 7.0, showed a folded protein with sharp

dispersed resonances. The one-dimensional 1H-NMR spectrum was characteristic of a 20

kDa protein, and this suggests that dimerization had not occurred upon addition of

ammonium sulfate. From the one-dimensional 1H-NMR spectrum it can be inferred that

the observed changes in the three-dimensional heteronuclear spectra of wheat eIF4E were

not due to dimerization.

The three-dimensional heteronuclear HN(CO)CACB spectrum was used to record

the changes in the Cα and Cβ chemical shifts of the cysteine residues upon addition of
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hydrogen peroxide and ammonium sulfate. As previously mentioned, wheat eIF4E

consists of four cysteine residues at position 99, 113, 123, and 151, respectively. In the

new HN(CO)CACB spectrum, Cα and Cβ chemical shifts for amino acid C99 were not

seen at all, whereas Cα and Cβ chemical shifts for amino acid C123 were observed to be

a little weaker, but at essentially the same position as before (Figure 4.14). For C113, one

of the cysteine residue involved in disulfide bond formation, Cα chemical shift had

changed slightly, and the new observed shift was at 59.56 ppm as compared to the

previously recorded 59.74 ppm. However, the most dramatic change was seen in the Cβ

chemical shift of C113, which was observed to be 41.37 ppm instead of the previously

observed 29.17 ppm (Figure 4.15). This Cβ chemical shift is characteristic of an oxidized

cysteine residue. The Cα and Cβ chemical shifts for C151, also involved in disulfide

bond formation, were not seen.

The Cβ chemical shift of all four cysteine residues prior to addition of ammonium

sulfate were indicative of a reduced protein, where as in the new HN(CO)CACB

spectrum C123 is reduced while C113 is oxidized. These results indicate that the redox

state of wheat eIF4E changed upon addition of ammonium sulfate. Although the

chemical shifts for C151 could not be observed, but given the close proximity of C113 to

C151 in the tertiary structure it is highly possible that the thiol group of C151 is also

oxidized, and a disulfide bond is formed between C113 and C151. The effects of

oxidation are not limited to these four amino acids alone. In general, most of the peaks in

the new spectrum were weaker than before, and in some instances were not observed at

all. Chemical shift signals from some of the residues may be unobserved due to line

broadening caused by rapid transition between multiple conformations or due to fast

exchange with the solvent. This NMR data indicates an increase in disorder in the

structure of wheat eIF4E upon oxidation.
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Figure 4.14. Slice of the 3D heteronuclear HN(CO)CACB spectrum showing the Cα and
Cβ chemical shifts for C123 before and after oxidation of C113. The Cα  and Cβ
chemical shifts for C123 before and after oxidation of C113 are indicated. Upon
oxidation of C113, the Cα and Cβ chemical shifts for C123 remained unchanged. The
observed Cα and Cβ chemical shifts are indicative of a reduced cysteine residue.
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Figure 4.15. Slice of the 3D heteronuclear HN(CO)CACB spectrum showing the Cα and
Cβ chemical shifts for C113 before and after oxidation. The Cα and Cβ chemical shifts
for C113 before and after oxidation are indicated. Upon oxidation of C113, a small
change in the Cα chemical was observed. The Cβ chemical shift after oxidation of C113
was recorded at 41.37 ppm versus 29.17 ppm before oxidation. This shift is typical of
oxidized cysteine residue.
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To get a better understanding of the effects of oxidation on the structure of wheat

eIF4E, the three-dimensional heteronuclear HNCO experiment was recorded on the

oxidized wheat eIF4E sample. An analysis of the effect of oxidation upon each amino

acid is shown in Figure 4.16. The most dramatic effect was seen in the vicinity of the cap

binding pocket where the majority of the amino acids whose peaks were not seen were

recorded (shown in purple in Figure 4.16). Some of these amino acids are in loops 1 and

2, while others are in the β sheets with their side chains pointing into the cap binding

cavity. In some cases the peaks were very weak (shown in yellow in Figure 4.16). These

peaks are also predominantly present in the cap binding face of the protein. For the

majority of the amino acids, the cross peaks were observed, and in much the same

position as before (Figure 4.16).

In the NMR data presented above the effects of oxidation of the thiol groups of

C113 and C151 seem to be most pronounced on the cap binding face of the protein.

Although direct ligand-protein interactions were not mapped in this particular

experiment, it is however possible that the structural changes caused due to oxidation of

C113 and C151 may lead to a complete loss of the cap moiety from the binding pocket or

the effect may be a decrease in the cap binding affinity by eIF4E.

3.3.5 The X-Ray Crystal Structure of Wheat eIF4E

Wheat eIF4E was purified on a m7GTP sepharose column as described in section

4.2.1, and concentrated to about 10 mg/ml. Crystals of wheat eIF4E were obtained by

hanging drop vapor diffusion method in 1.8-2.5 M ammonium sulfate and 0.1 M MES



114

Figure 4.16. A diagram showing the effects of oxidation of C113 on the structure of
wheat eIF4E. The effect of oxidation of C113 on the structure of wheat eIF4E was
analyzed by comparing the 3D heteronuclear HNCO spectrum before and after oxidation.
The amino acid residues for which the peaks were not observed after oxidation of C113
are colored purple. In yellow are the residues whose peaks were weaker in intensity after
oxidation. The amino acid residues that were not affected by oxidation of C113 are
indicated in blue.

N

C
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(pH 5.3) at 4 °C. These crystallization conditions were very similar to the previously

reported conditions of 1.8-2.4 M ammonium sulfate, and 0.1 M HEPES or TRIS buffer at

pH 7.5-8.0 (Sadow, 2002). The apparent difference was in pH, 5.3 as compared to 7.5-8.0

as reported earlier, and in the protein concentration, 10 mg/ml versus 1.5-2 mg/ml that

was used previously. The uncertainty regarding the redox state of wheat eIF4E prior to

crystallization was not a problem here as the NMR data suggests that the protein was

purified in the reduced state, and it maintains the reduced state for extended periods of

time. The crystals obtained under these new conditions took about 2 weeks to appear.

Other crystallization conditions did not yield any crystals.

X-ray diffraction data at a wavelength of 1.54 Å was collected using a rotating

copper anode source equipped with a raxis4 100 detector. The X-ray data set was

indexed, integrated and scaled using DENZO and SCALEPACK to a resolution of 3.0 Å

(Otwinowski and Minor, 1997). The structure was determined by molecular replacement

using the previously determined wheat eIF4E structure as a search model (coordinate file

was kindly provided by Dr. Jon Robertus). Summary of the crystallographic and

refinement statistics is given in Table 4.1.

The structure was essentially the same as reported previously (Sadow, 2002). The

asymmetric unit consists of two, crystallography related molecules (Figure 4.4). The two

molecules forming the dimer share a four stranded β sheet structure formed by some of

the residues at the dimer interface. The cap binding pocket was distorted, and did not

contain the cap moiety. The disulfide bond formed between C113 and C151 was also

observed.
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Table 4.1. Summary of crystallographic and structural statistics for the wheat eIF4E
protein.

          Statistic     

Unit cell constant (Å, °)                                                           a = 65.19
                                                                                                 b = 65.19
                                                                                                 c = 182.09
                                                                                                 α = 90
                                                                                                 β = 90
                                                                                                 γ = 120

Space group                                                                                P61

Molecules per asymmetric unit                                                    2

Data collection wavelength                                                      1.54 Å

Total reflections                                                                         47535

Unique  reflections                                                                     9035

Average redundancy                                                                   5.26

Completeness                                                                            99.5 %

I/σ                                                                                             17.5 (3.6)

Resolution range for refinement                                               20.0 – 3.0 Å

Residues included in the model                                                 39-215

rmsd  from ideal geometry, covalent bonds                               0.008 Å

rmsd  from ideal geometry, covalent angles                             1.4 deg

average B-factor                                                                        26.6 Å

Rwork                                                                                           23.1 %

Rfree                                                                                            32.9 %

The X-ray data was collected at 100 K. Values in parenthesis refer to the highest (10%)
resolution shell of the x-ray data.
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4.4 CONCLUSION

The NMR data indicates that all the cysteine residues in wheat eIF4E are reduced

in solution. However, C113 and C151 can be oxidized in vitro causing some structural

changes. The majority of amino acid residues affected by this selective oxidation seem to

be concentrated in the cap binding face of the protein. Based on these observations it can

be hypothesized that plants may employ changes in the redox state of conserved cysteine

residues as part of a regulatory mechanism to control protein synthesis. This control may

be exerted by modulating the ability of eIF4E to bind the 5’cap on the mRNA.
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Chapter 5

       Conclusions and Future Perspectives

The high-resolution three-dimensional structural studies of the eukaryotic

translation initiation factors have enhanced our understanding of the complex mechanism

of translation initiation. These structural studies have highlighted the evolutionary

conservation of the translation apparatus, and provided insights into the mechanism of

regulation of protein synthesis.

The structure of the α subunit of translation initiation factor 2 (eIF2) was

presented in this dissertation. The α subunit is the site of regulation of overall protein

synthesis in eukaryotes. The crystal structure of the yeast eIF2α presented here provides

the first view of the functionally important conserved loop containing the

phosphorylation site, Ser 51. The conserved 17-residue loop is ordered in solution, and

contains two short 310 helices in addition to some extended structure. The structural

results permit speculation about the possible consequences of phosphorylation of Ser 51

with regards to structure of eIF2α. An interesting avenue for future research will be to

determine the structure of the phosphorylated form of eIF2α.  Another important target

for future studies will be the structure determination of the eIF2 complex.
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The results of the redox studies on plant translation initiation factor 4E (eIF4E)

were also presented in this dissertation. The NMR data indicates that all the cysteine

residues in wheat eIF4E are reduced in solution. However, C113 and C151 can be

oxidized in vitro causing some structural changes that seem to be concentrated in the cap

binding face of the protein. An interesting hypothesis to test will be whether plants

employ changes in the redox state of conserved cysteine residues as part of a regulatory

mechanism to control protein synthesis.  One way to do this would be to analyze the

effects of oxidation of the cysteine residues on the cap binding affinity of eIF4E. In

addition, structure determination and biochemical analysis of eIF(iso)4E may also

provide helpful insights to the working of this important initiation factor. These studies

are currently in progress.
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Appendix 1. Resonance Assignments for Wheat eIF4E

AA No. AA
Type

N NH Cα Cβ CO Hα

M 56.12 39.98 177.5 4.24
39 A 124.1 7.47 54.16 18.27 3.69
40 H
41 P 63.19 32.89 176.4 4.68
42 L 122.4 8.19 53.08 43.06 177.1 4.8
43 E 122.2 8.96 58.99 30.31 175.9 3.99
44 N 115.6 8.3 51.94 42.87 170.8 4.78
45 A 117.8 7.51 50.32 20.29 176.2 4.697
46 W 120.8 8.09 55.79 33.44 173.5 4.68
47 T 117.7 9.64 61.38 72.53 174.6 5.3
48 F 125.5 9.08 56.36 42.53 175.2 6.54
49 W 124.3 9.92 55.68 5.45
50 F 56.02 44.14 173.1
51 D 125.1 8.54 52.77 44.18 173.3 4.89
52 N 121.2 8.06 50.24
53 P 63.73 32.13 176.8
54 Q 119.7 8.23 56.42 29 176.1 4.22
55 G 110.3 8.42 45.62 168.1
56 K
57 S
58 R
59 Q 56.51 29.09 175.5 4.28
60 V 117.4 7.63 61.76 33.37 175 4.23
61 A 125.6 8.27 51.9 18.85 4.39
62 W
63 G 45.49
64 S 116.1 7.78 60.66 174.6 4.15
65 T 61.73 70.13 172.7 4.33
66 I 126.7 7.77 63.78 32.96
67 H
68 P 62.17 30.44 176.3 4.06
69 I 119.8 9.42 62.02 39.89 175 4.3
70 H 114.8 7.37 56.47 36.46 173.1 4.93
71 T 120.8 8.58 61.34 71.26 172.1 5.62
72 F 122.3 9.396 56.04 43.44 173.4 5.34
73 S 111 9.82 58.44 64.42 173.6 4.91
74 T 110.4 7.79 59.63 73.1 173.6 5.37
75 V 123.5 9.08 66.47 33.17 176.6 3.68
76 E 119.8 9.86 61.75 28.29 179.8 4.18
77 D 119.9 8.37 56.76 41.36 177.7 4.62
78 F 121.2 7.85 61.64 36.31 175.4
79 W 119 7.96 60.24 29.46 178.1 3.86
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80 G 105.1 8.17 46.85 175.3
81 L 120.7 7.44 56.68 42.69
82 Y 120.9 8.87 62.24 38.86 176.7 3.33
83 N 112.8 8.3 54.54 38.49 175.1 4.51
84 N 117.2 7.64 53.41 41.03 173.4 4.75
85 I 119.3 7.198 60.17 40.31 174.9 4.04
86 H 123.2 7.78 56.44 30.46 174.5 4.22
87 N 119.2 8.16 51.69 37.53
88 P 66.12 31.42 176.8 3.9
89 S 111.9 9.4 60.77 175.4 4.21
90 K 121.4 8.14 54.94 33.49 176 4.41
91 L 121.7 7.53 54.29 43.05 175.3 4.21
92 N 116.8 8.28 52.46 39.7 173.8 4.58
93 V 118.6 8.16 65.79 31.49 175.9 3.15
94 G 116.4 8.63 44.71 172.5
95 A 123.5 7.88 52.67 21.56 175.8 4.62
96 D 118.2 7.97 52.8 45.04 173.1 5.71
97 F 122.7 8.72 55.77 43.17 172.7 5.46
98 H 124.1 8.97 53.94 34.33 176.3 6.09
99 C 122.9 9.98 59.23 29.39 172.6 5.87
100 F 131.1 9.77 56.42 45.31 174.7 5.65
101 K 124 8.22 57.26 33.08 175.6 3.31
102 N 120.1 8.32 54.97 38.76 174.1 4.13
103 K 117.7 8.66 57.61 30.56 175.5 4.14
104 I 121.9 8.25 62.66 39.32 174.9 4.09
105 E 128.4 8.67 53.28 30.11 3.8
106 P
107 K 56.68 33.03 178.7
108 W 116.6 8.22 58.74
109 E 60.42 26.46 171.9
110 D 118.9 8.31 53.85 36.56 4.88
111 P 64.94 32.54 178.2 4.3
112 I 120.4 9.22 62.5 27.82 177.1
113 C 117.2 8.06 59.74 29.17 178.4 4.45
114 A 120.2 8.22 56.84 19.29
115 N 52.51 38.01 176.3 4.92
116 G 108.3 8.53 44.29 4.14
117 G 45.54
118 K 114.6 7.33 52.85 36.42 173.8 5.68
119 W 125.1 8.91 56.5 32.37 176.2 5.51
120 T 115.3 8.34 61.4 71.87 171.9 5.52
121 I 125.1 9.34 60.99 42.08 172.2 4.44
122 S 119.2 8.39 57.15 65.18 174.2 5.41
123 C 121.7 9.48 56.14 32.1 173 5.06
124 G 106.3 8.78 44.57 172.3
125 R 116.7 8.22 54.3 27.55 178.7 4.24
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126 G 113.2 10.02 46.25 176.2 4.18
127 K 116.5 7.48 55.1 32.63 176.9 4.68
128 S 117.3 9.12 60.71 66.36 175.3 4.69
129 D 123.2 8.15 59.22 39.74 178.9 4.4
130 T 116.4 8.25 66.34 67.9 175.4 4.04
131 F 121.7 8.14 58.42 38.51 179.3 4.68
132 W 123.3 9.34 59.84 31.14 175.4 5.03
133 L 119.5 8.06 58.71 40.87 177.8 3.77
134 H 114.7 8.94 58.96 30.39 178.4 4.28
135 T 118.7 8.17 69.4 173.7 3.88
136 L 120.2 8.03 58.42 41.43 178 3.32
137 L 115.3 8.17 57.45 41.53 179.7 3.33
138 A 122.1 7.41 54.35 18.34 177.7 3.52
139 M 115.7 7.83 59.29 33.78 179.6 4.21
140 I 114.6 8.5 63.81 36.69 177.8 3.81
141 G 108.3 7.42 44.65 172.1 4.09
142 E 117.2 8.02 56.17 25.04 175.7 4.47
143 Q 113.5 8.14 56.77 29.89 176.4 4.07
144 F 116.9 8.3 58.25 38.76 177.3 4.64
145 D 127.6 9.89 56.69
146 F 57.98 36.35 176.1
147 G 104.8 7.57 48.1
148 D 120.6 8.88 56.66 40.72 177
149 E 114.2 8.14 55.74 29.7 176.5 4.44
150 I 118.7 7.55 62.63 38.16 176.1 3.83
151 C 124.7 9.44 60.25 29.11 171.6 4.39
152 G 104.4 7.29 46.34 168.5
153 A 119.8 8.49 50.26 23.7 175.5 5.88
154 V 120.2 9.52 61.18 37.34 174.6 5.28
155 V 129.5 9.21 58.34 33.96 171.6 5.62
156 S 123 9.19 56.42 65.59 172.8 5.6
157 V 125.2 8.82 63.4 32.31 175.8 4.24
158 R 132.7 8.58 52.93 31.41 173.2 4.87
159 Q 118.1 8.67 60.55 28.8 178.3 3.86
160 K 113.6 9.01 55.44 34.07 175.3 4.56
161 Q 115.8 7.19 54.39 33.14 171.7 4.92
162 E 120.2 9.03 54.3 31.87 174 5.11
163 R 119.3 8.99 54.28 35.04 174.9 5.76
164 V 121.8 9.01 61.22 34.5 173.1 5.3
165 A 128.5 9.74 50.5 25.16 176.4 6.42
166 I 119.2 8.66 60.86 41.34 175
167 W 129.2 9.76 56.8 29.36 175.9 5.6
168 T 115.1 9.55 59.2 71.22 5.69
169 K 121.9 9.197 56.74 35.82 175.1 4.5
170 N 113.4 8.79 53.76 37 176.2 4.46
171 A 125 9.13 55.24 19.9 176.2 3.81
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172 A 116 8.34 52.76 18.55 176.8 4.1
173 N 118 7.62 51.02 35.77 173.3 4.71
174 E 126.6 7.67 59.97 30.25 175.7 3.11
175 A 118.6 8.34 54.96 17.91 179.9 3.75
176 A 118.7 6.75 53.72 18.88 178 2.64
177 Q 112.8 7.59 57.64 25.84 178.5 4.03
178 I 117.9 8.42 63.76 36.44 176.4 3.63
179 S 112.8 7.09 61.28 63 176.2 4.17
180 I 121.1 8.09 65.68 39.02 177.2 3.9
181 G 106.3 8.11 46.64 174.2
182 K 119.8 8.37 60.55 32.88 3.66
183 Q 119.6 8.64 59.79 29.17 176.4 3.66
184 W 120.5 9.05 58.98 28.47 177.1 4.48
185 K 115 7.79 60.91 32.1 178.4 3.4
186 E 118.6 7.49 59.18 29.22 179.9 4.06
187 F 120.8 8.83 57.77 37.48 177.8 4.6
188 L 117.3 7.996 55.28 42.94 176 4.25
189 D 121.1 8.01 54.97 39.9 173.6
190 Y 120.1 8.26 58.64 41.35 175.9 4.34
191 K 124.6 8.19 56.01 33.12 176 4.35
192 D 119.7 6.06 53.27 42.49 174.2 4.84
193 S 115.2 8.62 59.01 64.23 174 4.91
194 I 121.2 9.22 61.12 41.26 174.2 4.83
195 G 110.2 8.66 44.08 170.9 5.39
196 F 122.7 7.94 54.83 41.3 173.4 4.92
197 I 126.9 8.04 58.48 40.25
198 V 62.66 32.24 176.8
199 H 129.5 8.16 58.22 175.8
200 E 115.5 7.97 58.91 30.05 177 3.49
201 D 116.2 6.61 56.12 39.98 177.5 4.24
202 A 124.1 7.47 54.18 18.09 178.1 3.66
203 K 115.6 7.24 57.55 32.94 176.8 3.68
204 R 117.7 7.11 56.18 30.97 175.8 4.26
205 S 115.4 7.9 58.58 63.86 4.38
206 D 122.1 8.49 54.58 40.51 175.4 4.54
207 K 119.1 7.96 55.53 33.19 175.7 4.36
208 G 110 8.2 44.62 4.78
209 P 62.66 32.13 175.8 4.32
210 K 121.6 8.35 54.97 33.79 175.2 4.22
211 N 120.5 8.46 52.84 38.32 175 4.61
212 R 127.4 9.06 56.78 31.38 174.9 3.98
213 Y 111.2 6.99 53.73 42.61 174.1 5.24
214 T 115.6 8.56 61.76 72.68 172.5 5.76
215 V 124.5 8.95 62.32 34.74 4.4
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Glossary

A-site aminoacyl-tRNA binding site

CNS Crystallography and NMR System

DNA deoxyribonucleic acid

D2O deuterium _2H20

DTT dithiotheitol

EF-G elongation factor G

EF-Tu elongation factor Tu

eIF eukaryotic initiation factor

GDP guanosine diphosphate

GTP guanosine triphosphate

HEPES N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]

HMQC heteronuclear multiple-quantum correlation

HSMQC heteronuclear single- and multiple-quantum correlation

HSQC heteronuclear single-quantum correlation

IPTG isopropyl β-D-thiogalactoside

kDa kilodalton

mRNA messenger RNA

NMR nuclear magnetic resonance

OB oligonucleotide binding

OD optical density

PAGE polyacrylamide gel electrophoresis

PCR polymerase chain reaction
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PEG polyethylenimine

pI isoelectric point

ppm parts per million

P-site peptidyl-tRNA binding site

r.m.s.d root mean square deviation

Tris tris[hydroxymethyl]aminomethane

tRNA transfer RNA

UV ultraviolet
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