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The binding of eukaryotic ribosomes to mRNA is a complex process that is 

considerd to be rate-limiting in translation initiation, and consequently a key target for 

translational regulation. Ribosome binding to mRNA is hcilitated by the 5' cap structure, 

rn%ppp~ (where N is any nucleotide). The initiation factor eIF4F play a key role in 

regulating uanslation rates. eIF4F is a three-subunit complex composed of eIF4E, the cap 

binding protein; eIF4A, an RNA helicase; and eIF4G @220), which bridges eIF4E and 

eIF4A, and enhances dramatically the interaction of eIF4E with the mRNA 5' cap structure. 

eIF4F in conjunction with another initiation factor, eIF4B, is thought to unwind the mRNA 

5'secondary structure to facilitate the binding of mRNA to ribosomes. The activity of 

eIF4F, and the regulation of mRNA binding to ribosomes is tightly correlated with the 

growth status of the cell. Recently, proteins that interact with eIF4E, termed 4E-BPs, have 

been identified; these proteins link uanslation initiation and growth promoting signal 

transduction pathways. Phosphorylation of 4E-BPs in response to insulin and mitogens 

decreases their affinity for eIF4E. 4E-BPs compete with eIF4G for binding to elF4E 

through binding domains that share comrnon sequence mot&. Consequently, 4E-BPs 

restrain eIF4E from forming an active cap-binding complex, eIF4F, and prevent subsequent 

binding of 40s ribosomal subunit to capped mRNAs. Under these conditions, the binding of 

eIF4E to the mRNA cap suucture is exuemely inefficient. As a result, cap- and eIF4E- 

dependent translation is downregulated. Modulation of eIF4F activity is also observed 

following infection by certain vinises. One of die most dramatic examples of this murs  

upon picomaWal infection. As we report here, eIF4G alone is a relatively poor subsuate 

for deavage by the rhinovhs 2A proteinase (2AP") However, an eIF4G-eIF4E complex is 

deaved efficiently by the 2AP" suggesting that eIF4F is a preferred target for direct 

deavage by rhinoWus 2AP". Coilectively, the studies presented in this thesis reveal novel 

mechanisms of regulating eIF4F function, and subsequent binding of mRNA to ribosomes 

in eukaryores. 



Ia liaison des ribosomes à l'Am messager (ARNm) est l'étape litnitante de 

l'initiation de la traduction chez les eukaryotes. La formation du complexe 48s est facilitée 

par la structure en coiffe (rn'~ppp~, où N designe un nuléotide) en 5' de 1'ARNm. Le 

facteur d'initiation eIF4F joue un rôle très important dans le contrôle de la traduction. 

elF4F est composé de trois protéines: eIF4E, qui se lie directement à la structure en coiffe 

de I'ARNm; eE4, qui possède une activité de déroulement de structures secondaires; et 

eIF4G @220) qui sert de lien entre eIF4E et eIF4A, et augmente la liason de eIF4E à la 

smcnire en coiffe de I'ARNm. Le déroulement de structures secondaires de I'ARNm par 

eE4F et eIF4B permet l'accrochage de la sous-unité tibosornique 43s à I'ARNm. la 

modulation de l'activité du facteur d'initiation eE4F est étroitement correlée avec 

l'activité de la croissance de la cellule. Dew protéines (4E-BPI et 4E-BP2) interagissant 

avec eIF4E ont été identifiées; ces protéines relient les signaux extracellulaires à 

l'initiation de la synthèse protéique. 4E-BPI est phosphorylé en réponse à l'insuline et aux 

mitogènes. Cette forme phosphorylée ne se lie plus à eIF4E. 4E-BPI entre en compétition 

avec eIF4G pour un même site de liaison sur eIF4E. Par conséquent, 4E-BPI séquestre 

eIF4E, et empêche ce dernier de former un complexe eIF4F fonctionnel. De cette 

manière, la traduction cap et eIF4E-dépendante est diminuée. La modulation de l'activité 

de eIF4F est également observée après l'infection de cellules par certains virus. Un 

exemple de choix est apporté par l'infection cellulaire par les picomavims. Comme 

rapporté ici, eIF4G en tant que tel est un substrat relativement peu effectif pour la 

protéinase 2A ( 2 A 9  de rhinovinis. Cependant, le complexe eIF4GeeIF4E est clivé 

efficacement par 2APm; ceci suggère que eIF4F est une cible préferentielle pour un clivage 

direct par 2Aem. Collectivement, les resultats présenta dans ce travail de thèse révèlent 

un nouveau mécanisme de régulation de la fonction de eIF4F, et la liaison subséquente 

des ARN messagers aux ribosomes eukaryotes. 
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General Introduction 



1.1 PERSPECTIVE 

The mechanisms of translational conuol in eukaryotes have received considerable 

attention in recent years and many aspects of this regulatory step have been analyzed in 

great detail. Eukaryotic protein synthesis is one of the most cornplex processes in a cell, 

and the eluadation of the underlying events has remained a challenging problem in 

molecular biology. More than 150 macromolecdes comprise the eukaryotic protein 

synthesis machinery, and regulation of this multistep event is exened at many levels. It has 

becorne evident that alterations in many steps of this process, panicularly the initiation 

step, could lead to altered gene expression, celi growth and development, highlighting 

the fundamental importance of translational conuol. 

For dUs reason, a bnef oveMew of protein synthesis in eukaryotes is given, 

foilowed by a more detailed description of die steps and components of the translational 

apparatus that promote the binding of mRNA to the 40s ribosomal subunit. The focus will 

then be diverred onto the interaction of Wuses with the cellular uanslational machinery, 

which indudes an overview of the mechanhm and prevalence of intemal ribosome 

binding. 



1.2 A BREF OVERMEW OF EUKARYOTIC PROTEIN 

Protein synthesis in eukaryotes is customarily divided uito three phases: initiation, 

elongation, and termination. In each phase, the m i e n t  interactions between soluble 

protein factors, the ribosome and the mRNA ultirnately lead to the decoding of the genetic 

The initiation reaction of protein biosynthesis requires the wembly of a complex 

between a ribosome, an mRNq and an aminoacyi-tRNk The formation of this cornpiex, 

which largely determines the rate of translation, is promoted by at least 11 initiation 

factors (eIFs), and energy in the form of ATP and GTP hydrolysis. A schematic for the 

pathway of translation initiation in eukaryotes is presented in Fig. 1. Initiation of 

translation starts with the generation of free 40s ribosomal subunits. Under physiological 

conditions 80s ribosomes predominate in active equilibrium with the dissociated subunits. 

Both subunits are targets for binding proteins which shiii the equiiibrium towards 

dissociation. e1Fl.A and eIF3 bind to the small 40s ribosornal subunit (Goumans et al., 

1980), and eIF6 binds exclusively to the larger 60s ribosomal subunit (Russel and 

Spremuiii, 1979; Raychaudhun et al., 1984) and inhibit the formation of an 80s ribosome. 

The next step is the brmation of a temacy complex between the initiator 
methionyl-tRNA (Met-tRNAi), eIF2, and GTP. The formation of this obligatory intermediate 

is stabilized by two ancîlIary fdctors, eIF2C and eIF3 (Gupta et al., 1990). These hctors 

also prevent the disruption of the complex in the p e n c e  of mRNA @y et al., 1988). 

The temary complex subsequently gains access to the P site of the 40s ribosomal subunit 

to form the 43s preinitiation complex (Safer et al., 1976). This is folowed by the binding 

of the 43s preinitiation complex to mRNA (48s preinitiation complex), an important 

regdatory step that requires energy derived fiorn the hydroiysis of ATP, and the concerted 

action of several initiation fators induding eIF4E, eIF4G, eIF4A, and eF4B 
3 



Figure 1.1: Pathwav of Translation Initiation in Eukar~otes . 

4 



(Trahel et al., 1977; Benne and Hershey, 1978). One mode1 posits that, foilowing the 

binding of these initiation factors to the 5' cap structure [m7~(5')ppp(5')~, where N is any 

nucleotide] , unwinding OF the secondary structures occurs in the viûnity of the cap wMch 

Eicilitates the binding of the ribosome to the mRNA (Sonenberg, 1988). This rate-ümiting 

step is followed by the vectoral "scanningl' of the mRNA by the 40s ribosomal subunit until 

it encounters the initiator AUG codon, as defined by its flanking sequences (Kozak, 1989). 

This spedic alignment serves to decode the reading frame of the mRNk Once a match is 
made between the anticodon of Met-tRNAi and the AUG initiator codon, eIF5 uiggers the 

hydrolysis of the GTP canied by eIF2 (Trachel et al., 1977; Benne and Hershey, 1978). 

This event causes the release of initiation hctors fiom the 48s preinitiation complex, and 

ailows for the rapid joining of the 60s ribosornal subunit. The resulting 80s complex is 

then competent to enter the elongation phase of translation. 

Elongution is perhaps the most complex step in the process of translation, and our 

knowledge of this event is primarily by analogy to mechanisms elucidated in prokaryotes 

(for a review, see (Moldave, 1985; Slobin, 1990)). The elongation step, which involves the 

repetitive cyde of codondirected additions of arninoacyl-tRNA to the C-terminus of the 

growing peptide chah, begins with a peptidyl-tRNA in the P site and an empty A site in the 

80s ribosome. AminoacykRNAs enter the A site as a ternary complex with eEF1.A and 

bound GTP. FoIlowing the hydrolysis of GTP by eEFlA, and the release of this binary 

complex fiom the A site, the peptidyl-transferase center of the 60s ribosomal subunit 

catalyses the peptide-forming reaction between the arninoacyl-tRNA in the A site and the 

peptidyl-tRNA in the P site. Subsequentiy, an eEF2GTP complex promotes the 

translocation of the ribosome dong the mRNA by one codon, hence relocating the 

peptidyl-tRNA to the P site, and vacating the A site to accept the next temary complex. 

If either of three temination codons (UA& UGA, UAG) are exposed in the A site, a 

release factor (eRF1 l 3) bound to GTP binds the stop codon and effects the hydrolysis of 

the aminoacyl-tRNA and the release of the peptide from the riborne. Furthemore, it is 
5 



believed that eRFl causes the dissociation of the mRNA and the ribosome so that these 

components may engage in another round of translation. 

1.3 REGULATION OF TRANSLATION IN EUKARYOTES 

Modulation of translation rates in eukaryotes is recognized to be of cenual 

importance in the control of ce1 proliferation. Protein synthesis is one of the early 

obligatory metabolic events that is required for enuy into, and progression through the 

cell .cycle (Brooks, l9n). The multistep process of translation is regulated at many Ievels, 

and integrates the activities of numerou elements, including a large group of initiation 

factors. The stability of eukaryotic mRNAs adds significance to a pathway for translational 

control. As such, a faster and more selective alteration in the translational efficiency of 

rnRNAs may be attained in response to extemal stimuli, without invoking nuclear events of 

mRNA biogenesis and subsequent transport. It is generally assumed that initiation is the 

key regulatory step in protein synthesis, with the overwhelming preponderance of these 

intncate mechanisms being operative during this phase. Two particular steps of the 

initiation pathway which appear to be frequent targets for physiological control are the 

formation of temary complexes, mediated by eIF2; and the binding of the ribosome to 

mRNA, rnediated by eIF4E and associated initiation factors. As will be discussed below, the 

recurrent theme common to these check points is the reversible phosphorylation of key 

initiation components, such as eIF2 and eIF4E, in response to growth factor stimulation. 

1.3.1 TERNARY COMPLEX FORMATION 
The formation of ternary complaces, and thus the binding of Met-tRNAi to 40s 

ribosornal subunits, is promoted by eIF2, and is one of the most important sites of 

translational regulation. Decrease in the activity of eIF2 in response to many physiologisl 

stimuli correlates with inhibition of uanslation and suppression of ceU growth. eIF2 
6 



consists of three subunits with molecular masses of 36 (a), 38 (P), and 52 (2 kDa, each 

exhibithg distinct activities. The B subunit is involved in RNA binding (Donahue et al., 

1988; Flynn et al., 1994) and appears to play a role in AUG initiation codon selection 

(Donahue et al., 1988). The y subunit is the GTP-binding subunit (Gaspar et al., 1994). 

The most signifiant feawe of the cc subunit of eIF2 S a conserveci phosphorylation site at 

Ser j l ,  which is the target for a family of protein kinases important in the regulation of 

protein synthesis. 

Recognition of an initiator AUG codon, and the formation of 80s ribosomes result 

in the ejection of an eIF2GDP cornplex. The GDP in this inactive compiex is 

subsequently replaced by GTP in a reaction catalysed by a limiting factor calied eIF2B (oi 

GEF, Guanine nudeotide Exchange Factor). One physiological mechanism which regulates 

the recychg step involves the phosphorylation of the a subunit of eIF2. Three distinct 

kinases that spedically phosphorylate eIF2a are (i) the heme-contro~ed repressor (KR), 

(ii) the double-suanded RNA-activated kinase PKR (also called DAI), and (iii) the 

Saccharomyces c e r w a e  GCN2 [for a review see (Clemens, 1996)l. Classic examples of 

the mechanism of nucleotide exchange are through the activation of the hemesensitive 

protein kinase, HCR; and PKR, a kinase activateci by double-suanded RNA (eg. d u ~ g  virai 

infection). The phosphorylation of eiF2 a subunit leads to an increased f i n i t .  of eiF2 for 

eIF2B, thereby reducing the concentration of free eIF2B which could otherwise catalyze 

the recycling of the GDP on eIF2. The outcome is an overail reduction in protein synthesis 

(Hershey, 1991). The importance of these regulatory processes is undencored by the 

fhding that overexpression of a dominant negative mutant of PKR (Koromilas et al., 1992), 

or a nonphosphoryiatable murant of eIF2, causes transfomation in NIH-3T3 ceb (Donzé et 

al., 1995). 



1.3.2 mRNA BINDING TO RIBOSOMES 

The recognition and binding of the mRNA by the 43s ribosomal preinitiation 

cornplex is usudy the rate-iimiting step in translation initiation. This step is energy 

dependent, requiring the hydrolysis of ATP, and the action of a number of initiation factors 

induding eE4E, eIF4A, eIF4G, and eIF4B. These fàctors are in mm regulated through 

their reversible phosphorylation in response to emraceliular signais. Indeed, 

phosphoryiation of these key regulatory factors positively correlates with enhanced protein 

synthesis and cellular growth. 

Translational conuol at the level of mRNA binding to ribosomes is ako realized 

through multiple mechanisms that spedically target suucniral features of the mRNk In 

eukaryotes, several &acting elements disuibuted dong the length of the mRNA 

modulate its inuinsic translational efficiency. Such structural features in the untranslated 

regions of rnRNAs indude the 5' cap structure, secondary structure, and the sequences 

Banking the initiator AUG codon. 

1.3.2.1 5' Cap Structure 

Al1 eukaryotic cytoplasmic messenger RNAs are processed pst-uansaiptiondy in 

the nudeus with the addition of a cap structure to the 5' end. The cap structure consists of 

a guanosine residue that is methylated at the N-7 position and linked to the penultifiate 

nucleotide through an inverted 5'-5' triphosphate bond [reviewed in (Shatkin, 1976; 

Furnichi et al., 1977)l. The cap structure plays a deasive role in pre-mRNA splicing 

(Konarska et al., 1984; Edery and Sonenberg, 1985), and has been implicated as a positive 

signal for the nudeocytoplasmic export of mRNAs (Hamm and Mattaj, 1990; Dargemont 

and Kuhn, 1992), as weli as 3' end processing (Hart et al., 1985). Aùditionally, several 

snidies have confirmed that the cap structure codm stability ont0 mRN& through 

protection against 5' exonucleolytic acUvity. Indeed, the regulated process of mRNA 



degradation in mm determines the level of expression of a gene [reviewed in (Sachs, 

1993) 1 ** 

The cap structure is an important regdatory determinant of translational &ciency, 

as capped messages are uanslated much more efficiently than their uncapped counterparts 

in several cell-free translation extracts (Both et al., 1975; Muthiknshnan et al., 1976). The 

facilitative effect of the cap structure on 40s ribosomal subunit bhding to mRNA is in fact 

its bes t characterized attribu te [see (S hatkin, 1976)] . The methyl group on the guanosine 

ring seerns to be necessary for the uanslational activation in vivo. Importantly, in viuo 

experiments have provided the best evidence for a hnctionai Iink between the 5' and 3' 

ends of the mRNA (Gallie, 199 1). The cap suucnire has been shown to enhance poly(~) + 

mRNA better than poly(A)- mRNk Furthemore, the poly(A) tail acts as an enhancer of 

translation of capped, and not uncapped, mRNAs. These findings suggest a synergy 

between the cap and the poly(A) tail hncuon in translation, raising an inviguing possibility 

that the interacting mRM termini couid direct the terminating ribosomes back to the 

S'UTR, and consequently promote reinitiation and enhance uanslation (Gallie et al., 

1988). 

1.3.2.2 n e  5'UIIR Secodary Stmdure 

The average length of the 5'UTR of venebrate rnRNAs varies between 20 to 100 

nucleotides (Kozak, 1987). Several viral Wh, as well as cellular mRNAs that code for 

products important for growth and develo pment [e.g. c-myc, omi thine decarboxylase 

(ODC), and c-&Il, however, contain remarkably long S'UTRs in the range of 300-1000 

nudeotides. Generally, long leaders have the potential to assume secondary structure 

conformations, wtiich are inhibitory to translation initiation. This effect is position- 

dependent, with initial stages of mRNA binding to initiation factors and ribosomal subunits 

being most sensitive to impairment (Pelletier and Sonenberg, 1985a; Kozak, 1986). Stable 

secondary strucnues (AG=-50 to -60 kcal/mol) positioned 72 nucleotides downsaeam 
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6rom the cap allow for ribosome binding but strongly inhibit 40s ribosornal subunit 

scanning (Kozak, 1986). In contrast ro stable hairpins, structures of moderate stability 

(AG=-30 kcal/mol) irnpede uanslation only when in close proxhity (12 nudeotides) to 

the cap structure. In that position, weaker hairpin smcmres prevent access to the cap 

structure, and hence ribosome binding. Similar hairpin structures pasitioned hrther 

downsueam of the cap a n  be readily melted by the initiation rnachinery (Pelletier and 

Sonenberg, 1985a). Accordingly, photochernical cross-Linking assays have revealed that 

secondary suuctures dose to the cap inhibit aoss-linking of eIF4B to the cap suucnire 

(Pelletier and Sonenberg, 1985b). These results demonstrate that this feature of the 

mRNA determines its ability to compete for initiation factors, and hence influence the rate 

of initiation complex formation. Indeed, removal of natudy occurring secondary 

structures from the mRNA of c-myc and ODC increases theû translation significantly 

(Parkin et al., 1988; Manzella et a[., 1991). 

In addition to the general role of the 5'UTR in the regulation of translation 

initiation, ch-acting elements in rhis region of specific mRNAs serve to selectively convol 

ribosome binding. A well documented example, in which the binding of a repressor 

protein to the S'UTR regulates translation, is that of the femtin mRNA (Hausner et al., 

1993). The translation of this mRNA is regulated by the availability of iron. Upon iron 

deprivation, interaction of an iron regulatory factor QRF) with conserved regulatory 

elements calied iron-responsive elements (IRE) in the 5'UTR of ferritin mRNA prevents its 

translation. The inhibitory effect of the IRE is again positiondependent, and an IRF/iRE 

interaction interferes with the association of the 43s cornplex with the mRNA (Gray and 

Henae, 1994). Furthemore, steric hdrance seerns to be the operative mechanisrn of 

inhibition, as other RNA-binding proteins (e.g. UlAsnRNP and the bacteriophage MS2 coat 

protein) c m  exert the sarne effect, provided their binding sites are inserted in the cap 

proximal position (Stripecke and Henae, 1992). Instances where repressors bind to 
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5'UTRs as means of regulating translation also apply to several reponed autoregulatory 

feedback rnechanisms. Thymidylate synthase (Chu et al., 1991), dihydrofolate reductase 

(Chu et al., 1993), and p53 (Mosner et al., 1995) are examples of such cases. 

1.3.2.3 ïBe Intliatw AUG Codon 

Another dominant determinant of vanslational fidelity and effiaency in vertebrate 

m W  is the position of the initiation codon, AUG, and the conaibution of surrounding 

sequences (Kozak, 1986). Greater than 95% of vertebrate mRNAs seem to initiate 

mla t ion  kom the most S'-proximal AUG. Funhermore, the AUG context A/GCCAUGA/G 

is optimal for initiation in mammalian cells, with the strongest contribution being h m  

purines (preferably A) at position -3 and a G in position +4. More ment evidence has also 

implicated positions +5 and +6 in the initiation codon recognition proces (Boeck and 

Kolakofsky, 1994). An optimal AUG context enhances translation by more than ten-fold in 

vivo and in vitro. The importance of this sequence to mslation rates has been 

demonsmted with the rat preproinsulin m u  where single mutations at m a t  positions 

had deleterious effects (Kozak, 1983). Aithough the impomce of the appropriate 

sequence context within which the AUG codon is embedded has been wel established, 

the molecular mechanism which govems the selection of the appropriate AUG codon is 

not well dehed. Recent evidence has implicated uans-acting factors, such as the la 

autoantigen in the selection of the AUG start codon during eukaryotic translation 

initiation. Favourable AUG contexts have also been reported for Dmopbila melanogatser 

and the yeast S. cet.eutst.ue, aithough the requirement for speufic nudeotides flanking the 

AUG codon appear I â s  stringent than in higher eukaryotes (Cigan and Donahue, 1995; 

Cavener and Ray, 1991). 

Departures from the first AUG rule have also been welI documented. If the h t  

AUG is foIiowed by an in-hme termination codon, initiation from downsueam srart sites 

may occur. A prominent example of such a 'mnitiutim' process is that of the yeast 
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Saccharomyces wevisiiae GCN4 mRNA (Humebusch, 1996). Also, when the k t  AUG 

codon is in a suboptimal conta,  the 40s ribosomal subunit may bypass that site in a 'lecky 

scanning' mechanism to initiate at a more favourable second AUG. Su& a mechaniSm is 

operative in the production of the two proteins, LIP and LAP (transcriptional repressor and 

activator, respectively) from the same mRNA (Descombes and Schibler, 1991). 

1.3.3 KEY iNITIATION FACTORS AND THEIR ROLE IN mRNA 
RECRUITMENT TO RIBOSOMES 

1.3.3.1 eLF4E and hoc;iated Proteins 

(a) erPaE 

eIF4E was initiaily identified by Wnie of its ability to spedically interact with the 

mRNA cap structure (Sonenberg et al., 1978). In Heia cells, eIF4E BUsts in two forms: as a 

fiee 24 kDa protein, and as part of a high molecular weight cornplex, eIF4F (Tahm et al., 

1981). However, it is believed that the hnctional form of eIF4E is the complexed fom. 

The observation that eIF4E localizes to the nucleus as well as the cytoplasm has raised the 

possibility that it may be implicated in the nudeocytoplasmic transport of mRNAs 

(Lejbkowia et al., 1992). An additional interesting feature of eIF4E from several species 

indudes its high yptophanyl content. Conveniently, the cap structure exhibits high 

a t y  for uyptophans (Aitmann et al., 1988). 

Of panicular importance is the key role of eIF4E in the regulation of translation 

and ce1 growth. The limiting nature of eIF4E as compared to other initiation factors, and 

the positive corre1atim between its phosphorylation state and enhanced protein synthesis, 

renders eF4E an excellent candidate as a key player in regulation of ce1 growth. The 

major phosphoryiation site of eIF4E has been assigned to Ser-209 Ooshi et al., 1995) 

Aithough there is evidence for and against the involvement of protein kinase C in the 

signahg pathway, it is conceivable that other kinases such as an insulin-stimulated 
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protamine h a s e  mediate the phosphoryhtion of eF4E (Makkinje et al., 1995). Increase 

in eIF4E phosphorylation is observed in response to a wide variety of growth-promoting 

signals such as mitogens, hormones, and cytokines (Rhoads, 1991). eIF4E is 

underphosphorylated during mitosis @onneau and Sonenberg, 1987a), following heat 

shodr (Duncan et al., 1987; Lamphear and Panniers, l99O), or infection with several vimes 

(Huang and Schneider, 1991; Feigenbium and Schneider, l993), concomitent with a 

reduction in cap-dependent translation rates. The biological signilicance of eIF4E is 

underscored by the hding that its overexpression leads to transfomation of rodent cells 

(Laans-Karatzas et al., 1990; De Benedetti and Rhoads, 1990), and to the deregdation of 

HeLa ce11 growth (De Benedetti and Rhoads, 1990). Furthemore, microinjection of eIF4E 

into quiescent NM 3T3 cells activates DNA synthesis (Smith et al., 1990). The effem of 

eIF4E overexpression appears to be exerted via a ras-mediated pathway, as inhibition of 

Ras activity through overexpression of GAP (GTPase-activating factor) reversed the 

vans  formed p henotype (Lazam-Karmas et al., 19%). One mechanism for the uans forming 

activity of eIF4E posits that its increased levels lead to the formation of more active eIF4F, 

and hence increased unwinding activity and mitigation of mslational repression of genes 

with secondary structure containing 5'UTRs (e.g. cyclin Dl and c-myc). 

(b) elP4E Bfnding Proteins 

Recent stuclies have suggested that the availabiiity of eIF4E is regulated by two 

specific binding proteins (BP), termed 4E-BPI and 4E-BP2 (Pause et al., 1994a; Lin et al., 

1994). The characterization of these cwo repressors of elF4E activity bas greatly enhanceci 

our understanding of the mechanism which links growth-promoting signal mduction 

pathways and translation initiation. 4E-BP 1 shares extensive sequence similarity with PHAS- 

I, a protein which is rapidly hyperphosphoryfated in celis folIawing veaunent with insulin 

and growth factors (Hu et a[., 1994; Belsham and Denton, 1980). The major 

phosphoryiation sire of 4E-BPI Following activation is Ser-64, which regulates the 

1 3  



association of 4E-BPI with eIF4E (Lui et al., 1994; Haystead et al., 19%). Indeed, in uitm 

phosphoryiation of 4E-BPI by the mitogen activated protein (MM) kinases ERKl and 

ERK2 renders the protein incapable of interacting with eIF4E. Interaction of 4E-BPI with 

eIF4E inhibits spedicaly translation of capped, and not uncapped, mRNA (Pause et al., 

1994a). The phosphotylation oE4E-BPI is also mediated by the FRAP/ p70s6k pathway (En 

et al., 1995; Beretta et al., 1996). In support of this hypothesis, treatment of celis with the 

immunosuppressmt dnig rapamych specifically inhibits p70s6k and blocks 4E43Pl 

phosphorylation, without inhibi ting the MAP kinase pathway (Von Manteuffel et al., 1996). 

However, since p70s6k does not directly phosphoryhte 4E-BPI and 4E-BP2 in tlitm, the 

kinase that phosphorykttes these proteins h vivo remains to be identified. Additionaily, 

the in vitro phosphorylation of 4E-BPI can be mediated by casein kinase II (CKQ and 

PKC. It has been demonsuated that the interaction of 4E-BPI with eE4E c m  prevent the 

phosphorylation of eIF4E in vitro, suggesting a temporal relationship between eIF4E 

binding to 4BBPs and eIF4E phosphorylation (Whalen et al., 1996). 

1.3.3.2 eIPé4 

A 50 D a  polypeptide, eIF4A exhibits W e p e n d e n t  ATPase and bidirectional 

RNA unwinding activities (Ray et al., 1985; Rozen et al., 1990). It is the most abundant 

initiation Fdctor (3 molecules per ribosome) and appem to hnction both as a singular 

polypeptide and as a subunit of the eIF4F complex (Duncan and Hershey, 1983; Benne and 

Hershey, 1978; Gnfo et al., 1983). However, eIF4A as a subunit of eIF4F is 20-times more 

active as a helicase, than the singular form. Two separate, functionai genes have been 

identified in mammalian cells that encode two proteins, eIF4AI and eIF4AU, which are 

91% identical (Nielsen and Trachsel, 1989). While both forms incorporate into the eIF4F 

cornplex, a functional difference for these two proteins has not been demonstrated. 

Meanwhile, the two f o m  appear to be differentialiy expressed in various tissues. The 

physiological si@cance of th& phenornenon is ill-understood. Disruption of the two 
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genes, l lF I  and TIt2, in yeast causes complete abrogation of protein synthesis and 

lethality, demonstrating that eIF4.A is essentid for translation of all mRNAs (Blum et al., 

1989). Yeast and mouse eIF4A are 65% identical. Despite this high degree of conservation, 

mouse eLF4A fails to substitue for iü yeast homologue. Reconstituted in vitno studies have 

revealed that eIF4A is essential for the reauitment of all rnW to the ribosome. 

eIF4A is the prototype member of the DEAD box M y  that share nine consmeci 

sequence elements (Linder et al., 1989). Mutational analysis of recombinant eF4A lus 

served to assign functions to these conserved motifs (Pause and Sonenberg, 1992; Pause et 

al., 1993). The ATPase A motif, near the amino terminus, is required for ATP binding, and 

the ATPase B motif (DEAD: asp-glu-da-asp) paniapates in several processes such as ATP 

hydrolysis and RNA unwinding activities. It has been proposed that ATP binding results in a 

conformational change in eIF& that aliows it to bind single-smded RNA through a C- 

terminal, arginine-rich motif (HRIGEWR) . Furthermore, mutants of eIF4.A have been 

identified that function as dominant transiational inhibitors of dl mRNAs (Pause et al., 

1994b). The finding that these mutants exerted their inhibitory effect oniy on eIF4F- 

dependent heiicase assays, and not the eIF4Adependent assays, suggesrs that eIF4.A 

functions by cycling through the eIF4F complex. 

1.3.3.3 elP4B 

eIF4B is a phosphoprotein of 80 kDa that facilitates the binding of the mRNA to 

the 43s preinitiation complex (Abramson et al., 1987; Benne and Hershey 1978). In 

addition, eIF4B is an RNA-binding protein that promotes the helicase activity of eIF4A 

(Abmon et al., 1987; Rozen et al., 1990). Consistently, disruption of the yeas t eIF4B, 

TIF3, resulü in poor translation of mRNAs with extensive secondary structures in their 

5'UTR eIF4B contains a canonical RNA recognition motif (RRM) near its Kterminus, and 

an arginine-rich, non-spedc RNA binding region in the C-terminus (Methot et al., 1994; 

Naranda et al., 1994). The non-speaûc RNA binding region mediates synergistic RNA 
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binding with eE4A and RNA helicase activity. It has been suggested that the simultaneous 

association of eIF4B with 18s rRNA and a non-spdc RNA semes as a bridge between the 

mRNA and the ribosome, and promotes unwinding. 

Earlier studies indicated that the active fom of eIF4B appears to be a homodimer 

(Abmon et al., 1987). Recently the self assodation region of eIF4B was mapped to a 

portion of the molecule enriched in aspartic acid, arginine, tyrosine, and glycine (DKYG) 

(Methot et al., 1996). Furchermore, the DRYG region mediates a direct interaction 

between eIF4B and the pl70 subunit of eIF3 (Methot et al., 1996). Despite these insights 

into the process of mRNA binding to ribosomes, an understanding of the mechanism by 

which eIF4B conuibutes to the helicase activity is lacking. 

1.3.3.4 elF4G 

Fomerly known as p220, eIF4G constitues the largest subunit of eIF4F. The 

cDNA of eIF4G encodes a polypeptide of 154 ma; yet the prorein migrates aberrantiy 

when examined on SDS-PAGE as a series of bands in the range of 210-220 kDa. This 

discrepancy P atuibuted ro the aminetenninus of the protein (Ehrenfeld., 1996). Two 

yeast homologues (pl30 and p150) of the rnammalian eIF4G have aho been identified 

which exhibit 53% identity to each other (Goyer et al., 19%). While disnipuon of the 

gene that encodes pl50 (tif4631) results in a slow growth phenotype, double gene 

disruption engenders lethality, demonsuating the importance of these genes for viability 

(Goyer et al., 1993). eIF4G is phosphorylated at multiple sites. However, the specific 

effects of these postuanslational modifications on the activity of eIF4G are unknown. 

eIF4G coordinates the activity of eIF4F by interacting specifically with eIF4E and 

eIF& The interaction sites for eIF4E and eIF4A have been mapped to the N-terminus and 

the cenud two-thirds of the protein, respectively (Mader et al., 1995; h p h e a r  et al., 

1995). As eIF4G ako copudies with eIF3, it has been postulated that eIF4G may serve as a 

scaffold between the ribosome and the mRNA In mm, deavage of eIF4G by picornavirus 
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proteases separates the elF4E and eIF3 binding regions (See section 1.5.1.2). As a result, 

translation of cellular mRNAs is compromiseci. It is also believed that eIF4G accounts for 

the avid interaction of eIF4F with RNA This enhanced RNA binding may stabilize the 

interaction of eIF4A with its substrate RNA, and promote unwinding of secondary 

structures. 

1.4 MECHANISMS OF CAP-DEPENDENT TRANSLATION 

Currently, two working modek outline the series of events that ultimately lead to 

the formation of an 80s complex. The k t  model posits that the f h t  step of the initiation 

pathway involves an interaction between eIF4F and the mRNA cap structure (Sonenberg, 

1988). eIF4F is composeci of three subunirs: eIF4E, eIF4G, and eIF& The spedc  

interaction of eIF4F with the cap is mediated by the eF4E subunit. The cap recognition 

step is one of several that detemines the rate of initiation of mRNA translation, and is 

hindered by simple steric accessibility as governed by the mRNA secondary suucnire (see 

section 1.3.2.2). eIF4F, in combination with eIF4B, subsequently unwinds secondary 

structure in the 5'UTR of the mRNA, presumably creating a single-smded region of RNA 

which serves as a binding site for the 43s pre-initiation complex. The joining of the 43s 

ribosomai subunit is thought to be mediated through an interaction of the eIF4G subunit 

and eIF3, the latter being part of the 43s subunit. It is believed that these components 

couectively scan the mRNA for an AUG codon. 

An alternative model suggests that eIF4E alone binds the cap structure, which is 

then complexed with eIF4G that is already associated with the ribosome (Joshi et al., 

1994). Support for the fint mode1 is based on the observation that the &ty of eIF4F for 

capped mRNA is about lsfold greater than that of eF4E done pwson et al., 1988). 

Furthemore, eIF4E in extracts prepared fiom poliovinis-infected ceh, where the elF4G 

subunit is cleaved (see section 1.5.1.2 below) , cross-links inefficiendy to the cap structure 
17 



(Lee and Sonenberg, 1982). These results suggest that the binding of eIF4F to the mRNA 

is aIso partiy determined by the RNA binding activity of its eIF4G subunit W. Lee and N. 

Sonenberg, unpublished data). Indeed, eIF4F binds much more avidly to RNA than either 

eIF4E or eIF4A (JaramilIo et ai., 1991). 

Regardess of the primary sequence of events depicted above, the models postdate 

that the scanning 40s ribosomal subunit unwinds any higher order structure that it 

encounters in the S'UTR, before arriving at the initiator AUG codon. It is important to 

note, however, that these paradigms represent only rough approximations to reality, and 

more biochemical detail is required to hlly understand the more subtle issues, such as how 

and when the eIF4F complex is assembled. The point in the pathway where ribosome 

binding occurs remains unknown. Furthemore, the models do not address how scanning is 

dnven: if the eIF4F.eIF40 compiex scans the mRNA whiie on the 43s ribosomal subunit, 

or whether they do so alone. Aiso, it is not clear whether the recyciing of eIF4A through 

eIF4F (see section 1.3.3.2) takes place on the mRNA or in solution. 

Exceptions to the general rule of linear scanning have ais0 been documented, 

notably in the case of the 35s caulinower mosaic vinis (Cam RNA (Futterer et al., 1993), 

as well as the late adenovirus mRNAs (Shneider, 1995). In the skipping or "ribosomal 

shunt" process, a portion of the scanning ribosomes bypasses a large segment of the S'UTR, 

to land at the initiator AUG codon. In diis instance, insertion of secondary structures 

upsrream of the AUG codon does not affect the initiation rates. It is emphasized, however, 

that this mechanism d8ers from intemal initiation of translation where ribosomes access 

the mRNA at speufic regions referred to as intemal ribosome e n y  sequences (See section 

1.5.1.1, below). 



1.5 THE INTERPLAY BETWEEN VIRUSES AND THE 

Vies rely on their hosts to supply the energy and the machinery necasary for 

th& replication. The dependence of these obligate inmceilular parasites on their hosts is 

rnost apparent in protein synthesis, as none encode the elements of this inuicate 

apparatus. As such, Wuses have adopted reguiatory medianisms simifar to their hosts, and 

at times even less orthodox suategies. In many instances, viruses dominate the host's 

pro tein synthesis madiinery, imposing cunning and sophis ticated approaches that would 

assure the preferentid translation of their own rnRNAs at the host's expense [For a review 

see (Mathews, 1996)]. The virai interference with the cellular macromolecule synthesis is 

referred to as "hostcell shutoff', a phenomenon which contributes to an accelerated 

monopolisation ofbiosynthetic pathways and, perhaps, an enhanced virus yield. 

Despite the widespread occurrence of shutoff, the mechanisms which govem this 

phenomenon are diverse and at best controveniai. in gened, the Wus tends to impose 

limitations upon the host which itself cm bypass. Arnongst the suategies are the 

destabilizauon of the host mRNq inhibition of cytoplasmic transport of cellular rnRNAs, and 

even the covalent modification of key initiation factors, thereby limiting their function. 

However, mRNA cornpetition seems to be a common theme in many cases. For m p l e ,  

rRNA synthesis is prevented during herpesvirus infection and the host mRNA is 

des tabilized. On the other hand, accumulation of overwhelrning concentrations of virai 

mRNA in the case of vacllnia virus, vesicular stomatmis virus 0, and reovirus infections 

seem to be the major factor in the prevalence of these Wuses w h  and Porter, 1981). 

In the case of adenovims (Ad) infection, translational domhance is e&cted at multiple 

stages, anributed to the exertion of a block in the nudeocytoplasrnic uansport of host 

mRNAs, inhibition of rRNA processing, as weU as the modification of initiation fàctors eIF4E 

and eIF2 (Shneider, 1996). Activation of PKR during Ad infection leads to the 
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phnsphorylation of the a subunit of eIF2, hence lirniting its function in translation 

initiation. De phos phoryhtion of eIF4E correlates with the suppression of hos t protein 

synthesis following infection of cells with a number of vinses, induding Adenovins and 

Innuenza Wus. These v h e s  produce "strong" mRNAs with little secondary structure in 

their S'UTR that become invinsicaily efficient initiators. it transpires therefore that these 

tactics place cellular capdependent mlW& at a disadvantage when competing with 

abundant, strong, and relatively eIF4E-independent viral RNAs. 

A more radical depanure korn the more conventional mechanisms used by viruses 

has introduced the concept of cap-independent initiation of translation. PicomaWuses are 

the pazdigm for this mode of tmnslation which is effected by the direct association of 

ribosomes and a complement of cellular factors to interna1 ribosome en y sites (IRES) 

(formerly recognized as ribosome landing pads, RCP (Pelletier and Sonenberg, 1988)) 

present in their 5'UTR (Belsham and Sonenberg, 1996). Before indulging in the 

description of this unonhodox mechanisrn of translation, however, it would be more 

pertinent to present an ove~ew of this famiiy of vinises. 

1.5.1 THE PICORNAVIRIDAE 

Picomavinises are small animal vinises that contain a single-stranded RNA genome 

of positive polarity, encapsidated in an icosahedrai core. The f d y  PicomvirUiae is 

divided into five genera (Table 1.). Although the physical structure, genome size, and 

replication of ail members are similar, they exhibit differences in host target specifiuty, 

pathogenicity, and various details of gene expression. The unique suucnual properties of 

the picornavins RNA, and the unique translational feaeatures of the various members have 

made them ideal for studying the rnechanisrns of translational conuol in eukaryotes [for a 

review see @ueckert, 1996)l. 



TABLE 1.1: Classikation of Members of the Family ~icornaviridae~ 

Picornaviridae Genus Representative Spedes 

Enteroviruses poüovinis, coxsackietrinis, echovinis 

Rhinovinises human Rhinoviiruses (>IO0 serotypes) 

Aphthowes foot-and-mouth disease virus 

Cardioiruses EMCV, mengo vinis, Theiier's virus 

Hepatohes hepatitis A 

The picomavinis genome extends approximately 7,500 nudeotides in Iength, and 

contains a long 5'UTR in the range of 6 j0 to 1300 nudeotides, and a much shorter 3'UTR 

of approximately 70 nucleotides. They are polyadenylated at their S'ends, but udike mat  

cellular and Wal mRNAs the picomavirus genome RNA is devoid of a S'cap structure. 

Instead, they contain a smail protein termed VPg, covalently attached to their S'ends, 

which, however, is rapidly deaved off following the release of the genome into the hm's 

cytoplasm. The 5'UTRs contain complex secondary structures with a common sequence 

motif which is a single-stranded polypyrimidine tract foilowed by an AUG codon. 

Furthemore, the S'UTR of these Wuses are burdened with mutliple AUG codons which 

are poorly conserved, even among different isolates of a serotype. The RNA genome 

encodes a single large polyprotein of 247 kDa, that undergoes processing by virus-encoded 

proteases to generate functional Wal polypeptides. 

1.5.1.1 IkternalInUiaHon of Tramlafion 

The observation that the picomavirus RNA is naturally uncapped suggested that its 

translation mut  proceed in a cap-independent fàshion. Consistently, earlier fn vitm 



experiments demonsuated that under conditions where the translation of capped mRNAs 

is abrogated (e,g. in poliovirus (W)-infection, or in the presence of cap analogues), the 

translation of picornavirus mRNA proceeds with high effiaency. The possibility was 

therefore entertained that ribosomes bind directly to the 5'UTR of picomavirus mRNAs. 

Direct evidence for 'internai initiation' of uanslation was initially provided by Peletier and 

Sonenberg (Peletier and Sonenberg, 1988), who demonstrated that the insertion of the 

W 5'UTR into the htercisaonic spacer of a dicistronic reporter consuuct promoted 

efficient expression of the downsueam cistron. Similar results were obtained with the 

EMCV S'UTR (Hellen and W w e r ,  1985). Subsequent diaracterization of the 5'UTR of 

picomaWuses has confùmed the requirement for a minimal element within this region 

termed 'intemal ribosome e n y  site' (IRES) for directing translational initiation 

independent of a cap structure. More recently, compehg evidence was ako provided by 

Chen and Sarnow that the EMCV IRES cm efficiently direct ribosomes ont0 a circular RNA, 

confirming that scanning from a fkee 5' teminus is no t required for mlation initiation of 

their RNA (Chen and Samow, 1995). 

A growing number of vertebrate and invenebrate cellular mRNAs initiate 

translation by intemal ribosome binding. These include the 5'UTR of BiP (immunoglobulin 

heavy-chain binding protein) mRNA (Macejak and Samow, Wl), fibroblast growth factor-2 

mRNA (Vagner et al., 1995), and the mRNAs for Drosopbiia rnelanogmter homeotic 

proteins Ante~apedia and Ultrabithorax (Oh et al., 1992). Recentiy, and rather 

intnguingly, a potential IRES has been identified in the 5'UTR of eukaryotic initiation 

factor 4G (Gan and Rhoads, 1996). 

1.5.1.2 Pfcorttctdr~~es and Host Sbutoff 

Infection of cells by picomavinises belonging to several genera is marked by a 

dramatic inhibition of host cellular protein synthesis. As such, translation becomes confîned 

to the exdusive production of virai proteins. The medianisms that govem this precipitous 
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shutoff indude both structural and hinctional modifications of the host's translational 

machinery. The ability of eukaryotic initiation factor 4F (eIF4F) to restore the mlat ion 

of capped mRNAs in extracts prepared fiom poliovims-infectecl cek Uiitialiy implicated 

eIF4F as one target for such modifications (Tahara et al., 1981). Indeed, the Enterovftm, 

Rbimviw, and Aphtovim genera of picornavinises induce cleavage of the eIF4G subunit 

of eIF4F into an N-terminal fragment of about 50 kDa (which migrates as a set of two to 

three polypeptides of 110 to 130 kDa) and a carboxy terminai fragment of about 100 D a .  

No deavage is detected during infection of ceils with members of the Cardiovim and 

Hepatovim genera (See below). As mentioned above, eIF4G serves as a s&old: it 

interacts with both eIF4E and e IFa  and its association with eIF3 is believed to promote 

the binding of the 43s preinitiation cornplex at the S'end of mRNAs. Cleavage of eIF4G 

therefore results in the uncoupling of the cap recognition hnction of eIF4E fiom the 

helicase and ribosome binding activities of eIF4.A and eIF3. Meanwhile, the C-terminus of 

eIF4G, together with eIF4A, c m  efficiently mediate intemal enuy of 43s preinitiation 

cornplaces (Pestova et al., 1996). 

Mer poliovirus infection, the cleavage of eIF4G correlates with the inhibition of 

ce!lular translation (Etduson et al., 1982). However, proteolysis of eIF4G alone cannot 

account for the complete shuto& as this correlation seems to hold oniy und -70% 

inhibition (Bonneau and Sonenberg, 1987b). The supporting data indicate that the 

complete abrogation of cellular protein synthesis requires the contribution of other 

mechanisms. in poliovirus-infected cells eIF2 a is phos phorylated (O'NeaI and Racanielo, 

1989), dthough this ocm as a late event and is moût likely not significant. Another 

mechanism operative in W infection, as well as in infection by cardioviruses (where no 

eIF4G deavage is obsemed), is believed to be a Wus-induced change in the ionic milieu of 

the ceII so as to bias uanslational efficiency towards viral RNAs (Alonso and Carrasco, 1981). 

Recently, shutoff in picomavinis-infected cells has been linked to the 

dephosphoryiation of 4E-BP1 (Gingras et al., 1996). This finding has been observed for 
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both EMCV and poliovinis. However, as dephosphoryiation of 4E-BPI occurs afier the onset 

of inhibition of protein synthesis following poliovirus infection, it is apparent that the 

underlying mechanisms goveming cornpiete bias towards the translation of picornavirus 

RNA is not resolved. 

1.5.1.3 ïBe Qmst for tbe eLP4G Cleavuge A d u # y  

Earlier experiments on poliovirus implicated the virus-encoded protease 2A (2APr9 
as the mediator of eIF4G cleavage. %Pro hnctions primarily to process the Wal prerursor 

polyprotein into functional polypeptides. A mutant virus containing a single-codon 

insertion in the 2.APro gene displayzd a smd plaque phenotype, and was incapable of 

inhibithg host protein synthesis (Bernstein et al., 1985). Most striking was the observation 

that the 2A.Pr0 mutant virus could not effect the cleavage of eIF4G in infected cells. 

eIF4G cleavage was however detected when infection was performed in the presence of 

guanidine, an inhibitor of polovirus replication, mling out the possibility that the la& of 

cleavage activity is atuibuted to reduced levels of viral proteins (Bonneau and Sonenberg, 

1987a). Expression of ZAP~O alone in HeLa celis drarnaticaily inhibited cellular protein 

synthesis, demonsmting that 2.APro is the only viral protein required for eIF4G cleavage. 

Subsequent studies indicated however that the deavage activity was separable kom the 

bulk of poliovinis 2.APro (Lloyd et al., 1986). Funhermore, anti-2~P~O antiserum did not 

inhibit the proteolysis of eIF4G, although it prevented ~AP'O -mediatecl processing of the 

virus polyprocein (Krausslich et al., 1987; Wyckoff et al., 1990). These results suggested an 

indirect mechanism whereby the cleavage of eIF4G is mediated by virus-activated cellular 

proteases. Experiments aimed at characterizing these cellular proteases identified eIF3 as 

an additional factor requisite to the cleavage of eE4G in vitro ('Wyckoff et al., 1990). 

These conclusions farm the premise for the work presented in Chapter 4. 

Recently, the requirement for the rhinovhs 2LLPro, as well as the unrelated FMDV 

leader (L) protease in the deavage of eIF4G has been estabiished (Kirchweger et al., 
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1994; Lamphear et al., 1993). The 2A protease is thought to be related to the class of smd 

serine proteases, whereas the L protease a p p m  to be part of a papain-like class of thiol 

proteases. The eIF4G cleavage site recognized by the L protease [Gly479 and Arg480; 

(Kirchweger et al., 1994)] is seven amino auds upsueam of the bond that is hydrolyzed by 

the ~AP'O [Arg 486 and Gly487; (hphear et al., 1993)]. In conmt to the proteases of 

other M y  members, neither the L protease nor the 2A protein of cardiovimes contain 

any protease consensus motifs, or any dernonsuatable eIF4G cleavage activity. The 

mechanism of shutoff adopted by these vimes was discussed in section 1.5.1.2. 



CHAPTER II 

Repression of Cap Dependent 
Translation by 4EBP1: 

Cornpetition with pz20 for Binding to eIF4E. 



An important aspect of regulation of gene expression is the modulation of 

translation rates in response to growth factors, hormones and mitogens. Most of this 

control is at the level of translation initiation. Recent studies implicated the MAP kinase 

pathway in the regulation of translation by insulin and growth factors. MAP kinase 

phosphorylates a repressor of translation initiation (4E-BPI) that binds to the mRNA 5' cap 

binding protein eIF4E, and inhibits capde pendent uansla tion. Phosphorylation of the 

repressor deueases its &ty for eIFœ4E, and thus relieves uanslational inhibition. eIF4E 

f o m  a complex with two other polypeptides, eIF-4A and p220, that promote 40s 

ribosome binding to mRNk Here, we have studied the mechanism by which 4E-BPI 

inhibits translation. We show that 4E-BPI inhibits 48s initiation complex formation. 

Furthemore, we demonsrne that 4E-BPI cornpetes with p220 for binding to eIF-4E. 

Mutants of 4E-BPI that are deficient in their binding to eWE do not compete with p220, 

and do not inhibit translation. Thus, translationai conuol by growth factors, insulin and 

mitogens is affected by changes in the relative affimities of 4E-BPI and p220 for a - 4 E .  



2.2 INTRODUCTION 

The expression of many eukaryotic genes is regulated at the 

initiation. This multistep event hctions to position the ribosome at 

level of translation 

the AUG initiation 

codon. AU eukaryotic cellular mRNAs (except organellar) contain a cap structure 

[ 1 n ~ ~ ( 5 ' ) ~ ~ ~ ( 5 ' ) ~ ;  where N is any nucleotide] at their 5' terminus (Shatkin, 1976). The 

cap structure is an important regulatory determinant of translational efficiency and 

functions to facilitate the attachment of the 40s ribosomal subunit to mRNk Ribosome 

binding is a rate-hiting step in translation initiation and a fiequent target for regulation. 

Ribosome binding to mRNA requires the participation of three initiation factors: eiF-4A, 

eIF-4B, e F 4 F  and ATP hydrolysis (Sonenberg, 1988). eIF-4F which mediates cap function 

(Edery et ai., 1983; Grifo et al., 1983; Tahara et al., 1981) is composeci of three subunits: 

(i) a 24 kDa capbinding polypeptide, eIF-4E (Sonenberg et al., 1978); 'i) a 50 kDa 

polypeptide, eIF-4A, which exhibits RNA-dependent ATPase and bi-directional RNA 

unwinding activities (Ray et al., 1985; Rozen et al., 1990) and (iii) a 220 kDa polypeptide, 

p220, whose integrity is required for eIF4F activity in capdependent translation, as its 

cleamge following poliovirus infection results in the shut-off of host protein synthesis 

(Sonenberg, 1987). 

eIF-4E plays a key role in the regulation of translation (Hershey, 1991). It is 

present in Iimiting amounts in the ceIl (Duncan et al., 1987; Hirernath et al., 1985), 

consistent with a regulatory role in uanslation. There also a strong correlation 

between the phosphoryiation state of eIF4E and the rate of protein synthesis and ce11 

growth. Increased eIF4E phosphorylation occurs in response to growth factors, mitogens, 

hormones and cytokines @ederickson et al., 1991; Morley and Traugh, 1989). eIF-4E is 

hypophosphorylated during mitosis (Bonneau and Sonenberg, 1987a), following heat- 

shock (Duncan et al., l987), or 

1993; Huang and Schneider, 

infection with several viwes (Feigenblum 

1991), concomitant with a reduction in 

and Schneider, 

capdependent 



a translation rates. The medianism by which phosphoqlation enhances translation is not 

well understood, but eIF4E phosphoryiation enhances its binding to the cap structure 

(Minich et al., 1994). 

The biological significance of the regulation of eIME levels is highlighted by its 

ability, when overexpressed, to transform rodent cells (Iazans-Karatzas et al., 1990; Lazans- 

Karatzas and Sonenberg, 1992), and to deregulate Heh ceil growth (De Benedetti and 

Rhoads, 1990). Consistent with its mforming activity, eIF-4E is mitogenic, as its 

microinjection into quiescent NIH3T3 cells zctivates DNA synthesis (Smith et al., 1990). 

Microinjection of eIF-4E mRNA into early embryos of Xmopus bis also lads to 

maoderm induction (Klein and Melton, 1994). One plausible explmation for the 

transfoming activity of eIF-4E is that irs overexpression results in a more active eIF-4F 

cornplex, and hence increased unwinding activity and mitigation of translational repression 

of gr& promoting genes that are important for the conuol of ce1 growth. Indeed, 

0 increased expression of cydin D 1 (Rosenwald et al., l993), ornithine decarboxylase (ODC; 

(Shana and Pegg, 1994)), and c-myc (De Benedetti et al., 1994) has been dernonsmted 

in eIF-4E overexpressing cells. 

The activity of eIF-4E is modulated by cwo specifk binding proteins termed 4E-BPI 

and 4E-BP2 (4E-BPs for eIF-4E binding proteinsi (Pause et al., 1994a)). These proteins 

exhibit high sequence hornology (93% identity) to PHAS-I (Hu et al., 1994). 4E-BPI 

(PHAS-1) is a h m -  and aud-stable protein which is phosphorylated by MAP kinase on serine 

64 in response to growth factors and insuiin that signal through the MAP kinase pathway 

(Iin et al., 1994). The association of 4EBP1 with eIF4E decreases exdusively the 

translation of capped, but not uncapped, mRNAs both in Mtro and in cultured ceUs (Pause 

et al., l994a). This interaction is drama tically diminished, however, upon phosphoryiation 

of4E-BPI in response to insulin, concomitant with the relief of translational repression of 

capped mRNAs. These results explain previous reports on the enhancement of eIF-4F 

activity and spedfic stimulation of capdependent translation foliowing insulin treatment 



(Gallie and Traugh, 1994; Manzela et al., 1991). Taken together, these hdings indicate a 

key role for 4E-BPs in the regdation of protein synthesis and cellular growth and 

differentiation. 

It has been suggested that the stimulatory action of insuiin on translation results 

fiom the relief of 4E-BPI inhibition of the interaction between eIF-4E and p220, hence 

leading to the formation of an active cap-binding protein complex, eMF,  and subsequent 

ribosome binding (Pause et al., 1994a). Here, we demonstrate that indeed 4E-BPI bl& 

the interaction between eIF-4E and p220 in vitro using recombinant p220 h m  

baculovinis. This inhibition is explained by the competition between p220 and 4E-BPI for 

binding to eIF-4E through a similar binding site. In cultured celis the eIF-4F complex 

precludes the association of 4E-BPI. Consistent with these results, 4E-BPI inhibits 

translation initiation of capped mRNAs by preventing the interaction between the 43s pre- 

initiation complex and the mRNk 



To determine the step of translation that is inhibited by 4E-BPI, ribosome binding 

mperiments were performed. BOS initiation complexes were h e d  with 32~-cap-labeled 

diloramphenicol acetyltransferase (CAT) RNA in a reticulocyte lysate in the presence of 

anisomych, a peptide chah elongation inhibi tor. The resulting complexes were resolved 

by cenuifugation through iinear 10-50% sucrose gradients. A large fraction (45%) of mRNA 

input was bound to BOS ribosomes and disomes (Figure 2.M). Disome formation occuxed 

because the 5'UTR could accommodate the binding of two ribosomes (PelIetier and 

Sonenberg, 1985a). Addition of glutathione-b transferase (GST)-4E-BPI inhibited mRNA 

binding to ribosomes (16% of rnRNA bound, -2.9- fold inhibition), causing the 

displacement of the mRNA to the top of the gradient. To assess the cap specificicy of the 

inhibition, we examined the effect oE4E-BPI on ribosome binding to mRNAs which initiate 

translation via a capindependent interna1 ribosome binding mechanism. A 32~-labeled 

CAT mRNA containing the encephalomyocarditis virus (EMCV) intemal ribosome en try site 

(IRES) in its 5'UTR was used. The IRES element serves as a direct ribosome landing pad, 

and hence mslation of this RNA is mediated via a cap-independent pathway. In this 

aperirnent -30% of the mRNA input was bound to 80s and disomes (Figure 2.1B; we 

suspect disome formation, but we have no t characterized the disome hctions) . S tri kingiy, 

in conuast to the effect on CAT mRNq GSTAE-BPI had no significant effect on ribosome 

binding (Figure 2.18, - 1.2-fold inhibition) . 
To examine the association of mRNA with 43s pre-initiation complexes, ribosome 

binding experiments were performed with capped CAT mRNA in the presence d guanyiyl- 

imidodiphosphate (GMP-PNP) . This non-hydrolysable GTP analogue causes the 

accumulation of48S pre-initiation complexes, as GTP hydrolysis is required prior to the 



Figure 2.1. 4E-BPI inhibits mRNA-ribosome bindinn. 

4 Assays were performed in reticulocyte lysates with -8 x 10 cpm of 32~-labeled 

CAT mRNA (A and C) or uncapped 32~-labeled EMC-CAT rnRNA (B). (A) Lysate (35 

pre-incubated with buffer A (see Materials and methads) or 5 pg GST4E-BPI for 20 min 

at 30°c. Next, anisomydn and the other components were added and the reaction 

mixture was incubated for a Further 20 min at 30°c. (B) As in (A), but 32~-labe1ed EMC- 

CAT mRNA was used. (C) Lysate (35 pl) was pre-incubated with GST-IIE-BPI for 20 min 

at 30°c. Next, 32~-cap-labeled rnRNA and the other cornponents were added and the 

reaction mixture incubated for a further 20 min at 30% in the presence of 10 mM GMP- 

PNP (Caibiochem) . Initiation complexes were resolved on sucrose gradients as described 

in Materiais and methods. Sedimentation was kom left to right. 
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joinllig of the 60s ribosomal subunit (Anthony and Memck, 1991). The sucrase 

concentration of the gradients was adjusted to 10-40% to improve the resolution between 

the 48s ribosome complex and unbound mRNk In this experirnent, 42% of the mRNA 

input was assoaated with the 48s pre-initiation complex (Figure 2.1C). Pre-incubation of 

the reticulocyte Iysate with GST-4E-BPI resulted in displacement of most of the mRNA to 

the top of the gradient, with -17% of the mRNA input bound to the 48s complex (-2.5- 

fold inhibition). We conclude that 4E-BPI inhibits translation initiation by preventing 40s 

ribosome attachent to the mRNA. 

We have hypothâized previously that 4BBP1 cornpetes with p220 for binding to 

eIF-4E, and thus inhibits eIF-4F corn plex formation and subsequent ribosome binding. To 

test this hypothesis, we expresseci p220 as a fusion protein with the infiuenza 

haemagglutinin (HA) epitope tag in insecr cells using a baculovinis expression system. 

Recombinant virus was purified using a series of screening techniques. Dot blot analysis 

revealed that rnost of the plaques contained the foreign gene (data not shown). High titer 

recombinant virus free from occlusion bodies was prepared and used to infect SB insect 

cels. The expression of p220 protein was examined by immunoblotting using an mi-HA 

monocional antibody (12CA5; Figure 2.2). p220 was first detected 24 h post-infection, and 

continued to accumulate up to 72 h. Uninfected cells (ianes 1) and cells infected with wild 

type Wus (lane 7) showed no immunoreactivity. Lysates were prepared at -72 h p t -  

section br al the experiments described below. 

The major speues of the p220 protein migrated as an -190 kDa polypeptide. The 

fainter series of bands which migrated hter are mos t likely degradation produas of p220. 

The cDNA of p220 encodes a 150 kDa polypeptide but the protein migrates anomalously 



Figure 2.2. Immunoblot analvis of 0220 produced in Sf9 ce&. 

Sf9 insect ceiis were inf'ected with wild-type baculovirus or recombinant virus containhg 

human p220 cDNA. Total protein was solubilized by cell lysis in buffer conminhg 50 mM 
Tris-HCl, pH 7.5, 100 mM KCl, 2 mM DTT, 1 mM EDT& 1% Triton X-100, 1 mM MgCl*, 

10% giycerol, 1 mM PMSF, 20 Mm1 leupeptin, 50 CLg/ml aprotinin, 1 mM benzamidine. 

Protein was resolved by SDS-8% PAGE and detected by Western blotting using an antii-HA 

monodonal antibdy (12CA5). h e  1, uninfected Sf9 ceiis; lanes 2-6, SB cels infected 

with recombinant p220 Wus; lane 7, Sf9 cells infected with wild type Wus. Molecular 

masses for protein standards (BieRad) are indicated to the nght of the panel 





with an M, of 220 kDa (Edery et al., 1983; Tahara et al., 1981; Yan et al., 1992). The 

disaepancy in the migration of p220 expressed in S f ?  insect cells with the authentic 

protein may be attributed to the extent to which this protein is processed in hsect cek. 

An analysis of the amino aud sequence of pz20 reveals potential sites for glycosylation, as 

wd as phosphorylation by protein kinase C and protein tyrosine kinases (Yan et al., 1992). 

p220 is highly phosphorylated in uivo (Morley and Traugh, 1989) and &O in Sf9 cells (data 

not shown). However, insect cells are known to be defiüent in the terminal glycosylases 

(Jarvis and Summers, 1989; Johnson et ai., 1989; Possee, 1986) which may explain the 

observed fister migration. 

Ana&& of tbe hiteractîôn lretzueen eLF-4E; p220, a d  éE-BPI 

Unlike the other subunits of elF-4F (elF-4E and eIF4), no s p e d c  biochemical 

activity has been documented for p220. p220 has been isolated kom marnmalian cels 

invariably as pan of a complex with eIF-4E (Tahara et al., 1981). Therefore, a hnctional 

p220 should form a complex with eIF-4E. To investigate this association, we studied the 

interaction of p220 with eIF4E on an r n 7 ~ ~ ~ - c o u p l e d  agarose m i n  to which eIF-4E binds 

specitically. Lysates of insect cells expressing HA-p220 were incubated with an ~ 'GDP- 

coupled agarose min. HA-p220 alone did not bind to the resin, as detennined by Western 

blotting (Figure 2.34 lane 1). However, Wp220 was retained by the resin in the 

presence of recombinant murine eIF-4E (lane 3). To test the hypothesis that 4E-BPI and 

p220 compete for binding to eME, GST-4E.BPl was pre-incubated with the ~ 'GDP-  

coupled resin containing bound eiF-4E. After extensive washing of the resin, the mp220- 

containing lysate of insect cells was added. As expected, GST-4E-BPI bound to the resin 

only in the presence of eME (Figure 2.34 compare lane 2 with lane 4). KA-p220 was no 

longer retained by the resin when the 0-4E was complexed with GST4E-BPI prior to 



Figure 2.3. 4E-BPI and ~ 2 2 0  comoete for binding to eIF-4E. 

(A) m7~~~-coup1ed agarose resin was incubated with buffer A @ines 1 and 2) or 0.5 pg 

recombinant murine eIME in buffer A, The resin was washed in buffer A (3 x 1 ml) and 

then incubated with either buffer A or 3 pg GST-IE-BPI for 60 min at   OC. The resin was 

washed in buffer A (3 x 1 ml) and incubated further with buffer A or with 50 pl (-5 x 105 

celis) of an Hkp220-expressing SB cell lysate for 60 min at 4'~. The rein was rinsed and 

bound proteins were eluted in SDS-sample buffer. Proteins were resolved on SDS- 

polyacrylarnide gels and immunoblotting was perfonned as described in Materials and 

methods. (B) As in panel (A), but r n 7 ~ ~ ~ - b o u n d  eF4E was pre-incubated with 100 p1 HA- 

p220-expressing SB ce11 lysate or 100 pl (-1 x 106 cells) of uninfected SB c d  lysate 

before Eurther incubation with 1 pg GST-4E-BPI. Incubation periods were as in (A). 

Minus signs indicate incubation with buffer k 





the addition of the p220-containing insect cell lysate (lane 4). These raults suongiy 

suggest that p220 and 4E-BPI compete for binding to eIF4E. 

To substantiate this conclusion hirther, the reciprocal experiment was perfonned. 

An HA-p2 ZOacpressing Sf9 ce11 lysate was pre-incubated with m7~~p-bound  eIF-4E prior 

to the addition of GST4E-BPI. GST4E-BPI was retained by the resin only in the 

presence of elF-4E (Figure 2.3B, compare lane 2 with lane 6). Similarly, HA-p220 bound to 

the min only in the presence of eIF-4E (Figure 38, compare lane 4 with lane 7). Pre- 

incubation of m ' ~ ~ ~ - b o u n d  eIF4E with HA-p22O-expressing Sf9 lysates cornpletely 

prevented the binding of GST4E-BP1 to the cap column (lane 3). As a conuol, an 

uninfected Sf9 ce1 lysate did not prevent the interaction between G S T 4 B B P l  and eIF- 

4E (lane 5). Therefore, eIF-4E pre-bound to HA-p220 c m  no longer interact with GST4E- 

BPI. Taken together, these findings demonstrate that the binding of p220 and 4E-BPI to 

eIF-4E is mu tually exdusive. 

Since the interaction of p220 and 4E-BPI with eIF-4E was measured on a cap 

column, it is possible that the interaction of eIF-4E with the cap affected the outcome of 

the results. To circumvent this problem we also used a glutathione column to bind GST- 

4E-BPI. This expenment was also designed to exclude the possibility that 4E-BPI and 

p220 interact directiy. GST4E-BPI bound to the glutathione sepharose column, as 

determined by Western blotting (Fig. 2.4, lane 1). No signal was detected when a lysate of 

uninfected SB cek was incubated with either the m i n  alone (lane 2), or rein with bound 

GST-4E-BPI cane 3). Similarly, when an HA-p22O-expressing SB ceN lysate was incubated 

with either the m i n  alone (lane 4) or m i n  containing GST4E-BPI (lane 5 ) ,  no HA-p220 

was retained. This result demonsuates that p220 has no &ity for GST4E-BPI. Ps 

anticipated, eIF-4E did not bind by itself to the glutathione column (lane 6), but it 

interacted with GSTGBPl  (lane 7). A combination of the Hkp220-containing extract and 

eIF-4E also Ediled to bind the resin in the absence of GST-4E-BPI (lane 8). Most 



importantly, when HA-p220 was preincubated with the min containhg eIF-4E already 

bound to GST-4E-BPI, no HAtp220 was retained on the resin (lane 9; This experiment was 

conducted with that shown in Fig.2.3 which contains a positive control for IiLbp220). 

Taken together, these results and those of Figs. 2 and 3 demonstrate that eF4E exists as 

a complex with 4E-%Pl or p220, but not with both. 

Notwithstanding the above results, it is possible that 4E-BPI associates with eIF-4F 

in ceils. In HeLa ceus, eIF-4E exists in two b m :  as a slowly sedimenthg ( ~ 6 s )  fom 

comprising only the 24 kDa CAP binding protein (CBP), and as part of a more rapidly 

sedimenting (-810s) complex, eIF-4F (Tahara et al., 1981). In the light of the results 

described above it is predicted that 4E-BPI should not associate with the eIF-4F complex. 

To examine t b ,  HeLa cells were lysed in high salt lysis buffer and subjected to velocity 

sedimentation on a 1040% suaose gradient. Catalase (Ils), run in parailel on a separate 

gradient, sedimented at fiactions 10 and 11 (Figure 2.5). eIF-2, which has a sedimentation 

coefficient of -6s (Konieany and Sder, 1983), was detected mainly in fractions 5 and 6, 

and serves as another sedimentation marker in this experiment. The immunoblot andysis 

of the hctions sedimenting slower than 11s revealed the two forms of eIFJfE @han et 

al., 1981); one centered in fraction 3, and the other at hctions 5-7. The higher molecular 

weight polypeptides p220 and eIF-4A CO-sedimented with eIF-4E, as expected if they were 

to be assoaated with elF4E to form the eIF-4F complex. eIF-4A sediments as a singular 

protein and as part of the eIF-4F complex (Nielsen and Trachsel, 1988). The uailing of this 

protein into lighter fiactions represents the free form. in sharp contrast to the 

sedimentation of the different initiation factors, a Western blot analysis of 4E-BPI revealed 

that the protein sedimented at the top of the gradient. No 4E-BPI CO-sedimented with 

e I F 4  in fractions 5-7, indicating thac 4E-BPI is preciuded from the eIF4 complex. It is 



Figure 2.4. Affmity purification of corn~lexes of GST-&E=Bpl. 

Glutothione-coupled Sepharose beads were incubated with either buffer A or with - 0.4 

pg GST4E-BPI for 30 min at 4'~. The resin was washed in buffer A before the addition 

of the following components: 0.5 pg recombinant murine eIF-4E and 50 p1 of an 

uninfected or HA-p22O-expressing SB ceU lysate. Incubations were as in Figure 2.3. Minus 

s i p  indicate incubation with buffer k Bound protein was eluted and andysed as 

described in the legend to Figure 2.3. 





woah noting that some 4E-BPI cosedimented with eIF-4E close to the top of the gradient 

(fiactions 2 and 3)) presumably in a complex form. These results funher conhm the 

condusion that e I F 4  in a complex with p220 c m o  t interact with 4E-BPI in the c d .  

pz20 and &-BPI compete fo* eE& tbrougb bhzrlhg domcfh tbat sbare 

common sequence moti@ 

p220 shares a region of homology with 4E-BPI which is required for binding either 

protein to eIF-4E, as deletions or conserved point mutations in this region abrogate the 

interaction. The respective amino acid sequences of the comrnon motifs in p220 and 4E- 

BPI are EKKRYDREFLLGF and TRIMIRKFLMEC (identical amino acids are in Md), 

representuig amino acids 412-424 and 50-62, respectively (Mader et al., 1995). To 

examine the possibility that 4E-BPI and p220 compete for eIF-4E through this binding 

0 domain, a GSTAE-BPI mutant containing a deletion of amino aQds 54-62 was used. This 

sequence bears a high homology to the eIF-4E binding site in hurnan p220 (Mader et al., 

1995). GST hision proteins of hem musde kinase (HMK)4E-BPI, HMK4E-BPlA 

(deletion mutant), and HMK were prepared in Eschen'chta coli. incubation of an eiF4E- 

bound rn7~~~-coupled agarose resin with Hkp220-expressing S@ exuact resulted in the 

interaction between the two polypeptides (Figure 2.6) lane 2). This interaction was 

abrogated by pre-incubation with HMX(4E-BPI, as expected (lane 3). However, neither 

the deletion mutant, HMK-4E-BPIA, nor HMK were retained on the resin in the presence 

of eIF-4E (Figure 2.6, lanes 4 and 5, respectively), but instead were present in the 

flowthrough fiactions (Figure 2.6, lanes 6 and 7, respectively). Therefore, failure of the 

mutant 4E-BPI to interact with eIF-4E allowed for the association and retention oEp220 by 

eIF-4E. These results confirm that 4E-BPI and p220 compete for binding to e M E  

through a common sequence motif. 



Figure 2.5. Density grac lient sedimentation of 4EBP1 in HeLa c d  

HeLa ceii extract was subjected to a density gradient sedimentation andysis on a 1040% 

sucrose gradient (see Materials 

sedimenting slower than 11s 

immunoblotting, as described in 

right. 

and methods). Equivalent samples of each h a i o n  

were subjected to 

Materiais and methods. 

SDS-PAGE and analyzed 

Sedimentation is fiom left 
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To show that the interaction of 4E-BPI with eIF-4E is responsible for the inhibitory 

effect 4E-BPI on translation, the effect of the 4E-BPI deletion mutant was studied in an in 

vit70 translation assay. A bicistronic mRNA containing the IRES bom foot-and-mouth àisease 

Wus (FMDV) was used to assess the cap-spe&city of the inhibition (Figure 2.7). The 

translation of CAT is capdependent, whereas the translation of luderase (LUC) directed 

by the FMDV IRES proceeds by a cap-independent mechanism. The translation of this RNA 

in a Krebs-;! ascites cell emact produced both CAT and LUC, although the expression of 

LUC was !as efficient than that of CAT (Figure 2.7, lane 1). Pre-incubation of the lysate for 

10 min with the G S T - W 4 E - B P I  prior to the addition of RNA resulted in a spedc 

inhibition (-Ifold; at the maximum amount of GST-4E-BPI) of the capdependent 

translation of CAT, with no significant effect (-1.1-fold) on the IRES-directed uanslation of 

luderase (Figure 2.7, lanes 2-4). Pre-incubation of the lysate with the deletion mutant 

GST-HMK-IE-BPlA exhibited no signifiant effect on the translation of either cisaon 

(Figure 2.7, lanes 5-7'). Likewise, GST-HMK had no effect on translation (Figure 2.7, lane 

8). The interaction of 4E-BPI with eIF-4E is therefore a requisite for the 4E-BPI inhibitory 

effect on capdependen t uansla tion. 



Figure 2.6. A 4E-BPI deletion mutant does not block the interaction 
between eIF4E and ~ 2 2 0 .  

~ ' G D P  affinity purification of complexes was perfomed as described in the legend to 

Figure 3. eIF-4E (0.5 &bound ~ ' G D P  agarose resin was pre-incubated with GST h ion  

proteins of HMK4E-BPI (3 pg) , HMKAE-BPlA (3 pg) or HMK (3 pg) . The min was 

then washed (3 x 1 ml) in buffer A before the addition of 50 ç ~ 1  of an HA-p22O-expressing 

Sf9 ce11 lysate. bund  proteins were analysed as desaibed in the legend to Figure 2.3. 

Lanes 6 and 7, flowthrough fiom pre-incubations indicated in lanes 4 and 5, respectively. 

GST fusion proteins were detected with a rabbit anti-GST polydonal antibody (1:1000). 



GSTHMK-4E-BP 1 =r GSTHMK-4E-BP 1 A 
GSTHMK 

0 - 
- ml 0 



Figure 2.7. Effect of a 4EmBPl deletion mutant protein on translation 
in Rrebs-2 ascites c d  extracts. 

Extracts were pre-incubated with buffer A (see Materials and methods; control lane) or 

inaeasing arnounts of the GST h i o n  protein W 4 E - B P I  (0.1, 0.3, 0.8 pg), HMKAE- 

BPlA (0.1, 0.3, 0.8 pg), or HMK (0.9 pg) as indicated. Translation was performed as 

described in Materials and methods. The bicistronic construct is shown at the top of the 

figure. The IRES element is derived fiom the 5' UTR of FMDV. Indicated restriction 

enzyme sites are as foliows: H, HindIII; X, XhoI; S, Sd. Translation of CAT and LUC was 

quantified using a phosphorhager. The ratio of CAT to LUC is indicated in the bottom of 

the figure. 
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2.6 DISCUSSION 

Here we have characterized the interaction of eIF4E with p220 and 4.E-BPI. We 

provide evidence that the competition between &-BPI and p220 for binding to eIF4E is 

mutally exclusive. Furthemore, we show that this competition is mediated via a cornmon 

sequence motil. In addition, the eIF4F complex in ceiis predudes the assoaation of 4E- 

BPI, hence ruling out the possibility of a medianism whereby the interaction of an eïF- 

4 F 4 E - B P I  complex with other initiation factors is abrogated, leading to an inhibition of 

capdependent translation initiation. 

There are currently two models for the pathway of eIF-4F assembly (Figure 2.8). 

One model (model A) suggests that the eIF4F complex is pre-assembled prior to binding 

to the 5' cap suucmre and subsequent association with ribosomes. According to this 

model, 4E-BPI prevents the assembly of eIF-4F and consequently binding to the cap 

structure. Although eIF-4E alone binds efficiently to a cap affinity column ( B O M ~ U  and 

Sonenberg, 1987a), iü binding to the mRNA cap structure is much more efficient as a 

subunit of the eIF-4F complex, as deterrnined by cross-linking experiments (Lee et al., 

1985). Furthmore, folowing poliovirus infection, which leads to the deavage of p220, 

cross-ünking of eE4E to the mRNA cap structure is reduced drarnatidy ( k e  and 

Sonenberg, 1982; Pelletier and Sonenberg, 1985b; Rozen and Sonenberg, 1987). An eIF- 

4E complexed to one of the deavage products of p220 c m  be isolated by the cap a f h t y  

column (Lee et al., 198 5). It is likely that eIF-4F, due to its strong RNA binding activity 

( J W o  et al., 1991), interacts efficiently with the RNA in the vicinity of the cap 

structure to stabilite the interaction of eIF-4E with the cap, and that the RNA binding 

moiety of p220 is separated kom the eIF-4E binding domain following deavage of p220. 

An alternative model (Figure 2.8, rnodel B) for eIF-4F complex formation suggests 

that the complex assembles on the mRNA aoshi et al., 1994). According to this model, eIF- 



4E binds alone to the mRNA cap structure, whereas p220 binds separately to the 40s 

ribusomal subunit, presumably through ia interaction with another initiation factor, eIF-3. 

mRNA is thus bound to ribosomes following an interaction between eIF-4E and p220. 

nierefore @-BPI would inhibit 40s-mRNA association, but not eE4E binding to the cap 

structure. We favour the k t  mode1 based on the results of the experiments perfomed 

previously and cited above (Lee and Sonenberg, 1982; Pelletier and Sonenberg, 1985b; 

Rozen and Sonenberg, 1987). Regardlas of the medianism of eIF-4F assembly, 4E-BPI is 

expected to inhibit 405 association with the mRNA, and this was observed here using 

ribosome binding assays. 

It is dear from this and earlier studies (Pause et al., 1994a) that 4E-BPs do not 

affect intemal initiation of translation which is cap-independent. Some picomavirus 

infections result in the cleavage of the p220 subunit of eIF-4F and the subsequent shut-off 

of host protein synthesis (Sonenberg, 1987). Translation of viral RNA requires eIF-4F 

hnction (Pause et al., 1994b). One c m  envisage that the deavage of p220 might result in 

the lm of the eIF-4E subunit, where the rnodified eIF-4F remains hnctional for intemal 

initiation, but cap-dependent translation is blocked. However, deavage of p220 alone is 

not sufficient for complete inhibition of host protein synthesis after poliovirus infection 

(Bonneau and Sonenberg, 1987b). Thus, it is possible that dephosphoryiation of 4E-BPs, 

and subsequent uiueased affinity for elF.IE, also contribute to the shut-off of host protein 

synthesis. Such a medianism could even play a more substantial role in the abrogation of 

host protein synthesis following EMC virus infection inasmuch as no p220 deavage occurs 

in this case. 

Another important issue is the relative contribution of the two identified and 

studied reprgsors of eIF4E hnction, 4E-BP1 and 4E-BP2, to the regulation of eIF-4E 

activity. Both proteins appear to bind with similar afEnities to eIF-4E, and inhibit 

translation both in uiuo and in Mfro  (Pause et al., 1994a). They both contain the motif 

that is hornologous to the eIF-4E binding site on p220 (Mader et al., 1995). However, the 



two proteins &bit a differential tissue distribution, and it 

the translation of s p e d c  mRNAs in a tissue-dependent 

is possible that they modulate 

marner (AC. Gingras and N. 

Sonenberg, unpublished results). It is also worth noting that 4E-BP2 contains a potentid 

phosphoryiation site for protein kinase A whkh is absent in 4E-BPI, suggesting an 

additional level of regdation of translation by diverse emceiIular signals Gingras 

and N. Sonenberg, unpubhhed resulü). 

Further studies should address the cellular parameters that affect the competition 

between p220 and 4E-BPs for binding to eIF-4E. For example, the phosphofylation of eIF- 

4E and p220 is enhancecl following stimulation of cells with growth factors and insulin 

(Morley and Traugh, 1990). in addition, phasphoryiated eIF-4E f o m  a more stable 

cornplex with p220 (Bu et al., 1993). Likewise, phosphorylated p220 could have an higher 

affinity for eIF-4E. As a result, under conditions of optimal celi growth, where 4E-BPs are 

phosphorylated and incapable of binding to eIF-4E1 the affinities of eIF-4E and p220 for 

each other increase. Thus, the integration of several phosphorylation pathways might be 

required for efficient cap recognition and translation initiation. 
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Pigure.2.8. Models for the inhibition of cadependent translation bv 
4EBP1( kaextfwdetaiî~). 



2.5 MATERIALS AND METHODS 

Spodoptm fnrgtperda (Sf9) insect cells were obtained tom Rosanne Tom, 

Biotechnology Research Institue, Montreal, Canada. Ceils were cultured in Grace medium 

(GibmBRL) supplemented with 10% fetal caif s e m  (FCS), TC Yeastolate, lactalbumin 

hydrolysate, 50 pg/d gentamicin sulfate and 2.5 pg/ml amphotericin B (Fungizone) in 

either T fîasks or spinner Hasks at 27O~, as described previously (Summers and Smith, 

1987). HeIa RI9 ceils were cultured in Dulbecco's modified Eagle's medium (GibceBRL) 

supplemented with 10% FCS. GST h i o n  proteins of4E-BPI, HMK4E-BPl and f i M K 4 E -  

BPlA were expressed in Ecoli B U 1  and purified as described previously (Pause et al., 

1994a). Murine eIF-4E protein was expressed in E.coli K38 and p d e d  as desuibed 

previously (Edery et al., 1988). 

Recombinant baculovims was generated by cationic liposome cotransfection of the 

plOHAp220 consuuct with Invitrogen linearized genomic AcMNW DNA according to the 

manufacturer's instructions (Inviuogen). Recombinant virus containing the HAp220 6)NA 

was isolated by plaque assays and amplified as described previously (Summers and Smith, 

1987). Inf'ected celis were overlain with 1% Seaplaque agarose diluted wi th Grace medium 

(10 ml per 100 mm culture plate). At three days postinfection, culture plates were overlain 

with 1% agarose in Grace medium containing 150 pghl X-Ga1 (3 ml per plate; Biosynth 

AG). Blue plaques were picked with a sterile Pasteur pipette and the v i .  was eluted in 

Grace medium overnight at room temperature before being subjected to another round of 



plaque assay. Usually, five to six rounds of plaque assays were necessary to generate pure 

recombinant virus. 

Plasmids pSP64CAT, pEMC-CAT (containing the EMC virus 5'UTR hsed to the CAT 

sequence) were consuucted as desaibed previously gang et al,, 1988; Pelletier and 

Sonenberg, 1988). pGEMCAT/FMDV/LUC (G. Belsham, unpublished data) contains the 

FMDV S'UTR between the CAT and the LUC coding regions. For the construction of a 

baculovkus trader vector, the hurnan p220 cDNA was excised fiom the plasmid pSKC 

)HFC1 (a kind gift from R.E.Rhoads; Yan et al., 1992) with EmKV and subdoned blunt into 

the EcoRI site of KS. The triple HA Tag (HinDIILXbal) encoding the infiuenza 

hemagglutinin antigen from the plasmid PACTAG-2 ( a gifi fiom A Charest) was ligated 

blunt into the SmaI site of KS in front of the p220 sequence to generate KSHAp220. The 

XbaI(cohesive)-EcoRI(b1unt) fragment from the latter consuuct was subsequently 

subcloned into NbeI(cohesive)-BarnHI@lunt) sites of the pl0 uansfer vector (Vialard et 

al., 1990). 

In &ro transerfptiorc and translation 

The plasmid pGEMCAT/FMDV/LUC was linearized with XhoI. pSP64CAT and 

pEMC-CAT were linearized with BamHI. Transcription was perfonned by either T7 

@GEMCAT/FMDV/LUC) or SP6 (pSP64-CAT and pEMC-CAT) RNA polyrnerase, as described 

previously (Pelletier and Sonenberg, 1985a). Capped m a i p t s  were obtained in a 

reaction mixture containhg 50 pM GTP and 500 pM m 7 ~ p p p ~ .  Labeled RNA was 

generated by including [C~-~~P]GTP (100 pCi; 3000 Cümrnol) in the uanscription 

reactions. The integrity of RNAs was analysed on a formaldehyde-agarose gel, and amounts 



were quantitated by spectrophotomey or liquid scintillation. Translations were 

performed in Krebs-2 ascites ceil exuacts as described previously (Svitkin and Agol, 1978) 

in a final volume of 16 pl. Where indicated, extracts were pre-incubated with GST fusion 

proteins of HMK.E-BPI, HMK-IE-BPAI, or HMK for 10 min at 30 '~  prior to the 

addition of the mRNA (300 ng) and translation ingredients. Translation reactions were 

incubated at 30'~ for 90 min and subsequently analysed by SDS-PAGE. Gels were fixed, 

ueated with  ance ce and processeci for autoradiography. The intensity of the bands 

corresponding to CAT and LUC was quantified using a Fuji BAS2000 phosphorhager. 

rn7~~~-coupled agarose resin (Edery et al., 1988) was bound to eIF4E in buffer A 

(20 mM Tris-HCI, pH 7.5, 100 mM KCl, 2 mM dithiothreitol 0, 2 mM EDTA), the 

m i n  was washed (3 x 1 ml) in the same buffer, and then pre-incubated for 60 min with 

either GST4E-BPI, HA-p22O-expressing S@ ce11 lysates, or uninfected Se ce11 lysates, as 

indicated in the figure legends. The resin was washed in buffer A and incubated Mer 

with either HA-p2ZO-expressing SB ceii lysates or GST4E-BPI for 60 min, as indicated in 

the figure legends. The resin was rinsed and bound proteins were eluted in SDS-sarnple 

buffer. Proteins were analyseci by Western blotting on either an SDS8% polyaqlamide 

gel (for HA-p220) or an SDS-15% pol yacrylarnide gel (for eIF-4E and GST4E-BPI). 

Heia ceils were rinsed three times with ice-cold PBS and resuspended in 200 pl of 
lysis buffer containing 10 mM Hepes, pH 7.53 mM MgC12, 50 mM KCI, 5% glycerol, 1 mM 

- 

D'IT, 0.5% NP40 and 1 mM phenylmethylsulfonyl fluoride. The suspension was adjusted to 

400 mM KC1 and incubated at  OC for 30 min with slow agitation. Cell debris was pelleted 



and the supernatant was sedimented through a 1040% sume gradient in butfer B (20 
mM Tris-HC1, pH 7 3 3  mM MgCI2, 85 mM K I ,  1 mM DTI') in a Beckman SW40 rotor at 

38 000 r.p.m. at 4% for 12 h. Catalase (11s) was run on a separate gjradient as a 

sedimentation marker. Gradients were displaceci by heavy sucrose [60% (wb)] using an 

ISCO mode1 640 gradient Eractionator equipped with a spectrophotometer flow ce11 for 

direct recording of absorbante at 254 nm. Protein in each hction was pretipitated with 

five volumes of 80% acetone at -20%, solubilized in SDS-sampfe buffer and resolved on 

SDS-polyacryIamide gels. Proteins were elecuoblotted onto a nivoceUulose membrane for 

immunoblot analysis. 

Niuocellulose membranes were incubated for 60 min in Tris-buffered saline 

containhg 0.2% Tween-20 (TEST) and 5% dry milk at m m  temperature. Membranes 

were incubated further with the appropriate primary antibody for 120 min. The primary 

antibodies induded a moue ami-HA monadonal antibody (l:1000; 12CA5, generous gift 

h m  M. Tremblay ), a nbbit mi-p220 polydonal antibody (1:1000; Lee et al., 1985), an 

mu-eF-4A monodonal antibody (1:lO; a kind gift from H. Tlitchsel) a mouse monodonal 

antibody to eIF-2a (1:2000; a generous gift from L.M. O'Brien), a rabbit polydonal 

antibody to eIF4E (1:1000; Frederickson et al., 1991), a rabbit anti-4E-BPI polyclonal 

antibody (1:1000; kindiy supplied by A-C. Gingras), and an anti-GST polyclonal antibody 

(1:1000; k Pause, unpublished results). f i e r  washing with TEST, membranes were 

treated with peroxidase-linked anri-mouse or anti-rabbit IgG in combination with the ECL 

system (Arnersham), and qosed  to X-ray film (Du Pont). 



Uncapped RNA encoding CAT was capped and methylated with 6 units of vacchia 

virus guanylyItransferase (Gibco-BE) in the presence of 0.4 mM S-adenosyl-L-methionine 

and [ o ( - ~ ~ P ]  GTP (100 pCi). Ribosome binding assays were performed using rabbit 

re ticulocyte lysates (Promega) and labeled RNA in a to ta1 volume of 50 pl. Briefly, 3 5 pl of 

lysate were pre-incubated with buffer A or with GST4E-BPI for 20 min at 30°c, followed 

by the addition of a mixture of RNAsin, arnino acids, 32~-labeled RNA, and anisomych (250 

pg/mI; Fluka) or GMP-PNP (10 mM; Calbiochem). Mer a hinher 30 min of incubation ar 

30°c, reaction mixtures were chiiled on ice and layered on sucrose gradients in buffer B 
(20 rnM Tris-HC1, pH 7.5,3 rnM MgCL2, 85 mM KCl, 1 mM Dm. Centnhigation was in a 

Bedunan SW40 rotor at 38 000 r.p.m. at  OC for 4 h. Fractions (0.4 ml) were collected 

and counted directly in 5 ml EcoLite scintillation Buid. 
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CHAPTER III 

eLF4G Dramatàcally Enhances the Bànding of 
eIF4E to the mRNA 5' Cap Structure. 



The cap structure, m 7 ~ p p p ~ ,  is present at the 5' end of aIl eukaryotic cellular 

(excep t organellar) mRNAs. Initiation of translation is mediated by the mu1 ti-subunit 

initiation factor eIF4F, which binds the cap structure via its eIF4E subunit and fiditates 

the binding of mRNA to ribosomes. Here, we used recombinant proteins to reconstitue 

the cap recognition activity of eIF4F in vitro. We demonstrate that the interaction of 

eIF4E with the mRNA 5' cap structure is dramatically enhanceci by eIF4G, as determined 

by a UV-induced cross-linking assay. Furthemore, assembly of the eIF4F complex at the 

cap suucnire, as weU as ATP hydrolysis, is show to be a requisite for the cross-linking of 

another initiatim factor, eIF4B, to the cap structure. In addition, the stimulatory effect of 

eIF4G on the cap recognition of eIF4E is inhibited by the translational repressor, 4E-BPI. 

These results suggest that eIF4E initially interacts with the mRNA cap structure as part of 

the eIF4F complex. 



3.2 INTRODUCTION 

Capdependent binding of ribosomes to mRNA is mediated by several initiation 

factors: eIF4F, eF44 and eIF4B, and requires energy derived from A n  hydrolysis 

(Sonenberg, 1996). eIF4F is a threesubunit complex composed of (i) eIF4E, (Q e E 4 .  

and (ii) eIF4G. eIF4E is a 24 kDa polypeptide that spedically interacts with the 5' cap 

structure ( ~ ' G ~ ~ ~ N ;  where N is any nucieotide) (Sonenberg et ai., 1978). eIF4A is a 50 

kDa protein that exhibits RNAdependent ATPase activity and, in conjunction with eIF4B, 

RNA helicase activity (Ray et al., 1985; Rozen et al., 1990). eIF4G is a 154 kDa polypeptide 

that binds to both eIF4E and eIF4A (Lamphear et al., 1995; Mader et al., 1995). eIF4G also 

exhibits sequence-nonspecific RNA-binding activity that is most probably responsible for 

the RNA binding activity of eIF4F (Jaramillo et al., 1991; H .  Lee, unpublished data). 

eIF4E activity is regulated by two proteins, termed 4E-BPI and 4E-BP2 (Ltn et al., 

1994; Pause et ai., 1994). Interaction of 4E-BPI with eIF4E inhibits specifidy cap 

dependent translation (Pause et ai., 19%). 4E-BPs are rapidly hyperphosphorylated in cells 

folIowing ueatment with insulin and growth factors (Belsham and Denton, 1980; Haystead 

et al., 1994). The phosphoryiation of 4E-BPs decreases the association of 4E-BPI with 

eIF4E (Pause et al., 1994). Consequently, phosphorylation of 4E-BPs leads to stimulation of 

translation. 4E-BPI cornpetes with eIF4G for binding to elF4E through similar sequence 

motifs (Haghghat et al., 1995). Funhemore, the assoaation of 4E-BPI with eIF4E 

prevents the in viho phosphorylation of eIF4E by PKC, raising the possibility of a temporal 

relationship between eiF4E binding to 4E-BPs and eIF4E phosphorylation (Whalen et al., 

1996) ** 

Two modeis were proposed for the pathway of eIF4F assembly and subsequent 

ribosome binding. One rnodel pasits that the first step of ribosome binding is the 

interaction between eIF4F and the mRNA cap structure (Sonenberg, 1996). According to 

this model, eIF4F in combination with eIF4B and eIF& unwinds secondary structure in 

the SUTR of the mRNq to mate a single-suanded region of RNA, which serves as a 

6 5  



binding site for the 43s pre-initiation complex. eIF4B and eIF4A were shown to cross-link 

to the cap smcture only in the presence ofeIF4F in a process that requires ATP hydrolysis 

(Sonenberg, 1981; Gnfo et al., 1983; Edery et al., 1983). Joining of the 43s ribosomal 

complex is thought to be mediateci through an interaction of the eIF4G subunit and eIF3, 

the latter being part of the 43s pre-initiation complex. An alternative model for cap 

recognition postulates that eIF4E alone binds b t  the cap structure, which is then 

complexed with eIF4G that is already assoaated with the ribosome (Joshi et al., 1994). 

This model is based on the finding that in vitro transiated eIF4G is bound to the 43s pre- 

initiation complex (joshi et al., 1994). Support for the ûrst model stems lrom the 

observation that the &ity of eIF4F for capped mRNA is about fi-fold greater than that of 

eIF4E alone (Tawson et al., 1988). Lee et al. showed that eIF4F cross-linked much more 

effiuently to the capstructure than did eIF4E alone (Lee et al., 1985). Furthermore, elF4E 

in exuacts prepared from poiiovirus-infected cels, where the eIF4G subunit is cleaved and 

as a result eIF4E is associated with the N-terminal fragment of eiF4G, cross-links exuernely 

inefficiently to the cap structure (Lee and Sonenberg, 1982; Pelletier and Sonenberg, 

1985b). These resulrs suggest an imponant hnction played by eIF4G in the cap 

recognition process. 

In this report we reconstituted the eIF4F cap recognition activity in vitro using 

recombinant cornponents. In a photodiemical cross-linking assay, we demons trate directiy 

that eIF4G increases the aftinity of eIF4E for the cap structure. Binding of the eIF4F 

cornpiex to the cap s tmcture, as well as ATP hydrolysis, is shown to be a prerequisite for 

the cross-linking of eF4B to the cap structure. in addition, 4E-BPI is shown to inhibit cap 

binding activity of the eIF4EeIF4G complex. 



3.3 RESULTS AND DISCUSSION 

Analys& of tbe interaction of cap bidingpmteins urltb mRNd 

To study the requirements for the interaction of eIF4E with the mRNA cap 

structure, purifieci recombinant initiation factors (Fig. 3.1) were used in a photochernical 

cross-linking assay (Pelletier and Sonenberg, 1985b). mRNA labeled with 3 2 ~  in the cap 

structure was incubated with protein factors, irradiated with UV light and RNase digested. 

Labeled proteins were then analyzed by SDS-PAGE foiiowed by autoradiography. In the 

photochernicd cross-linking experiments, RNA is the lirniting component in the reaction 

mixnires. No detectable signal was observed in the absence of protein (Fig. 3.24 lane 1). 

Similady, no cross-linking of eIF4E to the cap-labeled mRNA was observed with 10 and 5 0 

ng of purified eIF4E (lanes 2 and 3, respectively). Cross-linking was observed with 100 ng 

of eIF4E, albeit very inefficiently (lane 4), consistent with previous data (Lee et al., 1985; 

Sonenberg et al., 1979; Pelletier and Sonenberg, 1985b). We next exarnined the effecc of 

eIF4G on the cross-linking of eIF4E to the cap suucture. No cross-Mg of eIF4G to the 

cap suucture was observed (lane 5). Cross-linking of eIF4E to the cap stnicture was 

dramatically enhanced in the presence of eIF4G (ianes 6-8). As little as 10 ng of eIF4E was 

efficiently cross-linked to the cap structure in the presence offlag-eIF4G. Cornparison of 

Ianes 4 and 8 reveals an -7 fold increase in the cross-linking of eIF4E to the cap structure 

in the presence of eIF4G. The cross-linking of eIF4E was cap-specific as the interaction was 

inhibited with 0.6 rnM ~ ' G D P  (lane 9). To determine the stoichiometry between eIF4E 

and eIF4G required for efficient cap binding, 10 ng of eIF4E was preincubated with 

increasing amounts of flag-eIF4G before the addition of the other components (Hg. 3.2B). 

While eIF4E alone did noc cross-link to the cap structure (lane l), addition of inaeasing 

amounts of flag-eIF4G enhanced eIF4E cross-linking to the cap stnicture in a dase 

dependent hhion flanes 2-6). Under these conditions, -10 ng of flag-eIF4G enhanceci 

significantly the cross-linking of eIF4E to the cap (lane 2), with optimum binding occurring 
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Figure 3.1. OveNiew of o d e d  recombinant factors. 

Protein (2 pg) was analyzed by elecuophoresis on polyaayiamide gels and Coomassie blue 

staining. 4E-BPI and 4E-BP1A were expressed as GST fusion proteins. eIF4G was 

expressed as a fusion protein with a flag epitope tag. The positions of molecular weight 

markers are indicated to the left of each panel 





at a s tiodiiometry of 1: 1 (lane 4). Cross-linking was inhibited by ~ ' G D P  (lane 7), but not 

by GDF (lane 8). 

We next analyzed the effect of other initiation factors on the cross-linhg of eIF4E 

to the cap suucture (Fig. 3.3). eE4E alone did not cross-Iink to the cap suucture (Fig. 3, 
h e  l), as observed above. The interaction of eIF4E with the cap suucme was not 

affected by the presence of eIF4A (lane 9, eiF4B (lane 6), or a combination of eE4B and 

eIF4A (lane 7). Cross-linking of eIF4.A alone was not observed either (iane 3). Cross-linking 

of eIF4.A to the cap structure can be detected only when using the diemical cross-Wg 

assay, where periodate oxidized mRNA is used (Sonenberg, 1981; Edery et al., 1983; Gnfo 

et al., 1983; Pelletier and Sonenberg, 1985b). Sidarly,  eIF4B failed to cross-link to the 

cap suucture under these conditions (lanes 2,6 and 7). As expected, cross-linking of eIF4E 

to the cap suucture was dramatically enhanceci in the presence of flag-eIF4G (lane 8). 

Flag-eIF4G did not promote, however, the cross-linking of either eIF4A or eIF4B when 

present alone (lanes 9 and 10, respectively), or in combination (lane Il), to the mRNA cap 

structure. Furthemore, a combination of flag-eIF4G and eF4E Med to promote cross- 

linking of eIF4B cane 12) or eIF4A (lane U) to the cap structure. Cross-hking of eIF4B 

was observed only in the presence of al the subunits of the eIF4F complex (eIF4A, eIF4E, 

and flageIF4G; Iane 14), as s h o w  earlier (Lee et al., 1985). As expected, the s p d c  

interaction of eIF4E and eIF4B with the cap structure was insensitive to 0.6 mM GDP (lane 

l5), and was inhibited by 0.6 mM ~ ~ ' G D P  (lane 16). This canfhns earlier findings that 

cross-linking of eIF4B to the cap structure is dependent on eE4F and ATP hydrolysis (Lee 

and Sonenberg, 1982; Pelletier and Sonenberg, 1985b; Edery et al., 1983). Taken 

together, these results provide direct evidence for the stimulatory effect of eF4G on the 

interaction of eIF4E with the cap swcnire. 



Figure 3.2. eE4G enhances the cross-Linking of eIP4E to mRNA cm 
structure. 
- - 

eIF4E was cross-linked to 3 2 ~  cap-labeled RNA (-2 x 104 cpm) in the presence or 

absence of flageIF4G. (A) Reactions containeci the following arnounts of elF4E: lanes 2 

a and 6,10 ng; lanes 3 and 7, 50 ng; lanes 4 and 8,100 ng. Where indicated flag-eIF4G (200 

ng) was preincubated with eIF4E. I ~ ~ G D P  (0.6 mM) was included where indicated. (B) 

eIF4E (10 ng) was preincubated with the lollowing arnounts of flag-eIF4G : lane 2, 10 ng; 

lane 3,20 ng; lane 4,60 ng; lane 5,120 ng; lane 6,240 ng. GDP or ~ ' G D P  (0.6 mM each) 

was included where indicated. 



eIF4E: + + + + + + + + 
m 7 ~ ~ ~  : - - . .  - O + -  

GDP : - œ -  9 0 + 



The activity of eIF4E is inhibited by 4E-BPI, which binds to eIF4E and prevents its 

interaction with eIF4G to form the eIF4F cap binding protein complex (Lm et al., 1994; 

Pause et al., 1994; Haghighat et al., 1995). Earlier reports showed that binding of 4E-BPI 

to eIF4E did not prevent the interaction of eIF4E with a cap-bound matrix (Pause et al., 

1994; Haghghat et al., 1995). However, the effect of 4E-BPI on eIF4E binding to the cap 

structure as part of the mRNA has not been determined. As we have shown above, the 

interaction of eIF4E with the mRNA cap structure is dramatically enhanced when it is 

bound to eIF4G. This is consistent with the finding that followuig poiiovinis infection, 

which leads to the deavage of eIF4G, the cross-linking of eIF4E to the mRNA cap structure 

is drasticaily reduced (Lee and Sonenberg, 1982; Pelletier and Sonenberg, 1985b; Lee et 

al., 1985). Under these conditions, eIF4E cornplexed to the amino teminal cleavage 

product of eIF4G binds a cap-bound mauix (Lee et al., 1985). Similady, eIF4E complexed 

to 4E-BP1 can efficiently bind the cap affiity column (Pause et al., 1994). 

Based on the above observations, it is predicted that the cross-linking of eIF4E in 

an extract (where it binds tighriy as part of eIF4F) should be diminished in the presence of 

4E-BPI (Haghghat et al., 1995). To examine this, photochernical cross-linking to the 

mRNAcap structure was perfomed in a rabbit reticulocyte lysate. Cross-Wg was done 

in the presence of ATP-M$+ to detect ah eIF4B binding. UV irradiation induced cross- 

linking of polypeptides of 24, 65, and 80 kDa (Fig. 3.44 lane l), as previously shown 

(Pelletier and Sonenberg, 1985b). The 24 and 80 kDa polypeptides conespond to eIF4E 

and eIF4B, respectively, while the identity of the 65 kDa polypeptide is not knom 

(Pelletier and Sonenberg, 1985b). The cross-linking of eE4E and eIF4B was insensitive to 

0.6 mM GDP (larie 2), but was inhibited by the same concentration of ~ ' G D P  (lane 3). In 

contrast, the cross-linking of the 65 D a  polypeptide was not affected by either 

a, nucleo tide. Suikingly, pre-incuba tion of the retialocyt e lysate with GST4E-BP1 

drasticaily reduced the cross-linking of eIF4E and eIF4B to the cap structure (lane 4). 



Figure 3.3. EfFect of initiation factors on the cross4inking of e E E  to 

the caD structure. 

eIF4E was cross-linked to 3 2 ~  cap-labeled RNA (-2 x lo4 cpm) in the p e n c e  or 

absence of the foliowing initiation factors: eIF4A (0.2 pg), eIF4B (50 ng), flag-eIF4G (60 

ng). GDP or ~'GDP (0.6 rnM each) was inciuded where indicated. Following W 

irradiation, labeled polypeptides were resolved on an 12.5% polyacrylamide-SDS gel which 

was processed for autoradiography. The positions of eiF4E and eIF4B are denoted by 

arrows to the Iefi of the figure. 
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Since eIF4B cross-linking is dependent on eIF4F, it is inhibited in the presence of 4E-BPI, 

which prevents eE4F complex formation. These results indicate that elF4E as a complex 

with &BPI interacts weakly with the cap structure, as compareci to eIF4E as a subunit of 

eIF4F. 

To hirther substantiate these condusions, the UV-induced cros~~linking assay was 

performed using purified components as in Figs. 2 and 3. eIF4E alone did not cross-link to 

the cap structure (Fig. 3.48, lane 1). To examine the effect of 4E-BPI on the cross-linking 

of eE4E to the mRNA cap structure in this reconstituted system, 4E-BPI was pre-incubated 

with eIF4E before the addition of the other components. 4E-BPI prevented the efficient 

eIF4E cross-Iinkiqg that occurs in the presence of flag-eIF4G @ne 2). To ver@ that the 

inhibitory effect was the result of a direct interaction between GST-4E-%Pl and eIF4E, a 

mutant of 4E-BPI (GST4E-BPlA) was used. GST4E-BPlA contains a deletion of the 4E 

binding domain, and does not repress translation (Haghighat et al., 1995) (Mader et al., 

1995). Preincubation of eIF4E with GST-4E-BPlA had no effect on the stimulatory effect 

of eIF4G on the cross-linking of eIF4E to the cap structure (lane 3). The cross-linking of 

eIF4E to the cap structure in the presence of flag-eIF4G was sensitive to inhibition by 0.6 

mM ~ ' G D P  (lanes 5). Taken together, these results demonstrate that 4E-BPI prevents 

the facilitative effect of eIF4G on the interaction of eIF4E with the mRNA cap structure. 



Figure 3.4. Effect of 4~-BPI on the interaction of eE4E with the cap 

structure. 

(A) UV cross-luiking of cap-Iabeled mRNA to proteins in reticulocyte lysate. Cross-Wg 

was onied out as described in Materials and Methods, in the absence ') or presence (+) 

of GST-4E-BPI (0.7 pg), GDP (0.6 mM), ~ ~ ' G D P  (0.6 mM), as indicated above the Figure. 

Labeled proteins were analyzed by SDS-PAGE and autoradiography. (B) 4E-BP 1 inhibits the 

facilitative effect of eIF4G on the assoaation of eIF4E with the cap structure. Reactions 

were performed as in Fig. 3. Where indicated, eF4E (10 ng) was pre-incubated with GST- 

4E-BPI (40 ng) or GST-4EBP1A (40 ng) before the addition of the other components. 

~ ~ ' G D P  (0.6 mM) was included where indicated. 





In summary, we have reconstituted the cap recognition step OC eukaryotic 

translation initiation in uiro using p d e d  components. We have demonstrated that 

eIF4G sigmficantly enhances the cap recognition activity of eLF4E, suggesting that eIF4G 

plays an important role in the mechaam of mRNA cap recognition during eukaryotic 

translation initiation. Furthemore, 4E-BPI inhibited the stimulatory effect of eIF4G on 

the cap binding activity of eIF4E. However, a &-BPI aeIF4E complex cm be isolated by a 

cap aanity column (Pause et al., 1994; Haghghat et a(., 1995). It is conceivable that 

eIF4G, because of its RNA binding activity (Pestova et al., 1996; H. Lee and C. Goya, 

unpubiished data), interacts with the RNA in the vianity of the cap structure and facilitates 

a stable association between eIF4E and the mRNA 5' cap structure. Indeed, eIF4F binds 

much more avidly to RNA than either eIF4E or eIF4A (Jarami110 et al., 1991). Our results 

also indicate that eIF4B c m  gain access to the cap structure only in the presence of an 

intact eIF4F complex and ATP hydrolysis. In support of this conclusion, dûruption of eIF4F 

complex by 4E-BPI interfered with the efficient cross-linking of eIF4B to the cap 

structure. Taken together, our results indicate that eIF4E initialiy interacts with the cap 

structure as a subunit of eIF4F. 

Several other observations support the hypothesis that eIF4F complex assembly 

occurs prior to the cap recognition step of translational initiation (Lee et ai., 1985; Lee and 

Sonenberg, 1982; Pelletier and Sonenberg, 1985b). The equilibrium constant (Q of 

m 7 ~ p p p ~ e ~ ~ 4 ~  (rnammalian) cornplex formation has been determined by specuoscopic 

studies to be 4.8 x 10-~ M (Carberry et al., 1989; Ueda et al., 1991). This indicates a weak 

interaction between eIF4E and the cap swcture that is uniikely to be fàvoured in vivo. 

eIF4E as a subunit of eIF4F cross-links 20-fold better to the cap structure than eIF4E alone 

(Edery et al., 1987). Furthemore, Pelletier and Sonenberg showed that insertion of 

secondary structures 38 nucleotides downsveam from the cap structure had no effect on 

W cross-linking of initiation factors to the cap suucnue, whereas binding of ribosomes to 

mRM was impaired, suggesting that eIF4F interaction with the cap structure precedes 

ribosome binding to mRNA (Pelletier and Sonenberg, 1985a; Pelletier and Sonenberg, 



a, 1985b). Based on our results and the studies ated above (Pelletier and Sonenberg, 1985a; 

Pelletier and Sonenberg, 1985b; Lee and Sonenberg, 1982), we favour die model where 

some localized unwinding of the 5'UTR of mRNA prececles ribosome amchment. 

Other important parameten have also been irnplicated in e&cting the interaction 

between eIF4E and the cap structure. Phasphoryiation of both eIF4E and eIF4G is 

enhanced folowing treatment of cells with growth factors and insuiin (Morley and Traugh, 

1990). eIF4E is more phosp horylated as a subuni t of eIF4F (Lamphear and Panniers, 1990; 

Tuazon et al., 1990), and phosphoryfated eIF4E forms a more stable complex with eIF4G 

(Bu et al., 1993). Furthmore, phosphorylated eIF4E was reported to bind better to the 

cap structure relative to its unphosphorylated form (Muiich et al., 1994), and only the 

phosphorylated form of eIF4E is present in the 48s pre-initiation cornplex (Joshi-Barve et 

al., 1990). In addition, the association of 4E-BPI with eIF4E in vitro prevents the 

phosphoryhtion of elF4E (Whalen et al., 1996). Taken together these hdings [end 

support to a model where pnor assembly of eiF4F complex is a requisite for the cap 

recognition and subsequent ribosome binding steps of translation initiation in eukaryotes. 



3.4 MATERIALS AM) METHODS 

Murine eIF4E protein was expressed in E. coli K38 and purified as described 

previously (Edery et ai., 1988). Recombinant flag-eE4G was expressed in SB insect cells 

and punfied as described previously (Haghghat et al., 1996). Glutathione-S-transferase 

(GST) fusion proteins of HMK-4E-BPI and HMK-4E-BP1A were expressed in E. coli BL21 

and pufied as described previously (Mader et al., 1995). Recombinant eIF4B was 

expressed in SB insect celis as foUows: for the construction of the baculovirus transfer 

vector, eIF4B cDNA was excised fÎom the plasmid pGEM3-eiF4B (Methot et al., 1994) 

with BamHI, and subdoned blunt into the NheI site of the pl0 transfer vector (Vialard et 

al., 1990). Recombinant baculovirus was generated by cationic liposome cotransfection of 

plOeIF4B constmct with the linearized genomic AcMNW DNA according to the 

manufacturer's instructions (Inviuogen) . Recombinant virus was isolated (Sumers and 

Smith, 1987), and eIF4B was purified as described previously (Pause and Sonenberg, 

1992). 

Wminrluced cross linking assay 

Uncapped RNA encoding chioramphenicol acetyl transferase (CAT) was capped and 

methylated with 6 units of vaccbia virus guanylylmsferase (Gibco-BRL) in the presence of 

0.4 rnM S-adenosyl-Grnethionine and [a3*p] GTP (100 yCi). UV-induced cross linking was 

performed in the presence of 1 mM ATP as described previously (Pelletier and Sonenberg, 

198513). Bnefly, 2 x lo4 cpm of 3 % n ~ ~ ~  was incubated with initiation factors in a total 

v h e  of 20 pl in 20 mM HEPES @H 7.9, 0.5 mM magnesium acetate, 2 mM 

dithiothreitol, 3% glycerol, 100 mM potassium acetate at 30°C for 10 min. Reaction 

mixtures were imdiated ar 4°C at a distance of4 cm with a G15T8 germicidal larnp for 45 

8 1 



min. The RNA was next digested for 30 min at 3PC with 20 pg of RNase A. Samples were 

analyzed on acrylamide gels foliowed by autoradiography. Quantitations were performed 

using a Fuji BAS2000 phosphorhager. 
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As rnentioned previously, modulation of eIF4F activity is also observed following 

infection by certain Wuses. A dramatic example of this occurs upon picornaviral infection. 

The study presented in chap ter IV describes one sophis ticated mechanism whereby cenain 

members of the family picomaviridae assure the preferential translation of their own 

mRNAs at the host's expense. 



The eIF4G-eIF4E complex i s  the Target for 
Direct Cleavage by the Rbànovàrus 

2A Proteinase. 



The 2A proteinases (2APr9 of certain picomaWuses induce the deavage of the 

eIF4G subunit of the cap binding protein complex, eIF4F. Several reports have 

demonstratecl that 2APro of rhhovirus and coxsackievirus B4 cleave eIF4G directly. 

However, it was suggested that in poliovirus infection, the 2Apro induces the activation of 

a cellular proteinase which in nim deaves elF4G. Furthermore, it is not dear whether 

eIF4G is deaved as parc of the eIF4F complex or as an individual polypeptide. To address 

these issues, recombinant eIF4G was purified fiom SB insect cek and tes ted for cleavage 

by purified rhinovim 2APro. Here we report that eIF4G alone is a relatively poor substrate 

for deavage by the rhinovinis 2APro. However, an eIF4G-eIF4E complex is cleaved 

efficiently by the ~AP'O, suggesting that eIF4F is a preferred substrate for deavage by 

rhinoWus ~AP~O. Furthermore, drasticaliy reduced the translation of a capped 

mRNk An eIF4G-elF4E complex, but not eF4G alone, was required to restore translation. 



4.2 INTRODUCTION 

Infection of cells by picomavinises belonging to several genera results in a 

precipitous and dmatic inhibition of host cellular mRNA mla t ion  (Ehrenfeid., 1996). In 

the case of poliovinis, this inhibition precedes any substantial synthesis of viral proteins 

(Iklsharn and Sonenberg, 1996). Ln conuast to cellular mRNA translation, viral RNA 

translation proceeds with high effiuency during the infection. The difkrential translation 

of viral m R W  c m  be explained by the unique translational features of picomaviruses. 

Picornavirus RNAs, in contrast to cellular rnRNAs, do not contain a 5' cap structure 

(Hewlett, 1976; Nomoto et al., 19761, and their translation is mediated by ribosome 

binding to an intemal ribosome e n y  site (IRES) that is present in the 5' untranslated 

region (Pelletier and Sonenberg, 1988). 

PicornaWuses induce both structural and hnctional modifications of the 

uanslational machinery. The ability of eukaryotic initiation factor 4F (elF4F) to m o r e  the 

translation of capped mRNAs in extracts prepared from poliovirus-infected cells initiaiiy 

implicated eIF4F as one target for such modifications (Tahara et al., 1981). eF4F is a cap 

binding multisubunit complex which facili tates mRNA unwinding, and subsequent 

ribosome binding to mRNA (Sonenberg, 1996). It is composeci of three polypeptides: 

eIF4E, G4A, and eIF4G. eIF4E1 a 24-kDa polypeptide, rnediates the cap binding function 

of the complex (Sonenberg et al., 1978) and plays a critical role in the control of 

translation rates (Sonenberg, 1996). eIF& a 50-kDa polypeptide, exhibits Wdependent 

ATPase activity and, in assoaation with elF40, bidirecrional RNA heiicase activity (Ray et 

al., 1985; Rozen et al., 1990). Recent evidence suggests that eIF4G may serve as a 

sdold:  it interacts with both eIF4E and eIF44 and its assoâation with eIF3 is suggested 

to promote ribosome binding at the 5' end of mRNAs (2amphear et al., 1995; Mader et al., 

1995). 



The Entmvirtls, Rbinovims, and Apbthombm genera of picomavinises cause 

deavage ofeIF4G into an N-terminal fragment of about 50 D a  (which migrates as a set of 

two or three polypeptides of 110 to 130 kDa), and a carboxy-terminal fragment of about 

100 ma. The 2.A proteinase (2flr7 of poliovi., coxsackievhs, and rhinovirus is 

required for the deavage of eIF4G, and mutants of poliovirus ~AP'O are defective in eIF4G 

cleavage (Bernstein et al., 1985). Similarly, the L proteinase of fwt-and-mouth disease 

Wus cleaves eIF4G (Demey et al., 1988; Kirchweger et al., 1994; Lloyd et al., 1988). 

However, there is conflicting evidence as to whether these proteinases exert their effects 

directly or indirectly through the activation of cellular proteinases. Wyckoff et al. (1990) 

had reported that the activity which cleaves eIF4G does not copunfy with poliovirus 

UPro, suggesting an indirect medianism whereby poliovims-activated cellular proteases 

mediate proteolyuc deavage. in addition, anti-2APr0 serum capable of inhibiting poliovirus 

polyprotein processing does not inhibit eIF4G cleavage (Krausslich et al., 1987; Lloyd et 

al., 1986; Wyckoff et al., 1990). More recently, a role for eIF3 in the cleavage of eIF4G 

was reported. In these experiments eIF4G was not cleaved by an Eahenchia cdi exuact 

expressing poliovirus 2APro, but deavage occuned when purified eIF3 was added (Wyckoff 

et al., 1992). Ln conuast, experiments with recombinant %Pro of human rhinovims 2 or of 

coxsadaevinis B4 and the L proteinase of foot-and-mouth disease virus demonstrated 

direct deavage of the eIF4G subunit in the elF4F complex (Kirchweger et al., 1994; 

Iamphear et a[., 1993; Liebig et al., 1993). Such an activity was not examined with purifieci 

poliovirus 2APro. It is important to note thac the eIF4G substrates used in the various 

studies were different. Wyckoff et al. (1992) used eIF4G that was paniaily pudieci in a 

form dissociated fiom the other eIF4F polypeptides. On the other hand, the eIF4G 

substrate used in experiments with ~AP'O of minovirus and coxsackievinis (Ktrchweger et 

al., 1994; Iamphear et al., 1993; Liebig et ai., 1993) was purifieci as part of the intact 

eIF4F complex. Whiie it is highly uniikely that the mechanism of action of poliovirus UPro 

is difrent fiom those of coxsackievirus and rhinovirus, it is possible that eIF4G, in a 



cornpiex with the other eIF4F subunits, assumes a conformation which renders it a 

substrate for ~ A P ~ O .  

To address these questions and to determine the substrate for 2A.Pro (eIF4G or 

eIF4F), we examined directly whether recombinant eE4G is a substrate for HRV;! 2APro. 

Here, we demonstrate that 2.APro kom HRV2 cleaves purifiecl recombinant elF4G directiy 

in Uiho, although relatively poorly. In conuast, a complex of eIF4G with eIF4E is a 

prefmble substrate for HRV2 2APro. We therefore propose that eIF4F, and not the eIF4G 

subunit alone, is the primary target for cleavage by HRV2 UPr0. Consistent with these 

results, we show that restoration of capdependent *ranslation in 2~P'O-treated e~tf~tcts 

requires both the eIF4E and eIF4G subunits of the eIF4F complex. 



Human eIF4G was expressed as a fusion protein with Bag-HMK epitope tag in 

insect ceils by using a bacu1oviru.s expression sys tem. High-titer virus (-2 x 108 PFU/ml) 

was generated and used to infect SB insect celis. Cytoplasmic cell lysates were prepared at 

72 h postinfection and eIF4G was immunopurified on an anti-flag column (Fig. 4.lA). The 

eluate contained a major polypeptide of about 200 kDa (lane. 4 to 6). The identity of the 

eluted band was determined by immunoblotting with an anti-eIF4G poiydonai mtibody 

[the antibody detects both the arnino- and carboxy-terminal deavage products of eIF4G 

(Aldabe et al ., 1996)]. Uninfected cells showed no immunoreactive material (Fig. 4. IB, 

lane 1). Flag-eIF4G was detected in the load (lane 2), Bowthrough (Iane 3, and eluate 

fractions (lanes 4 to 6). In HeIa SI0 exuacrs the antibody recognized eIF4G, which 

migrates at about 220 kDa (lane 7). Previously, we reported that HA-eIF4G expressed in 

Sf9 insect cels migrated at about 190 kDa (Haghighat et al., 1995). The slower migration 

reported here is most probably due to the flag epitope. 

To examine whether insect eIF4E copurifies with the recombinant eIF4G, the 

ability of eIF4G to be retained on an rn7~~~-coupled agarose resin was determined. 

Recombinant flageIF4G alone did not bind to the resin, as determined by Western 

blotting (data not shown). Flag-eIF4G was retained on the m7~~~-coupled agarose resui 

only in the presence of exogenous recombinant murine eIF4E (data not shown) 

(Haghghat et al., 1995). This finding dso demonsuates that the recombinant eIF4G 

expressed in insect ceh dibits eIF4E binding activity. 



Figure 4.1. Exoression of recombinant fIag-eIF4G in Sf9 insect ceils 

and ourification on an anti-flag column. 
Sarnples were resolved on an SDS-8% polyacry1amide gel and analyzed by Coomassie blue 

s taining (A) and Wes tem blotting (B). The following sarnples were loaded on the gel: lane 

1, -70 pg of uninfected Sf9 insect ce11 lysate; lane 2, -70 pg of infected Sf9 insect ce11 

iysate (load); lane 3, -70 pg of flowthrough; lanes 4 to 6, 10 pl (kom a total of 1 ml for 

each hction) of eluate. The Western blots of duplicate samples contain one-fifih of the 

material used in the Coomassie blue stain. Lane 7, -12 pg of a HeLa SI0 extract. 

Molecular masses of protein standards (Bio-Rad) are indicated on the right. The position of 

flag-eIF4G is indicated by an arrow and black dots. 



A : Coomassie stain 
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IW- cleavage of pure eIPaC ly RRYZ 2 p  in Yltro 

To test whether recombinant eIF4G is cIeaved by p d e d  HRV2 UPro, HeLa S 10 

exuact or purified flageIF4G was incubated with hcreasing amounts of the 2.APr0. The 

cleavage of elF4G was monitored by immunoblotting with an anti-eIF4G polyclonal 

antibody (Aldabe et al., 1996). eIF4G in die HeLa SI0 extract was stable when incubated 

with bufer alone (Fig. 4.24 lane 1) but was efficiently cleaved into its characteristic 

deavage products when incubated with inueasing amounts of H M  NPr0 (lanes 2 to T ) ,  

consistent with the reports that 2.APro is the ody M y  encoded protein required for the 

induction of eIF4G cleavage (Kraussiich et al., 1987; Liebig et al., 1993). Under these 

conditions, 10 ng of HRV2 NPr0 cleaved approximately 50% of the eIF4G, as reported by 

Kiump et al. @lump et al., 1996). The migration of the cleavage products resembled the 

pattern observed in extracts korn poiiovirus-infected HeLa S3 cells (iane 8). The cleavage 

products derived fiom the amino and carboxy termini were designated cpn (for cleavage 

product N terminus) and cpc (for deavage product C terminus). 

In conuast to the efficient cleavage of eIF4G in the HeLa SI0 extract, recombinant 

flag-eIF4G was a relatively poor subsuate for cleavage by the HRV2 ~AP'O (Fig. 2B). While 

buffer alone had no effect on the stabiiity of flag-eIF4G (lane l), 600 ng of HRV2 was 

required to cIeave about 60% of the flag-eIF4G (lanes 2 to 7 [note that the antibody 

recognizes the flag-eIF4G deavage products less efficiendy than it recognizes the intact 

protein; the reason for this is not known-see also Fig. 4.3 and 4.41). The cleavage product 

derived fiom the d o x y  terminus of flag-eIF4G comigrated with the correspondhg 

kagrnent in the conuol lane, whereas the amino-terminal produa displayed a higher 

mobility than its counterparc in the control lane (compare lanes 7 and 8). In addition, the 

cpn derived fiom flageIF4G rnigrated as a single band at  about 110 kDa whereas three or 

four bands are observed following cleavage of the authentic protein. Neither the 



Figure 4.2. Cleavage of eIF4G by the HRVZ 2A,PTo in uitro. 

(A) Heia SI0 exuact (-12 pg) was incubated at 30°c for 30 min with the indicated 

amounts o f  HR. 2~p'O. Sarnples were analyted as described in Materials and Methods. 

Lanes: 1, buffkr B; 2 CO 7, HRV2 2.APro; 8, - 12 pg of poliovinis-infected Heia S3 exuact. 

(B) A -80 ng portion of flag-eIF4G, equivalent to the eIF4G content of -12 pg of HeLa 

SI0 extract, as detemined by Western blotting, was treated as in panel A. Lanes: 1, buffer 

B; 2 to 7, HRV2 ~AP'O; 8, -12 pg of poliovinis-idected Heia S3 emct. The position of 

intact eIF4G and the N-terminal (cpn) and C-terminal (cpc) cleavage products are 

indicated by arrows. 
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heterogeneity obsened with the authentic protein (Ehrenfeld, 1996) nor the aberrant 

mobility exhibited by the amino-terminal third of £lag-eIF4G is understood. A 

confornational change or the absence of a postaanslational modification in insect celis at 

the amino terminus may account for the altered mobility. 

erPae enbances tbe &mage of elP4G Oy RRYZ 2 P o  

To determine whether eIF4E enhances eIF4G deavage, recombinant eIF4G was 

preincubated with eIF4E to allow for complex formation, and then inaeasing arnounts of 

HRV2 UPro were added. Incubation in the presence of buffer alone did not induce any 

cleavage (Fig. 4.34 lane 1). While no signifiant cleavage of eIF4G in the presence of 

eIF4E occurred with 1 ng of HRV2 UPro (lane 2), 10 ng of HRV;! UPr0 cleaved more than 

75% of the input flag-elF4G (lane 3). Approximately 9% of input eIF4G was resistant to 

cleavage by UPro (lanes 4 to 7). Increasing amounts or eIF4E did not enhance cleavage of 

the resistant materiai (data not shown), which might be misfolded and unable to interact 

with eIF4E. To address this possibility, flag-eIF4G was preincubated with excess eIF4E and 

subsequently punfied as a cornplex with eIF4E by diromatography on an rn7~~~-coupled 

agarose min. This procedure is expected to eliminate the misfolded eIF4G that cannot 

interact with eIF4E. Incubation with buffer alone did not result in cleavage of eIF4G (Fig. 

4.3B, Iane l), ruiing out the possibiiity that eIF4E induces the deavage of eIF4G. 

However, about 20% and in excess of 80% of the eIF4G was cleaved with 1 and 10 ng of 

the HRV;! 2APro, respectively flanes 2 and 3, and cleavage was complete with inaeasing 

amounts of enzyme (lanes 4 to 7). Addition of eIF4A or eIF3 did not change the rate of 

appearance or the mobility of the cleavage products (data not shown). Taken together, 

these results indicate that eIF4G in a complex with eIF4E is more susceptible to cleavage 

by HRV2 ~AP'O than is eIF4G alone. 



Figure 4.3. Cleavage of eE4G bv the HRV2 wro is enhanced bv 

(A and C) Similar arnounts of flag-eIF4G (A) or HeLa SI0 emct  (C) to those in Fig. 4.2 

were preincubated with buffer A (lane 1) or 50 ng of munine eIF4E for 5 min at 30°ce The 

mixture was subsequently treated as the experiment in Fig. 4.2. (B) ~urified flag-eIF4G 

was incubated with punfied murine eIF4E, and the mixture was applied to an I ~ ~ G D P -  

coupled agarose resin. The eluted eIF4G-eIF4E complex in buffer A, containing the sarne 

arnounc of eIF4G as in panel A, was treated with either buffer B (lane 1) or HRV;! 2APro, as 

in the experiment in Fig. 2. D) Quantitative anaiysis of the results in panel C. Symbols: a, 
HeLa S10; 0, HeLa SI0 plus elF4E. (E) Quantitative analysis of the results in paneis A and 

B. Syrnbois: ., eIF4G; O, eIF4G plus eIF4E; 0, eIF4F. The amount of intact eIF4G 

present in each lane was quantirated with a Bas 2000 phosphorimager and is presented as 

a percuitage of input eIF4G. 
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To M e r  substantiate this conclusion, a HeLa SI0 extract was preincubated with 

eIF4E and increasing amounts of HRVi! 2iPr0 were added. Incubation with buffer alone did 

not generate the characteristic deavage products (Fig. 4.3C, lane 1). Strikingly, in the 

presence of excess eIF4E, cleavage of the authentic eIF4G was complete with 10 ng of 

HRV2 NPr0 (lanes 2 to 7), compared with more than 300 ng in the absence of exogenous 

eIF4E (Fig. 4.24 lanes 2 to 7). These results further conhm the stimulatory effect of 

eIF4E on the cleavage of eIF4G by H R .  UPro. The quantitative analysis of the above 

data is depicted in Fig. 4.3D and E. (Since the antibody does not recognize the cleavage 

products of flagdF4G as efficiently as the intact fom, cleavage was calculated as the 

percentage of intact eIF4G. To ensure that the reduction in intact eIF4G is not due to 

accidental loss, the experiment was performed three times, with similar results.) 

&BPI reuerses tbe stfmuUrtory e$ed of elPéE on tbe cleavage of elP4C 

Additional expenmen ts were designed to demons mate that the s tirnulatory effect 

of eIF4E is a result of cornplex formation with eIF4G. The activity of eIF4E is modulated by 

two specific binding proteins (BPs), termed 4E-BPI and 4E-BP2 (Lui et al., 1994; Pause et 

al., 1994). 4E-BPI cornpetes with eIF4G for binding to eIF4E and represses cap 

dependent translation (Haghghat et al., 199 5). It is therefore predicted that 4E-BPI 

would reverse the stimulatory effect of eIF4E on 2APro cleavage. HeLa SI0 exuact was 

preincubated with increasing amounts of GST4E-BPI before the addition of HRV;! ~AP'O. 

Buff' alone had no effect on the stability of eIF4G in the extract (Fig. 4.44 lane 1). 

Addition of HRV2 XPrO generated the expected deavage products (lane 2). Signiâcantly, 

preincubation of the HeLa SI0 extract with increasing amounts of GST4E-BPI rendered 

eIF4G more resistant to cleavage by UPrO flanes 3 to 5). In addition, while exogenous 

eIF4E enhanced the rate of appearance of the characteristic deavage products (compare 



Figure 4.4. Hect of ~EE-BPI on the cleawe of eP4G in uitro. 

(A) HeIa SI0 exuact (12 pg) was preincubated with eIF4E, GST-4E-BPI, or both at 30'~ 

for 5 min before the addition of 10 ng of HRV2 Ianes: 1, buffer A; 2 to 9, HRV2 

2iiPro. The amounts of GST-IIE-BPI were as foiIows: lanes 3 to 5, 10, 50, and 100 ng, 

respectively; lanes 7 to 9, 10, 50, and 100 ng, respectively. Where indicated, 50 ng of 

eIF4E was added to the exuacts. (B) As in panel A, Btcept that the deletion mutant GST- 

4E-BP1A was used as a conuol (lanes 6 and 7) .  Where indicated, 50 ng of eIF4E, 50 ng of 

GST4E-BPI, 50 ng GST-4E-BPlA, or a combination of two, was preincubated with the 

exuacts before the addition of HRV2 ~AP'O. (C) As in panel B, except that -80 ng offlag- 

eE4G was used. Sarnples were processed for Western blotting as in Materials and 

Methods. 
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lanes 2 and 9, preincubation of the exogenous eIF4E with increasing amounts of GSTAE- 

BPI repressed the stimulatory activity of eIF4E @ries 7 to 9). 

To demonstrate the specificity of the effect of GST-4E-BPI on the cleavage of 

eIF4G, a mutant of 4E-BPI containing a deletion of the 4E binding do& (GST4E- 

BPlA) was used. This mutant does not prevent the interaction of eIF4G with eIF4E and 

does not repress translation (Haghighat et ai., 1995; Mader et al., 1995). Preincubation of 

GST-4E-BPIA with the HeLa SI0 extract had no effect on the rate of eIF4G deavage (Fig. 

4.43, compare lanes 2 and 6). Furthermore, the deletion mutant did not reverse the 

stimulatory effect of eIF4E (compare Ianes 3 and 7), whereas wild-type GST-4E-BP1 

prevented the stimulatory activity of eIF4E (lanes 3 and 4). 

Similar experiments were extended to the flag-eIF4G preparation to examine the 

speaficity of eIF4E stimulatory effect on the cleavage of flag-eIF4G by UPro. No cleavage 

products were detected in the presence of either buffer alone (Fig. 4.4C, lane 1) or smail 

amounts of HR. 2APro (lane 2). As observed above, eIF4E significantly enhanced the 

cleavage rate of flag-eIF4G (lane 3). The effect of eIF4E was diminished by GST-4E-BPI 

(lane 4), whereas the deletion mutant did not prevent the accelerated deavage of eIF4G 

in the presence of eIF4E (lane 7). Taken together, these results and those in Fig. 4.3 

demonsuate that eiF4G in a cornplex with eIF4E is a better subsuate for HRV2 XPro than 

is bree eIF4G. 

Bokb elP4E a d  eZP4C are required for restmdion of capdependa 

tra)~slatlon fobwing 2@ treatnrent 

The amino terminus of eIF4G is stably associated with eIF4E in picomavirus- 

infected celis, because it can be purifiecl as a cornplat by chrornatography on an ~'GDP- 



coupled agarose resin (Lee et al., 1985). Consequently, eIF4E is sequestered by the amino- 

terminai half of eE4G lollowing deavage with the picomavirus 2A or L proteinases. It is 

predicted, therefore, that restoration of capdependent translation would require the 

addition of both e W  and eIF4G. The availability of purified elF4G allowed us to directly 

address this prediction. Krebs-2 ascites ce11 extracts were treated with an excess of HRV;! 

2APr0 to ensure a rapid cleavage of eIF4G. Prior to the addition of initiation factors, 

extracts were ueated with elastathal to inhibit the HR. &iPr0 (Liebig et al., 1993). 

Exuacts were subsequently programmed with a capped ümsaipt ( m 7 ~ p p p ~ - ~ ~ ~ ) .  The 

translation of CAT mRNA in control Krebs-2 ascites cell extracts was efficient (Fig. 4.54 

lane 1). Treatmmt of the exuact with 2APr0 resulted in complete cleavage of eIF4G (data 

not shown) and abolished translation, as apected (lane 2). Addition of either eIF4E done 

flanes 3 and 4), or eIF4G alone (lanes j and 6) did not m o r e  mlation.  However, 

addition of both eiF4E and eIF4G to a 2~P~~-treated extract restored translation to ahost 

conuol levels (lane 7) .  eIF4F, used as a positive contrd, also exhibited similar restoring 

activity, consistent with earlier results (lane 8) (Edery et al., 1984; Tahara et al., 1981). 

To mess the cap specifiuty of the inhibition, duplicate samples were programmed 

with an mRNA which initiates translation by a capindependent mechanisrn (EMC-CAT; the 

dilomphenical acetyltransferase (CA.) open reading fiame is preceded by the IRES of 

encephalomyocarditis Wus). Similar to the results with the capped mRNA, CAT was 

efficiently uansiated in the control exmct (Fig. 4.5B, lane 1). Treaunent of the exuacts 

with &lPrO enhanced translation (lane 2), in agreement with earlier results (Hambidge and 

and P, 1992; Liebig et ai., 1993; Ohlrnann et al., 1995). Addition of eIF4E and eIF4G, 

either alone (ianes 3 and 4 and lanes 5 and 6, respectively) or together (lane 7), had no 

effect on the translation of EMC-CAT mEW in the ueated exuacts (the inhibition by the 

larger amount of e W ,  lane 6, was not reproduable). eF4F did not furtfier stimulate 

translation, either (Iane 8). Taken together, these results and those in Fig. 4.4 directly 

support the hypothûis that eIF4E is sequestered by the amho terminus of eIF4G 



following deavage by the HRV XPro. Furthmore, an intact eIF4E-eIF4G cornplex is 

rquired for restoration of capdependent translation in picomavirus-infected cells. 



Figure 4.5. Restoration of capdependent hcsulslation in HRV2 2Apr0- 

treated Krebs-2 ascites cell extracts. 

Exnacts were veated with either buffer B (lane 1) or HRV2 2ilPro canes 2 to 8) br 4 min 

at 30°c folowed by a 10 min incubation on ice in the presence of 0.7 mM elastatinal. 

Exvacrs were then supplemented with the purifieci initiation factors and mRNA as 

indicated. (A) Translation of I ~ ~ G ~ ~ ~ G - C A T  mRNk (B) Translation of EMC-CAT mRNk 

Initiation factors were added as follows: lanes 1 and 2, buffer alone; Ianes 3 and 4, 0.2 and 

0.4 pg of eIF4E; lanes 5 and 6, -0.2 and -0.4 pg of fl ag-eIF4G; lane 7, 0.2 pg of eeIF4E 

and -0.4 pg of flag-eIF4G; lane 8, 0.75 pg of eIF4F. The position of the CAT product is 

indicated by an arrow to the lefi of each panel. 
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4.4 DISCUSSION 

The deavage of eIF4G during the replication of cenain picomvinises has been 

weiI documented (Ehrenfeld, 1996). However, there has been much debate on the 

possible involvement of a cellular proteinase and other translation initiation factors such as 

eIF3 (Ehrenfeld, 1996). In addition, the use of eIF4G alone or as a complex with eIF4E has 

led to difrent condusions with regard to the substrate requirements. 

Recently, the availability of pure recombinant 2APr0 from HRV;! and coxsackievinis 

84 and the leader proteinase of FMDV dowed the dernomvation that they deave eIF4G 

as part of the eP4F complex without a requirement for cellular proteins (Kirchweger et 

al., 1994; Liebig et al., 1993). Moreover, cleavage of eIF4G by the two different 

proteinases takes place at sequences determined to be optimal for 2.A deavage (Lamphear 

et al., 1993; Sommergmber et al., 1994), further suengthening the idea of a direct 

mechanism of deavage. It is also of interest in diis regard that the deavage activity in 

infected celis exhibits an almos t identical inhibitor profile to both poliovirus and rhinovinis 

~AP~' .  In particular, i'Fethyimaleimide and iodoacetamide but not E64 inhibit the activity 

in idected celis (Sommergniber et al., 1992; Wyckoff et al., 1992). 

In this work, we have expressed huma. flag-eIF4G by using a baculovinis 

expression sys tem, and immunopurified the recombinant protein on an anti- flag column. 

The ability of flag-eIF4G to act as a subsuate for HRV2 ~ A P ~ O  and to restore cap-dependent 

translation in HR. 2~P~O-ueated extracts was then examined. The deavage of flag-eIF4G 

alone by HRV2 %Pro was inefficient (Fig. 4.2). However, addition of exogenous eIF4E to a 

molar ratio of 4:l  increased the cleavage effiuency by at least 50-fold (Fig. 4.3E). 

Furthermore, complete deavage of flag-eIF4G was obtained only afier isolation of the 

eIF4G-eIF4E complex (Fig.4.3B). These resuits indicate that eIF4E binding to eIF4G 



changes the conformation of elF4G, rendering it more susceptible to cleavage by 2APro. 

Furthemore, the dam suggest that the deavage region funcrions as a hinge between the 

amino and &xy terminal hgments of eIF4G. Stimulation of eIF4G cleavage in a Heia 

SI0 extract by eIF4E was also clearly evident (Fig. 4.3C), indicating that the stimulation is 

not restricted to the recombinant eIF4G that is produced in baculovhs. 

The data presented here could explain the discrepancies in the literature 

concerning the mechanhm of cleavage of eIF4G. Recombinant UPro of HR.2 and CVB4 

expressed in E. coii directly cleaved rabbit reticulocyte eIF4F to produce the characteristic 

deavage products that are observed in Mvo (lamphear et al., 1993; Sommergmber et al., 

1994). However, poliovirus ~ A P ~ O  has not been tested on intact eIF4F in a sirnilar fishion. 

Instead, the acfivity of poliovirus 2.APro has been tested on eIF4G alone that has been 

separated From eIF4E during the purification (Wyckoff et al., 1992). Addition of eIF3 was 

required for deavage of eIF4G by poliovirus 2@1° pyckoff et al., 1992). eIF3 

preparations have been shown to contain eIF4E (Sonenberg et ai., 1978), and it is possible 

that elF4E in the eIF3 preparation formed a complex with eIF4G to provide a preferabfe 

subsmte for poliovirus 2APro. 

The data shown in this paper provide the strongest evidence yet that rhovirus 

Mro cm cleave directly, and without intermediates, the capbinding protein complex 

elF4F. Because previous snidies were performed with eIF4F purified fiom rabbit 

reticulocyte lysate, it could be argued that this cornplex contained some trace amounts of 

other initiation factors or other proteins that could promote or catalyze the proteolyric 

cleavage. In this study, al1 components tested in the reactions were recombinants except 

for elF3. eF4G can be cleaved by 2iPr0. However, complex formation between eIF4G 

and eIF4E enhanced the reaction rate and decreased the amount of uncleaved material. 

These results show that the eIF4GeIF4E complex is the preferred subsuate for 2~p'O. 



Cleavage of eIF4G by picomavirus 2A!Pro yidds an aminclterminal fiagrnent of 

about 50 kDa (which migrates as a set of two or three polypeptides of 110 to UO kDa) 

that is bound to eIF4E and a doxy-terminal cleavage product of about 100 kDa that 

bhds eIF4A and eIF3 and assoaates with ribosomes (lamphear et al., 1995; Mader et al., 

1995; Rau et al., 1996). Thus, deavage of eIF4G leads to the uncouplhg of the cap 

recognition function of eIF4E from the helicase and ribosome-binding activities of eIF4A 

and eiF3. Moreover, eIF4E remallis sequestered by the amho terminus of eIF4G. The 

outcome of the deavage of eIF4G is the s p e d c  inactivation of eIF4F hnction and 

inhibition of capdependent uanslation. In conuast, translation Ma intemal ribosome 

binding to the IRES is stimulated (Liebig et al., 1993; Ohlrnann et al., 1995). It has been 

suggested that the stimulation is effected by the carboxy-terminal two-thirds of eiF4G, 

which has a higher afhity for the IRES than does intact eIF4G (Ohlrnann et al., 1995). This 

is consistent with the idea that cleavage of eIF4G by some picomviruses is a suategy for 

stimulating their IRESdriven uanslation. 



4.5 MATERIALS AND METEIODS 

Cell culture, potein faors and auynres 

Spodoptmfnrgzperda (Sf9) insect cells were cultured in Grace medium (GIBCû- 

BRL) supplemented with 10% fetal calf serum, TC Yeastolate, lactalbumin hydroIysate, 50 

pg of gentamich sulfite per ml, 2.5 pg of amphotericin B (Fungizone) per ml in either T 

flasks or spinner tlasks at 27% as describecl previously (Sumrners and Smith, 1987). 

Glutathione-S-Sepharose (GST) h i o n  proteins of HMK-4E-BPI and HMK4E-BPA1 were 

expressed in E di BU1 and purified as desuibed previously (Pause et al., 19%). M U M ~  

eIF4E protein was expressed in E coli 108, and purifled as desaibed previously (Edery et 

al., 1988). HRV2 2.APro was expressed in E. coli Bi2 l(DE3)pLysE and purified as described 

previously (Liebig et al., 1993). ~ ' G D P  coIumn chromatography was performed as 

previously described @dey et a[., 1988). Polyclonal antibody to elF4G was as dexribed 

previously (Aldabe et al., 1996). 

Generatim of recombinant baculouirus 

To generate a flag-HMK Fusion of eIF4G in the baculovinis expression systern, we 

first constructeci a new baculovinis transfer vector, pVL1392flagHMK, derived b m  

pVL1392 (Phanningen). This vector contains the flag-HMK epitope (Blanar and Rutter, 

1992) at an EcoM site. The EcM fiagrnent of eIF4G was exdsed from plasmid pSKC)HFC1 

(a kind gift kom R E. Rhoads, Yan et al., 1992) and inserted blunt into the EcoRI site of 

pVLU92flagHMK, creating pVL1392flagHMK-eIF4G. Recombinant baculovims was 

subsequently generated with the BaculoGold expression system (Pharmingen). At 5 days 

posmansfection, the Wus released into the media was couected and arnpiified. The 

resulting high-titer virus was used for preparation of recombinant protein. The flag 



epitope-tagged protein was subsequently immunopudied on a commerual anti-hg asFinity 

coiumn (Kodak). flag-eIF4G was eluted with flag peptide (100 pg/ml) in TEN bder  (20 

mM Tris-HC1 [pH 7.51,O.l mM FAIT4 150 rnM NaCl). The eluate was then dialyzed against 

buffer A (20 mM Tris-HCl [pH7.5], 100 mM KI, 0.1 mM EDTA, 1 mM dithiothreitol, 5% 

glyceroi) . 

Incubation of either HeIa SI0 cell exuacts or purifid flag-eIF4G with the HRV2 

&iPro took place in buffer B (50 mM NaCl, 50 mM Tris-HC1 [pH 8.01 , 1 mM EDTA, 5 mM 

dithiothreitol, 5% glycerol) in a final volume of 12 pl at 30O~ for 30 min. Reactions were 

terminated by the addition of Laemmli sample buffer. Cleavage products of eIF4G were 

resolved on sodium dodecyl suffite (SDS) 8% polyacryiamide gels and analyzed by 

immunoblotting with a rabbit anti-eIF4G polyclonai antibody (Aldabe et al., 1996). 

Niuocellulose membranes were incubated for 90 min at room temperature in Tris- 

buffered saline containing 0.2% Tween 20 (TBST) and 5% dry milk. Next, membranes 

were incubated with rabbit ami-eIF4G polydonal antibody ovemight at   OC. f i e r  

extensive was hing with TBST, the membranes were incubated with 125~-pro tein A for 2 2, 

washed with TBST, and exposed to Dupont reflection film. 

In uU*o Transcription and Trarcshtion 

The plasrnids pSP64CAT and pEMC-CAT were linearized with B a r n .  

Transcription was performed with SP6 RNB polymerase as previously describeci (Peletier 



and Sonenberg, 1985). Capped aanscripts were obtained in a reaction mixture containing 

50 pM GTP and 500 pM m 7 ~ p p p ~ .  The integrity of RNAs was analyzed on a 

fomaldehyde-agarose gel and amounts were quantitated by spemophotometry. 

Translations were perfomed in Krebs-;! ascites ce11 exvacts as desaibed previously 

(Svitkin and Agol, 1978) in a final volume of 14~1.  Where indicated, extracts were ueated 

with HR.2 2IPr0 or buffer B for 4 min at 30'~ and then incubated for 10 min on ice in 

the presence of 0.7 mM elasutinal (Sigma). Initiation factors were then added, followed 

by the mRNA (200 ng) and other translation ingredients. Translation reaction mixtures 

were incubated at 3 0 ' ~  for 90 min and subsequently analyzed by SDS-polyacryiamide gel 

electro pheresis . Gels were fmd, ueated with En3~ance and processeci for 

au toradiography. 
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CHAPTER V 

General Discussion 



5.1 Cadependent mRNA binding to ribosomes 
in eukawotes 

In eukaryotes, translational regulation is predominantly exened at the level of 

initiation, which is usuaily the rate-limiting s tep in protein synthesis (Hershey, 1991). One 

particular step of die initiation pathway which is a frequent target for translational 

regulation is the initial binding of the 43s preinitiation complex to mRNk The binding of 

mRNA to ribosomes has the potential for controlling both the global rate of uanslation, as 

well as the selective regulation of different m W  in response to various stimuli. In 

eukaryo tes, where most cellular mRNAs (excep t organela) are postaanscrip tionaily 

modifmied to h a b u r  a cap structure, the initiating 40s ribosomal subunit binds at the 5' 

end of the mRNA belore migrating to the appropriate initiation codon. 

The mRNA binding step is catalyzed by several initiation factors, induding eIF4F 

and eIF4B. The concerted action of these initiation factors is believed to direct the 

ribosome to the 5' end of the mRNA, and unwind secondary structures that would 

otherwise impede ribosome migration dong the mRNk Although the importance of these 

initiation factors in effecting the mRNA-ribosome interaction is well established, detailed 

consideration of the mechanism of this step has reveded uncertainties vis a uts the exact 

order of association and dissociation events involved in this complex process. Expectedly, 

several alternative modek for the rnedianism of mRNA binding to ribosomes have been 

reported. The discrepanaes between the modeis revolve around a key question of 

whether the diff'erent components of eIF4F bind to the mRNA independentiy or they 

preassemble inro eIF4F before interacting with mRNk 

AU components of eIF4F cornplex c m  be cross-linked to capped W. The 

speatic cap binding activity ofeIF4F is mediated by its eIF4E subunit. eIF4E is isolateci in 

both a fiee form and in a complex with the other eIF4F subunits, eIF4G @220) and eIF4A. 



a eIF4E c m  interact with eIF4G in uino in the absence of RNA, or any posttranslational 

modification of the proteins (chapten II and III; Mader et al., 1995). A 49-amirio-aad 

hydrophobic region ofeIF4G, located in the amino terminus, has been shown to be both 

necessary and suffitient for interaction with eIF4E (Mader et al., 1995). Mutational analysis 

in this region has ident8ed a 12-aminu-acid region conserved in mammals and yeast. eIF4E 

binds specifically to the cap structure in vitro by itself. However, the cross-linking of eIF4E 

alone to the cap structure is very inefficient (chapter III and references therein). The 

finding that the interaction of eIF4E with the cap suucnire is significantly enhanceci when 

in a complex with eIF4G (chapter III) provides additional support for the model which 

posits that a preassembled eIF4F initially hteracts with the mRNA cap suucrure. 

It is important to note that much of the evidence for the working model of mRNA- 

ribosome binding is primarily based on in uihD studies with purified components. 

a However, the assays tend to be performed in the absence of some key initiation factors 

such as eIF3, or even ribosomal subunits. Indeed, these components play influential roles 

in uim. In marnmalian cells, eIF3 is a multimeric complex of at lem eight polypeptides 

that exhibits pleiotropic effects. Although it has long k e n  determined that eIF3 stabilizes 

43s preinitiation complexes, and to be essential for binding of the latter complex to 

m m  the molecular basis of its role in effecting mRNAribaome interactions remains 

undex. eIF3 interacts with mRNq presumably through its p66 subunit (Naranda et al., 

1994). A potentially important interaction between eIF3 and the carboxy terminal half of 

eIF4G has also k e n  suggested, which could impose  the 40s ribosome next to 5' end of 

rnRNA (hmphear et al., 1995). An eIF3 meIF4F complex cm indeed be isolated fiom cell 

extracts. This eIF3 'eIF4F interaction is disrupted under conditions of high salt 

concenmtion. Despite these observations, it remains undear which subunit(s) of eIF3 

mediates the interaction with eIF4F, and whether or not this interaction is direct or RNA 



mediated. Detailed analysis of this association could yield important insights into the 

mechanism of mRNA binding to ribosomes. 

Equally important is the recent demonstration that eIF4B interacts directly with 

the pl70 subunit of eiF3 (Methot et ai., 1996). eIF4B plays an important role in mRNA 

binding to ribosomes. It interacts with the mRNA cap structure in an eIF4Pdependent 

fashion (chapter m), and appean to form an RNA-mediated complex with eIF4F @ramilio 

et al., 1991). An attractive scenario emerges where an eIF4B*eIF4F complex in the 5' 

UTR of mRNAs promotes the binding of ribosomes to the mRNA through a direct 

interaction between eIF3 and eIF4B, and possibly eIF4G. 

Furthemore, recniiunent of poly(A)+ mRNA to ribosomes in eukaryotes is 

mediated by the poly A binding protein, Pablp. Recent experiments have demonstrated an 

Wdependent interaction between Pablp and the yeast homologue of eIF4G, pl50 

(Tarun and Sachs, 1996). On these lines, it has been suggested that eIF4G could integrate 

the funaions of the 5' and 3' ends of the mRNA. Such an interaction has not been 

detected in marnmalian systerns (A Craig, unpublished). However, proteins that 

specifically interact with mammalian Pablp have been identified, which may mediate 

simiiar fundons (A Craig, unpublished data). Characterization of the molecular interaction 

between these proteins are currently under research, and could offer induable 

information on the mechanisms of translational regulation in eukaryotes. 

5.2 Regdation of eIF4F com~lex assemblv 

In mammals, eIF4E has been the focus of intensive study in recent years. It is 

generally believed that the availability of eF4E lirnits uanslation in eukaryo tic ceh. eIF4E 

is present in low abundance relative to other initiation factors and ribosomes, which 

renders it an excellent candidate for the regulation of translation (Sonenberg, 1996). 



InitiaIly, d c i a i  manipulation of eIF4E levek demonsuated drarnatic effeas on protein 

synthesis and ceii growth. Overexpression of eIF4E in several cell lines has led to aberrant 

growth control, and the ability to induce Nmor formation in nude mice. Additionally, 

depletion of eIF4E in HeIa cells reduced drasticaliy protein synthesis to very low levels. 

One may reason that these observations are consistent for a factor that is irnplicated in the 

initial step of mRNA recmitment to ribosomes. The cellular concentrations of eIF4E cm 

also be physiologically regulated under various conditions. For example, expression of 

eIF4E mRNA is upregulated in ceils transformed with c-myc (De Benedetti et al., 1994), 

and duMg T-ce1 activation, suggesting that the amount of eIF4E is modulateci with 

respect to the proliferation capacicy of the ce!. 

Recently, we have reveded a novel mechanhm for regulating the availability of 

eIF4E in eukaryotic celis (chapter II). Two polypeptides termed 4E-binding protein (BP)-1 

and 2, have been identified on the bais of their spe&c interaction with eIF4E. The 

interaction of eF4E and 4E-BPl is relatively strong with a 1:l stoidiiomey. 

Overexpression of 4E-BPs inhibited speuficaiiy capdependent translation in vivo and in 

w*im (Pause et al., 1994a). This led to the proposal that 4E-BPs sequester eIF4E and 

prevent eIF4F cornplex formation. Consistent with this hypothesis, experiments 

dernonsuateci that 4E-BPI exerted its inhibitory effect by preventing mRNAribosome 

interactions. Furthemore, using purified recombinant components, we provided evidence 

for a competitive scenario where the binding of eIF4G and 4E-BPI to eIF4E is mutually 

exdusive. In teres tingly, sequence corn parisons between 4E-BPs and the 49-aa 4E-binding 

region in eIF4G reveaied a similar sequence motif (Mader et al., 1995). Deletion of the 9- 

aa conserved motif in the 4E-BPs, or sirnply a double point mutation of two conserved 

Ieucines abrogated the interaction of 4E-BPI and 4E-BP2 with eE4E (Mader et al., 1995). 

Consistently, removal of the interaction motif of 4E-BPI abolished the competition with 



eIF4G for binding to eIF4E) and did not inhibit translation. These results (data presented 

in chapter II) have subsequently been conhmed by other groups ushg c e  

immunoprecipitation to study molecuiar interactions between eIF4G, eIF4E, and 4E-BPI 

in reticulocyte lysate (Rau et al., 1996). 

h responsive cells, the activity of 4E-BPI is regulated through its reversible 

phos phoryla tion. 4E-BPI has a predic ted molecdar weight of 12 B a .  Typically, however, 

several fonns of the protein migrate anomaIously with a M, of -20 kDa when subjected to 

SDS-PAGE. Phosphorylation of 4E-BP1 in response to insulin and growth factors decreases 

its electrophoretic mobility. The underphosphorylated f o m  of 4E-BPI possess a high 

affinity for eIF4E, whereas none of the more highly phosphorylated species copunfy with 

eIF4E. Therefore, phosphorylation of 4E-BPI dismpts its association with eIF4E, liberating 

eIF4E to bind eIF4G, thus forming a functional mRNA cap binding cornplex. As the 

dependence on the avadability of eIF4E correlates strongly with the degree of secondary 

structure in the S'UT& one may predict that the subset of rnRNAs with excessively 

suuctured 5'UTRs may benefit more sigrilficantly form the consequences of 4E-BPI 

phos phorylation. For example, while global tram lationai rates are only marginally 

increased in response to insulin treatrnent, translation of ornithine decarboxylase mRNA, 

whidi pasesses a highly stnicrured S'UTR, is enhanced 30-fold (Manzella et al., 1991). 

Phosphoryhtion of 4E-BPI and release of eF4E may explain the increase in translational 

rates in response to insulin. Indeed, it has been demonsmted that more active eIF4F 

facilitates expression of rnRNAs that contain excessive secondary structure in their 5' non- 

coding region that are otherwise discrirninated against by the translational apparatus 

(Korornilas et al., 1992). Therefore, characterization of the relationship between 

secondary structure and 4E-BPI would be of great interest. 



It is dear that identification of 4E-BPs, and the eluadation of their function has 

greatly fortitied our understanding of the medianism by which insulin and growth factors 

eliut a rapid increase in protein synthesis. As such, much effort has been directecl towards 

the characteriza tion of the signal transduction pathways, and identification of the kinase(s) 

responsible for the modulation of 4E-BPI activity. The several species of 4E-BPI detected 

by SDS-PAGE is indicative of multiple phosphorylation sites. The major site of 

phosphorylation has been assigned to Ser-64 (Lm et al., 1994). The ERKl and ERK2 

isoforms of rnitogmactivated protein (MM) kinase were initially s h m  to copunfy with 

the insulins timulated activi ty tha t phasphoryhted 4E-BPI on Ser-64. Consis tent with a 

role for MAP kinase in regulating the activity of 4PBP1, nurnerous stimulators of ce11 

growth, such as insulin, increase MAP kinase activity. Recently, it has been shown that 

prolonged incubation of MAP kinase with 4E-BPI in vitm also phosphorylated Thr-36, Thr- 

45, Thr-69, and Ser-82 to various degrees (Fadden et al., 1997). Mth the identification of 

these novel phosphorylation sites, the relative contribution of each site to the interaction 

becween 4E-BPI and eIF4E has been addressed. Based on these in uiho experiments, Ser- 

64 phosphorylation is neither necessary nor sufficient for inhibithg the association of 4E- 

BPI with eF4E. In addition, phosphorylated Thr-36 retains its binding affinity br eIF4E. 

From this study, Thr-45 and Thr-69 have emerged as candidate. for the important 

regdatory sites on 4E-BPI. It appears, therefore, that severai sites may contribute to the 

regdation of 4E-BPI interaction with eIF4E. 

The legitimate involvement of MAP kinases in the cascade of events that lead to 

the modulation of 4E-BPI activity has recently been chdenged, however, based on several 

obsemtions. While 4E-BPI remallis phosphorylated in the continued presence of insulin, 

MAP kinase activity tends to decline to pre-treatment levels. Recently, it was 

demonsuated that the immunosuppressant drug rapamycin, whidi does not inhibit MN 

kinase activity, prevented the phosphorylatim of 4E-BPI and, in parallel, (Beretta 



et al., 1996). Rapamycin inhibits the hinction of FRAP, a protein kinase that regulates 

p70s6k activation. Although neither p70s6k nor FRAP phosphorylate 4E-BPI directly in 

vim (Brown et al., 1995), the FRAP raparnycin-sensitive pathway has been implicated in 

the control of 4E-BPI phosphorylation (Von Manteuffel et al., 1996). As such, although 

activation of a phosphatase in this signalhg pathway cannot be ruled out, the identity of 

the po tential kinase that phos p hory lates 4E-BPI remains unknown. 

Reversible phosphoryiation in response to numerous growth Factors, mitogens and 

hormones appears to also play a role in the regulation of eIF4E activity. Phosphorylation of 

eF4E appears to enhance iü activity, since only phosphorylated eIF4E associates with 48s 

complexes (Joshi-Barve et al., l%Nl). Phosphorylation of eIF4E foilowing induction 

corresponds to the recovery of increased Ievels of eE4E as part of the eIF4F complex. In 

addition, the phmphoqdated fom of eIF4E interacts wieh the mRNA cap structure with 

higher affinity relative to its unphosphoryiated fom. Recently the major phosphoryiation 

site has been conclusively re-assigned to Ser-209 (Whalen et al., 1996). However, the 

physiological kinase of eIF4E remains unidentified. AIthough PKC phosphorylates eIF4E at 

Ser-209 in uim, there is evidence for and against the involvement of this kinase in vito. 

Recently, it has been shown that Mnkl, a member of a new subfamily of murine 

serinehhreonine kinases, c m  also phosphorylate eIF4E at Ser-209 in uitm (Wàskiewia et 

al., 1997). Phosphorylation of eIF4E by PKC is more efficient when the protein is in the 

eIF4F complex (Tuazon et al., 19%). Funhennore, although an efficient and seemingly 

stable interaction between recombinant eIF4E and eIF4G is observed in tnhr> (chapter II), 

phosphoryiation of the eIF4G subunit of eIF4F by PKC in vitm has been reported to 

increase its atfinity for eIF4E and s tabilize this interaction. What is interes ting, however, is 

the finding that in vitro phosphorylation of eIF4E by PKC is greatIy diminished when eIF4E 



is in a complex with 4E-BPI. These results suggest a temporal relationship between 

eIF4E. 4E-BPI complex fornation and eIF4E phosphorylation. 

Based on the obsemtions described above, we have proposed a mode1 Figure 

5.1) which outlines the cascade of events that emanate from growth factors at the celI 

surface and lads to regulated ribosome binding to capped mRN& in the cytoplasm. ln 

resting cells it is predicred that a large ponion of eIF4E is restrained by 4E-BPI. eiF4E in a 

complex with 4E-BPI is unphosphorylated and interacts weakly with the mRNA cap 

structure (chapter III). Stimulation of ceb by growth factors and hormones results in the 

phosphorylation of 4E-BPI (1) and hence the release of eIF4E (2). eIF4E c m  then 

assodate with eIF4G and eIF4.A to form an active cap-binding protein compiex (3, which 

c m  bind efficiently to mRNA cap structure (4). It is important to highlight the dual role 

played by eIF4G in the mRNA binding process. eIF4G significantly enhanca the binding of 

eIF4E to the mRNA 5' cap structure (chapter III). Furthemore, interaction of eIF4G with 

eIF4E appears to render the latter a better subsuate for phosphorylation, which in tum 

m e r  enhances the binding of eIF4E to the cap structure, and increases translation (5). 

Thecefore, it appears that regulation of eIF4F complex assembly depends suongly on die 

concentrations and relative &nities of eIF4E, eIF4G and 4E-BPI. 

To accurately assess the contribution of 4E-BPs to the regulation of eIF4F complex 

assembly in cell, it will be pertinent to quantitate the relative concentrations of 4E-BPs 

and eP4E in vacious ceL lines. The pressing importance of the answers of this assessrnent 

is in light of data that has provided eIF4E:4EoBP1 ratios as varied as 1:20 to 1:1 (Pause et 

al., 1994a; Rau et al., 1996). Another imponant issue is the ratio of eIF4E*4E0BP1 

complex to eE4F in Yivo under different conditions. Aithough it has been demonstrateci 

that eIF4F precludes the association of 4E-BP1 in vioo (Haghighat et al., 1995), the 



Figure 5.1. Mode1 for the cascade of events leading 
to capdependent mRNA binding to 
ribosomes in eukargotes. 



a redistribution of eIF4E between an inactive eIF4E4E-BPl complex and an active eIF4F 

capbinding complex in response to various physiological stimuli needs to be iuustrated. 

Emerging evidence has rendered this simplistic view of eIF4F complex formation 

more complicated. For exarnple, mammalian eIF4G, which migrates as a duster of 

polypeptides between 200 -220 kDa., may be encoded by several gens p. Sonenberg, 

unpublished). Similady, eIF4.N and e I F M  are the product of two closely related genes UI 

mammals. Recently, a dosely related fom of mammaiian eIF4E has also been identified (E. 

Rom, personal communication). Furthemore, additional members of the 4E-binding 

protein fàmiIy (e.g.: 4E-BPII) are widely disuibuted arnong tissues and cell types. A similar 

scenario exists in the yeast S. cerevisiae where the homologues of eIF4G are encoded by 

two genes TIF4631 and TIF4632 (Goyer et al., 1993). In plants the situation appears even 

more complex as two different eE4F complexes have been identified. One is a complex of 

p220 and p26, which are homologues of mammaiian eIF4G and eIF4E, respectively. The 

other complex, cded eIF(iso)4F, contauis p82 and p28 (Browning et al., 1990). The 

relative contribution of each of these gene products to *mslation initiation and ribosome 

binding remains uncenain. 

5.3 Cap-inde~endent initiation of translation 

The radical mechanism of intemal initiation of uanslation constitutes one of many 

deviations kom the more orthodox 5' capdependent binding of ribosomes to mRNA, as 

evident in eukaryotes. Interna1 initiation is characterized by the hct that a minimal 

element, known as ''Internai ribosome en try segment" (IRES), promotes direct binding of 

initiationampetent ribosomes to interna1 sites that are FàC removeci fiom the 5' end of 

the mRNk Picornavimes are the paradigrn for this mode of translation (section 1.5.1.1). 



Despite the mechanistic diaFerences between the alternative modes of ribosome binding, 

remarkably little difference exists between the requirements for canonical initiation 

factors to sustain intemal initiation comparecl to capdependent initiation. Surprisingly, 

this conclusion also holds for eIF4F. 

As desaibed in Chapter IV, following infection of cells with enterovinises, 

rhinovinises, and FMDV, the intact eIF4F holoenzyme complex becornes the target for 

direct cleavage by viral proteases. Targeting the active cap-binding protein complex, 

eIF4F, is a cunning strategy adopted by these members which leads to a dramatic and 

rapid shut-off of cellular protein synthesis. Under these conditions, a modified eIF4F is 

sufficient to sustain efficient IRES-mediated translation . In hct, the C-terminal cleavage 

product of eIF4G with its associated eIF4A, appears to drive capindependent translation 

more effectively than intact eIF4F (chapter IV, and references therein). Therefore, 

although an intact eIF4F rnay not be required for the translation of certain picomawal 

mRNAs, the helicase activity of eIF4A is essentiai or important in this process. Indeed, 

studies with dominant negative mutants of eIF4A has provided evidence in support of this 

conclusion (Pause et al., 1994b). These mutants inhibit the translation of al1 mRNAs. eIF4A 

recycles through the eE4F cornplex, and its helicase function is significantly enhanced as a 

subunit of eIF4F (Rozen et al., 1990; Pause et al., l994b). It is thought that eIF4G 

functions to s tabilize eIF4A in the vicinity of mRNA and enhance its unwinding activity. 

Consistent with this beiief, eIF4A exhibits very weak RNA binding activity, whereas eIF4G 

cm interacts avidly with RNA (Pestova et al., 1996). The inhibitory effect of eIF4A 

dominant negative mutants seems to result fiom stable interaction with ~ I F ~ G ' .  

Interestingly, these elF4A mutants also inhibit internai initiation of translation in 

poliovinis-infected HeIa ceU emcts, where the eIF4G component of eIF4F is deaved, 

lending suppon to a positive role mediated by the C-terminal deavage product of eIF4G' . 



In conmt  to the foregoing, cardiovinises do not induce deavage of eIF4G. Recent 

evidence suggests that eE4F hnction rnight be rnodulated in EMwinfmed cells. There 

is a temporal correlation between 4E-BPI dephosphorylation and inhibition of cellular 

protein synthesis in EMCV-irifected Krebs-II ascites cells (Gingras et al., 1996). Thus, 

dephosphoiylation of 4E-BPI, and the restraining of eIF4E that ensues, could potentially 

diminish specifically cellular capdependent uanslation in infected cek. Therefore, it 

appem that modification of eIF4F complex assembly could also constitue one operative 

mechanism of shutiiff following infection by cardiovimes. It is not clear to what extent 

this mechanism contributes to the shut-off of host protein synthesis. As such, it remains 

uncenain whether or not intact eIF4F is still present in EMCV-infected cells at the tirne of 

shut-off. 

It is interesthg to note that during infection by cardiovinises, the modilied eIF4F 

does not seem to enhance IRES-driven translation of the virus. Meanwhile, induced 

cleavage of eIF4G (e.g. in 2APro-ueated extram; see figure 4.5) results in the stimulation 

of EMCV IRES function. Overexpression of 4E-BPI inhibits capdependent translation. 

Under these conditions, only a marginal effect on EMCV IRES-mediated translation (which 

has thus far been interpreted as insignificant) has been observed. These observations may 

indeed indicate that intact eIF4G that is dissociated from eIF4E exhibits reduced activity 

as compared to an eIF4G*eIF4E complex. It would follow that complex formation with 

eIF4E, or its cleavage by picornavirus proteases, provides a more active b of the 

protein, with the deavage product being active only in cap-independent initiation of 

translation. In support of this hypothesis, exogenous recombinant eIF4E stimulates both 

capdependent and capindependent translation1 . It has ako been reported that the G 

terminal cieavage fiagrnent of eF4G enhances translation of uncapped m R W  (Ohlmann 

et al., 1997; k Haghighat, unpublished data). In addition, the enhanchg activity of the 

recombinant C-terminai fiagrnent of eIF4G is more pronounced as compared to intact 



recombinant eIF4G1 . As suggested above, stimulation of eIF4A heiicase actMty by eIF4G 

may explain these observations. Reconstitution of eIF4F helicase activity ( i c t  and 

modified fom)  is currentiy under research, and may illusuate in more detail the role of 

the various subunits of eIF4F in promoting mRNA binding to ribosomes. 

Given the efficiency of the scanning mediinsm in eukaryotes, the rasons for the 

evolution of intemal initiation remain an enigma. This is specidy me in the case of 

cellular mRNAs that have an IRES. Obviously, these mRNAs are expected to be translatecl 

efficiently under conditions where the hnction of eIF4F is impaired. The advantages that 

accrue from a more efficient translation of such cellular mRNAs (BiP, fibroblast growth 

factor-2) under conditions such as infection or heat s h d  are obscure. Perhaps a larger 

nurnber of such examples need to be discovered before a regdatory pattern will be 

discernable. This challenge, combined with funher snidies on Wal systems wiii continue 

to provide oppomnities to probe translational conuol mechanisms in eukaryotes. 

' (A. Haghighat et al., unpublished resulu). 
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ORIGNAL CONTRIBUllON TO KNOWZZDGE 

Initiation of translation is mediated by the multi-subunit initiation factor eIF4F, which 

binds the cap structure via its eIF4E subunit and hcilitates the binding of mRNA to 

ribosomes. Collectively, the studies presented in this thesis reveal novel mechanisms of 

regulating eIF4F hinction. 

Chapter II) We have studied the mechanism by which 4E-BPI inhibits translation. We 

show that 4E-BPI inhibits 48s initiallon cornpiex formation. Furthermore, we demonstrate 

that 4E-BPI cornpetes with p220 for binding to eIF-4E. Mutants of 4E-BPI that are 

defiaent in their binding to eIF-4E do noc compete with p220, and do not inhibit 

translation. Thus, translational convol by growth factors, insuiin and mitogens is affectecl 

by changes in the relative affinities of 4E-BPI and p220 for eIF-4E. 

Chapter III) We used recombinant proteins to reconstitue the cap recognition activity of 

elF4F in vitro. We demonstrate that the interaction of eIF4E with the mRNA 5' cap 

structure is dramatically enhanced by eIF4G, as determined by a W-induced cross-iinking 

assay. Furthemore, assembly of the eIF4F complex at the cap structure, as well as ATP 

hydrolysis, is shown to be a requisite for the cross-linking of another initiation factor, 

eIF4B, to the cap structure. In addition, the stimulatory effect of eIF4G on the cap 

recognition of eIF4E is inhibited by the translational repressor, 4E-BPI. These results 

suggest that eIF4E initially interacts wirh the mRNA cap structure as part of the eIF4F 

complex. 

Chapter W) The 2A proteinases (2APr9 of cenain picornaWuses induce the deavage of 

the eIF4G subunit of the cap binding protein cornplex, eIF4F. We report that eIF4G done 

is a relatively poor substrate for deavage by the rhinovims 2Mro. However, an eIF4G- 

eIF4E complex is cleaved effiuently by the 24iPro, suggesting that eIF4F is a preferred 

substrate for deavage by rhinovirus 2flPr0. Furthermore, ~AP'O drastically reduced the 

translation of a capped m W  An eIF4G-eIF4E complex, but not eIF4G done, was 

required to restore uanslation. 


