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Abstract

One of the most enduring questions pcnaining to eukaryotic translation initiation is

how the 40S ribosomal subunit recognires and binds at or ncar the Cap-slrUcture of

mRNAs. Eukaryotic initiation factor 4B (eIF4B) is one of the factors that an: required

for this Step of protein synthesis. eIF4B stimulates the RNA helicasc activity of elF4A

and eIF4F. melting RNA sccondary sU1lcture in the 5' untranslalCd region (UTR). and

is thus believed 10 contribute to ribosome bil'ding by creating an an:a of single-stf".U1dcd

RNA accessible to the 40S ribosomal subunit We studied the mcchanism of action of

eIF4B by initiating a slrUcture-function analysis of this factor. An RNA binding site.

located in the carboxy-terminal end bctwecn amino acids 367 and 423. was found

essential for non-specific RNA binding and eIF4A helicase stimulation. This region is

distinct and independent l'rom the canonical RNA Recognition Motif (RRM) locatcd

ncar the amino-terminus. The latter plays no role in non-specific RNA binding and has

littie impact on the eIF4A helicase stimulation. Aself-association region located

bctwecn residues 213-312 was identified. This segment is rich in aspartic acid.

arginine. tyrosine and glycine (DRYG) residues. and can seif-associate indepcndcntly

l'rom other regions of eIF4B. The DRYG domain also interaclS dircctly with the pl70

subunit of eIF3. Finally. iterative in vitro RNA selection demonstrated that the elF4B

RRM is functional and hinds specifically to RNA stem-loop structures. The RRM also

associates with 18S rRNA. eIF4B possesses two independent RNA binding sites and

associates with two different RNA molecules simultaneously. We conclude that elF4B

is organized into threc distinct domains: the carboxy-terminai eIF4A RNA helicase

stimuiatory domain. the DRYG dimerization and elF3 pl70 interaction domain. and the

RRM. Furthermore. two additionai mechanisms by which eIF4B could stimulate

ribosome binding to the mRNA are now apparent eIF4B may target the 40S ribosomal

subunit to the 5'lITR of a mRNA by binding simultaneously to 18S rRNA and the

mRNA, and by interacting directly with elFJ.
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Résumé

Le mécanisme par lcquella sous-unité ribosomale 40S se lie à la structure coiffe en 5'

d'un ARNm demeure une question épineuse du domaine de la traduction chez les

eukaryotes. Le facleur eukaryotique d'initiation de traduction eIF4B est l'une des

protéines essentielles àce processdS. eIF4B contribue à la liaison du ribosome à

l'ARNm en stimulant l'activité ARN-hélicase du facleur de traduction eIF4A Le

déroulement de structures secondaires d'ARN par le tandem eIF4NeIF4B crée une aire

d'ARN simple-brin dans la partie 5' non-codanle de l'ARNm, accessible au ribosome.

Nous avons étudié le mode d'action d'eIF4B par le biais d'une analyse structurelle et

fonctionelle de ce facleur. L'extrémité carboxy d'eIF4B possède un site d'adhésion

non-spécifique à l'ARN, qui est absolument nécéssaire à la stimulation de l'activité

hélicase d'eIF4A. Le motif de reconnai.-sance d'ARN (RRM) d'eIF4B ne joue pas ou

peu de rôle à cet effeL Une région médiant l'homodimérisation d'eIF4B, située entre

les acides-aminés 213 et 312 de la protéi.,e, a été identifiée. Ce segment promouvoie la

dimérisation indépendamment des autres région.~ d'eIF4B et est capable d'interagir

directement avec la sous-unité pl70 d'eIF3. Enfin, le RRM d'eIF4B se lie

spécifiquement à des ARNs possédant une tige, une boucle et une adénosine non­

conforme dans la tige et s'associe à l'ARNr 18S. eIF4B est capable de se lier

simultanément à deux molécules d'ARN différentes. Ainsi, eIF4B possède trois

domaines distincts et indépendants: l'extrémité carboxy, qui stimule l'activité hélicase

d'eIF4A,le domaine DRYG, qui est responsable de l'homodimérisation et de

l'interaction avec la sous-unité pl70 d'eIFJ, et le RRM, qui s'associe a l'ARNr 18S.

Deux mécanismes supplémentaires par lesquels eIF4B stimule la liaison de la sous­

unité ribosomale 40S à l'ARNm peuvent être envisagés. eIF4B se lierait simultanément

à l'ARNr 18S et à l'ARNm, et eIF4B inte."llgirait directement avec eIF3, déja present

sur le ribosome. Ainsi, eIF4B établit un pont entre l'ARNm et le ribosome.
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Foreword
Guidelines Concernlng Thesis Preparation: Manuscript and Authorshlp

This thesis was organized according ID the Faculty of Graduate Stuilles and Rescarch

"Guidelines Conceming Thesis Preparation". following a fonnat approved by the

Dcpartment of Biochcmistry. Part of Ibis thesis includes texts from original reports

published or submitted for publication. and thus. as stipulated in the Faculty of

Graduate Studies and Rescarch "guidelines Conceming Thesis Preparation". 1herein

cite the text of the "Manuscript and Authorship" section:

Candidates have the option of including. as part of the thesis. the text of a paper(s)

submitted or to he submitted for publication. or the clearly-duplicated text of a

published pcper(s). These texts must he hound as an inl<:gral part of the thesis.

If this option is chosen. connecting lexts that provide logical bridges

between the different papers are mandatory. The thesis must be written in

such a way that il is more than a mere collection of manuscripts; in other words. results

of a series of papers must he integrated.

The thesis must still confonn ta ail other requirements of the "Guidelines for Thesis

Preparation". The thesis must indude: A Table of Contents. an abstracl in English

and in French. an introduction which clearly states the rationale and the objective of the

study. a comprehensive review of the literature. a final conclusion and summary and a

thorough bibliography or reference IisL
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Additional material must he provided where appropriate (e.g. in appendices) and in

suflicient detail te a1low a clear and precise judgmcnt te he made of importance and

originality of the research reported in the thesis.

In the case of manuscripls co-authored by the candidate and others. the candidate is

required to make an explicit statement in the thesis as tu who

contributed to sucb work and to what extent. S'Jpervisors must attest to the

accuracy of such Statemenls at the doctoral oral defense. Since the task of the

examiners is made more difficult in these cases, it is in the candidate's interest to make

perfectly clear the responsibilities of aIl the authors of the .:o-authored papers. Under

no circumstances can a co-author of any component of such a thesis

serve as an examiner for that thesis•
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sequence. Mol. Cell. Biol. 14.2307-2316.
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RNA selection identifies RNA ligands that specilicaily bind ta

eukaryolic translation initiation factor 4B: The role of the RNA

recognition motif. RNA 2. 38-50.

Dr. Gavin Pickett conlributed to this work by performing the selection/amplification

experimenL~ again~t the N250 and N&253 fragments of eIF4B. Dr. Pickett aiso folded

several of his selected RNA. as weil as many of mine. using the MFOLO program

from the GCG package. Therefore. Dr. Pickett responsible for part of Figure 3.1. as

weil as Fig. 3.2. Dr. Jack Kecne is the supervisor of Dr. Pickett

Chapter 4: Méthol, N.• Song. M.-S.• Sonenberg. N. (1996). A region rich in

aspartic aeid. arginine. tyrosine and glycine mediates eIF4B self

association and interaction with eIF3. Submitted.
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Chapter 1: General Introduction

1.1 Perspective

The assembly of large macromolecular complexes on nucleic acids is a common theme

for events that control gene expression, such as transcription, RNA clcavage and

polyadenylation, RNA splicing and protein synthesis. In eukaryotes, the translation of a

mRNA requires the participation of over 200 macromolecules. These include tRNAs,

rRNAs, ribosomal proteins. initiation factors, elongation factors and release factors.

Many of the details behind the three major phases of translation - initiation. elongation.

and terminatioll - are known today. Interesl in protein synthesis has becn rejuvenated since

il was found that translation can actively contribute to the control of gene expression. cell

growth and differentiation. An intimate knowledge of cach step of translation and cach

factor which promotes these steps. must be acquired in order to fully understand

translational control. Indeed, the combination ofclassical biochemical techniques and yeast

geneties have already reaped numerous rewards. In parallel, recent !Idvancement in the field

of RNA and RNA binding proteins are providing fresh insights into how translation might

work.

This thesis aims at examining the close relationship between one translation factor in

particular, eIF4B, and other macromolecules. including mRNA. rRNA and proteins.

Because of the complexity of protein synthesis, a more detailed summary of translation and

a description of sorne of the key translation factors will be given. It will be followed by a

view of translation from the RNA perspective, and an introduction to RNA binding

proteins.

1.2 Protein synthesis: a brie! overview

The first phase of protein synthesis is referred to as initiation, and consists of the

binding of the 405 ribo:lOmal subunit at or near the cap structure (m7GpppN, where N is

any nucleotide) that is present at the 5' end of all cytoplasmie mRNAs. Aceording to the

2
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Kozak model (Kozak. 1978), the ribosome thereafter scans vcctorially the mRNA until the

initiator AUG is found. Once the 40S ribosomal subunit is in place on the initiator codon. it

is joined by the 60S subunit to form the 80S initiation complex. The ribosome is now

capable ofentering the peptidyl transfer and translocation cycles which characterize the

elongation phase of protein synthesis.

Our understanding ofelongation and termination mainly originates from prokaryotic

studies (for rcviews, sec Moldave, 1985; Siobin. 1990). However. since several

components of the protein synthesis machinery arc highly homologous between

prokaryotes and eukaryotes (Le. EF-Tu and eEFIA; EF-G and eEF2; 16S rRNA and 18S

rRNA; 23S rRNA and 28S rRNA). elongation and termination arc believed to proceed in a

very similar fashion in both systems.

The elongation phase of proWin synthesis rcquircs eukaryotic elongation factor (eEF)

lA, complexed to GTP and an aminoacyl-tRNA. to bind to the ribosome in a codon­

dependent manner. The correct match between the codon and the tRNA anticodon triggers

the hydrolysis of GTP, the ejection ofeEFIA-GDP and the placement of the aminoacyl­

tRNA in the A site of the ribosome. Peptide bond formation rcsults from a nucleophilic

attack by the a amino group of the aminoacyl-tRNA in the A site, on the carbonyl of the

aminoacyl-tRNA (or peptidyl-tRNA) in the P site. This rcaction is most likely catalyzed by

both rRNA and ribosomal proteins in the peptidyl transfera.se center of the 60S ribosomal

subunit (NoUer et al., 1992). Following the reaction, the peptidyl-tRNA is now in the A

site, while the P site contains a stripped tRNA.

The GDP moiety bound to eEFIA must be exchanged for GTP in order for flEFIA to

promote another round ofaminoacyl-tRNA binding. The exchange is catalyzed by eEFIB.

Translocation, which results in the movement of the mRNA by thrce nucleotides, is

facilitated by eEF2 and GTP. This results in the placement of the stripped tRNA in the E

site, from which it will be ejccted. The peptidyl-tRNA is rclocated to the P site, while the A

site is vacant and ready to accept a new aminoacyl-tRNA.

3
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Protein synthesis is completed when eRFI bound 10 GTP rccognizes one of the three

tennination codons exposed in the A site. eRF induccs the hydrolysis of the aminoacyl

linkage. and the newly synthesized protein, as weil as eRF-GOP. are released.

1.3 Initiation of translation

Prokaryotic and eukaryotic elongation. as weil as tennination. bear many similarities.

Initiation of translation. on the other hand. proceeds quite differently in eukaryolCS.

especially at the mRNA-ri.bosome bi!:Jmg step (reviewed by Kozak. 1983: Voorma. 1996).

Prokaryotic initiation of translation requires three initiation fdctors (IFs). lF2 binds to

fmeltRNAj and GTP. and takes position in the P site of the 30S ribosomal subuniL IFJ

binds to the 30S ribosomal subunit where it acts as an anti-association factor. In addition,

IF3 ensures that the correct AUG codon is used as the initiation site by destabilizing

interactions between the anticodon loop of fmeltRNAj and non-AUG codons (Gualerzi &

Pon. 1990). The function of IFI is unclear. None of the three prokaryotic initiation factors

are required for the actual binding of the mRNA. which is uncapped. to the 30S ribosomal

subuniL mRNA-30S ribosome association is largely mediated by base-pairing between the

Shine-Oalgamo (SO) sequence present in the 5' UTR ofmost prokaryotic mRNAs. and the

anti-Shine-Oalgamo sequence (ASO) located at the 3' end of the 16S rRNA (Shine &

Oalgamo. 1975). Ribosomal protein SI has also been speculated to help the recognition

process by binding a polypyrimidine-rich region that is often found upstream of the SO

sequence in E. coli mRNAs (Gribskov. 1992). Since the SO sequence is the primary

detenninant for ribosome binding, prokaryotic ribosomes can bind mRNAs intemally. This

is in stark contrast with eukaryotic ribosomes which. except under the circurnstanccs

dCS<'ribed in section 1.6.4. bind at or near the 5' cap structure of mRNAs. Although S'

UTR secondary structure is inhibitory 10 prokaryotic protein synthesis. no RNA unwinding

system has evolved since translation starts before transcription has ended. Thus. secondary

structure masking the SD sequence is less likely to fonn.
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In contrast, the binding of eukaryotic mRNAs on the 40S ribosomai subunit cannot

occur in the absence of accessory proleins. and requires the participation of at lesst II

eukaryotic initiation factors (eIFs). It is primarily through biochemicai methods •

fractionation of the prolein synthesis machinery and reconstitution with purified

componenlS - that the slep-wise assembly of the initiation complex and the functioli of

various factors were elucidatcd (Safer et al.• 1976; Trachsel et al.• 1977; Benne & Hershey,

1978). A Iist of eukaryotic translation initiation factors and their activities is given in Table

1.1.

Events leading to irtitiation of translation occur on IWO paraIlel pathways which converge

when the 40S ribosomai subunit binds to the mRNA (For reviews. sec Hershey. 1991;

Merrick. 1992; Merrick & Hershey. 1996). The ribosome must be rendered competent for

interaction with the mRNA. and the mRNA must be made accessible for ribosome binding.

The stcps thatlead to the assembly of an irtitiation complex on a mRNA are depicled in

Figure 1.1.

1.3.1 8ubunit dissociation

The fU'St step of translation irtitiation involves the generation of a sufficient pool of free

408 and 60S ribosomai subunits. The conditions that govern the dissociation of an 80S

ribosome into its cornponents are poorly defined. On the other hand, it bas been shown that

severa! irtitiation factors help to maintain 40S and 60S suburtits apart once they have

separated. eIFIA is a smaii (17·22 kDa) protein whose arnino acid sequence is well

conserved between mammais. plants and yeast (Deveret al., 1994; Wei et aL. 1995).

eIFIA binds the 40S ribosomai subunit and prevents ilS association with the 60S suburtit

(Goumans et al., 1980). This function is shared by eIF3 (Gournans et al., 1980) a
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Table 1.1 Mammalian Translation Initiation Factors (adapled fmn Merrict &: Henbey, 1996)

Name Subunits Mass (kDa) Function
eIFl 15 enhances initiation complex fonnation
eIFIA 17 promotes ribosomai subunit

dissociation and M..tRNAI binding
eIF2 3 binds McltRNAj and GTP

lX 36 sile of phosphorylation on Ser-51.
major poinl of uanslationai conlrol

~ 37 binds McltRNAI
y 52 binds McltRNAj and GTP

eIF2B 5 nucleotide exchange faclor for eIF2

eIF2C 94 siabilizcs lemary complelt on 40S
ribosome in the presence of RNA

eIF3 9 anti-association faclor. Promotes
lemary complex and mRNA binding
10 !he 40S ribosomai subunil

p35 35
p36 36
p40 40
p44 44
p47 47
p66 66 binds RNA
pllO 110
pl15 115
p170 \70

eIF4A 46 ATPase and DEAD box RNA helicasc

eIF4B 80 binds RNA and stimulates eIF4A
RNA helicasc activity

eIF4F 3 binds 10 the cap-slrUcture. RNA
helicase activity

eIF4E 24 mRNA cap-slrUclure binding
eIF4A 46 ATPase and DEAD box RNA helicasc
eIF4G 220 binds eIF4A. eIF4E and eIF3.

Cleaved during poliovirus infection

eIF5 58 promotes GTPasc wiih e1F2 and
ejection of eIFs

eIF6 25 binds ta 60S ribosomal subuniL Anti-
subunil joining activity
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Fig. 1.1 Model for eukaryotic Initiation of translation (Adapted from Merrick

1992). The major steps of translation initiation and the role played by some of the

eukaryotic initiation factors (eIFs) are depicted. Free 40S and 60S ribosomal subunits are

generated, with eIF6 acting as an anti-subunit association factor. The 43S pre-initiation

complex is formed by binding ofeIF3, eIFIA and elF2-GTP-MettRNAI. Secondary

structure in the 5' untranslated region of the mRNA is removed by eIF4F, eIF4B and

eIF4A. The 43S pre-initiation complex binds at or near the cap-structure of the mRNA to

fmm the 4SS pre-initiation complex. Il is not known whether eIF4A and eIF4B [brackets]

remain on the 48S complex and if they participate in the next step of initiation, mRNA

scanning. Once the initiator AUG has been identified, eIF5 induces the hydrolysis ofGTP

and the release ofeIFs, and the 60S ribosomal subunit joins to form the 80S initiation

complex. The GDP moiety on elF2 is exchanged for GTP by elF2B. AIso shown are

negative regulators of translation initiation. PKR phosphorylates elF2 and prevents the

GTP exchange reaction (section 1.4.1). 4E-BPs black translation by binding to the cap­

binding protein eIF4E (section 1.4.2).
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multisubunit complex of at least 9 polypeptide chains in mammals, and with an aggregate

mass of 600 000 kDa (Benne & Hershey, 1976; Safer et al., 1976; Scbreir et al., 1977).

eIF3 binds to the 40S ribosome where, in addition to its ability to block subunit association,

(Benne & Hershey, 1978; Trachsel et al., 1977), it stimulates the mRNA binding step

(Trachsel et al., 1977). eIF6 is the third anti-association factor, and binds exclusively to the

60S ribosomal subunit (Russell & Spremulli, 1979; Raychaudhuri ct al., 1984).

1.3.2 Ternary complex formation

As opposed to prokaryotic initiation of translation, in eukaryotes the initiator methionine

tRNA (mettRNAi) appea1'1 !O he charged on the 40S ribosome prior to the mRNA binding

step (Schreier et al., 1973; Dambrough et al., 1973). mettRNAI gains access to the P site of

the 40S ribosomal subunit in the form of a temary complex with elF2 and G'IP (Safer et

al., 1976; Chen ct al., 1972). When present at 10w concentration, the ternary complex is

stabilized by eIF3 and elF2C (Gupta et al., 1990). Association ofelF2-mettRNAI-G'IP

with the 40S ribosomal subunit is enhanced by eIFIA and elF3 (Benne & Hershey, 1978;

Peterson et al., 1979; Goumans et al., 1980; Garcia-Barrio et al., 1995). At this point, the

small ribosomal subunit, to which eIFIA, eIF3 and elF2·mettRNAI·G'IP are associated, is

capable of binding an mRNA and is referred to as the 43S pre-initiation complex. The fact

that it cao he deteeted in celllysates indicates that the 43S pre-initiation complex is an

intermediate of translation (Dambrough et al., 1973; Smith & Henshaw, 1975).

1.3.3 mRNA blndlng

The mRNA must also undergo preparatory steps hefore it can bind to the 43S pre­

initiation complex. There is a wealth ofevidence that secondary structure in the S'

untranslated region (UTR) ofa mRNA is inhibitory to translation (pelletier and Sonenherg,

1985; Kozak, 1986; reviewed by Kozak, 1989b). Pelletier and Sonenherg (1985b) have

shown that increased secondary structure in the vicinity of the cap (m7GpppN) renders this
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structure less accessible to a number of initiation factors involved in the mRNA binding

step. The effeet of secondary structure on translation is more deleterious if a stable stem­

loop is located near the cap structure (Kozak, 1989b). Furthermore, there is a positive

correlation between the amount of secondary structure in the 5' UTR, and a requirement for

a cap during translation. Inosine substitution in reovirus RNA, which reduces the stability

of RNA secondary structures, resulted in a deereased requirement for the cap structure and

ATP hydrolysis in translation initiation (Morgan & Shatkin, 1980; Kozak, 1980). A1falfa

mosaic virus RNA and heat shock proteins mRNAs, ail of which have long, unstructured

5' UTRs, were efficiently translated in cells containing inactivated eIF4F, a translation

initiation factor required for cap-dependent translation (reviewed by Sonenberg, 1988).

These observations led to a model which argues that secondary structure in the 5' UTR

must be removed prior to 43S pre-initiation complex bbding (Sonenberg, 1988). Removal

is believed to be accomplished by a group of initiation factors which bind to the cap of the

mRNA, either directly or indirectly. According to this model, eIF4F is the tirst factor to

associate with the cap structure. Mammalian eIF4F is a heterotrimer ( Tahara et al., 1981;

Edery et al., 1983; Grifo et al., 1983) comprised of: i) eIF4E, a 24 kDa protein which

recognizes specifically the cap structure (Sonenberg et al., 1978); ü) eIF4A, an RNA­

dependent ATPase (Orifo et al., 1984) and bidirectional RNA helicase (Rayet al., 1985;

Rozen et al., 1990); and iü) eIF4G (previously known as p220), a factor essential for cap­

dependent translation (Etehison et al., 1984) which may act as a scaffold linking eIF4E,

eIF4A and eIF3 (Mader et al., 1995; Lamphear et al., 1995). The binding ofeIF4F to the

cap positions eIF4A in proxirnity to its substrate, RNA secondary structure. In conjunction

with eIF4B, an RNA-binding protein which stimulates the ATPase and helicase activities of

eIF4A, eIF4A is believed to unwind stem-loop structures and creates an area of single­

stranded RNA accessible for ribosome binding (Orifo et al., 1982; Rayet al., 1985; Rozen

et al., 1990). The 43S pre-initiation complex binds the mRNA al or near the cap structure,

and scaus the 5' UTR in a veetorial fashion until the initiator AUO is found (scanning

10
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model; Kozak. 1978). In the majority of cases, the fmt AUO codon encountered is used to

initiate protein synthesis (Kozak, 1987). There are, however, exceptions to this rule. The

scanning ribosome may overlook an AUO codon which is located less than 10 nucleotides

from the cap (Kozak, 1991), or if the AUO codon is found in an unfavomble context (i.e.

surrounding sequences; Kozak, 1987). In sorne mre instances, non-AUO codons such as

CUO, ACO and OUO will serve as initiation sites (500 OrUnert & Jackson, 1994).

1.3.4 AUG codon recognition

The factors which contribute to AUO recognition are ill-defmed. Statistical and

experimental evidence (Kozak, 1986b; Kozak, 1987; Kozak, 1987b; OrUnert & Jackson,

1994) strongly suggest that nucleotide sequences surrounding an AUO codon influence

initiator codon choice. The optimal sequence around an AUO is GCCAlGCCAllOO, and is

known as the Kozak consensus sequence (reviewed by Kozak, 1991). It is unlikely that

rRNA-mRNA interactions play a role in the selection of the initiator codon, although it bas

been noted that a region in 18S rRNA offers sorne degree ofcomplementarity to the Kozak

consensus (Lagl1nes-Otero, 1993). Recognition of the initiator AUO per se requires the

temary complex elF2.mettRNAi·OTP. A codon-anticodon interaction between the AUO

and mettRNAi is critical (Cigan et al., 1988). Furthermore, in a genetic reversion analysis, it

was shown that mutations in the ~ subunit ofelF2 alter the ribosomal start site selection

during the scanning process (Donahue et al., 1988). A similar search for factors

contributing to initiator AUO recognition permit!ed the identification of the yeast protein

encoded by the sun gene (Yoon & Donahue, 1992). Suil protein is homologous to eIFI

(Kasperaitis et al., 1995). eIF4B has also been suggested as a candidate for AUO codon

recognition, based on its ability to bind AUO triplets better !han any other variety of triplets

tested (Ooss et al., 1987). Wheat germ eIF4B, on the other hand, failed to demonstrate this

property (Sha et al., 1994). Thus, the involvement ofeIF4B in AUO recognition remains

unclear.
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1.3.5 Subunit Jolnlng

AUG codon recognition by the scanning ribosome is followed by joining of the 60S

ribosomal subunit to fonn the 80S initiation complex. It has becn proposed. for

prokaryotic ribosomes, that complementary sequences in the 16S and 23S rRNA contribute

to subunit joining by direct base pairing (Herr & Noller. 1979). Subunit joining is catalyzed

by eIF5. which binds to the 40S ribosomal subunit and induces the hydrolysis of the GTP

molecule carried by eIF2 (Trachsel et al.• 1977; Benne & Hershey, 1978). Sorne genetic

evidence 1inks the poly(A) binding protein (PABP) with an increased efficiency of 60S

subunitjoining (Sachs & Davis. 1989). Recently however. it was shown that PABP more

likely functions at an eartier step of translation initiation. by helping the recruitmcnt of 40S

ribosomal subunits to the mRNA (Taron & Sachs. 1995).

GTP hydrolysis induces the release or eIF2 as well as the other translation initiation

factors bound to the 48S pre-initiation complex (peterson et al.• 1979). In order for elF2 to

re-enter another round of initiation, the GDP moiety must be exchanged for GTP. This

reaction is catalyzed by eIF2B. an enzymatic complex comprised of5 subunits (reviewed

by Price & Proud. 1994).

1.4 Regu14tion of trans14tion init14tion

In most instances, the rate-timiting step of protein synthesis is initiation. This

conclusion is based on severa! observations (reviewed by Mathews et al.• 1996). For

example. the rate of initiation for ovalbumin mRNA is one event every 6.5 seconds

(paimiter. 1975). Since an elongating ribosome requires two seconds to vacate the initiation

site. it is clear that the rate of initiation of ovalbumin mRNA is less than the maximal

theoretical rate. In addition, toeprinting experiments suggest that a ribosome occuples 35

nucleotides on a mRNA. Yet, the spacing between elongating ribosomes in a polysome is

80 to 100 nucleotides. (Reviewed by Mathews et al., 1996). Finally. because the majority
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of mRNAs in a cell are resislant :0 low concentrations ofcyclohexamide. an elongation

inhibitor, it is believed that the ra!e of translation of Most mRNA is limited by the efficiency

of initiation (Lodish and Jacobsen, 1972). Since 48S initiation complexes are less abundant

than 43S pre-initiation complexes (Darnbrough et al, 1973). the precise step th&t appears

limiting in protein synthesis is binding of the ribosome to the mRNA or scanning.

Protein synthesis rates can be altered for ail mRNAs, or for a specific subset of

mRNAs. Modification of initiation factor activity is one of the means by which a cell May

regulate translation. Formation of the temary complex and changes in the activities of the

cap binding proteins (namely eIF4E), both of which affect the binding of the 43S pre­

initiation complex to the mRNA, are two of the mechanisms by which protein synthesis is

regulated.

1.4.1 Ternary complex formation

AUG codon recognition and subunit joining results in the ejection ofelF2-GDP. The

latter is incapable of binding mettRNAi (Walton & Gill, 1975). Furthermore, elF2 exhibits a

l00-fold greater affinity for GDP than GTP (Proud, 1992). Exchange of the GDP moiety

for GTP requires elF2B (reviewed by Price & Proud. 1994). Phosphorylation ofelF2 on

serine 51 of the a subunit causes a 150-fold increase in the aff'mity ofelF2B for elF2­

GDP. eIF2-GDP phosphorylated on S51 therefore acts as a competitive inhibitor and

blacks the exchange reaction (Rowlands et al., 1988). This results in a depletion ofelF2

charged with GTP and mettRNAIo and an overal1 reduction of protein synthesis rates. Three

elF2a-specific kinases have been identified 50 far (reviewed by Clemens, 1996). PKR

(protein kinase RNA-activated) is a double-stranded RNA-activated ser/thr kinase which

plays a pivotai role in the interferon-mediated shut-down of protein synthesis during viral

infection (Hovanessian. 1989). BCR (beme controlled repressor) phosphorylates elF2a in

the absence of hemin (Chen et al., 1991). GCN2 is a yeast kinase that phosphorylates elF2

during amino acid deprivation (Wek et al., 1989).
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The importance ofelF2a phosphorylation on translation initiation rates, and by

extension, on cell growth. is illusb'ated by the possible tumor-suppressor l'Ole of PKR

(Koromilas et al, 1992b; Meurs et al.• 1993; Barber et al.• 1995). and by the oncogenic

potential of an elF2a mutant in which serine-51 bas been replace by alanine (Donzé et al.,

1995). The mechanism of transformation for mutants ofPKR and elF2a S51A is

unknown. and may not necessarily be the same (Barber et al.• 1995b).

1.4.2 Cap blndlng protelns and meltlng of RNA secondary structure

The activities of factors involved in the melting of RNA secondary structure [ eIF4F

(eIF4E. eIF4A, eIF4G) and e1F4B] conttibute to the regulation of ttanslation rates and cell

growlh. The RNA unwinding activity associated with ttanslation may be Iimiting under

normal growth condition. since eIF4E (and consequently eIF4F>. present at 0.01 to 0.2

molecules per ribosome, is the least abundant of translation initiation factors (Hiremath et

al.• 1985; Duncan et al.• 1987). Other initiation factors such as eIF4B and eIF4G are found

at 0.5 molecules per ribosome (Duncan & Hershey, 1983; Duncan et al., 1987), while

eIF4A is present at 3 molecules per ribosome (Duncan & Hershey, 1983). Even though

eIF4A is the most abundant initiation factor, the elF4A-related RNA helicase activity is

conditional on the amount of e1F4F. The latter is 2()'limes more effective as a helicase than

free eIF4A (Rozen et al.• 1990) and there is evidence that eIF4A functions through eIF4F

via an exchange mechanism (Yoder-Hill et al., 1993; Pause et al., 1994).

Severa! experiments demonstrate the critical role ofeIF4E in the control ofcell growlh.

Overexpression ofeIF4E in Nlli 31'3 and Rat-2 cells induced malignant transformation

(Lazaris-Karatsas et al.• 1990), while in HeLa cells, it deregulated cell growlh (de Benedetti

& Rhoads, 1990). Microinjection of purified eIF4E and eIF4F into quiescent Nlli 31'3 cells

altered their morphology (Smith et al, 1990). In conb'asl, a decrease in the level of eIF4E

with anti-sense RNA resulted in lengthened cell division lime in Hela cells (de Benedetti et

al.• 1991) or a phenotype reversion of ras-transformed cells (Rinker-Schaeffer et al.,
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1993). The effects of eIF4E on cell growth are abolished by a mutation of Ser-53 to Aja

(Lazaris-Karatzas et al., 1990; De Benedetti & Rhoads, 1990; Smith et al., 1990).

The mechanism by which eIF4E transfonns cells is unclear. It bas been suggested that

elevated eIF4E levels cause an increase in the lever of eIF4F helicase activity. This in tum

removes a translational block imposed on mRNAs with high amounlS of secondary

structure in their 5' UTR (Lazaris-Karatzas et al•• 1990). Significantly, several proto­

oncogene mRNAs possess exceptionally long and G-e burdened 5' UTRs (see Kozak,

1991). Preferential translation of specific mRNAs in eIF4E-transfonned relis has been

demonstrated for omithine decarboxylase mRNA (Rousseau et al.• 1996). Microinjection of

eIF4E mRNA in Xenopus eggs also led to the selective translation of activin mRNA

without stimulating total protein synthesis (Klein & Melton, 1994).

Alternative mechanisms for eIF4E-induced transfonnation cannot he roIed oul A portion

(20%) ofeIF4E localizes to the nucleus (Lejbkowicz et al., 1992), and eIF4E could he

involved in nucleocytoplasmic transport of mRNAs. Indeed, a greater fraction of cyclin Dl

mRNA localized to the cytoplasm in elF4E-transfonned rells than in control Nlli 31'3 cells

(Rosenwald et al., 1995; Rousseau et al., 1996).

As with eIF2lX, some activities ofeIF4E appear to he regulated by phosphorylation.

Phosphorylation ofeIF4E increases the affmity of this factor for the cap structure (Minich et

al, 1994), stimulates the incorporation ofeIF4E into the eIF4F complex (Morley et al.•

1993; Bu et al. 1993), results in a larger amount ofeIF4E associated with the 48S initiation

complcx (Joshi-Barve et al., 1990). and stimulates protein synthesis in vitro (Morley et al,

1990). These observations are consistent with an increased capacity ofeIF4E to promote

mRNA-ribosome binding when phosphorylated. elF4E was originally helieved to be

phosphorylated at serine-53 (Rychlik et al., 1987). Recently. the phosphorylation site bas

been re-assigned to S-209 (loshi et al. 1995; Flynn & Proud. 1995; Makkinje et al., 1995;

Whalen, Gingras et al., in press). Protein kinase C (loshi et al. 1995; Whalen. Gingras et

al.• in press). and protamine kinase (Makkinje et al., 1995) phosphorylate eIF4E at S209
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and 1'210 in vitro. Other translation initiation factors such as eIF4G. eIF4B and eIF3 are

phosphorylated. and as with eIF4E. an increase in their phosphorylation positively

correlates with the overall translational and proliferation status of the cell (Duncan &

Hershey. 1984. 1985; Huang & Schneider. 1984; Bonneau & Sonenberg. 1987; Duncan et

al.. 1987). How phosphorylation affects the activities ofeIF4B. eIF4G and eIF3 is

unknown at present

Recently. the identification of eIF4E-binding proteins (4E-BPs) gave new insight ta the

mechanism of regulation ofeIF4E activily (Pause et al.• 1994b; Lin lit al.• 1994). 4E-BPs

are small heat and acid-stable proteins which associate with eIF4E and interfere with cap­

dependent translation (pause et al.• 1994b). Repression of translation by 4E-BPs is the

result of competition between 4E-BPs and eIF4G for binding ta elF4E (Haghighat et al.•

1995). The association ofeIF4E and 4E-BPI is affected by the phosphorylation status of

4E-BPl. 4E-BPI will bind to eIF4E when dephosphorylated on Ser64 (Pause et al.•

1994b; Lin et al.• 1994).

1.5 Initiation factors reqllired for mRNA Ilnwinding

eIF4E binds to the cap structure ofa mRNA and positions eIF4G and eIF4A near

potentially inhibitary RNA stem-Ioops. eIF4G May serve as a scaffold ta which eIF4E and

eIF4A bind, and May link the 40S ribosomal subunit with the mRNA via a direct interaction

with eIF3 (Mader et al., 1995; Lamphear et al.• 1995). eIF4A, in conjunction with eIF4B,

participates llCtively in the melting ofsecondary structure in the 5' UTR.

1.5.1 eIF4A

eIF4A is a 46 kDa protein that is present both as a free form and as part ofeIF4F (Edery

et al., 1983; Conroy et al., 1990). The use of reconstituted translation extraets demonstrated

!hat eIF4A is required for the binding of the mRNA ta the 43S pre-initiation complex

(Trachsel et al., 1977; Benne & Hershey. 1978). eIF4A binds ATP (Sarkar et al., 1985;
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Rozen et al., 1989), cross-links to oxidized cap structures in an ATP and eIF4B-dependent

manner (Grifo et al., 1982; Edery et al., 1983), and hydrolyses ATP in the presence of

RNA (Grifo et al., 1984). RNA-dependent ATP hydrolysis is stimuiated by eIF4B (Grifo

et al., 1984). There appears to be some specificity as to the type of RNA which will induce

the ATPase acûvity of e1F4A, as RNAs lacking secondary structure are beuer stimulators

(Abramson et al., 1987). It is thought that eIF4A is responsible for the ATP requirement

during eukaryoûc protein synthesis initiaûon.

Consistent with its mie in the ribosome binding step, eIF4A (and eIF4F) possesses

bidirecûona! RNA helicase acûvity (Rayet al., 1985; Rozen et al., 1990), a property which

is also sûmulated by eIF4B. eIF4F is 2D-ûmes more acûve than free eIF4A as a helicase

(Rozen et al., 1990). The incorporaûon ofelF4A into eIF4F is due to a direct interacûon

with the elF4G component of the cap-binding complex (Lamphear et al., 1995). This

associaûon is not strong, as free eJF4A has been shown to exchange with the p46 subunit

of eIF4F (Yoder-Hill et al., 1993). In addiûon, trans-dominant negaûve studies using

mutants of eIF4A that are deficient for RNA binding suggest that free eIF4A does not

directly participate in translaûon , but is rather channeled through eIF4F to melt RNA

(Pause ,;t al., 1994). The eIF4A mutants inhibited translaûon of RNAs devoid of secondary

structure, implicaûng this factor in funcûons other than unwinding the 5' UTR. Perhaps

eIF4A (or eIF4F) alters the secondary/teruary structure of rRNA during translaûon

initiaûon.

eIF4A is the prototypical member of the DEAD box family of putaûve RNA helicases

(reviewed by Gorbalenya & Koonin, 1993; Pause & Sonenberg, 1993). These proteins

share 9 highly conserved amino acid motifs which include the characterlstic asp-glu-ala-asp

sequence (DEAD in single letter amino acid code; Linder et al., 1989). DEAD box family

members are involved in a wide array of biological proœsses, such as translation initiation,

RNA splicing, ribosome biogenesis, spermatogenesis, oogenesis, celI growth and division

(Wasserman & Steitz, 1991). Many of these proteins possess RNA-dependent ATPase
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activity. but few have actually been shown 10 unwind RJl.A. Among thesc are p68. a

nuclear protein involved in cell growth (Hirling el al.• 1989). vasa (Liang cl al.• 1994).

An3. a Xenopus oocyte protein (Gururajan el al.• 1994). pestivirus NS3 protein (Warrener

& Collet!, 1995). RNA helicase A (Lee & Hurwitz. 1993). polyvirus CI protein (Lain et

al.• 1990) and Vaccinia virus NPH-II (Gross & Shuman. 1996). Extensive mutational

analysis ofeIF4A revealed which amino acids are implicated in ATP binding. ATP

hydrolysis. RNA binding and RNA unwinding (Pause & Sonenberg. 1992; Pause ct al.•

1993). RNA helicase motif 1(Ax4GK1) mediales ATP binding (Rozen et al.• 1989; Pause

et al.• 1992). while motif II (DEAD) is important for ATP hydrolysis (Pause el al.• 1992).

Motifm(SA1) couples the ATPase with the helicase activity (pause et al.• 1992) while

motif VI (HRIGRxxR) is involved in ATP-dependent RNA binding (pause et al.• 1993).

1.5.2 elF4B

eIF4B is a translation initiation factor which stimulates the ATPase. RNA binding and

RNA helicase activities ofeIF4A and eIF4F (Grifo et al.• 1982; Grifo et al.• 1984;

Abramson et al.• 1988; Rayet al.. 1985; Lawson et al.• 1989; Rozen et al.• 1990). elF4B

has also been reported to favor the binding and release ofeIF4E to the cap structure (Ray el

al.• 1986). These properties help to explain why eIF4B is absolutely required for binding of

the mRNA 10 the ribosome (Trachsel el al.• 1977). Finally. eIF4B co-purifies with eIF4F

and eIF3 (Etehison & Smith. 1990) and exhibits moderate interaction with purified

ribosomes in the presence of eIF4A (Hughes el al.• 1993).

The mechanism by which eIF4B stimulates the eIF4A ATPase and helicase activities is

unknown. eIF4B binds directiy to RNA in an ATP-independent fashion (Grifo el al.• 1982)

and cross-links ta cap-Iabeled RNAs in the presence of ATP and elF4F (Edery el al.,

1983). Cross-linking of eIF4B ta the cap is stimulated byeIF2 (van Heugten el al., 1991).

A fluorescence sludy with a variety of nucleotide triplets indicated sorne preference of rabbil

eIF4B for AUG triplets (Goss et al.• 1987). Wheal germ eIF4B showed no such
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preference, and ilS binding 10 oligoribonucleotides was insensitive 10 the presence of

secondary structure (Sha et al., 1994). Poly(A) was shown 10 be a good substtate for

eIF4B binding (Gallie & Tanguay, 1994), and indeed, inhibition of translation associated

with the addition ofexogenous poly(A) was reversed by a combination ofeIF4A, eIF4B

and eIF4F (Gallie & Tanguay, 1994). eIF4B bas also been reported 10 bind 18S rRNA

(Brown-Luedi et al., 1978).

The cDNAs for human (Milbum et al., 1990) and yeast (Coppolecchia et al, 1993;

Altmann et al., 1993) elF4B have been cloned. The proteins have a predicted molecular

mass of 69 and 49 kDa, respectively, and both contain an RNA Recognition Motif (RRM;

see section 1.6.5.5 for details) near the amino-terminus. Human eIF4B bas short repealS of

aspartic acid, arginine, tyrosine, and glycine residues (D-R-Y-G in single letter amine acid

code), and a highly charged carboxy-terminus. Yeast eIF4B, also termed TIF3 or STM1,

does not contain a DRYG region but rather possesses a 7-fold repeat of26 amino acids rich

in basic and acidic residues. Disruption of yeast eIF4B is not letha1 but causes a slow

growth and cold-sensitive phenotype (Altmann et al., 1993; Coppolecchia et al., 1993). The

level of identity between human and yeast eIF4B is one of the lowest (17 10 26%,

depending on the a1ignment program) among cloned translation initiation factors (Merrick &

Hershey, 1996). The claim that TIF3 is the yeast homologue of mammalian elF4B is

supported by the fact that TIF3 is a high copy suppressor of a temperature-sensitive

mutation in yeast eIF4A (Coppolecchia et al., 1993). The RRM ofT1F3 is required for the

suppressor effect (Coppolecchia et al., 1993). Further, a yeast strain in which TIF3 has

been deleted poorly translates mRNAs with secondary structure in their S'leader sequence

(Altmann et al., 1993). Recently, RNA annealing activity for TIF3 and eIF4B has been

reported (Altmann et al., 1995), re-opening the debate on the possible involvement of

eIF4B in scanning.

elF4B is a phosphoprotein that is phosphorylated at multiple serine and threonine

residues. The level of phosphorylation positively correlates with the translational status of
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the cell. eIF4B is less phosphorylated during heat shock (Duncan & Hershey. 1984) and

serum starvation (Duncan & Hershey. 1985). ln vitro. elF4B is phosphorylated by at least

5 different kinases (S6 kinase. PKC. PKA. CKI and CKll; Tuazon cl al.• 1989). eIF4B

phosphorylation increases in response 10 insulin. phorbol ester treatment (Morley &

Traugh. 1990; Morley & Traugh. 1993) and epidennal growth factor (Wolthuis et al.•

1993). lt is not known whether phosphorylation affects the activity of eIF4B.

1.6 RNA and RNA binding proùins during translation initiation

Not all mRNAs are translated with the same efficiency. with a IllO-fold range among

cellular mRNA (Rhoads et al.• 1994). Fealures both in the 5' and the 3' untranslated region

influence the ability ofa mRNA to be translate<!.

1.6.1 The S' untranslated reglon

1.6.1.1 The cap structure

AIl cytoplasmic mRNAs are capped. Apart from its l'Ole in mRNA spllcing (Edery &

Sonenberg, 1985), nucleocytopiasmic transport (Hamm & Mattaj. 1990) and RNA stability

(Furuichi et al.• 1977), the cap structure inc~'S the efficiency of translation in vitro

(ShatIdn, 1976; reviewed by Sonenberg. 1988) and in vivo (Gallle. 1991). Capped

mRNAs are translated more efficiently titan their uncapped counterparts in ceU-free

translation extraets (Both et al.• 1975) or when electroporated into cells (Gallle. 1991).

Capped mRNAs bind more efficiently to ribosomes (Both et al.• 1976).

Picomaviruses produce uncapped mRNAs with long. highly structured and AUG­

burdened 5' UTRs. The initiation of translation of picomavirus mRNA occurs via a cap­

independent mechanism by internai entry of the 40S ribosomal subunit on the mRNA

(Pelletier & Sonenberg, 1988; Jang et aL, 1988; reviewed by Jackson & Kaminski. 1995).

The translation of mRNAs with long unstructured 5' UTRs shows a reduced requirement

for the cap (Gehrke et al., 1983).
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1.6.1.2 The Initiation codon

In 90-95% of cases, the tirst AUG codon encountered by a scanning ribosome is used

as the initiation site (Kozak, 1989). However, the position and the context surrounding the

initiator codon influence the efficiency of translation initiation at the correct site. As

mentioned in section 1.3.3, data from statistical and systematic mutagenesis studies suggest

that in vertebrates, the sequence GCCNGCCAUQG is optimal for translation initiation

(initiation codon underlined; Kozak, 1986, 1987). Recently, it has been shown that the

immediate downstream codon influences the efficiency of utilization of the initiator codon,

particularly in the case of non-AUG initialors (Grünert & Jackson, 1994). The strongest

determinants of recognition efficiency are al position -3 and +4, (numhered relative to the

adenine residue, which occupies position +1) which ideally should he occupied by purines

(Kozak, 1987b; Kozak, 1986). These rules do nOI apply to yeast, as AUG recognition is

not dependent on context (Cigan et al., 1988b).

Poor context may he responsible for a phenomenon termed "Ieaky scanning", whereby a

40S ribosomal subunit bypasses the fust AUG and initiates at the next one. Severa! viral

mRNAs (reviewed by Kozak, 1986c) are capable of producing two, sometimes three

overlapping proteins by overlooking at a certain frequency the first weak AUG codon.

Cellular mRNAs may also produce two proteins from a single mRNA species, presumably

by leaky scanning. Such is the case for LAP, a transcriptional activator, and LIP, a

transcriptional repressor. Both proteins are identical except that LIP lacks part of the amino­

terminus (Descombes & Sehibler, 1991). In other examples, N-terminally extended pim-l

and int-l proteins are produced by alternative initiation of translation at CUG and AUG

codons (Acland et al., 1990; Saris et al., 1991).

The position of the initiatorcodon relative to the cap-structure and to other AUG codons

in the 5' U1R also influence the fidelity and efficiency of translation initiation. For

instance, if the initiator AUG is less that la nucleotides downstream from the cap, the
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ribosome bypasses it at a high frequency to initiate at the next downstream site (Kozak,

1991).

The presence of in frame AUG codons between the cap structure and the initiator AUG,

creates short upstream open reading frames (uORFs) which reduce the efficiency of

translation of an mRNA. However, synthesis of proteins having short uORFs in their

mRNA 5' UTR may take place by fe-initiation. During this process, translation-termination

of the flfst uORF results in 60S subunit dissociation. The 40S ribosomal subunit rcmains

bound to the mRNA and resumes scanning until the next AUG is reached. Alternatively,

the 80S ribosomal subunit n.ay remain on mRNA and scan. Re-initiation is usually rare,

and the principles that gove":'. its efficiency are not understood. In the case of yeast, re­

initiation is used as a means to control the expression of GCN4. The latter is a transcription

factor that directs the expression of genes required for amino acid biosynthesis (rcviewed

by Hinnebusch, 1996). Under normal growth conditions, translation of GCN4 mRNA is

repressed by four uORFs. During amino acid starvation translation ofGCN4 rnRNA is

upregulated via a mechanism which involves the phosphorylation of the a. subunit of eIF2

by the GCN2 kinase. Phosphorylation of eIF2 ultimately leads to a reduction in the pool of

eIF2·meltRNA·GTP complex. Thus, binding of a temary complex to a 40S ribosomal

subunit would occur less often, allowing the scanning ribosome to bypass uORF 2, 3 and

4. Acquisition of a ternary complex while the 40S ribosomal subunit transits belween uORF

4 and the authentic slart sites allows re-initiation and the synthesis ofGCN4..

For certain mRNAs (five reported so far), the peptide encoded by the short uORF plays

an active role in the inhibition of translation (sec Geballe, 1996).
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1.6.1.3 Secondary structure

The presence of stem-Ioop structures in the 5' UTR is inhibitory to translation (Pelletier

& Sonenberg, 1985). Both the stability and the position of the hairpin influence the extent

of inhibition. A moderately sta'>le hairpin (1IG= -30 kcaVmol) impairs trans1ation if

positioned near the cap, but has no effeet if located 52 nucleotides downstream (Kozak,

1989). On the other hand, stable hairpins (lIG= -61 kcallmol) are deleterious to translation,

irrespective of their position in the 5' UTR (Kozak, 1989). Secondary structure near the cap

decreases 40 S ribosomal subunit binding (Pelletier & Sonenberg, 1985; Kozak, 1986), an

effect which correlates with a reduction in initiation factor binding to the cap structure (Lee

et al., 1983; Pelletier & Sonenberg, 1985b). The interpretation ofthese results is that

ribosomes require single-stranded RNA near the cap structure to enter on the mRNA. Once

bound, the scanning ribosome unwinds moderately stable secondary structure, but stalls

when itencounters stable hairpins (Kozak, 1986, 1989). Surprisingly, hairpins located

immediately downstream of the initiator AUG stimulate translation, especially if the

nucleotide context around the AUG is unfavorable (Kozak, 1990).

Secondary structure (as weil as primary sequence elements) may serve as binding sites

for specific RNA-binding proteins. When bound to the 5' UTR, these proteins inhibit

translation initiation. A weIl documented case is ferritin mRNA, whose translation is

regulated by ceilular iron content (reviewed by Klausner et al., 1993; Rouault et al., 1996).

The 5' UTR of ferritin mRNA contains a small stem-Ioop structure, the iron regulatory

element (IRE), which serves as a specific binding site for a 100 kDa protein, the iron

regulatory factor (IRF). Under iron-depleted conditions, !RF binds to the IRE and blocks

translation of ferritin mRNA. The repression is dependent on the position of the IRE, which

must lJe within 40 nucleotides from the cap-structure (Ooosen & Hentze, 1992). The

translational block is not dependent on the IRFJIRF relationship, as other RNA-binding

proteins, such as UlA snRNP and bacteriophage MS2 coat protein, will inhibit translation,

provided their high affinity RNA binding site is located near the cap (Stripecke & Hentze,
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1992). The mechanism of tmnslational inhibition involves a reduction in the amount of 43S

complex associated with the mRNA cap (Gray & Hentze, 1994). It is not known yet if

binding of the !RF to IRE impedes the accessibility of the cap to eIF4F and eIF4B.

Similarly, the translation ofa group of spermatocyte RNA appears to he controlled

temporally by an RNA sequence in the 5' UTR. The regulatory effect is dependent on the

position of this motif, which must he near the cap (Shllfer et al., 1990). Proteins that bind

to the regulatory element have been identified by UV crosslinking (Kempe et al., 1993).

Secondary structure May act as a regulatory element during oogenesis and early

developmenl When injected into Xenopus oocytes, the translation of a CAT reporter

mRNA hearing secondary structure in ils 5' UTR was repressed. At fertilization, however,

ils translation was considerable stimulated without apparent changes in mRNA stability. An

increase in RNA helicase activity at fertilization was postulated as a mechanism to explain

this phenomenon (Fu et al., 1991). In another slUdy, insulin stimulated the translation of a

reporter mRNA bearing the GC-rich 5' UTR of ornithine decarboxylase rnRNA. It was

suggested that insulin treatment promotes the preferential translation of mRNAs with

structured 5' UTRs by activating initiation factors involved in RNA unwinding (ManzeUa et

al., 1991). In light of the fact that insulin promotes the phosphorylation (and hence the

inactivation) of 4E-BPI (Pause et al., 1994; Lin et al., 1994), this mechanism secms

plausible.

Ali vertebrate ribosomal protein rnRNAs described to date, as weil as eEFIA and eEF2

mRNAs, contain a polypyrimidine tract (TOP; tract of pyrimidines) irnmediately

downstream of the cap structure. This motif is implicated in translational regulation (Levy et

al., 1991). The mechanism ofcontrol appears to involve phosphorylation of ribosomal

protein S6. Following mitogenic stimulation, translation ofeEFIA mRNA is selectively up­

regulated, as shown from the re-distribution of transcripls from rnono-disomes into

polysomes (Jefferies et al., 1994). Blockage of S6 phosphorylation with the drug

raparnycin resulls in a selective down-regulation of translation ofeEFla mRNA, and other
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transeripts containing the TOP motif. This effect is dependent on the presence of the

polypyrimidine tract immediately downstteam of the cap (Jefferies et al., 1994b). Based on

these data, it has been suggested that S6 phosphorylation leads to the preferential translation

of the TOP class of mRNAs (Jefferies et al., 1994b).

There are a few examples ofautoregulatory feedback mechanism, whereby binding ofa

protein to sequences in the 5' UTR and the coding region of its own mRNA b10cks

translation. Such is the case for thymidylate synthase (Chu et al., 1991). dihydrofo1ate

reductase. (Chu et al., 1993)(Chu. 1993) poly(A) binding protein (de Melo Neto et al.,

1995) and p53 (Mosner et al., 1995).

Ifextensive 5' UTR secondary structure can he emp10yed as a means te reduce the

trans1ational efficiency ofcertain oncogenes ,Kozak, 1991c), mutations that either increase

or decrease secondary structure may have significant consequences on cell function. For

instance, severa! breast cancer cell1ines express a novel transforming growth factor 13

transcript which lacks much of the long 5' UTR. The shortened leader supports translation

that is 7-fo1d more efficient relative to the wild type sequence (Arrick et al., 1994). In

another example, the expansion ofa CGO repeat L'l the 5' UTR of the FMR1 gene ofa

mildly affected fragile X syndrome patient considerably reduces FMR1 protein levels

without affecting FMR1 mRNA stability (Feng et al., 1995).

1.6.2 The 3' untranslated reglon

The 3' UTR p1ays a crucial role in mRNA metabolism since it contains signais that

affect mRNA stability.1ocalization, polyadenylation and translation efficiency (reviewed by

Jackson, 1993). Meiotic maturation, development and differentiation are particular1y rich in

translational control evenl3 mediated by the 3' UTR.

There are numerous examp1es which demonstrate that a specific proteinlRNA interaction

in the 3' UTR ofa mRNA regulates initiation of translation in a fashion that is independent

from changes in mRNA stability (reviewed by Standart & Jackson, 1994).
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LOX (erythroid 15-lipoxygenase) mRNA is synthesized and slored as an untranslated

mRNA particle until reticulocytes mature into erythrocytes. The LOX mRNA 3' UTR

contains 10 tandem repeats ofa motifwhich serves as a specifie binding site for a 48 kDa

protein. Association of this protein with the 3' UTR inhibits the translation of LOX mRNA

al the initiation step (Ostareck-Lederer el al., 1994). Asimilar temporally regulated

inhibition of translation, which is dependenl on the specifie binding ofa protein to RNA

sequences in the 3' UTR is seen with prolamine mRNA (Kwon & Heehl, 1991).

Regulation of translation by sequences in the 3' UTR contributes greatly 10 the

establishment of asymmetry in Drosophila and C. elegans embryos. Nanos and glp-l

mRNA translation occurs only in specifie areas of the embryo, an effeel which is mediated

by the 3' UTR (Gavis & Lehman, 1995; Evans et al., 1994). Nanos itself, which is a

posterior patterning detenninant in Drosophila, acts as a translational repressor for

hunchback (hb) mRNA through nanos-response-elements (NRE) located in the 3' UTR of

hb mRNA (Wharton & Struhl, 1989). Nanos does not bind directly to NRE, but rather

exerts its eITeet via another protein, pumilio (Murata & Wharton, 1995). Recently, the

homeodomain protein bicoid was shown to repress the cap-dependent translation of caudal

by binding specifically to sequences in the 3' UTR of caudal mRNA (Dubnau & Struhi,

1996; Rivera-Pomar et al., 1996).

How is translation initiation blocked from the 3' UTR? It is possible that a protein binding

to the 3' UTR reduces access to the cap-structure by either interacting directly with cap­

binding proteins, or indirectly through serial protein-protein interactions. Alternatively, this

protein May serve as a nucleation site for the fonnation of an inactive mRNP particle.

Translation initiation is strongly affected by the polyadenylation status of the mRNA as

changes in poly(A) taillength often result in changes in translation initiation efficiency.

Such is the case for the activation of maternal mRNAs (for review, see Standart & Jackson,

1994). Signals which modulate polyadenylation lie in the 3' UTR. Again, how the poly(A)
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tail enhances translation is unknown, butthere appears 10 he a requirement for the poly(A)

binding protein (Taron & Sachs, 1995).

1.6.4 Alternative modes or translation Initiation

The inhibitory effects of secondary structure and/or short uORFs can he avoided by the

use of two alternative modes of initiation of translation.

In internai initiation, the ribosome binds to the mRNA independenlly of the cap, at an

internai site wilhin the 5' UTR. The intemal entry of the ribosome is dependent on RNA

sequence elements and on proteins that bind to these elements (reviewed by Jackson &

Kaminski, 1995). The translation of picornavirus RNAs, which are uncap~ and which

possess long, highly structured 5' UTRs proceeds by internai initiation. Conserved

nucleotides and secondary structure within the internai ribosome entry site (IRES) are

critical. Non-canonical translation factors such as the La autoantigen and the polypirimidine

tract binding protein (PI'B) also participate in intemal initiation. Both factors can cross-link

10 picornavirus IRES (Meerovitch et al., 1993; Kaminski et al., 1995). Depletion of PTB

from cell-free translation extracts abrogated the translation of IRES-dependent mRNAs

without affecting translation of other mRNAs (Kaminski et al., 1995). Addition of La to

rabbit reticulocyte Iysates increased the accuracy of translation initiation of poliovirus RNA

(Svitkin et al., 1994). internai initiation for cellular proteins such as BiP (Macejak &

Samow, 1991), Drosophila Antennapedia (OH et al., 1992), basic fibroblast growth factor

(Vagneret al., 1995) and eIF4G (Gan & Rhoads, 1996) has been reported.

The second alternative mechanism is termed "ribosome shunt". Introduction ofa very

stable stem-Ioop in the 5' UTR of the cauliflower mosaic virus RNA had no inhibitory

effect on translation, even though initiation required the presence of the cap. The results

suggested that the ribosome binds to the mRNA at the cap but bypasses the inhibitory stem­

loop during scanning (FUtterer et al., 1993).
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1.6.5 RNA binding proteins

RNA binding proteins are involved in a wide variety of cellular functions, such as

antite~ation (examplified by HIV Tat and lambda phage N protein), mRNA cleavage and

polyadenylation (Cleavage and Polyadc:nylation Specificity Factor or CPSF. Cleavage

stimulation Factor. or CStF. poly(A) polymerase), RNA stability (Iron Regulatory Factor,

poly(A) binding protein or PABP), RNA nucleocytoplasmic transport (hnRNPs shuttling

proteins, HIV rev). RNA localization (staufen) and translation (eIF4B. elF4G, PABP).

The preceding sections gave numerous examples on the requirement for RNA binding

proteins in developmenL In other processes. the role played by RNA-binding protein~ is

not always evidenL For instance. in Fragile X syndrome, one of the most prevalent genetic

forms of mental retardation. the protein product of the fragile X gene FMRI is an RNA

binding protein of unknown function (Siomi et al., 1993; Ashley et al.• 1993; Siomi et al.•

1994). RNA binding proteins have been shown to associate with src, vay and rasGAP. and

may thus proticipate in signal transduction (Taylor & Shalloway. 1994; Bustelo et al.•

1995).

RNA can adopt complex secondary and tertiary structures. and consequently, proteins

that bind RNA come in a variety of forms. Certain moL's however. are frequently found in

RNA binding proteins and in many cases have been shown to contact RNA (for review. sec

Mattaj, 1993; Burd & Dreyfuss. 1994b).

1.6,5.1 The double stranded RNA binding motif (DSRM)

As its name implies. the double-stranded RNA binding motif is found in a number of

proteins that bind double-stranded RNA. Family members include PKR (Green &

Mathews. 1992). staufen (St. Johnston et al.• 1991). the double-stranded RNA specific

adenosine deaminase (O'Connell et aL, 1995), TAR RNA binding protein (Gatignol et al.•

1993), E. coli RNAse m (Kharrat et al.• 1995) and RNA helicase A (Gibson & Thompson•

1994). The DSRM is approximately 70 amino acids long. NMR structure of this motif
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reveal an aPPPa topology (Bycroft et al., 1995; Khanat et al., 1995). None of the known

members of this protein family exhibit sequence specificity.

1.6.5.2 The Arglnine-Rich Motif (ARM)

Found in some viral and ribosomal proteins. the Arginine-rich motif is characterized ooly

by an abundance ofarginine residues within a short (10-20 amino acids) sequence (Lazinski

et al., 1989). HIV Tat and rev are two well-studied ARM-containing proteins which bind

specifica\ly and with high affmity to their RNA targets. The structure of the ARM motif of

these two proteins are different (Tan et al.• 1993) and it is probable that Most ARM proteins

do not share common slnJctures.

1.6.5.3 The RGG box

Defmed as closely spaced arg-gly-gly repeats interspersed between other. often aromatic

amine acids. the RGG box usua\ly occurs in proteins that contain other types of RNA

binding motifs. Examples ofRGG box-containing proteins are hnRNPAI. hnRNPU,

FMRl, and nucleolin. The RGG box appears to facilitate RNA binding. Peptides with

sequences resembling the RGG box can he modified by methyltransferases to yield

dimethylarginine (Najbauer et al.• 1993). hnRNP proteins have a high content of

dimethylarginine. and it bas been suggested that this modification May modulate the RNA

binding properties of these proteins (Liu & Dreyfuss, 1995).

1.6.5.4 The KR domain

The prototype member of this RNA binding protein family is hnRNP K. thus the name

hnRNP K-homology domain (Siomi et al, 1993). The family now includes ribosomal

protein S3, fragile X syndrome protein FMRI (Siomi et al. 1993), FXRl, a homologue of

FMRI (Siomi et al., 1995) and bicaudal·C (Mahone et al., 1995). The KR domain is
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approximately 30 amino acids long and is characteri:red by conserved hydrophobie

residues. Asingle poinl mutation al one of these amino acids in the FMR gene of a severely

affected fmgile X syndrome patienl impairs the RNA binding activity of the FMRI protein

(3iomi el al., 1994).

1.6.5.5 The RNA Recognition Motif (RRM)

The RNA Recognition Motif (RRM; a1so known as RNP motif or RNP-consensus

sequence) is thf, mosl widely found and besl chamcteri:red sequence involved in RNA

binding (reviewed by Maltaj. 1993; Birney el al.• 1993; Burd & Dreyfuss, 1994). Identified

in over 200 different proteins to date. the RRM is defmed as a loosely conserved region of

80 to 90 amino acids within which an octapeptide. termed RNP1. and an hexapeptide,

termed RNP2, form the l'Oost distinguishable fealures. A number of hydrophobic residues

interspersed throughoul the motif ensure cOlTeCt folding. The RRM ofcertain proteins cao

bind RNA independently of other sequences, while in others, amino acids outside the

RRM, or several contiguous RRMs. are needed for wild type RNA binding.

Position 1 of RNP1 is occupied by a basic amino acid (arginine of lysine), while

positions 3 and 5 are occupied by aromatic residues (phenylalanine or tyrosine).

Mutagenesis of these amino acids in several proteins indicate a critical role for RNA binding

or overal1 function of the protein. For example. substitution of aromatic residues in RNP2

and/or RNP1 reduced or abolished RNA binding for UIA snRNP pr:>tein (Scherly el al.•

1989; Jessen et al., 1991; Boelens et al.• 1991). U2B" snRNP protein (Bentley & Keene.

1991). bacteriophage f/l29 connector (Donale et al.• 1993), E. coli Rho prolein (Brennan &

Plalt, 1991). poly(A) polymemse (Raabe et al. 1994) and hnRNP Al (Mayeda et al.•

1994). Mutations in the RRM can aIso abolish the activity of the protein, as demonstmted

for the yeast MUD2 protein (a putative splicing factor; Abovich et al., 1994), Poly(A)

polymemse (Raabe et al.• 1994), hnRNPAI (Mayeda et al., 1994}, and splicing factom

SF2IASF and tm-2 (ateres & Krainer, 1993; Amrein el al., 1994). However, in the latter
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two examples, mutations at the RNPI aromatic residues did not alter RNA binding activity

and it is possible that other regions of the protein contribute to RNA binding.

A critical role for aromatic residues within RNPI and RNP2 is evident from UV cross­

linking studies (Merril et al., 1988; Stump & Hall, 1995). It was suggested that RNA

binding is achieved at least in part through ring-stacking interactions betwoon RNA bases

and the aromatic amino acids (Kenan et al., 1991). Nuclear magnetic resonance (Hoffman

el al., 1~1; Gllrlach et al., 1992; GlIITCtt et al., 1994), crystallographic (Nagai et al., 1990)

and co-crystallographic (Oubridge el al, 1994) studies are consistent with this hypothesis.

AlI the RRMs examined al the struclurallevel adopt a 131a132fua134 fold, with RNP2 and

RNPllocalized within 13 shoots 1and 3, respectively. In UlA snRNP, the conserved

aromatic amino acids are solvent-exposed (Nagai et al., 1990) and malte ring-stacking

interactions with some bases of the UlA snRNA (Oubridge et al., 1994). Many of the base­

specific contacts, on the other hand, are mediated by a loop betwoon l3z and fu (Oubridge el

al., 1994). Indeed, phylogenetic analysis demonstrated that Ibis loop is the most variable

region of the RRM (Bimey el al., 1993). In domain-swapping experiments, a short amino

acid segment betwoon l3z and fu of the U2B" snRNP protein conferred U2A RNA

recognition when substituted into the corresponding position in the UlA snRNP protein

(Bentley & Koone. 1991; Scherly el al., 1990). These data, combined with the co-erystal

structure information, suggest that RNPI and RNP2 constitute a general RNA binding

platform, and amino acids in the variaNe region of the RRM and at its C-terminus provide

specificity determinants (Burd & Dreyfuss, 1994).

Many RRM-containing proteins exhibit RNA binding preferences. The UlA snRNP

protein binds specifically to stem-loop nof ut snRNA and the 3' end of its own mRNA

(Scherly et al, 1989; Lutz-Freyermuth et al., 1990; van Gelder et al, 1993), while the 70K

snRNP protein binds lo stem-loop 1of Ul snRNA (Query et al., 1989b). U2B" snRNP

protein binds to U2 snRNA, an association which is enhanced in affmity and specificity by

U2A' snRNP protein (Scherly el al., 1990). Splicing factors such as U2AF and sx1 bind to

31



•

•

polypyrimidine tracts (Zmnore el al., 1992; Singh el al, 1995; Samuels III al., 1994; Kanaar

et al., 1995). Other putative spicing factors such as hnRNP C and PTB exhibit a similar

RNA binding preference (Garcia-Blanco et al.• 1989; Gllrlach et al., 1994). prp 24. hnRNP

Al, Ira, tra-2. ASF/SF2. poly(A) binding protein. SC35, CStF are all RRM-containing

proteins for which a preferential binding site or sequence bas been identified (Ghetti el al.,

1995; Burd & Dreyfuss. 1994; Hedley & Maniatis, 1991; Tacke & Manley, 1995; Matunis

et al., 1993. Takagaki et al., 1992). Thus. it is clear that the RRM is involved in sequence·

specific RNA binding.

1.7 Rationale for experlmentation

Translation initiation is a highly complex, highly regulated process. The mechanism by

which a ribosome recognizes and binds to a mRNA 5' UTR is not weil underslood, yel,

Ibis step is crucial in most cases of transiationai regulation. Many of the eukaryotic initiation

factors, such as eIF4E, eIF4A and elF2, have been ext::nsively characterized. On the other

hand,little information is available on faclors such as eIF4B, eIF4G and eIF3.

The absolute requirement for eIF4B during the ribosome binding step, and the ability of

eIF4B ta bind Rl"A and stimulate the eIF4A helicase, make Ibis factor a choice study targeL

Understanding eIF4B may prove key 10 understanding mRNA binding to the 40S

ribosomal subuniL Many qu~tions arise conceming eIF4B: cao this faclor serve as a linlt

between the ribosome and the mRNA cap structure? Does eIF4B contribute to the scanning

process? Can it discriminate helween mRNAs and favor the translation of some over

others? These questions can nol he answered without an understanding of the relationships

between eIF4B, RNA and other components of the translational apparatus.
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Chapter 2

The translation intiation factor eIF4B contains an
RNA-binding region that is distinct and independent

from its ribonucleoprotein consensus sequence
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Abstract

eIF4B is a eukaryotic translation initiation factor tbat is required for the binding of

ribosomes to mRNAs and the stimulation of the helicase activity ofeIF4A. It is an RNA

binding protein that contains a ribonucleoprotein consensus sequence (RNP-eS)lRNA

recognition motif (RRM). We examined the effeets ofdeletions and point mutations on the

ability ofeIF4B to bind a random RNA, to cooperate with eIF4A in RNA binding and to

enhance the helicase activity ofeIF4A. We report here that the RNP-eSIRRM alone is not

sufficient for eIF4B binding ta RNA. and Lbat an RNA binding region. located between

amino acids 367 and 423. is the major contributor to RNA binding. Deletions which

remove Ibis region abolish the ability of eIF4B to cooperate with eIF4A in RNA binding

and the ability to stimulate the helicase activity of eIF4A. Point mutations in the RNP­

CS/RRM had no effeet on the ability ofelF4B to cooperate with eIF4A in RNA binding.

but significantly reduced the stimulation ofeIF4A helicase activity. Our results indicate tbat

the carboxy-terminal RNA binding region ofeIF4B is essential for eIF4B function. and is

distinct from the RNP-CSIRRM.
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Introduction

Initiation of protein synthesis in eukaryotes is a complex multistep process leading

ultimately to the binding of the small ribosomal subunit to the messenger RNA. and its

proper positioning on the initiator AUG (for a recent review, see Merrick, 1992). This

event, which is considered rate limiting in translation (Jagus et al., 1981), requires L'te

participation of at least 12 initiation factors. Although it has been studied extensively in

vitro with purified components, the mechanism by which initiation of translation occurs

and is regulated is not well understood. One of the prerequisites for ribosome binding to

mRNA is believed to be the melting of secondary structure in the S' untranslated region

(UTR; for reviews see Merrick. 1992; Rhoads, 1991), a process which is dependent on

ATP hydrolysis and requires the participation of at least three initiation factors: eIF4F.

eIF4A and eIF4B (reviewed in Rhoads, 1988). eIF4F is a heterotrimer composed of

eIF4E, a 24 IDa polypeptide which specifically interacts with the mRNA S' cap structure

(Sonenberg et al.• 1978), eIF4A, a SO IDa polypeptide, which is the prototype of the

DEAD box family and exhibits RNA-dependent ATPase and bidirectionai RNA helicase

activity in combination with eIF4B (Grifo et al., 1983; Rayet al.• 1987; Rozen et al.•

1990; Pause et al.• 1993), and p220, whose function is unknown but is essential for the

activity ofeIF4F (Etehison et al.• 1984).

The activities of the components ofeIF4F are consistent with models in which eIF4F

binds flrst to the cap and aligns eIF4A in close proximity with the rnRNA, where it can

initiate the melting of the mRNA secondary structure in an ATP-dependent fashion (for

review: Merrick. 1992; Rhoads, 1991). This feature of translation is important since the

amount of secondary structure in the S' UTR ofa mRNA influenr.es its efflciency of

translation (Koromilas et al.• 1992; Kozak, 1986; Pelletier & Sonenberg. 1985). It has also

been shown that overexpression ofeIF4E in NIH 3T3 results in malignant transformation,
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perhaps by relief of translational repression of certain proto-oncogene mRNAs (Lawis­

Karatsas et al., 1990).

The role ofeIF4B in translation initiation is iII-defmed. This factor bas been

charaeterized from mammalian sources as a phosphoprotein of 80 kDa (Benne & Hershey,

1978; Trachsel et al., 1977) whose state of phosphorylation positively correlates with

cellular translation rates (Duncan & Hershey, 1984; Duncan & Hershey, 1985; Morley &

Traugh, 1990). Although no unique functions have been assigned to il, elF4B is thought to

play a coordinating role during translation initiation (MelTick, 1992). Il ~ absolutely

required for mRNA binding to ribosomes (Benne & Hershey, 1978; Trachsel et al., 1977)

and considerably stimulates the helicase activity ofeIF4A and eIF4F (Lawson et al., 1989;

Rozen et al., 1990). Recently, eIF4B has been shown to posses a ribosome-dependent

ATPase activity (Hughes et al., 1993). Another possible function ofeIF4B is recycling of

the eIF4E component of eIF4F (Rayet al., 1986).

The human eIF4B cDNA encodes a protein of 611 amino acids and a predicted

molecuiar mass of70 kDa (Mi\bum et al., 1990), with a ribonucleoprotein "onsensus

sequence (RNP-CS)IRNA recognition motif (RRM; for review, see Bandziulis et al., 1989;

Haynes, 1992; Kenan et al., 1991; Mattaj, 1993) near the amino terminus. Accordingly,

RNA binding bas been demonstrated for rabbit eIF4B (Grifo et al., 1984), with some

preference for AUG triplets, leading to the suggestion that eIF4B May contribute to

initiation codon recognition (Goss et al., 1987).

Purification ofeIF4B to homogeneity from mammalian sources has proven difficult

eIF-4B interacts strongly with eIF4F, and preparations are often contaminall:d with the

latter (Grifo et al., 1982;Morley & Traugh, 1990). Furthermore, in Most of the assays

performed with eIF4B, large amounts of protein were used (Grifo et al., 1983; Grifo et al.,
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1984; Lawson et al., 1989; Rayet al., 1985). causing concem as to whether the effects

observe<: could be attributed to contaminants in the eIF4B preparations.

To better understand the function ofeIF4B in translation initiation. we have expressed

and purified recombinant human eIF4B as a fusion protein with g1utathione-S-transferase

(OST). The effects ofdeletions and point mutations on RNA binding and helicase

stimulatory activities ofeIF-4B were studied. Here. we show that the RRM does not

account for most of the RNA binding activity ofeIF4B, and evidence is provided for the

presence of a potent RNA binding region at the carboxy terminal half ofeIF4B, between

amino acids 367 and 423.
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Materials and Methods

Plasmid construction

To introduce the eIF4B cDNA into the Bamffi site of the bacteria! OST fusion protein

expression vector pOEX-3X (Smith & Johnson, 1988), a three-fmgment ligation was

performed. Fragment 1consisted ofa PCR fragment of the 5' end of the eIF4B cDNA (1­

189; Milburn et al., 1990) in which a BamHI site was introduced at position 10 from the 5'

end. ACter amplification, the PCR product was digested with Bamffi and BstXI, yielding a

fragment spanning nucleotides 10 to 127. Fragment 2 consisted of the remaining portion of

the eIF4B cDNA (128-2013), which was obtained by digesting pETIb-4B (Pause et al.,

1993) with BstXI and Bamffi. Fragment 3 consisted of pGEX-3X digested with Bamffi.

The resulting vector, pGEX-4B contains the eIF4B cDNA insert (nucleotide 10-2013)

flanked by two Bamffi sites and in frame with the coding sequence of OST. The

expression product is a OST-eIF4B fusion protein ofexpected molecular mass of 106 kOa.

The pGEX-4B Bamffi fragment was subcloned into pGEM3 (Promcgn) to form pGEM3­

4B in order to generate some of the deletion mutants.

AIl mutant eIF4B proteins were expressed as OST-fusion proteins. C-terminal deletion

mutants N570, N367, N355, N3I2, N250 and NI71 were obtained by digesting pGEM3­

4B with Bamffi and one of the following enzymes: BglII, Hincll, XhoI, SacI, Cial or

Bcll, respectively. The fragments corresponding to the expected sizes were gel-purified

and religated into pGEX-3X that had been digested with BamHI. The N464 deletion

mutant was obtained by digesting pGEM3-4B with Bcll and XhoI, isolating the 338 bp

eIF-4B cDNA fmgment and ligating it to pGEX-4B that had been digested with XhoI and

SmaL The N423 deletion was obtained by linearizing pGEX-4B with Smal and digesting

with exonuclease m for varying amounts of lime. Following Mung Bean nuclease

treatment, the DNA was digested with Bamffi and bluntended with T4 DNA polymerase.

The truncated fragments were gel-purified and ligated into Smal-treated pGEX-3X. The N·
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tenninal deletion (Nâ253) was obtained by linearizing pGEM3-4B with HindIII followed

by digestion with Exonuclease m. The DNA was treated as described above and truncated

fragments were ligated into Smal-treated pGEX-3X. Deletion mutants were sequenced at

the junction ofeIF4B cDNA and vector DNA to confinn the position of the truncation. AIl

mutant fusion-proteins contain 7 to 12 non-eIF4B amino acid residues at the carboxy­

tenninus, depending on which of the tennination codons was provided by the pGEX-3X

vector. Site-directed mutagenesis was perfonned using PCR (Saiki et al., 1988). Amplified

fmgments were sequenced and subcloned into pGEX-3X.

Protein expression and purification

E.co/i BL21 was tmnsfonned with pGEX-4B DNA that encodes the wild type fonn or

mutant forms ofeIF4B. Ovemight cultures (20 ml) were diluted into 1 Lin fresh LB

containing 50 l1g/ml ofampicillin, and grown at 370C unill an OD600 of 1.0 was reached.

IPrG was added to 0.1 mM and the cells were grown for an additional 90 win, harvested

and resuspended in 10 ml of lysis buffer (PBS, 0.2 mM EDTA, 2 mM D1T). Cells were

lysed on ice by 6 sonication cycles of 20 sec cach. Immediately before sonication, a

protease inhibitor mixture consisting ofPMSf (1 mM),leupeptin (20 l1g/ml), benzamidine

(l mM), aprotinin (50 l1g/ml), pepstatin A (10 l1g/ml) and soybean trypsin inhibitor (50

l1g/ml) was added to the cell suspension. Cellular debris was removed by centrifuging at

40,000 rpm for 30 min in a Ti-60 rotor (Beckman), and the supernatant was incubated 15

min on ice with 1 ml ofa 50% glutathione-agarose bead suspension (Pharmacia)

equilibmted in wash buffer(PBS, 0.2 mM EDTA, 2 mM DIT, 1% Triton X-loo). The

beads were pelleted and washed 3X with 15 volumes of wash buffer. Protein was eluted

off the beads by washing 3X with 1 r.ll of 10 mM reduced glutathione (Gibco) in 50 mM

TrisoCl, pH 8.5, and IX with 10 mM reduced glutathione in 50 mM Tris-Cl, pH 8.5, 500

mM KCI. We found that the 500 mM KCi fraction consistentiy contained a higher mtio of

fulliength to truncated eIF4B. To remove the latter, mutants that retained the fus! 367

39



•

amine acids were further purified on a heparin EconoPak column (Bio-Rad) using an FPLC

system (pharmacia). Elution was performed in buffer A (20 mM Tris-CI pH 7.3, 2 mM

DIT, 0.1 mM EDTA. 10 % glycerol). The truncated forms eluted at 150 mM KCI, while

the fulllength protein eluted between 200 and 300 mM KCI. Mutants Nl7l, N250, N312

and N355 did not contain as much of the degradation products and were not purified

further. Mutant Nâ2S3 was purified on poly(U) Sepharose (Pbarmacia) and eluted with

Buffer A in 500 mM KCI. Fractions were pooled. concentrated using centriprep-30

concentrators (Amicon) and dialysed in buffer A containing 75 mM KCI. Aliquots were

stored at -700c. Yields varied considerably from mutant to mutant, ranging from 0.5 mg

per liter of culture for wt GST-eIF4B, to 10 mg per liter for N250 and N171. Recombinant

eIF4A was purified aecording lO Pause and Sonenberg (1992).

RNA synthesls

The RNA substrate used in the RNA binding and the helicase assays was generated

using pGEM 3 (Promega) and pGEM MO112 vectors (Scheffner et al., 1989). pGEM 3

was Iinearized with BamID and transcribed with SP6 polymerase. yielding a 41 nucleotide

transcripL pGEM MOlI2 was Iinearized with HincD and transcribed with TI polymerase,

yielding a 68 nucleotide transcripL The nucleotide sequences of thtl two strands are as

follows: 41 nt strand:

S'GAAUACAAGCUUGCAUGCCUGCAGGUCGACUCUAGAGGAUC3'. 68 nt strand;

SUGGAGACCGGAAUUCCCCAUGGCUGACUAAUUUUUUUUAUUUA

UGCAGAGGGGGQAUCCUClJAGACdlC3' (duplex region is underlintd).

Transcriptions were carried out as recommr.nded by the supplier (Promega) using a32p_

GTP (50 IlCi; 3000 Cilmmol) for the 41 nt strand (specifie activity lOS cpmlpmol). The

transcription of the 68 nucleotide strand was performed with unlabeled nucleotides. The

two transcripts share a region ofcomplementarlty of 14 nucleotides which is f1anked by S'

overhangs (see Fig. 2.3A). The transcripts were separated on a 8% denaturing (8 M urea)
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polyacrylamide gel and the bands were visualized by autoradiography or U.V. shadowing,

excised and eluted for 12 h at4 OC in 0.4 ml of0.5 M NH40Ac, 1mM EDTA and 0.1%

SOS. RNAs were phenoVchloroform extracted and ethanol precipitated. The annealing of

the two strands was performed at a 2-fold molar excess of the unlabeled over the labelled

transcript in 20 mM Hepes-KOH, pH 7.2, 250 mM NaCI and 1 mM EDTA. The RNA

mixture was heated at 950C for 5 min and slow cooled ta 370C for 2 h to allow for

hybridization. The duplex was purified on a 7.5% non-denaturing polyacrylamide gel,

visualized by autoradiography, excised and eluted as described above.

GST·eIF4B binding to RNA

OST-eIF4B binding to RNA was rneasured in a nitrocellulose fùter binding assay. OST­

eIF4B (1-20 pmol) was incubated for 2 min at 370C in 40 111 of binding buffer (17 mM

Hepes-KOH, pH 7.2, 2 mM OTT, 5% glycerol, 0.5 mM Mg(OAch, 75 mM KCl),

containing 0.1 mg/ml BSA and 0.18 pmol of 32P-labelled duplex RNA. The mixture was

fùtered through a pre-wetted nitrocellulose membrane (0.45 l1Ill type HA, Millipore) and the

fùter was washed with 1 ml of ice-cold binding buffer, air dried for 30 min and counted in a

scintillation counter.

Cooperativity between eIF4A and OST-eIF4B in RNA binding was assayed by the

nitrocellulose filter binding procedure with minor modifications: OST-eIF4B mutants (2.5

pmol) and recombinant eIF4A (22 pmol) were mixed in 40 111 of binding buffer containing

0.1 mg/ml BSA, 0.5 mM ATP and 0.18 pmol of RNA duplex. The mixture was incubated

for 1 min and filtered as described above. AlI assays were corrected for the fraction of

RNA bound in the absence ofeIF4B, which typically represented less than 1.5% of the

total RNA input.
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ResuUs

Expression and purification or GST-eIF4B mutants

eIF4B was expressed as a OST-fusion protein, allowing for a single-step afTmity

purification using a glutathione-Sepharose column and providing a standard purification

scheme for most of the mutants. We were unable te remove the OST portion of the protein

with factor Xa, and consequently used the OST-eIF4B fusion protein for all assays. The

OST-eIF4B fusion protein exhibited wild type activily for stimulation of eIF4J'. lII'd eIF4F

helicase activily (500 below). A series ofC-terminal deletions were made by either uslng

conveniently placed restriction enzyme sites or exonuclease mdigestion, and one N­

terminal deletion mutant (NL\253) was produced by exo III digestion. Figure 2.1 illustrates

the mutants which were purified. The P.RM is confmed between amino acids 97 and 175,

and a region rich in aspartic acid, arginine, tyrosine and glycine (DRYO) spans amino acids

214 to 327 (Milbum et al., 1990). C-terminal deletion mutants are designated according to

the C-terminal amino acid retained, while the N-terminal delelion mutant is named according

to the last N-terminal amino acid removed. Point mutations in the RRM and an 18 amino

acid deletion (amino acids 230 to 247) in the DRYO rich region were alse made. AlI C­

terminal deletions retain the entire RRM, except for mutant Nl7l which lacks the last S

amino acids, while the N-terminal deletion removes the RRM and a portion of the DRYO

region.

Purification of OST-eIF4B using g1utathione-Sepharose yielded fulllength protein as

weil as smaller polypeptides. These are presumably degradation products of OST-eIF4B as

they are immunoreactive lOwards polyclonal antiserum raised against eIF4B. We have

attempted by using various growth conditions lO reduce the extent of the degradation, but

without success. To en.;ch for the intact fusion protein, all point mutants and C-terminal

deletion mutants that retained the fust 367 amino acids were further purified using a heparin
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Fig. 2.1. Schematic representation of GST-eIF4B deletion

mutants. Wt eIF4B contalns 611 amino acids. The RRM is

located between amino acids 97 and 175, and a DRYG-rich

region is located between residues 214 and 327.
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column. Mutants N171, N250, N312 and N355 did not contain appreciable amounts of

degradation products and were not further purified. The N-tenninal deletion mutant

(NA253) did not bind to the column and was further purified using poly-U Sepharose. A

Coomassie blue stain of an SDS polyacrylamide gel of the eIF48 deletion mutants which

were used in all assays is shown in Fig. 2.2. Wild-type OST-eIF48 migrates at a moleeular

mllSs of 106 kDa, as expected from the combined mass of OST and eIF48 (Fig. 2.2, wt).

Note that the purified preparations still contain degradation products (mutant NA253, in

particular, contains a significant amount of a 40 kDa degradation product). However, these

appeaI unlikely to affeet the results, as the helicase stimulatory activity ,)f wt OST-eIF48

preparations and homogeneously pure r~ombinant eIF48 (pause et al., 1993), containing

the same lUnount of fulliength protein (as detennined by Western blotting), were

comparable (data not shown). The doublet migrating at 30 kDa is OST as it co-migrates

with purified OST and does not react with the anti-eIF-48 antibody (data not shown).

8eeause of '-he presence of degradation products in the eIF48 preparations, equimo1ar

amounts of full1ength mutant proteins, as <l.etennined by Western blotting analysis, were

used in all assays.

GST·eIF4B blndlng to RNA

The affinity ofeIF48 mutant proteins for RNA was measured by a nitrocellulose fùter

binding assay. The RNA substrate consisted of a 14 base pair duplex region flanked by 5'

single strand overhangs (Fig. 2.3A). Wild type OST-eIF48 bound 40% of the RNA A

deletion of 40 amino acids from the C-tenninus ofeIF48 (mutant N570) had no deleterious

effeet on RNA binding. Further deletions from the C-terminus (mutants N464 and N423)

led to a small reduction (40%) in RNA binding (Fig. 2.38). However, RNA binding

activity was significantly l'\lduced for mutants N367, N355, N312 and N250 (4 to 6-fo1d at

maximal binding; Fig. 2.3C). TItis data indicates that the RRM alone (located between

amino acids 97 lUld 175) is not sufficient to account formost of the RNA binding activity
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Fig. 2.3. RNA binding properties ofGST-eIF4B mutants. A. Schematic
representation of the RNA substrate used for the nitrocellulose filter binding assays
and the eIF4A1eIF4B-directed helicase assay. The substrate was prepared as
described in Materials and Methods and contains a double-stranded region of 14 bp
with S' tenninal extensions of single-stranded tai1s of 27 and 54 nucleotides. B and
C. Nitrocellulose fllter binding assay with OST-eIF4B mutants. RNA (0.18 pmol)
was incubated with increasing amounts of protein. Bach point represents the average
of at least 2 independent detenninations.



• of eIF4B. Mutant N171, in which the extreme C-tenninal portion of the RRM has been

removed, showed the least RNA binding activity (8-fold reduction at mBXÙnal binding; Fig.

2.3C), suggesting that sorne binding affmity is provided by the RRM. OST alone did not

bind RNA (data not shown). The abrupt decrease in RNA binding observed with mutant

N367 suggests a potential RNA binding site localized hetween amino acids 367 and 423.

However, a loss of RRM-dependent RNA binding activity due ta a confonnational change

cannot he ruled out based on these results.

To distinguish hetween these possibilities, we generated point mutations at highly

conserved residues within the RRM which have been shown to he important for RNA

binding in other proteins containing this motif (Fig. 2.4). In addition, the entire RRM was

deleted. Threonine 97 was mutated to valine (mutant T97V), and a double mutant, in which

phenylalanine 139 and tyrosine 141 were replaced by alanines, was produced (mutant

FY/AA). T97 is located at the edge of RNP-2 (see Fig. 2.4). Data derived from X-ray

düfraction of the crystal structure of the snRNP protein UlA suggests that the

corresponding threonine residue (threonine Il) may fonn hydrogen bonds with the RNA

(Nagai et al., 1990). Mutagenesis ofTil of UlA ta valine abolished RNA binding

(Jessen et al., 1991). Phenylalanine 1:'19 and tyrosine 141, which occupy positions 3 and 5

ofRNP-l, are also highly conserved throughout the RRM family (see Fig. 2.4). It has

been suggested that they participate in ring-staeking interactions with nuclectide bases of the

RNA (Keene & Query, 1991). This is based on the fmding that the phenylalanine at

position 5 ofRNP-l in hnRNP Al cross-links to RNA upon U.V. irradiation (Merri! et al.,

1988). AIso, mutations of phenylalanines into alanines at positions 3 and 5 of the Rho

protein RNP-l resulted in weakened RNA binding (Brennan & Platt, 1990). These

mutations would he expected to sll'Ongly affect RNA binding by eIF4B, were the RRM

solely responsible for eIF4B binding ta the RNA.
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Fig.2.4. Alignment of eIF48 RNP·l and RNP·2 with homologous segments of

other characterized RRM.containing protelns. Sequence alignments were

obtained from Keene & Query. 1991. Positions are numbered according to the elF4B

sequence. RNP·I and RNP·2 residues are boxed. Mutated elF4B residues are

indicated at the bottom of the figure.
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The T97V and the FY/AA mutants bound RNA to approximately wild type levels (Fig.

2.30). Moreover. the NA253 mutant, in which the RRM was completely removed, bound

RNA with similar affinity to wt GST-eIF4B (Fig. 2.30). To demonstrate that the RNA

binding activity in this preparation is attributed to the eIF4B mutant, and not to an E. coU

contaminating protein, a gel retardation assay (super shift) in the absence and presence of a

monoclonal antibody against eIF4B was performed. Addition of mutant NA253 ta the

RNA resulted in the formation of a gel retarded RNA-protein complex (Fig. 2.5). The

mobility of this complex decreased with increasing amounts of protein (lanes 2 to 4),

presumably resulting from several proteins binding to a single RNA molecule. This was

also noted with wild type eIF4B (data not shown). In the presence of a monoclonal

antibody raised against eIF4B, the mobility of the complex is further reduced, indicating

that the protein component of the complex is indeed eIF4B Oanes 5-7). The antibody itself

did not bind to the RNA Oane 8), and a control polyclonal antibody raised against eIF4A

failed ta supershift the eIF4B-RNA complex Oane 9). These results demonstrate the

presence of an RNA binding site at the C-terminal half ofeIF4B, downstream of the RRM.

We also made an 18 amino acid deletion in the DRYG rich region (mutantADRYG; deletion

of amino acids 230 to 247) to assess its role in eIF4B activity. The ADRYG mutant bound

RNA at wild type levels (Fig. 2.4C). indicating that the integrity of this region is not

required for Pl\lA binding aclivity ofeIF4B. These results, together with C-terminal

delelion analyses, indicate that the crilical region in eIF4B for RNA binding is located

between amino acids 367 and 423.

Cooperation between GST·eIF4B mutants and eIF4A ln RNA blndlng

The affmity oi eIF48 for RNA is increased in the presence ofeIF4A and A'!'P. The

amount of RNA bound by the combinalion ofeIF4A and eIF4B is greater than the sum of

RNA bound by the individual components, thus indicaling a synerr;istic effect (Abramson

et al.• 1988; Grifo et al.• 1984). U.V. cross-linking stud;"s have shown that the majority
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Flg.2.5. Moblllty shlrt assay analysls of mutant NA253. NA253 (prior to

polyU purification) was incubated in buffer containing 20 mM Hepes-KOH. pH 7.2.2 mM

DIT. 0.5 mM Mg(OAch. 5% g1ycerol and 75 mM KCI in a final volume of 20 Ill.

Affinity-purified monoclonal antibody against eIF4B (1.3 llg; N. Méthot and A. Darveau:

to he published later) was added as indicated. Mixtures with and without antibody were

pre-incubated for 10 min at 37OC. RNA (0.18 pmol) was added for a further incubation of

5 min at 37OC. Reactions were stopped by the addition of5 III of a solution containing

50% glycerol and 20 mM EDTA. Complexes were resolved on a 0.75 mm thick 7.5%

native polyacrylamide gel (50:1 acrylamide to bisacrylamide) containing 5% g1ycerol in 0.5

X Tris-Borate-EDTA (TBE) which had been pre-electrophoresed for 30 min at 22 mA at

4OC. Electrophoresis was carried out al a constant cumnl of 22 mA for 2 h a14OC. Gels

were dried and exposed with intensifying screens lr~ -700c. Lane 1; RNA alone. Small

arrow: RNA-NA253 complex. Large arrow: supershifted complex.
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of the RNA is bound to eIF4B and not to eIF4A under these conditions (data not shown).

We have used the mter binding assay to examine the effeets of mutations on the ability of

eIF4B to cooperate with eIF4A in binding to RNA. The data is summarized in Figure 2.6.

AIl assays were performed in the presence of ATP. As previously shown (Abramson et

al.,1987), eIF4A alone has very low affinity for RNA, as only 4% of the substrate is bound

by eIF4A. Wild type OST-eIF4B, mutant N570 and mutant N464 bound 8, Il and 5% of

the RNA, respectively. These results are not substantially different from the values

observed in the absence of ATP, indicating that ATP does not affeet the ability of eIF4B to

bind RNA. We used low amounts of eIF4B (2.5 pmo\) in this assay to observe the

cooperative effeet with eIF4A. When eIF4A was included with wt OST-eIF4B, mutant

N570 and mutant N464, the amount of bound RNA was increased by 5-fold, thus showing

a clear synergistic effeet (Fig. 2.6A). Mutant N423 could also cooperate with eIF4A, but

with a 2-fold reduction in the total amount of RNA bound as compared to wild type (Fig.

2.6A). RNA binding activity of mutants N367, N355, N312, N250 and NI71 on the

other hand was not significantly increased by eIF-4A (Fig. 2.6B). The point mutants T97V

and FY/AA exhibited synergism at 100% and 70% ofwt levels, respectively (Fig. 2.6C).

Strikingly, RNA binding of the Nà253 mutant was also stimulated byeIF4A (60% of wt;

Fig. 2.6C). These results are in agreement with the presence of an RNA binding site at the

C-tenninal hait ofeIF4B. Furthermore, they indicate that this RNA binding site, and not

the RRM, is responsible for the cooperative effeel The ADRYO mutant could also

cooperate wi:.i eIF4A at 80% of WT levels (Fig. 2.6C). Deletion of 244 amino acids from

the carboxy end results in the complete loss of cooperativity. Thus, the carboxy 188 amino

acids ofeIF4B are dispensable for cooperativity with eIF4A. The integrity of the RRM ,

however, is not required for the synergistic effee!, as p<>lnt mutants in the RRM and Nà253

could still cooperate with eIF4A. This suggests that the RRM is
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not essential for the apparent cnange of affinity ofeIF4B for RNA that is engendered by

eIF4A and ATP hydrolysis.

Hellcase stimulatory acüvity of GST·eIF4B mutants

Since eIF4B stimulates the helicase activity ofeIF4A, it was pertinent to test the effect of

eIF4B mutations in a helicllse assay. The RNA subslrP.te was the same as that described in

the two previous assays (see Fig. 2.3A). elV4A aloHe exhibited sorne unwinding activity,

as 4% of the duplex RNA was converted into the monomeric form (Fig. 2.7A,lane 1).

Addition ofGST-eIF4B stimulated the unwinding activity ofeIF4A in a dose-dependent

manner (1anes 2-4), with a 14-fold maximal increase. A dose-dependent stimulation was

also observed with mutants N570 and N464, but to lower levels (1anes 5-7 and 8-10,

respectively). Mutant N570 showed a 9-fold stirnulatory effect over eIF4A helicase (wt

levels of stimulation have been observed in son:e experiments). while mutant N464

increased the unwinding activity ofeIF-4A by 5-lbld. The N423 mutant stimulated the

eIF4A helicase activity (1anes 11-13). albcit 10 a reduced extent, with a 3 to 4-fold increase.

Mutants N367. N355, N312, N250 and N171, which poorly boun.! to RNA. faiied to

stimulate the helicase activity ofeIF4A (Fig. 2.7B). These results are in agreement with the

cooperativity effects ofeIF4A on eIF4B RNA binding and the RNA binding activity of

eIF4B alone; all C-terminal deletioll mutants which cooperated with eIF4A for RNA

binding also stimulated the helicase activity ofeIF4A. The level of synergism rellects the

extent ofeIF4A stimulation, thereby suggesûng that the increase in RNA binding activity of

eIF4B upon interaction with eIF4A represents an important aspect of the helicase action.

The helicase stimuiatory activity of mutants bearing point mutatit·ns in the RRM (T97V and

FY/AA),lacking 18 residues in the DRYG rich region (.IDRYG) or lacking the RRM

entirely (N6253) was also examined. Mutant T97V increased the unwinding activity of

eIF4A by a maximum of 5-fold (Fig. 2.7C.lanes 1-3). Mutants FY/AA and .IDRYG

exerted a 310 4-fold stimulation (1anes 4-6 and 10-12, respectively). while mutant Nâ2S3
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Fig. 2.7. eIF4A hellcase stlmulatory actlvlty or GST·eIF4B mutants. OST­

eIF4B mutant protein ( l,Sand 10 pmol) was incubated with 45 pmol of eIF4A and 2040

fmol oflahelled RNA duplex in 20 III ofunwinding buffer (17 mM Hepes-KOH, pH 7.2, 2

mM DIT, 5% glycerol. 0.5 mM Mg(OAch, 0.5 mM ATP, 75 mM KCI, 20 U RNAsin) for

20 min at 37OC. The reaction was stopped by the addition of5 III of50% glycerol, 2%

SOS, 20 mM EDTA. Duplex and monomer RNA species were resolved on a 15% SOS

polyacrylamide gel and visualized by automdiography. The amounts of duplex and

monomer RNA were quantitated on a Fujix Bas 2000 Ph;;sphoimager. The level of

monomeric RNA in the absence ofeIF4A (- 5% of total RNA) was subtmcted from ail

values. The percentage of unwintl~'1p' for was calculated as the amount of monomer RNA

divided by the sum of duplex and monomer RNA. Background eIF4A unwinding was 4%

in A. 10% in B and 5% in C.
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stimulated the eIF4A helicase 4-fold Oanes 7-9). Thus. point mutations in the RRM.

removal of the RRM or a1terations of the DRYG-rich region ail reduced the stimulatary

effect of eIF4B on the eIF4A helicase activity ta sorne extent, but did not eliminate the

activity as did deletions in the carboxy half of eIF4B•
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Discussion

A summary of the effects of deletions Wld mutations in eIF4B on RNA binding,

cooperation with eIF4A in RNA binding Wld helicase stimulalory activity is shown in

figure 2.8. The major conclusion of this sludy is thal eIF4B contains a region required for

RNA binding thal is separate Wld independenl of the RNP-CSlRRM. This region is located

between amino acids 367 Wld 423, Wld is criticaI for the RNA binding of eIF4B. This

conclusion is based principally on the fmding that Wl eIF4B truncated protein lacking the

RRM binds RNA with similar affmity 10 the intacl protein. Consistent with this conclusion

is the fmding that most of the RNA binding activily is lost upon deletion of 244 amino acids

from the carboxy terminus, which leaves the RRM intact Furthermore. point mutations at

highly conserved residues in the RRM failed to reduce RNA binding activily ofeIF4B,

again dissociating the RRM from the major RNA binding limction.

We have determined !hat the RRM is nol absolutely required for the ATP·dependent

cooperation belween eIF4A Wld eIF4B for RNA binding, Wld thal regions involved in t1.is

process localize to the C-terminal of eIF4B. Moreover, the synergistic activily of the eIF4B

deletion mutW1lS correlate with their capacity to stimulate the helicase activity ofeIF4A:

mutW1t N570 behaves Iike wild type eIF4B in both assays. MutW1t N464, which

cooperates with eIF4A to a slightly lower level thWl the wild type, also stimulates the

eIF4A helicase activily to a lesser extent MutW1t N423 is similar to 1'1464. In contras!,

mutW1ts N367, N355, N3I2, N250 and NI7I do notcooperate with eIF4A in RNA

binding or stimulate the helicase activity of eIF4A. The RRM, on the other hWld, seems to

stimulate helicase activity. Deletion of the RRM reduced (4-fold) the helicase stimulatory

activity of eIF4B, even though the ability to cooperate with eIF4A in RNA binding is only
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marginally decreased. Point mutations at conserved RRM residues reduced (4-fold) the

ability ofeIF4B to enhance the helicase activity of eIF4A. In these assays, we cannot

exclude the possibility that the reduction is due to a confonnation change caused by these

mutations.

Because mutant N423 cooperates with eIF4A in RNA binding, whereas mutant N367 is

completel; inactive, and similarly mutant N423 binds RNA at50% of wt efficiency,

whereas mutant N367 is much less efficient, we propose that the RNA binding site is

located hetween amine acid positions 367 and 423. One cluster of basic amino acids is

found hetween residues 367 and 423: KLERRPRERH (amino acids 395 to 404) which

mignt he critical for RNA binding. A second cluster of basic amine acids (RNARRRESEK)

is present 30 residues downslream. Five basic amine acid slretehes (RP/GPRREREFJK)

have also been identified in yeast eIF4B in the corresponding region (Altnlann et al., 1993;

Coppolecchia et al., 1993). Furthennore, homology searehes (BLAST program; Altsehul

et al., 1990) have revealed that residues 386 to 445 ofeIF4B share similarities with known

RNA binding proteins such as snRNP Ul 70K (Query et al., 1989) and U2AF (Lee et al.,

1993, Valclircel et al., 1993; data not shown). An arginine rich motif (ARM) is found in a

numher of prokaryotic and eukaryotic regulators of viral gene expression (Lazinski et al.,

1989), and is required for the RNA binding activity of proteins such as Tat and Rev of HIV

(Calnan et al., 1991; Delling et al., 1991) and the hepatitis delta anûgen (Lee ct al., 1993b).

The latter is particularly of relevance since 2 ARMs separated by 29 amine acids (an

arrangement similar to eIF4B), are essential for RNA binding. Mutagenesis in the arginine

rich region ofeIF4B will he required to directly test ilS role in RNA binding.

What is the role of the RRM in the eIF4B funcûon? The RRM is a loosely conserved

domain of 80 to 90 amine acids found in proteins that participate in diverse reacûons

involving RNA, such as polyadenylaûon, general and alternative splicing, RNA transport
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and translation (Bandziulis et al., 1989; Keene & Query, 1991; Dreyfuss et al., 1993). The

hallmark of the RRM is the presence of two conserved sequences tenned RNPI and RNP2.

Deletion analyses have shown that for severa! proteins (VIA snRNP, U2B" snRNP, 70K

snRNP), the RRM is sufficient for binding la RNA (Query et al., 1989; Scherly et al,

1990, 199Ob). On the other hand, in the case of the La autoantigen and Ro60, extensive

amino acid sequences flanking the RRM are needed for RNA binding (Pruijn et al, 1991),

indicating that residues outside the RRM are also required for RNA binding. The eIF4B

RRM 500ms to bind RNA at basallevels as mutants N367, N355, N312 and N250could

bind RNA, albeit very poorly, while mutant N171, in which 5 amino acids at the carboxy­

terminal end of the RRM were rcmoved, bound RNA near background levels.

An intriguing hypothesis is that the RRM may have specificity for a o.:rtain type of

RNA, such as ribosomal RNA. An eIr-"~A-dependent association hetween ribosomes and

eIF4B has been reported (Hughes et al., 1993). Fluorescence studies suggested that

eIF4B binds preferentially to AUG triplets, as this trinucleotide competed efficiently with

poly(A) for binding to eIF4B (0055 et al., 1987). The RRM is not required for eIF4B

RNA binding, and is not essential for cooperativity with eIF4A. However, it could he

involved in protein-protein interactions, as in the case of U2B" and U2A' snRNP (Scherly

et al., 1990). The C-tenninal RNA binding region, on the other hand, may serve as a non­

specific RNA binding site, as would be expected la be found in a genera! translation factor.

What is the nature of the functional interaction between eIF4A and eIF4B in RNA

binding and helicase activity? To date, there is no evidence for direct physical interaction

between eIF4A and eIF4B. We have attempted to deteet such an interaction by a co­

immunopreeipitation approach, the yeast two-hybrid system (Fields & Song, 1989), far

western (Blanar & Rutter, 1992) and gel shift assay, but obtained negative results (N.

Méthot, unpublished results). It is possible that eIF4A alters the secondary structure of the
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RNA and maires it a better target for eIF48 binding. The RNA binding properties ofelF48

suggest that it binds to RNA before eIF4A. This is supported by the lower Kd ofelF-48

(5 x 10-7M) compared to eIF4A (> l~M). and by the fmding!hat in a mixture conlllining

e1F4A, e1F48, ATP and RNA (with an S-fold molar excess of eIF4A to eIF48). only

elF48 deteetably cross-links to RNA (N. Méthot, unpublished observations). eIF4A may

interact transiently with elF48 and change its conformation via ATP hydrolysis. Severa!

polypeptides are known to change tbeir affmity or specificity for DNA or RNA upon

interaction with other proteins. One of the best characterir..ed examples is U28" snRNP, an

RRM-type RNA binding protein. AJone. U28" can bind to bath Ul and U2 RNA. In the

presence of U2A', U28" will bind only to U2 RNA with higher affinity (Schcrly et al.,

1990). Other examples are cleavage-stimulation factor (CstF) and cleavage

-polyadenylation specificity factor (CPSF). which are required for correcl cleavage and

polyadenylation of mRNA. CstF. which contains an RRM, can UV cross-Hnk to RNA in a

l'\on AAUAAA dependent manner. However, when both CstF and CPSF are present, only

mRNA bearing the polyadenylation signal AAUAAA will be efficiently cross-linked by

CstF. Il has thus been suggested !hat protein-protein interactions belwecn CstF and CPSF

modulate the affmily of CstF for AAUAAA containing RNA (Takagaki el al.• 1992).

Recently, SSL2. a 95 kDa protein with motifs similar to the DEXH box family of

helicases has been cloned in yeast (Gulyas & Donahuc. 1992). Indirect evidence suggests

!ha: '.lis polypeptide may interact with SSLl, a zinc fmger-containing protein (Yoon et al.•

lm). Both factors, which have been cloned by a genetic sc.-e.:n which selected for

suppressors of a translational black of the HIS4 mRNA due 10 the presence ofa stable stem

loop Struclu~ in the 5' UTR. were suggested to be novel yeast translation initiation factors.

The functional relationship betwecn SSL1and SSL2 is reminiscent of the interaction

betwecn eIF4A and e1F4B. and it is possible !hal they exen their effects in an analog"us

manner.
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Yeast eIF4B gc;le has been cloned l''..cently by two groups (Altmann et al., 1993;

Coppolecchia et al., 1993). Although it shares only Iimited homology with ils human

counterpart, yeast eIF4B retains sorne of the characteristic features of mammalian eIF4B: an

RRM near the amino-'enninus, and repetitive sequences ofcharged amino acids in the

middle (human eIF4B) or at the carboxy-tenninus (yeast eIF4B). As it is composed of 436

amino acids, yeast eIF4B is much smiller than human eIF4B (611 residues), and lacks the

entire serine-rich carboxy-tenninal portion of human eIF4B. Significantly, the Iast 188

amino acids of human eIF4B, that are not present in yeast, are dispensable for lUlA

binding, cooperation with eIF4A. and to a certain extent, stimulation ofeIF4A helicase.

The identification ofa novel RNA binding site in eIF4B provides a means to identify

target RNAs by using the SELEX method (Tuerie & Gold, 1990). Knowledge of the

mechanism of action ofeIF4B is critical for the undelStanding of how ribosomes bind to

eukaryotic mRNAs, and how this process is regulated.
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Chapter 3

ln vitro RNA selection identifies RNA ligands that
specifically bind to eukaryotic translation initiation

factor 4B: the role of the RNA recognition motif
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Abstract

Transl::tion initiation factor eIF4B is an RNA binding protein which promotes the

association of the mRNA lU the 40S ribosomal subuniL One of ils better characterized

features is the ability lU stimulate the activity of the DEAD box RNA helicase eIF4A. In

addition ta an RNA Recognition Motif (RRM) located near its amino-terminus. eIF4B

contains an RNA binding region in its carboxy-terminal half. The eIF4A helicase

stimulatary activity resides in the carboxy-terminal half ofeIF4B. while the RRM has little

impact on this function. To belter understand the raie of the eIF4B RRM. it was of interest

to identify its specific RNA target sequence. To this end. in vitro RNA

selection/amplifications were perfonned using various portions of eIF4B. Thcse

experiments were designed ta test the RNA recognition specificity of the two eIF4B regions

implicated in RNA binding and ta assess the influence ofeIF4A on the RNA binding

specificity. The RRM was shown to bind with high affinity to an RNA stem-Ioop structure

with conserved iJrimary sequence elements. Discrete point mutations in an in vitro-selecterl

RNA identified residues critical for RNA binding. Neither the carboxy-terminal RNA

interaction region. nor eIF4A. inlluenced the structure of the high affinity RNA ligands

selected by eIF4B. and eIF4A by itself did not select any specific RNA targeL Previous

studies have demonstrated an interaction of eIF4B with ribosomes. and it was suggested

that this association is mediated through binding to riboromal RNA. We show that the

RRM ofeIF4B interacts directly with 18S rRNA and this interaction is inhibited by an

excess of the eIF4B in vitro-selected RNA. eIF4B could bind simuitaneously ta two

different RNA molecules. supporting a model whereby eIF4B pramotes ribosome binding

to the 5' untransiated region of a mRNA by bridging it ta 18S rRNA.
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Introduction

In eukaryotes, the association of mRNA with the small ribosomal subunit is a highly

regulated evenL This process requires the participation of at lcast three initiation factors

(eIF4A, eIF4B and eIF4F) and the hydrolysis of ATP (for reviews, sec Merrick, 199:;';

Hershey. 1991). eIF4F is comprised of three subunits (eIF4E. eIF4A and p220), and

binds to the cap structure that is present at the 5' end ofail cellular mRNAs via the cap­

binding protein subunit, eIF4E. The eIF4A subunit, an RNA·dependent ATPase which

cycles through the eIF4F complex (Yoder-Hi11 et al.• 1993; Pause et ai., 1994) is the

prototype member of the DEAD box family of RNA helicases (reviewed by Pause and

Sonenberg, 1993; Gorbalenya and Koonin. 1993; Schmid and Linder, 1992). A model has

been proposed (Sonenberg. 1988) whereby eIF4A as part of the eIF4F complex and

together with eIF4B. unwinds secondary structure present in the 5' untranslated region

(UTR) ofa mRNA (Rayet al.• 1985; Rozen et al., 1990). rendering the mRNA accessible

for attaehment to the 40S ribosomal subunit. The unwinding model is consistent with

numerous reports that extensive secondary structure in the mRNA 5' UTR inhibits

ribosome binding (e.g. PeIletier and Sonenberg, 1985; Kozak, 1986). and that the

requirement for !hl: cap correlates with the presence ofsecondary structure. mRNAs with

low amounts of secondary structure are less dependent on the presence of the cap for their

initiation of translation (Morgan and Shatkin. 1980; Sonenberg, 1981; Gehrke et al, 1983).

In addition. components of the eIF4F helicase machinery can suppress the inhibition of

translation caused by secondary structure in the mRNA 5' UTR. This was demonstrated

for eIF4E using NIH 31'3 cells (Koromilas et al., 1992) and for eIF4B using ycast

(Altmann et al.• 1993).

Despite the supporting evidence for the mRNA unwinding model and the exten~ive

biochemica1 characterization of some of the translation initiation factors implicated in

unwinding (eIF4A and eIF4E), it is not clear how the 40S ribosomal subunit recognizes
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and binds to the l'ORNA. Unlike prokaryotic initiation of translation. where association of

the l'ORNA with the 30S subunit is mediated by base pairing interactions betwecn the 16S

rRNA and the l'ORNA Shine-Dalgamo sequence (Shine and Dalgamo. 1975; Jacob et al.•

1987). eukaryotic ribosomes are not believed to position themselves on the l'ORNA through

Shine-Dalgamo-like interactions. The attachment of the 40S subunit to the l'ORNA is more

likely mediated by interactions between ribosomal proteins or rRNA and initiation factors.

eIF4B is an 80 kDa phosphoprotein which is required for binding of the mRNA to the

40S subunit (Trachsel et al., 1977; Benne and Hershey, 1978). eIF4B stimulates the

ATPase and RNA helicase activities ofeIF4A and eIF4F (Rozen et al., 1990; Pause and

Sonenberg, 1992). It contains an RNA recognition motif (RRM; or RNA binding domain.

IœD; for reviews sec Kenan et al.• 1991; Mattaj. 1993; Burd and Dreyfuss. 1994b) near

the N-terminus (Milbum et al., 1990), and a second RNA binding region in the earooxy­

termina! half of the protein (Méthot et al., 1994; Naranda et al, 1994). WhiJe the earboxy­

terminal region binds random RNAs with high affinity, the RRM binds sueh RNAs

ineffieiently (Méthot et al., 1994; Naranda et al.• 1994). The eIF4A heliease stimulatory

activity of eIF4B maps to the carboxy-terminal half of the protein, with the RRM playing

only a minor l'Ole (Méthot et al.• 1994). eIF4B was also shown to possess RNA annealing

activity (Altmann et al., 1995). Finally, eIF4B associates with eIF4F, as evidenced by their

eopurifieation (Grifo et al., 1983).

To eharaeterlze further the l'Ole of eIF4B in translation initiation, we investigated whcther

the RRM recognizes a specifie RNA sequence. as it bas been shown for this motif in many

other proteins. Here, using iterative in vitro genetie selection, we have identified RNA

molecules with whieh eIF4B preferentially interacts. We demonstrate by RNA binding

studies using deletion and point mutants of eIF4B that the RRM is responsible for binding

the selected RNAs, and conftrm the non-specifie RNA binding l'Ole of the carboxy-terminal
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RNA binding region. Mutagenesis of the selected RNAs indicates that eIF4B recognizes

individual nucleotides in the context of a higher order RNA structural organization. UV

cross-linking experiments with radiolabeled 18S rRNA and eIF4B demonstrate a specific

interaction. Finally, eIF4B is shown to interact with two different RNA molecules

simultaneously, which is consistent with an RNA-RNA bridging mode!. In total, these data

suggest that eIF4B participates in mRNA binding to the 40S ribosomal subunit by virtue of

its ability to associate with 18S rRNA.
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Materlals and Methods

Vectors, proteln expression and purification

The N250 FY1AA mutation was generated by digesting pGEX-4B FYIAA (Méthot et al.•

1994) with Cial. creating blunt ends on the vector with the K1enow fragment of E. coli

DNA polymerase anc! .'Cligating. N250 K137Q was obtained by flrst introducing the point

mutation in full-Iength eIF4B by two-step PCR mutagenesis. The resulting vector. pGEX­

4B K137Q. was Iinearized with Cial. blunt-ended and religated. Ti.e presence of the point

mutations and the integrity of the PCR-amplif1e:' lMA sequence were verifled by

sequeneing. N250 FY/AA. N250 K137Q. N250, N~253 and OST-eIF4B were expressed

in E. coli BL-21 and purifled as described (Méthot et al.• 1994). eIF4A and eIF4B were

purifled from E. coli K38 as described by Pause and Sonenberg (1992).

Selection/amplification

Selection/amplification was performed as described (Tuerk and Oold.I990; Tsai et

al.•1991). The synthetic DNA oligonucleotides used were : TI u.'l.Y. Rey Vniv. Linear

N25 and Linear N4O. A description of the fll'st three oligonucleotides L, provided in Tsai et

al.• 1991. Linear N40 was desigiiOO similarly to Iinear N25 except that it containcd a

'lIJIdom region of 40 bases instead of 25. Selection experiments A. B an,1 C were

performed in buffer A (20 mM HEPES-KOH, pH 7.3. 2 mM DIT. 0.5 mM Mg(OAc)2.

5% glycerol. 75 mM KCI) in the presence of 40 V RNAsin (Promega) and 1 mM ATP.

For the initial round of selection. a pool of )014 different RNA molecules was used and

subsequent rounds were performed with 40 pmoles of RNA. For each round of

experiments A and B. 21!g of purifled OST-4B (2 x 10-11 moles) served as targe!, while in

experiments B and C. 21!g of purifled eIF4A (4 x 10-11 moles) were used. RNA-protein

complexes were isolated by precipitation with either glutathione-sepharose (pharmacia;

Experiments A and B) or protein O-sepharose coupled ta a monoclonal antibody directed

against eIF4A (Experiment C). To remove non-specifle RNAs binding ta glutathione-
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sepharose or protein G-sepharose or anti-eIF4A, the RNA pool prior 10 each round of

selection was incubated 5 min al 250C with 100 III ofa 50% slurry ofeither glutathione­

sepharose or protein G-sepharose coupied 10 anti eIF4A, and equilibrated in buffer A

containing 1mM ATP. RNA in the Ilow-through was ethanol-precipitated and resuspended

in 100 III of buffer A containing 1 mM ATP and 40 units RNAsin. Proteins were added in

amounts indicated above and mixed with the RNA for 5 min a1250C. Subsequently, 100

III of a 50% slurry of beads equilibrated in buffer A and 1mM ATP were added 10 the

reaclion and gently mixed for 5 min al rlJOm temperature. The reaction was transferred 10 a

BioRad poly prep column, and the beads were washed 5 times with 500 III of buffer A,

n-suspended in 400 III ofwater and phenol-chloroform extracted. The RNA was ethanol­

precipitated and reverse transeribed for 1 h al 420C in 20 III of 50 mM Tris-HCI, pH 8, 5

mM MgCI2, 5 mM OlT, 50 mM KCI, 50 Ilg/ml BSA, and 1mM of each dcoxynucleotide,

lo which 100 ng ofUnivRev primer and 5 unils of AMY reverse li"anseriptase (Gibco-BRL)

were added. An aliquol (10 Ill) of this reaction served as template for a PCR amplification

(15 rounds) performed with UnivRev and TI Univ primers. The resulting DNA was

phenol-chloroform extracted, ethanol precipitated and used for TI RNA polymerase­

directed in vitro hanscriptioll:S under conditions described below. Following the 8th round,

the amplified DNA ",as treated with T4 polynucleotide kinase (pharmacia), agarose gel­

purified and cloned inlO pBluescripl KS linearized with Smai. Clones bearing an insert

were sequenced by the dideoxy method. Experimenls 0 and E were performed under

identical conditions excepl for the omission of ATP in the incubation buffer.

Selection/amplification was repeated 5 times using 2 Ilg ofeither N250 (experimenl 0) or

NA253 (experimenl E) as targets. Following the 5th round of amplification, the DNA was

digested with BamHI and cloned inlO pGEM3Z(+) linearized with BamHI. Clones were

sequenced by the dideoxy method (pharmacia).
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ln Vitro Transcriptions

The fm:t round of selection was perfonned on an RNA pool consisting of 1014

molecules. which was generated with TI RNA polymerase (promega) in a final volume of

40û J,ll. under conditions recommended by the supplier. Ali other transcriptions were

carried out in 1()() J.1l volumes under identical conditions. A tracer amount of a32p GTP (20

J,lCi) was added to each reaction to follow the synthesis and the efficiency of the selection.

Following transcription. DNA was removed with 10 U of RNAsc-frec DNAsc 1

(Boehringer Mannheim) and the RNA was purified on a denaluring 8% polyacrylamide gel

(Experiments A. B and C). Quantitation was done by Cherenkov counting alld

spectrophotometric measuremenL

AlI RNA transcripts used in fIlter binding analysis and UV-cross linking assays were

synthesized to a specific activity of 2 x 1017 cpmlmole RNA. and purified by denaturing­

polyacrylamide gel electrophoresis. except for 18S rRNA (1-1678). N40, A3 and mutants

of A3 RNA were genemted by TI RNA polymerase-directed in vitro transcription from

DNA templates of either vector (pBluescript KS clones linearized with BamH1) or

oligonucleotide (wild type and mutant A3 sequences) origin. Reaction conditions were as

recommended by the supplier. Unlabeled A3 and A31:1A RNAs were genemted under the

standard Promega protocol. and purified hy denaturing gel electrophoresis. A3 and A3M

RNA w\>'", further purified on a 7.5% non-denaturing polyacrylamide gel to remove aIl

double-stranded RNA activated protein kinase (PKR)-stimulating activities. Rat 18S rRNA

(1-1678) was genemted from transcription with TI RNA polymerase. The template uscd in

the transcription reactions was obtained by PCR amplification of the appropriate sections of

pGEM2-18S (giCt from 1. Wool) using a 5' primer bearing a TI promoter. The primer pairs

for mt 18S rRNA (1-1678) were:

AATACCTAATACGACfCACTATAGGGCGATACCTGGTIGATCCTGCC and

AACGCAAGCTTATGACCCGCACITACfG; Transcription with SP6 RNA polymerase
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using pSP64-globin linearized with BamHl yielded globin RNA. E.co/i 5S rRNA was

purchascil frOl.' Boehringer Mannheim.

FlUer blndlng analysls

Nitrocellulose retentioll assays were performed .:ssentially as described (Méthot et al,

1994). Briefly, indicated amounts of proteins were incubated in 40 J.Ù of buffer A

containing 0.1 mg/ml BSA, 30 ng of polyA RNA and approximately 0.18 pmoles of 32p_

labeled RNA substrate. The mixture was incubated for 2 min at 370C and fIltered through a

pre-welted nitrocellulose memb1"l1lle (0.45 f.U11 pore size; type HA; Millipore). The fIlter

was washcd with 1ml of ice cold buffer 1~ air-dried for 30 min and retained radioactivity

was quantitated by scintillation counting. Each point represents the average of at least 2

independent binding reactions and is corrected for the amount of RNA retained ill the

absence of protein, which typically represents lcss than 1.5 % of the RNA input

UV cross-Unking

HeLa cytoplasmic extract was prepared by growing HeLa S3 cells to 80% confluency and

Iysing the cells in 20 mM HEPES-KOH, pH 7.3, 75 mM KCI, 1 mM 017, 2 mM MgCI2,

1 mM EOTA, 10% glycerol and 1%Triton X-l00. Nuclei and cell debris were removed by

centrifugation. Rabbit reticulocyte lysate was purchased from Promega. OligoA3 or A3M

RNA (105 cpm or 0.5 pmoles) were mixed with 45 Jlg of HeLa extract or 5 JlI of rabbit

œticulocyte Iysate, along with 1 ug of poly(A) RNA, 1 Jlg of poly(U) RNA ~'1d 1 Jlg of

tRNA in 20 Jll ofFBB 75. Following 5 min incubation at 37"C, the exlract was UV­

irradiated on ire for 5 min with a 15W General Electric G15T8 germicidallamp from a

distance of 1.5 cm. Exccss RNA was digested for 30 min at 3TC with 20 Jlg of RNAse A.

Where indicated, eIF4B was immunoprecipitated wiih an anti-e1F4B polyclonal antibody.

Samples were subjected to SOS-PAGE and visualized by autoradiography. For l8S rRNA

cross-linking studies, 32P-labeled l8S rRNA [(1-1678); 1.4 x 10-14 moles] and competitor
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RNA as indicated were mixed simultaneously in 20~ of buffer A containing 5 I!g of

poly(A) RNA and 0.51!g w..combinant eIF-4B. Incubation and irradiation conditions were

identical to those described above. Following RNAse A digestion. the samples were

subjected to SDS-PAGE and visualized by autoradiography. Cross-linked products were

quantified using a Fujix Bas 2000 Phosphorimager.
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ResuUs

eIF48 reeognizes a specifie RNA seeondary structure

Five RNA selection experiments were perfonned using RNA pools ofeither 25 or 40

random nucleotide positions (fable 3.1). In experiment A, RNA selection was carried out

using fulliength eIF4B (Fig. 3.IA). Two additional selection experiments were perfonned

to test whether the presence of eIF4A can alter the RNA binding specificity of eIF4B

(experiment B), or whether eIF4A by itsclf binds ta a specific RNA sequence (experiment

C). Selections using deletion mutants that contain the RRM (fragment N250; experiment D)

or the C-tenninal RNA binding sequence (fragment N~253; experiment E) were perfonned

to diseem the RNA binding specificities of the two RNA binding regions ofeIF4B (Fig.

3. lA). Experiments A, B and C contained ATP in the binding buffer, as eIF4A binding to

RNA is ATP-dependent (Orifo et al., 1982; Pause et al., 1993), and cooperation hetween

eIF4A and eIF4B in RNA binding requires ATP hydrolysis (Abramson et al. 1988, Méthot

et al., 1994).

Sequences of severa! of the selected RNAs are shown in Figure 3.lB. Examination of

the RNA sequences selected by fulliength eIF4B (Exp. A) revealed the presence of a

GGANC motif in 19 out of 20 clones. The three positions immediatcly upstream of the

GGANC motif were Icss weil conscrved but appcared to he preferentially occupied by the

sequence OUU (Fig. 3. lB). Strctches ofC and A were also prominenl The in vitro­

selectcd RNAs were folded using the MFOLD program (Devereux et al., 1984) ta yield a

common R...'lA secondary structure (Fig. 3.2). The RNAs selected by eIF4B (Exp. A)

contain a stem-loop structure, with the tenninalloop compriscd of three to five nucleotides.

The base of the loop is fcnned by a O-C or C-O base pair, and the 5' position of the loop is

an A in 73% of the clones, or a U in the remaining clones. The 3' position of the loop is

occupied by 0 in the vast majority of the clones (93%). The conserved primary sequence
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Table 3.1 Summary of selection expcriments pcrfonned

experiment target length of mndomizcd
region

rounds of
selection

A

B

c

D

E

eIF4B \ 40

1
40eIF4B +eIF4A

eIF4A 40

N250\ 25

Nâ253\ 25

8

8

5

5

•

1 Purified as OST-fusion proteins.
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Fig. 3.1. Representative RNA sequences selected from randomizcd RNA libraries using

eIF4B (expcrirnent A). eIF4B +eIF4A (expcriment B) and N250 (expcriment 0). A)

Schematic representation of eIF4B mutants used as targets in selection/amplification

expcriments. Black box; RNA Recognition Motif (amino acids 97 ta 175). Stippled box;

DRYG-rich region (amino acids 214 to 327). B) RNA sequences of individual clones

selected in expcrimeulS A, B and D. The conserved GGANC motif present in A. B and D

pool clones is highlighted in bold type. Sequences from expcriments C and E. using eIF4A

and Nâ253 as targets. respectively. are not shown. The consensus sequence derived from

expcrirnents A and B is indicated. A total of 20 clones for expcriment A. 23 for expcriment

B. 28 for expcriment C. 22 for experirnent D and 20 for experirnent E were isolated after 8

rounds (A. B and C) or 5 rounds (D and E) of selection/amplification.
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eIF-4B (Wl)~ _

N250 c-=-
NA253 • 1

B
clone selected sequence frequency .

A Al
A2
A3
A4
A5
A6
A8
Al3
A17

B B5
B6
B11
B12
B20
B23
B24
B32

001
03
D6
08
09
011
015

CGGGCCACCAACGACAUUACAACCAOOACUGGAUUGCCAGCUA Xl
AAUGGUUOOMCGCACAGGCUUGACAUCAACCAUCAAUCC X3

CCAGCUGCAOOACUAGAUAGCUAGCUACAGCACACCGUGA Xl
CGCGUGUCOOMlJAGAGCGUUAAGCUCAUCCCCUGACCAAACC Xl

AAGGUUOOMCGCACAGGCUUGACAUCGACCAUCAAUCC Xl
UACAGUUOGACCGGUCGCCGGCAGCUGUGACACAUAAUUC Xl

ACCAUAGGCUUOOAAAUC"'l..UAGGAUCAUCGUCUAAGUAA Xl
CUUGGGUUCOOAAAtlGAAACGCAUAAUCGCCCAUCUAUGA X3

CUUCCAACGCACAOOCtlU'.;ACAUCAACCACAAUCCG Xl

AAAAGAACACAACACCOOMCGCAGAAGGCCUGAAUCAGU X3
ACCAUAGGCUUOOAW,UCUAUAGGAUCAUCGUCUAAGUAA X3

CACCACAUAACAUAGUCCX'AAAGAACACGUCUAAUCCUAU X2
.\GAAUMAAAACCCGC'oiGMCCGUAUAGCGCUGCAUCCGG Xll

CUUAGCACCACAACAACGCUll00ACUGGCCGCCAGCAAGU Xl
GAUl\(;OOOMCACACAAGGUAUGCAUCCUAUCCCAAUGAC Xl

AACP..,WG<aCGGUCGCCGGCAGCUGUGACACAUAAUUC Xl
CCA(',Ç'OOCAOOACUAGAUAGCUAGCUACAGCACACCGUGA X3

UOOAAAUUGUAAGAAUUAUCGTGGC X13
GOOACUGCAUGGCAGCUGGUGUCAC Xl

OOACUAGAUGCUAGCAAUGAACUUC Xl
UOOACUAGUUGCUAGCAAAUGACCC Xl

AGACUGCAGAACAUCUGAUACAUGC Xl
CCGTAGJIGAOCAAGCUCCGGGUUCG Xl
CACGCAOOACUUGAAGCAAGCUAC Xl

f

Consensus for experÏITents A am B
G U

U-G
C C

A
G A

C
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GGANC also lies in a defined structural contcxt. ln ail cases. atlcast one 01 the A residues

is bulged and atleast one of the G residues is paired at the base of the bulge. The most

prevalent arrangement (50% of independent clones) consists of bath G residues paire<! at

the base of the bulge. and the 5' most A residue unpaired. The sizc of the bulge is variable.

ranging from one ta four nucleotides.

Ta detcrmine whether eIF4A affccts the structure or nuclcotid:: sequence rcquirements

for specific RNA binding by eIF4B. a combination of elF4A and elF4B was used ta

generatc high affmity RNA ligands by itcrative selcction in vitro (expcriment B). Pool B

sequences contained the cammon GGANC motif found in cxperiment A •as weil Ils an

abundance ofC and A residues (Fig 3.IB; B-clones). Significantly. ail but one of the

clones from experiment B are different from the clones obtained in expcriment A.

demonstrating that the presence of the GGANC motif in pool B docs not result from

contamination with pool A clones. Folding of the pool B RNA sequences produced a

hairpin secondary structure similar ta that ofexpcriment A (Fig. 3.2). Thus. the presence

ofeIF4A did not appear to modify the RNA binding preference of eIF4B. A fcature of the

pool B clones, however. is that 14 of the 23 clones sequenced contained a stretch of A

residues at their 5' end. Of these 14 sequences. Il were identical. suggesting that the A­

richness may have confered a slight selective advantage. The possible significance of this

observation will be addressed below.

The selection using eIF4A as a target (experiment C) did not result in the amplification of

RNA bearing recognizable common sequences or secondary structures (data not shown).

This supports the notion that eIF4A is a weak non-specific RNA binding protcin, at least

under these conditions (Pause et al., 1993).
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A2 A3 Al3 B6 B12 Dl D3

c A A U A A AU G
A G

A A C 0 G U A C-GU A
C-G U G-C G G G-U

A G A G A A U-AG-C
G-C G-C 0 G C-G U-A

C U AC 1 U-A
C-G C-GA-U U-A A-U

~ 1A UG A-U U-A A
A U-A A A G-C A-U

A C C-G A-U U CA G-U A A G-C
A

G-UA A 1 A-U A C-G G-U G-U

G-C G-C G-C A-UG CU G-CCA G-C U-G

U-A G-C CG 1 G-C 1 U U-G U-G
A

U-A A UU-G G-U C-G cC U 1 A-U
C

G-C G-C G-C U-A C-G A A-U C-G

G-C U-A G-C U-A C-G C-G A-U

U-A C-G G-C C-G A-U A G G-C
5' P-

A-U G-C U-A G-U 5Î'-U3 ,
G-C C3'

5' 3 ' 5' 3' 5' 3' 5' 3' 5' 3'

li(fl -12.0 -13.3 -11.3 -9.1 -11.9 -II.S -11.8

Fig. 3.2. Predicted sccondary structures of certain ligands selected by eIF4B

(clones A2, A3 and AI3), eIF4B + eIF4A (B6 and B12) and N2S0 (Dl and

D3). The conscrved GGANC motif is highlighted in bold type as weil as the

conscrved nucleotidcs at the S'and 3' position of the loop.
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The selected RNAs are bound through the RRM

eIF4B may bind the selected RNAs eithcr through its RRM. or its carhoxy-tenninal RNA

binding site or a combinarjon of both regions. To identify thé specifie RNA-binding sile. in

vitro iterativc selection-amplification was pcrfonned with portions cf elF4B containing

either the RRM (fragmenl N250; expcrimenl D) or the carboxy-tenninal RNA binding

region (fragment NÂ2S3; expcrimenl E; Fig. 3.1 A). The primary and sccondary struClure of

the N250-selected RNAs is strikingly similar la pool A and pool B sequences (Figs. 3.1 B

;;.od 3.2). The GGAA/C motif was presenl in 20 ouI of the 22 sequenced clones. Wlth a

predicted sccondary struclure consisting of a bulged stem-Ioop. Thcsc data strongly suggesl

that the region of eIF4B rcsponsible for binding the selected RNAs in expcrimenls A. B IlP.d

Dis the RRM. The presence of the carboxy-terminal RNA binding site did nOI affect the

RNA binding preference of eIF4B. TItis is consistenl with carlier data which characterized

the carboxy-terminus of eIF4B as a non-specifie RNA binding site (Méthol et al.. 1994).

Indeed. examination of the sequences of 20 indepcndenl clones. using the cIF4B fragment

NÂ253 for selection (experimenl E). did not revcal any common sequence (data not

shawn).

Ta confirm that the in vitro-selected RN As contained high affinity binaing sites for

eIF4B. the apparenl dissociation constanl of recombinant eIF4B (non·OST fusion) for

sorne selected RNAs (A2. A3 and AI3) was assessed by a nitrocellulose retention assay

(Fig. 3.3A). The dissociation constants (I<d) were identical for ail thrcc pool ARNAs

tcsted. at 12.5 nM. For comparison. the Kct for an eIF4A selccted RNA. C2. was 200 nM.

This confll1TlS that eIF4B can bind specifically and with high affinity la RNAs derivcd l'rom

pool A. The dissociation constant for pool B RNA clone B12 (which was selccted Il times

out of the 23 sequenccd clones), was also estimatcd at 12.5 nM (Fig. 3.3A). thus showing

that eIF4A docs nol modüy the RNA binding specificity or affinity of eIF4B for the

selected RNAs. The experiment shawn in Fig. 3.3A was conducted in the presence of 30
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ng of compculOr poly(A) RNA. In the absence of this compctitor, eIF4B could not

distinguish pool ARNAs from !Jooi C RNAs. prcsumably bccause thcsc RNAs bound non­

specifkally 10 the carbolty-terminal RNA binding site (data not shown).

Selection/amplifications with fulliength eIF4B and the N250 fragment yieldcd high

affinily RNA ligands that have the potentiallO fold into similar sccondary structures. To

evaluate the contribution of the C-terminal RNA binding rcgion 10 the overa!1 RNA binding

strcngth of eIF4B, the affinity constants of wild type eIF4B and the N250 fragment for A3

RNA werc comparcd. N250 bound A3 RNA with a dissociation constant of 12.5 nM (Fig.

3.3B), a value identical to the Kd of wild type eIF4B for A3 RNA (Fig. 3.3A). N250

bound elttrcmely weald}' 10 the non-specific control RNA ligands C2 and N40 (Fig. 3.3B).

From this experiment, it is clcar that the carboxy-terminal RNA binding site neither changes

the specificity of RNA binding. nor influences its affmity for specific RNAs. The N250

segment of eIF4B, which comprises the RRM, is sufficient for specific RNA binding

cquivalent 10 that of wild type eIF4B.

To show that the RRM is directly involved in RNA binding, studies using single amino

acid mutants of the ribonucleoprotein consensus scquence-l (RNPl) in the N250 fragment

were conducted. The lysine residue at position 1 of RNPI was changed to a glutamine

(K137Q) ,and the phenylalanine and tyrosine rcsidues at position 3 and 5 of RNPl,

respectively, were both mutated 10 alanines (FY/AA). Previous mutagenesis (Merril et al.,

1988; Brennan and Platt, 1991; Cllceres and Krainer, 1993; Mayeda et al., 1994; Raabe et

al., 1994), NMR (Hoffman et al., 1991; GMach et al.• 1992) and crystallographic studies

(Nagai et al., 1990; Oubridge et al.• 1994) pointed to thesc residucs as key determinants of

RRM-mediared RNA binding in severa! RNA binding proteins (reviewcd in Kenan et al.•

1991). The K137Q and the FY/AA mutations increascd the dissociation constant for A3

RNA by 3-fold and 360-fold. respectively (Fig. 3.3C). Taken together. the data clearly
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Fig.3.3. RNA binding specl6city of eIF48 and mutants ofeIF48. A) Binding
of eIF48 (non OST fusion) 10 seleeted RNAs from experiments A (clones A2, A3
and AI3). experiment B (clone B12) and experiment C (clone C2). B)
Comparative affmities of the N250 mutant for the eIF4B-seleeted RNA clone AJ.
non eIF4B·seleeted clone C2. and random RNA pool N40. C) Effeet of point
mutations in the ribonucleoprotein-l consensus sequence (RNP-l CS) on binding
of N250 to A3 RNA. Nitrocellulose fI1ter binding conditions are described in
Materials and Methods.•
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cstablish the RRM of eIF4B as part of the domain responsible for specific binding to the

sclccted RNA sequences.

Nucleotide sequence and structure requirements for specifie RNA binding

The probability \hat aHY tetranucleotide will have the sequence GGAAJC is

approximately 0.03. To ~scss the functional signifieance of this motif for recognition by

the eIF4B RRM, we mutated the GGAAJC streteh. Modifications were introduced by i)

deleting the bulgcd A residue (M mutant); ii) pairing the bulged A residue to a U residue

(A=U mutant); iii) mutating the !wo G residues to Cs, while introducing compensatory

changes to kcep the stem intact (GG->CC mutant). Mutations (i) and (ii) were intended to

test whether the bulged A functioned in a defined structura! context Mutation (iii) tested the

primary sequence requirements by changing the conserved G residues without a1tering the

overall sccondary struCUire of A3 RNA. Wild type A3 RNA synthesized from an

oligonuclcotide-directed transcription system similar to that used to generate mutants of A3

RNA was uscd as a positive control (referrcd to as oligoA3). N250 bound to oligoA3 RNA

efficiently, but with a IG-fold increase in Kd compared to plasmid-derived A3 RNA (data

not shown). The reason for this discrepancy is unelear, but could he due to the live extra

nucleotides present at the 3' end of oligoA3 RNA affccting its folding. AlI mutants of the

GGAAJC motif of oligoA3 RNA were completely deficient in their ability to bind N250

(Fig. 3.4B). Clearly, ar>y modification of the GGAAJC motif prevented the association of

N250 to the RNA. The nced for strict structure requirements is evident from the

observation that the A residue must he bulged in order for eIF4B to recognize A3 RNA.

The GG->CC mutant did not bind to N250 even though the predicted sccondary structure

of A3 RNA was unaffccted by these changes. This demonstrates the importance of the

RNA primary sequence. The contribution of the locp sequence to RNA recognition was

examined by mutagenesis of the A and G residues in the 5' and 3' positions of the loop

(AG->UU mutallt). This mul3llt bound to N250 somewhat hetter than the GGAAJC motif
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mutants, but was still scvercly delicient campared to wild type oligoA3 RNA (Fig. 3.4B).

Thus, the loap sequence, in addition to the GGANC motif, appears to he required for

efficient RNA recognition ;y the N250 fragment of eIF4B.

eIF48 blnds A3 RNA in HeLa cytoplasrnic extracts

The association of eIF4B with the sclecied RNAs was characterized using recombinant

protein. It was therefcre importar.t ta test whether cellulaf eIF4B, containing

postranslationai modifications such as phasphorylation (Duncan and Hershey, 1984;

Duncan and Hershey, 1985), could bind to A3 RNA and whet!Jer eIF4B can efficiently

compete with other cellular proteins for binding to A3 RNA Ta this end, UV-irradiation of

32P-laheled oligoA3 RNA and A3M RNA in HeLa SIO cell extracts was performed.

Three major proteins were cross·linked ta aligoA3 RNA in HeLa cell extraets. One protein

migrated at a similar molecular mass (-85 kDa) as eIF4B (Fig. 3.5,lane 1). When the

labeled mutant A3l1A RNA was used, the 85 kDa polypeptide failed ta cross-Iink (lane 2),

consistent with the idea that this band corresponds to eIF4B. A similar experiment was

performed using a rabbit reticulocyte lysate ta examine whether :ile specific recognition of

A3 RNA is conserved in another animai species. An 85 kDa protein cross-linked ta

oligoA3 (lane 3), but not to A3M RNA (lane 4). To clearly identify the 85 kDa band, UV

cross-linking of oligoA3 RNA in HeLa cell extracts was followed by immunoprecipitation

with either a polyclonai antibody directed against eIF4B or with pre-immune serum. The

85 kDa protein was immunoprecipitated by the eIF4B antibody (lane 5), but not by the pre­

immune serum (lane 6), thus demonstrating that HeLa eIF4B can specificaily bind ta A3

RNA Similarly, in the rabbit reticulocyte lysate. this protein was immunoprecipitated by

the eIF4B antibody (lane 7), but not by pre-immune serum (lane 8). Thus, native eIF4B

from human and rabbit lysates recognizcs A3 PNA with the same specificity as recombinant

eIF4B.
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Fig. 3.5. Native eIF4B binds tu A3 RNA. 32P-lubeled A3 RNA or A3!1A RNA were

UV cross-Iinkcd with HeLu or rabbit reticulocytes extructs. Following RNAse A

treutment, the proteins murked by lubel-trunsfer were resolved on SDS-I'AGE. A3

RNA: lunes 1,3, 5-S. A3!1A RNA: lunes 2 und 4. HeLa extracts: lunes 1,2,5 and 6.

Rubbit reticulocyte Iysute: lunes 3.4,7 und S. The position of elF4B is marked hy an

urrowhead. The identity of elF4B was confirmed by immunoprecipitalion with a

polyclonul untibody directed ugainst elF4B (lunes 5 and 7) or with pre-immune

serum (lunes 6 und S).
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eIF48 binds 18S rRNA. through i15 RRM

eIF4B binds te ribosomes and it was suggested that this binding is mediated by an

interaction with 18S rRNA (Hughes et al., 1993; Naranda et al., 1994). The possibility

that the recognition of 18S rRNA occurs specifically through the RRM was examined by

UV cross-linking and competition experiments. Poly(A) RNA (S Ilg) was added in each

assay te block non-specific binding by the carboxy-terminal RNA binding region.

Recombinant eIF4B cross-Iinked efficiently to rat 18S rRNA (nucleotide 1-1678; Fig.3.6A

Jane 2), as hleasured by label transfer. The lower molecular weight bands secn in allianes

are eIF4B degradation products, since they are recognized by an antibody directed against

eIF-4B (data not shown). Cross-Iinking was inhibited by up to S-fold upon addition of

excess unlabeled 18S rRNA (Janes 3-6). To determine whether the RRM contributed to the

specificity of the binding, competition experiments using unlabeled A3 RNA and A3M

RNA against 18S (1-1678) rRNA binding were performed. A3 RNA reduced Ille cross­

linking of 18S rRNA te eIF4B, although less efficiently at 10wer molar excess ratios, !han

unlabeled 18S rRNA (Janes 7-9). However, witll3QO-foid molar excess, A3 RNA showed

a marked increase in ils ability to compete against 18S RNA, suggesting a possible

cooperative effect (Jane 10). This result was highly reproducible, as shown in Figure 3.6B,

lanes 6-8. A3t\..<\, on the other hand, failed to compete, even al a high molar excess (Fig.

4.6A; lanes 11-13). Neither were non-specific RNAs such as !RNA and E. coli SS RNA

able to compete (Janes 14-1S and 16-18, respectively). The ability of globin mRNA to

compete for 18S (1-1678) rRNA binding was also tested. Again, 18S (1-1678) and A3

RNA were efficient competitors (Fig. 3.6B; lanes 3-S and 6-8, respectively; the difference

in competition relative to lanes 4-6 of Fig. 4.6A May be due te different RNA preparations

used). Globin RNA was a weak competiter, with only a 2-fold reduction in binding at a

3QO-fold molar excess over labeled 18S RNA (Janes 9-11). These results support the

argument lhat specific binding of eIF4B to 18S rRNA is mediated through the RRM.
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Fig. 3.6. eIF48 specilically photocross-Iinks to 188 rRNA. Recombinant

eIF4B (0.5 J.1g) was incubated with labeled 18S rRNA (1-1678) and 5 J.1g ofpoly(A) RNA

in the presence of a molar excess of unlabeled RNA compctilors. The samples werc then

UV-irradiated. digested with RNAse A and analysed for label transferon SDS-PAGE as

described in Materials ar.d Methods. (A) Lanes: 1. no eIF-4B; 2. no compctilor; 3-6.

incrcasing molar excess of unlabelcd 18S (1-1678) rRNA; 7-10. incrcasing molar excess of

AJ RNA; 11-13. incrcasing molarex.:ess of AJAA RNA; 14 and 15. tRNA; 16-18.

incrcasing molar excess of E. coli 5S RNA. (B) Lanes: 1, no eIF4B; 2. no compctitor; 3-5.

unlabeled 18S (1-1678) rRNA; 6-8, A3 RNA; 9-11. globin RNA.
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eIF48 cao bind simultaneously to two RNA molecules

One of the mechanisms by whieh e1F4B eould !lromote binding of the mRNA 10 the 40S

ribosomal subunil is by bridging the mRNA aud Ihe ribosome. Sueh a model posits thal

e1F4B can interael simultaneollsly with IWO RNA molecules. namely the 18S rRNA bound

10 the RRM, and mRNA bound 10 the carboxy-tenninal RNA binding region. To examine

directly whether e1F4B could simultaneously bind a specifie and a non-specifie RNA

substrate, eIF4B. N250 or NA253 were each ineubated with polyA-Sepharose beads and

radiolabeled A3 RNA. The amounl of A3 RNA bound 10 poly(A)-Sepharose via an eIF4B

bridge was assessed (Fig. 3.7). No A3 RNA was bound 10 poly(A)-Sepharose in the

absence ofeIF4B (lane 2). In the presence ofeIF4B. approximately 10% of inpul A3 RNA

was recovered on poly(A)-Sepharose (lane 3). Addition of an exeess of unlabcled A3

reduced by -4-fold the amount of labeled A3 RNA bound te poly(A)-Sepharose (lane 4).

Predictably, N250 (lane 5) and NA253 (lane 6) were incapable of bridging signifieant

amounl~ of A3 RNA te poly(A)-Sepharose. These results demonstrate that eIF4B ean

simultaneously bind IWO RNA molecules and the binding requires both the RRM and the

carboxy-tenninal RNA binding region for this funetion.
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Fig. 3.7. eIF48 can bind two RNA molecules simultaneously. eIF4B, N250

or Nl1253 (7 x 10- 12 moles) were incubated 5 min at 370 C in a final volume

of 50 III in buffer A containing 15 III (packed volume) of polyA-Sepharose

beads (Pharmacia). A3 RNA (50 000 cpm or 20 pmoles) was added for a

further 5 min at 370C, The beads were washed 3 times with 500 III of buffer

A, and the radioactivity retained was analysed on a SDS-15% polyacrylamide

gel and visualized by autoradiography. Lanes: 1, A3 RNA load; 2, poly-A

RNA Sepharose beads alone; 3, eIF4B; 4, eIF4B and unlabeled A3 RNA; 5

N250; 6, Nl1253.
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Discussion

In this study, in vitro RNA selections were perfonned to detennine the RNA binding

specificity of the eIF4B RRM. RNAs with conserved primary sequence and secondary

structure were generated and exhibited high affmity for the eIF4B RRM. Mutational studies

with one of the selected RNAs, A3 RNA, indicate a strict requirement for the conserved

nucleotides in a structural context consisting of a bulged stem-loop. This context appears

to he flexible, as shown by the variety of the size and nucleotide sequence of the bulge and

the loop. These results demonstrate for the tirst lime that the eIF4B RRM binds a specific

RNA and defmes primary and secondary elements required for specific RNA binding.

The effect of the RNA helicase eIF4A on eIF4B RNA binding was also investigated

(Experiment B). eIF4A increases the affinity ofeIF4B for RNA by approximately S-fold,

and the increase in activity has been ascribed to the carboxy-tenninal RNA binding region

(Méthot et al., 1994). The results ofexperiment B demonstrate that eIF4A does not modify

the type of RNA ligands that are preferentially bound by eIF4B. However, an ;ncrease in

the content of adenosine residues present in pool B RNAs comparee' to those of pool A

RNAs was noticed (Fig.3.1). This change could reflect an activation of the carboxy­

tenninal RNA binding region, as eIF4A cooperates with eIF4B in RNA binding (Abramson

et al. 1988, Méthot et al., 1994). Although in experiment E, Iterative RNA selection with

the NA2S3 mutant did not yield specific sequences, fIlter binding studies using unlabeled

RNA homopolymers as competitors indicated that the carboxy-tenninal RNA binding

region interacted preferentially with poly(A) RNA (unpublished results). Furthennore, a

preferential interaction between poly(A) and wheat genn eIF4B has been reported (Gallie

and Tanguay, 1994). Thus, in the absence ofeIF4A, the eIF4B RRM is the dominant RNA

binding domain. In the presence ofeIF4A and ATP, the carboxy-tenninal RNA binding

region may contribute to the overall RNA binding affmity.
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A role for the specific interaction between eIF4B and its RNA ligand was addressed by

searching databases for sequences predicted to adopt a secondary structure similar ta that of

A3 RNA, using the RN/.mot program (Laferriere et al., 1994). A few matehes were

obtained, but the sequences corrr.sponde<i to promoter or intron regions. The absence of

functionaIly releVl!llt matehes could be attributed to the variability of size and sequence

talerated in the intemaI and terminaIloops of the RNA targets and to limitations of the

RNAmot program. For instance, even though A2, A3, A13 and B12 RNA possess

different internai and terminaIloops, they bound to eIF4B with the sarne aff1l1ity. It is a\so

possible that the selected RNAs do not reflect exactly the natural RNA ligand(s). ln vitro

selections/amplifications are performed under conditions in which the type of interactions

!hat can modulate RNA-protein interactions in vivo are absent, and the size of the

randomized region of the initial RNA target (i.e. the complexity of tertiary structures) is

limited. SeÏJl:ted RNAs may represent optimal sequences for binding under in vitro

conditions and may not necessarily have natural counterparts with the sarne affmity for the

protein target The selection/amplification experiment against hnRNPAl (Burd and

Dreyfuss, 1994) provides an example. High affmity RNA ligands ta hnRNPAl contain

sequences resembling 5' and 3' splice sites, and bind hnRNPAl with a dissociation

constant of 1nM. Such RNA ligands are consistent with the role of hnRNPAl in alternative

splicing (Mayeda et al., 1992). When the affmity of this protein for the authentic 3' or 5'

splice site of the human 6-g10bin gene was measured, a Kd of70 nM was found. This

value is lower !han the Kd measured for the intron of 6-globin (300 nM) but it is still

considerably higher \han the OP!imal selected sequence. Thus, iterative in vitro selection can

generate RNAs !hat can bind to their target with a higher affmity \han ta naturalligands.

Selection/amplification did succeed in recreating the natural RNA binding sites of proteins

whose targets were aIready known, such as Bacteriophage T4 DNA polymerase, UlA

snRNP, HIV-l Rev and !RF (Tuerk and Gold, 1990; Tsai et al., 1991; Bartel et al., 1991;
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Henderson et al., 1994). In the case ofT4 DNA polymerase and lRF, however. two

groups of high affiJÙty RNA ligands were obtained, showing that more than one valid

solution can be found for a single problem (Tuerie and Gold, 1990; Henderson et al.•

1994).

Given the characteristics of eIF4B and ilS ability to bind ribosomes (Hughes et al.• 1993)

the 18S rRNA seemed a logicalligand for this factor. Specific association of eIF4B with

18S rRNA was shown by UV cross-linking and competition studies (Fig. 3.6). On a molar

basis, 18S rRNA was the best competitor relative to othcr RNAs such as globin, E. coli 5S

rRNA. and !RNA. The fact that A3 RNA, but not A3M, was able to cornpete against 18S

rRNA (albeit to a lesser extent at lower molar ratios than 18S rRNA itself) suggeslS that the

RRM is responsible for mediating RNA binding. We identified a region in the rat 18S

rRNA (nucleotides 465 to 645; Chan et al., 1984) that contains the conserved GGAC

sequence in the consensus folding. However. deletion of the GGAC sequence from an in

vitro synthesized 18S rRNA containing nuc\eotides 465 to 645 did not reduce RNA binding

by the N250 fragment (data not shown). It is possible that other parts of the 18S rRNA, or

other protein factors, may contribute to the binding, or that the 465-645 region of rRNA

does not fold properly when isolated.

The IWO RNA binding regions of eIF4B appear to provide a bridge between two different

RNA molecules. Ful1length eIF4B was able to bridge A3 RNA and poly(A) RNA. N250,

which binds A3 RNA with high affiJÙty but lacks the carboxy-terminal RNA binding

region. was unable to provide a sigJÜficant bridge. Similarly, N.ll53, which lacks the

RRM but still contains the carboxy-terminal RNA binding region. could not interact with

A3 RNA and poly(A)-Sepharose simultaneously.
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The data presented here suggest a model for the role of eIF4B during translation initiation

(Fig. 3.8). According to this model, eIF4F binds ID the cap structure of the mRNA and

properly positions the initiation factors eIF4A and eIF4B on the 5' UTR. These proteins

are thought to unwind the secondary structure in the 5' UTR ID create a ribosome binding

site. One of the features which directs the 40S subunit to the 5' UTR, and not ID other

unstructured areas of the mRNA, could be a direct interaction between the eIF4B RRM and

sequences in 18S rRNA. Our data are compatible with a model proposed by A1tmann et al.

(1995), who have shown that eIF4B possesses RNA annealing activity, and suggested that

eIF4B promotes rRNA-mRNA base pairing. Thus, the simultaneous interaction of eIF4B

with the mRNA 5' UTR and with rRNA provides a means by which the ribosome is

targeted to the proper region of the mRNA, upstream of the initiation codon.

96



•

•

Fig. 3.8. Model for the role of eIF4B during translation initiation. eIF4B eonuibutes to

the binding of the 40S ribosome by bridging the 18S rRNA and the mRNA. The steps

leading te ribosome binding are the following: eIF4F binds to the cap-structuro of the

mRNA, and is later joined by eIF4B. These factors unwind the proximal mRNA 5'

secondary structure in an ATP-dependent manner, creating an area of single strandcd RNA

accessible for ribosome binding. This process also rcquires the cycling of eIF-4A through

the eIF-4F complex (Pause et al., 1994). eIF4B romains bound to the mRNA via ils

carboxy-terminal RNA binding rogion. The 40S ribosomal subunit binds to the mRNA via

a specifie interaction between the eIF4B RNA Recognition Motif (RRM) and the 18S

rRNA. Another conuibuting factor for ribosome binding is eIF3 via iLS interaction with

eIF4G (Lamphear et al.• 1995). BR; basic rogion. cap; m70ppp.
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Chapter 4

A region rich in aspartic acid, arginine, tyrosine
and glycine (DRYG) m.ediates eIF4B self

association and interaction with eIF3
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Ab:stract

The binding of mRNA to the ribosome is mediated by eukaryotic initiation factors eIF4F,

eIF4B. eIF4A, and eIF3. eIF4F binds to the mRNA cap structure and. in combination with

eIF4B. is believed to unwind the secondary structure in the 5' untranslated region (UTR) to

facilitate ribosome binding. eIF3 associates with the 40S ribosomal subunit prior to mRNA

binding. eIF4B copurifies with eIF3 and elF4F through several purification steps.

suggesting the involvement of a multisubunit complex during translation initiation. To

understand the mechanism by which eIF4B promotes 40S ribosome binding to the mRNA,

we studied its interactions with partner proteins using the filter overlay assay ("Far

Western") and the two hybrid system. Here, we show that elF4B self BSSOCiates and also

interacts directly with the p170 subunit of eIF3. A region rich in aspartic acid. arginine.

tyrosine and glycine. termed DRYG domain. is sufficient for self association of eIF4B.

both in vitro and in vivo, and for interaction with the p170 subunit of cIF3. These

experiments suggest that eIF4B participates in mRNA-ribosomc binding by acting as an

intermediary between the mRNA and eIF3. via a direct interaction with the pl70 subunit of

eIF3.
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Introduction

Initiation of translation in eukaryoles is thought to occur by binding of the 40S

ribosomal subunit at or near the c~p structure of a mRNA. followed by ribosome scanning

of the 5' untranslailld region until the initiator AUG is encountered (Mathews et al.• (996).

Initiation of translation requires the assembly of macromolecular complexes. both on the

40S ribosome and on the mRNA. Eukaryotic initiation factors (eIF~) lA and 3 associate

with the 40S ribosomal subunit prior to the mRNA binding step. eIFIA and eIF3 inhibit

joining of the 40S and 60S ribosomal subunits in the absence of mRNA (Nakaya et al.•

1973; Benne & Hershey. 1976; Goumans et al.• (980). TIle next event in the assembly of

translation-eompetent 40S ribosomal subunits is the binding of a temary complex composed

of eIF2. GTP and met-tRNAj, an association which is stabilized by eIF3 (Benne &

Hershey. 1978; Pcterson et al.• 1979; Goumans et al.• (980). This complex is referred to

as the 43S pre-initiation complex.

A pre·requisite for binding of the mRNA to the 43S pre-initiation complex is the

interaction of severai translation initiation factors with the mRNA. The flfSt translation

factor to make contact with the mRNA is eIF4F. This factor is a heterotrimer comprised of

i) eIF4E. a 24 kDa protein which binds the cap structure present al the 5' end of ail cellular

mRNAs (Sonenberg et al. 1978). H) eIF4A. a bidirectional RNA helicase (Rayet al.• 1986;

Rozen et al.• 1990). and iii) eIF4G. a 220 kDa polypeptide to which both eIF4E and eIF4A

bind directiy (Mader et al.• 1995; Lamphear et al.• 1995). eIF3 has also been shown to

interact with the carboxy-terminus ofeIF4G. and has thus been postulated to serve as a link

between the mRNA and the 40S ribosome (Lamphear et al.• 1995).

eIF4B facilitales the binding of the mRNA to the 43S pre-initiation complex. as

demoflstrated by reconstitution studies of an in vitro translation system (frachsel et al.•

1977). eIF4B is an RNA-binding protein with a canonical RNA Recognition Motif (RRM;

for reviews see Mattaj et al.• 1993; Burd and Dreyfuss. 1994b; Nagai et aL. (995) near its

amino-terminus. and an arginine·rich RNA binding region in the carboxy-terminus (Méthot
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et al., 1994; Naranda et al.• 1994). The arginine-rieh region binds RNA non-spccifieally•

while the RRM binds specifieally tO 18S rRNA (Méthot et al.. 1996). clF4B can associate

with a specifie RNA target and a non-specifie RNA simultaneously. suggcsting that it may

serve to faeilitate the binding of the 40S rioosomal subunit to the mRNA by acting as a

bridge between the mRNA and the 18S rRNA (Méthot ct al., 1996). Bcsidcs ils RNA

binding activity, elF4B stimulates the ATPase (Orifo ct al., 1984; Abramson ct al.• 1987)

and RNA helicase activities of eIF4A (Ray ct al.• 1985; Rozen et al.• 1990). A functional

interaction belWeen eIF4A and eIF4B in vivo is also evident since yeast eIF4B, cxpressed

from a multicopy plasmid. is able to (,.Qmpler:.ent '1 temperature-sensitive mutant of eIF4A

(Coppolecchia et al.• 1993). More re.;ently, mammalian and yeast elF4B were shown to

possess RNA annealing activity (Altmann el al.• 1995). lt is thought that elF4F, properly

positioned on the mRNA ncar the eap ~tructure via the eIF4E subunil, unwinds RNA

secondary structure in the 5' untranslated region of the mRNA. in conjunction with elF4B.

to create a site accessible for ribosome binding (Sonenberg, 1988). This model is consislCnt

with the observation that secondary structure in the 5' UTR of a mRNA is inhibitory ta

translation (Pelletier et al, 1985; Baim et al., 1985). Furthermore, a mRNA with extensive

5' UTR secondary strueture is better translated in cells that overexpress eIF4E (Koromilas

et al.• lÇ92), but translates paorly in a yeast strain that has been disrupted for the elF4B

gene, TlF3 (Altmann et al.• 1993).

To gain funher understanding into how eIF4B promotes binding of mRNA to the 40S

ribosomal subunil, we examined protein-protein interactions mediated by eIF4B. We

demonstrate that recombinant eIF4B self associates in vitro and in vivo. We mapped the

homotypic interaction site of eIF4B ta a 99 amino acid region rich in aspartic acid. arginine.

tyrosine and glycine (DRYO-rich region; Milburn et al., 1990). Filter overlay assays ("Far

Western" ; Blanar & Rutter. 1992) on cell extracts reveal that eIF4B interacls with the p170

subunit of elF3, and that this interaction is also carried out by the DRYO domain•
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Materlals and Methods

Vectors, protelns:

The construction of pGEX4B, N367, N355, N312, N250, N171, N&253 and &230­

247 has been previously described (Méthot et al, 1994). pGEXN213 was obtained by

digesting pGEX4B with EcoNl and SmaI. The vector-containing fragment was b1unt-ended

with the Klenow fragment ofE. coü DNA polymerase and religated. pGEXNa1S0 and

N4352 were generated by exonuclease IIIIMung Bean nuclease digestion, as described in

Méthot et al., 1994. pGEX lS0-312 was created by digesting pGEXNa1S0 with SacI and

SmaI. The vector-containing fragment was blunt-ended and religated. pGEX2THMK 213­

312 was obtained by digesting pGEX-4B with EcoNl and SacI. The 300 bp fragment was

blunt-ended and ligated into pGEX2T[1281129] (Blanar & Ruuer, 1992) that had been

lineari2ed with EcoRI and blunt-ended. pGEX2THMK-4B was constructed by excising the

BamHI fragment from pGEX-4B, blunt-ending it and ligating into pGEX2T[1281129] that

had been 1inearized with EcoRI and blunt-ended. Due to the 1eakiness of the tac promoter

and the extensive degradation of the resulting GST-e1F4B fusion protein, the GST-FLAG­

HMK-eIF4B fusion was put under the control of the TI promoter. An NdeI site was

created at the initiator ATG codon of the GSTcDNA,by po1ymerase chain reaction (PCR),

using the primers AACAGTACATATGTCcccrATACfAG and

CTGTGCCAAGTGGTCG, and pGEX-4B as template. The l'CR product was digested

with NdeI and BstXI, and ligated to the BstXI-PstI fragment excised from pGEX4B and to

pET3b (Studier et al., 1990) that had been Cllt with NdeI and PstI. The resulting vector,

pET2THMK-4B, generates a GST-FLAG-HMK fusion protein with eIF4B which is under

the control of the TI promoter. The GSTHMK-e1F4B fusion protein was overexpressed in

E. coü K38 cells, and induction was performed by heat shock at 420C for 30 min. All

GSTHMK-e1F4B fragments were purified on giutathione-Sepharose (pharmacia).

GSTHMK-eIF4B wt was further purified on an Heparin EconoPak co1umn (BioRad), as

descrii>ed previously for GST-e1F4B (Méthot et al., 1994). For the yeast two hybrid
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system expression vectors, pGBT9 and pGADGH, which carry the GAU DNA binding

domain (GAlA-DB) and the GAU transactivatordomain (GAlA-TA), respectively, were

used (gifts from P. Barrel, State University of New York, Stony Brook and G. Hannon,

Cold Spring Harbor Laboratory). pGBT9-4B was constnlcted by cutting pGEX-4B with

BarnHI. The excised eIF4B DNA was ligated in pGBT9linearized with BarnHI. For

pGADGH-4B, the BarnHI fragment from pGEX-4B was blunt-ended with tile Klenow

fragment ofE. coli DNA polymerase, and ligated into pGADGH digested with Smal. To

generate N312 GAlA-DB fusions, pGBT9-4B was digested with SacI or BeoNI.

respectively, and PsU. Similarly, N312 GAlA-TA fusions were generated by cutting

pGADGH-4B with SacI or BeoNI, respectively, and SaIl. Following blunt-ending with T4

DNA polymerase, the vector-eontaining fragments were religated. Recombinant eIF4B was

purified as described (pause et al., 1992).

Far Western Analysls

Purified GST-HMK-eIF4B fusions (1-3 Ilg) were 32P-Iabeled using heart muscle

kinase (Sigma) as described (Blanar & Rutter, 1992). Cellular extraets and E. coli extraets

expressing various fragments ofeIF4B were resolved by SDS-polyacrylarnide gel

electrophoresis and blotted on PVDF membranes (Millipore) or nitrocellulose. Immobilized

proteins were denatured by incubating the membranes with 6M urea in HBB buffer (25 mM

Hepes-KOH pH 7.5, 25 mM NaCI, 5 mM MgCI2, 1mM DTT). The proteins were

renatured in situ by by a series of 10 minute incubations in 3M urea/HBB, 1.5M urealHBB,

0.7sM urea/HBB, 0.38M urealHBB and 0.18M ureaIHBB. Although not necessary. we

found that these denaturation-renaturation steps improved the sharpness of the signal. The

membranes were blocked with 5% milk in HBB. and incubated ovemight in hybridization

buffer (20 mM Hepes-KOH pH 7.5, 75 mM KCI, 2.5 mM MgC12. 0.\ mM EDTA, 1 mM

DTT, 0.1% NP-40, 1% milk) containing the 32P-Iabeled probe at 2SO 000 cpmlml and
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unlabeled purified GST at IIlg/ml. The membranes were washed 3 times with

hybridization buffer and processed for autoradiography.

Two.Hybrld System Analysls

Yeast strain Y526 (Bartel et al., 1993) was transformed with various combinations of the

yeast expression constructs by Ihe lithium acetate method (Gietz et al., 1992). Identification

ofcolonies with a reconstituted GAIA activity was performed by an X-Gal colony mter

assay. Colonies were replica-plated ante a nitrocellulose tilter (Hybond-N, Arnersham) and

permeabilized by immersion in Iiquid nitrogen. The filters were placed on Whabnan 3MM

paper which had been soaked in Z buffer (60 mM Na2HP04, 40 mM NaH2P04, 10 mM

KCI, 1 mM MgS04, 50 mM jl-mercliptoethanol, pH 7.0) containing 1 mM X-Gal, and

incubated overnight at 370C to allow for color development. For quantitative jl­

galactosidase assays, randomly picked colonies were grown in Iiquid selection medium

before the cel1s were harvested and Iysed with glass beads. jl-galactosidase was quantitated

as described (Rose & Botstein, 1983). Expression ofGAIA-DB and GAL4-TA fusion

proteins was monitored by Western blotting. Cells (3 x 107) were Iysed with glass beads in

Laemmli buffer, and loaded on an SDS-12% polyacrylamide gel and transferred to a PVDF

membrane. Fusion proteins were deteeted using an antibody raised against GAIA which

can deteet both the DNA binding domain and the lransactivator domain ofGAIA (a

generous güt from James Hopper, Pennsylvania State University).

Immunopreclpitations

Hela R19 cel1s were Iysed in Iysis buffer (20 mM Tris-HCI, pH 7.4, 75 mM KCI, 1

mM MgCI2, 1mM EDTA, 10% glycerol, 1% Triton X-l00). Nuclei and cel1ulardebris

were ren;toved by centrifugation. Antibodies (a-eIF4B polyclonaI 706, pre-immune 706

and a-eIF4B monoclonal9Ell) were added to 200 Ilg ofccli extraet and incubated on ice

for 30 min. A 50% suspension (50 Ill) of protein A-sepharose (Repligen) that had been
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washed in Iysis buffer and pre-ineubated with BSA, was added to the mixture, and

incubated end-over-end at 4"C for 90 min. The beads were washed 6 limes with 1ml of

Iysis buffer and boiled in Laemmli buffer to whieh 100 mM of !3-mercaptoethanol had been

freshlyadded. Proteins were resolved on SOS- 8% or II% polyacrylamide gels, and

transferred onto PYDF membranes. ImmuJ1oblotting was performed with a-human eIF4B

(monoclonal9Ell), goat a-rabbit elF3 (generous gift from J. Hershey), and a-aetin

(ICN). and immunoreacûve proteins were visualized by ehemiluminescence (ECL.

Amersham).
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Results

The self association site of eIF4B maps to the DRYG·rich region

Human eIF4B is a 69 kDa protein that migrates aberrantly on SDS-polyacrylamide gels at

80 kDa (Milbum et al., 1990). The molecular mass of rabbit reticuloçyte eIF4B, as

determined by gel-fùtration chromategraphy in the presence of 0.5 M KCI, is 220 kDa,

which led te the suggestion that eIF4B is an asymmetric dimer (Grifo, 1982). Previous

structure/function analyses, using a series of truncated eIF4B proteins, identified regions

responsible for sequence non-specific and specific RNA binding and eIF4A helicase

stimulation (Méthot et al., 1994; Naranda et al., 1994; Méthot et al., 1996). eIF4B

fragments were used here te map the self associatil'ln region of eIF4B by a filter overlay

assay (Far Western; Blanar & Rutter, 1992). Figure 4.1 illustrates the various truncations

wl:ich were used, and summarizes the results. E. coli crude extraets expressing different C­

terminal truncations of eIF4B were resolved on SDS·polyacrylamide gels, transferred to

PVDF membranes and probed with a 32P-labeled GST-eIF4B fusion protein tagged with

the heart muscle kinase (HMK) phosphorylation site (Fig. 4.2A, upper construct). To

monitor background dimerization due te GST-OST interactions (Trakshel & Maines, 1988),

duplicate filters were probed with HMK-tagged GST (Fig. 4.2D,lower construct).

Background was minimized by the addition of a large excess of unlabeled GST protein in

the hybridization buffer. The different GST·fusion eIF4B proteins were expressed te

similar levels, as determined by Western blotting (Fig. 4.2B). AU fragments ofeIF4B

retaining the amino·terminal 312 amino acids of the protein were capable of interacting with

eIF4B (Panel C, lanes 1 te 3; for wt eIF4B, see Fig. 4.3B). Further deletions generated

eIF4B fragments that were unable te associate with eIF4B (fragments N250, N213 and

NI71; lanes 4 to 6. The faint band seen for N250 is artifactual since it does not migrate

exactly with the N250 protein ; compare lane 4 from Fig. 4.2B and 4.2C, and is not

reproducible). 32p-labeled GST-HMK failed to interact with any of the fragments ofeIF4B
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RRM DRYG BD
97 175 214 327 367 423

eIF4B 1 ...... m 1 1 1 1

N367 1 ~ 1 1 1 1 1

N355 1 -=- 1 1 1 1 1

N312 1 1 1 1

N2SO

N213 -=:J
N171 -
NtU53 • MJ +/-

tU3O-2471 -=-"- ~ ++

180-312 1 1 1 1

213-312 - 1 Il 1*

... detennined from its reactivity as a probe

•

Fig. 4.1. Schematic representation ofeIF4B fragments used ln thls stndy.

The RNA Recognition Motif (RRM), the DRYG-rich region •while the

carboxy-tenninal RNA binding site, or basic domain (BD) are indicated. Also

shown is summary of the self association activity of each of these fragments.

as detennined by Far Western analysis. ++++ : l()()%; ++: 2S-S0%; +/-: S% or

less.
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Fig. 4.2: Mapplng of the eIF4B self association site. Panel A. OST-HMK

probes used in this sludy. The heart muscle kinase phosphorylation site is represented by a

grey rectangle. Also shown are the RNA Recognition Motif (RRM) and the DRYO-rich

region. Panel B. Immunoblol using monoclonal a-eIF4B 12B1 on E. coli extracts

expressing various fragments of eIF4B. Panel C. Far Western analysis on a similar

membrane as shown in panel B, with 32P-Iabeled OST-HMK-eIF4B as probe. Panel D.

OST-OST interaction background. An identical membrane as shown in Panel D was probed

with 32P-Iabeled OST-HMK probe. Under the conditions used, no OST-OST interaction

was obscrved.
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(panel D), excluding the possibility that the signal arise from GST-GST interaction. The

results suggest that the self association domain of eIF4B lies between amino acids 213 and

312, with the core domain possibly residing between residues 250 ta 312. Amino acids 213

to 312 encompass the DRYG-rich region of eIF4B (Milburn et al, 1990). To detennine

whcther this region cao me<:iate homotypic interactions independently from other regions of

eIF4B. four kinds of experiments were perfonned: i) a fragment encompassing amino acids

180 ta 312 was tested for its ability to interact with eIF4B. ü) An amino-tenninal deletion

fragment (Nâ253) that contains the carboxy-tenninal half of the DRYG region was tested

for interaction with the GST-HMK-eIF4B ta detennine whether portion 254 to 312 of the

DRYG region is capable of supporting eIF4B self association. iü) a GST-HMK fusion

encompassing amino acids 213 ta 312 of eIF4B was used as a probe in the ftlter overlay

assay. iv) Amino acids 230 ta 247 were removed from the DRYG-rich region ta create the

â230-247 mutant. The relative amounts of GST-eIF4B wild type (wt), â230-247. 180-312

and Nâ253 were estimated by Western blotting with a polyclonal antibody against eIF4B

(Fig. 4.3, panel A).When an identical blot was probed with 32P-Iabeled GST-HMK-eIF4B,

a 3-fold decrease in the ability ofâ230-247 ta interact with the probe. relative ta the wt,

was observed (Panel B; compare lanes 1 and 2). Fragment 180-312 reacted with the probe

as well as wt eIF4B (Jane 3), while Nâ253 failed to react (Jane 4). Another fragment

(Nâ352) was also unable to interact with eIF4B (data not shown). The GST-HMK 213­

312 probe (Fig. 4.2A, middle construct) interacted with various eIF4B truncations in a

similar fashion as fuliiength eIF4B (Panel C), except for Nâ253. which showed a very

wea\c interaction (Jane 4). Taken tagether with the previous results. these experiments

clearly demonstrate that the region between amino acids 213 and 312 is necessary and

sufficient ta mediate eIF4B homotypic interactions. The inability of Nâ253 to react with the

probe at levels comparable ta wt suggests that amino acids 254 ta 312 alone are not

sufficient to mediate an interaction. Also. amino acids 230 ta 247 contribute ta the self

association funcûon.
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Fig. 4.3: The nRYG domaln Il!' sufficlent ta medlate self association. Panel

A. Immublot using polyclonal a-eIF4B antibody 706 on E. coli extraets expressing OST­

eIF4B fusions wt. A230-247, 180-312 and Nd253. Panel B. Far Western analysis on a

similar membrane as shown in panel B, with 32P-1abeled OST-HMK-eIF4B as probe.

Panel C. Same as in Panel B, except that 32P-labeled OST-HMK 213-312 was uscd as a

probe. Panel D. Same as in Band C except that 32P-labeled OST-HMK was used as a

probe to monitor the OST dimerization background.
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eIF48 forms dimers in solution and in vivo

The results obtained by the Far Western analysis were funher supported by chemical

cross-linking assays. Ethylene glycolbis(succinimidylsuccinate; EGS) was used as a

homobifunctional eross-linking reagent that reacts with primary amines. AlI reactions,

ine1uding a non-crow-linked control, were carried out with equal amol!nts of e1F4B. In the

absence of EGS, eIF4B migrated at an estimated molecular mass of 83 kDa on an SDS­

PAG (Fig. 4.4,lane 1). Addition of smail amounts of EGS (0.1 to 1 mM) resulled in the

dose-dependent fonnation of a high molecular mass complex migrating at 176 kDa , which

is consistent with eIF4B dimerization. Cross-linking was resistant to KCI concentrations of

0.5 M, and was not enhanced by the presence ofeIF4A or RNA (data not shown). The

diffuse rnobility of eIF4B monomers in the presence ofcross-linking reagcnts has been

observed elsewhere (parsell et al., 1994), but is not understood. The self association region

(amino acids 213 to 312) contains only one lysine residue, perhaps explaining why EGS

cross-linking occurred at 10w efficiency.

Finally, the yeast two hybrid system (Fields & Song, 1989) was used to dClennine

whethereIF4B can selfassociale in vivo. Fragments ofeIF4B (N312 and 213-312) were

expressed both as GAlA transactivator domain fusions proleins and GAlA DNA binding

domain fusions proteins, and a series of combinatorial pairs were tested for their ability to

reconstitute GAlA transactivation activity. The level of expression in yeast was detennined

by Western b10tting using a po1yclonal 1I11tibody direcled against GAlA (Fig. 4.5). Both

GAlA transactivation domain fusions were detected (lanes 2 and 4). On the other hand,

none of the DNA binding fusions, nor the GAlA DNA binding domain generaled by the

pGBT9 vector, were detected. After a very long exposure, however, very small amounts

of DNA binding domain fusion protein.~ could he seen (data not shown). The reasons for
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Fig. 4.4: Recombinant eIF4B can form dimers in vitro. Purified recombinant

elF4B (1 Ilg or 14 pmoles) wa~ incubated for 20 min at25°C with homobifunctional

cross-linker ::lGS [ethylene glycol bis(succinimidylsuccinate); Pierce]. atthe indicated

concentration, in a final volume of20 Ill, in 20 mM Hepes-KOH. pH 7.5. 75 mM

KCI. 1 mM MgCh. 1 mM EDTA, 10% glycerol, 1%Triton X-100. The reactions

were stopped by the addition of 5 III of 1MTris-HCl, pH S.O, and Laemmli buffer.

The samples were boiled and resolved on an SDS-S% polyacrylamide gel, blotled

onto a PVDF membrane (Millipore) and probed with monoclonal antibody 9Ell

directed aguinst eIF4B. The signal was detected using the Renaissance

chemiluminescence system (DuPont).
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Table 4.1 two hybrid system

DNA binding Transactivation colony color I3-galactosidase activity a
(pGBT9) (pGADGH) (fold over background)

N312 N312 blue 348
N312 213-312 white 1.0
213-312 N312 light blue 14.7
213-312 213-312 white 1.6

a Values represent the level of I3-galactosidase activity above background

levels. and are averaged from atleast three independent assays.
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the low expression levels of GAlA DNA binding domain fusion proteins are unknown, but

could be due to the instability of the proteins. Table 1summarizes the level of 13­

galactosidase activity obtained from several experiments. N312 homodimerized and

dimerized with 213-312, yielding I3-galactosidase activities of 348 and 14.7-fold over

background, respectively. These data are asynlmetric, as only N312, but not the 213-312

fragment, expressed as a GAlA transactivator fusion, could dimerize with 213-312. A

directionality with results of protein-protein interaction assays has often been observed with

the IWo hybrid system (e.g. Estojak et al., 1995). This experiment shows that the DRYG­

mediated protein-protein interaction occurs in vivo. :md confirms the importance of the

DRYG rich region for self association.

eIF4B interacts directly with eIF3

eIF4B copurifies through many purification steps with eIF3 and eIF4F, and is separated

from these factors by high salt (0.5M KCI). This interaction could have biologicai

relevance. To determine ifeIF4B associates directly with elF3 and eIF4F, and to further

study these interactions. a tilter overlay assay was performed with various celI extracts,

using different eIF4B fragments as probes. GST-HMK eIF4B bound to two major

proteins of approximately 170 kDa and 100 kDa and aIso bound weak1y to a protein of 80

kDa in a HeLa extract and reticulocyte Iysate (Fig. 4.6A, lanes 1and 2). A fI1ter overlay

assay performed with a higher percentage polyacrylamide gel aIso revealed the presence of a

40 kDa reacting protein (data not shown). The 100 kDa protein is absent from rabbit

reticulocyte lysates (lane 2). In Krebs extracts, an additionai protein of 110 kDa is present

(lsne 3). The 80 kDa polypeptide co-migmted with recombinant eIF4B (lsne 4), and thus is

probably eIF4B. When an identicai blot was probed with GST-HMK 213-312, only the

170 kDa and the 80 kDa proteins reacted (Fig. 6B). Thus, the DRYG domain does not

interact with the 100 and 110 kDa pl'I)teins. A control blot probed with GST-HMK did not

yield any signal (data not shown).
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We sought to determine the identity of the 170 kDa protein. eIF3 is a multisubunit

translation initiation factor which is comprised of9 polypeptides: p3S, p36, p40, p44, p47,

p66, plIO, plIS and p170 (Meyer et al., 1982; Behlke et al., 1986). Because eIF4B was

reported to associate with eIF3 in cell extracts, we examined the possibility that the 170 kDa

polypeptide is the high molecular weight subunit ofeIF3. To this end, two different

preparations ofeIF3 (generous gifts from W. Merrick and H. Trachsel), one lacking intact

p170 subunit (preparation #1) and one containing intact p170 (preparation #2), were

resolved on an SDS-polyacrylamide gel and transferred onto nitrocellulose. An immunoblot

using a monoclonal antibody directed against the p170 subunit ofeIF3 shows the presence

of the intact polypeptide in preparation #2 (Fig. 4.6C). Probing a duplicate membrane with

32p-labeled GST-HMK-2l3-3l2 revealed proteins of 170 kDa and 80 kDa in HeLa cell and

rabbit reticulocyte extracts (Fig. 4.6D, lanes 1 and 2). eIF3 preparation #1 contained a

polypeptide, migrating at approximately 125 kDa, that interacted weakly with the DRYG

domain (lane 3). eIF3 preparation #2, on the other hand, contained only one strongly

reacûve polypeptide migrating at 170 kDa (lane 4). We tested the possibility that the 125

kDa polypeptide corresponded ta the pl 10 and plIS subunits of eIF3 by probing bacterial

extracts expressing recombinant plIO and plIS. We found no evidence that these eIF3

subunits interact directly with eIF4B (data not shown). Taken together, these results

demonstrate that eIF4B associates directly with the p170 subunit ofeIF3, and that this

interaction is mediated by the DRYG domain.

To further substantiate the conclusion that eIF4B interacts with eIF3, co­

immunoprecipitation experiments were performed. eIF4B was immunoprecipitated from

HeLa cell extracts using either an eIF4B polyclonal antibody (706), pre-immune serum

(706 PI) or a monoclonal antibody that recognizes the earboxy-terminal end (9Ell). The

immunoprecipitates were blotted onto nitrocellulose and probed with anûbodies directed

against various proteins. eIF4B was precipitated with both cx-eIF4B antibodies (Fig. 7

Panel A, lanes 2 and 4), whereas no protein was precipitated with the pre-immune serum
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Fig. 4.6: The nRYG domaln or eIF4B Interacts wlth the p170 subunlt or

elF3. Panel A. Far Western analysis on cytoplasmic extraets (75I1g) using 32P-labeled

GST-HMK-eIF4B as probe. Recombinant eIF4B (0.5I1g) was also included as positive

control. The position and molecular mass of interaeting proteins are indicated by arrows.

Panel B. Same as in Aexcept that 32P-labeled GST-HMK 213-312 was used as a probe.

Panel C. Western blot analysis using a monoclonal antibody directed against the p170

subunit ofelF3. Preparation #1 ofelF3 contains a p170 degmdation fmgment that is

immunoreacûve towards the anûbody. Preparation #2 ofelF3 contains partial1y degmded

p170. Panel D. Far Western analysis on a similar membrane as shown in C. 32p-labeled

GST-HMK 213-312 was used as a probe.
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(Jane 3). Approximately 30% of the total eIF4B was recovered in the immunoprecipitate.

eIF·3 co-immunoprecipitated efficiently with eIF4B, as judged from the large arnount

present in the immune complex relative to the total extract (10% ofelF3 input was

recovered; Panel B, compare lanes 1,2 and 4). This result is consistent with a direct

interaction between eIF4B and the pl70 subunit of elF3. As a negative control, the

presence in the immune complexes of proteins not known to be rela!ed to eIF4B function

was exarnined. Actin (panel C) and the La autoantigen (data not shown) were not found in

the eIF4B immunoprecipitates.
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Fig. 4.7: eIF3 co·immunoprecipitates with eIF4B. Western blots on immunoprecipitates. eIF4B from HeLa cell extracts (200

J.Ig) was immunoprecipitated with polyclonal antibody 70.6 or monoclonal antibody 9EIl. Pre-immune 706 serum was used

as negative control. Panel A. lX-eIF4B western. Panel B. lX-eIF3 western. The position of three of the elF3 subunits is indicated

by arrows. Panel C. lX-actin western. For each experiment, 30 J.Ig of HeLa extract was included to monitor the efficiency of the

immunoprecipitation.
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Discussion

The DRYG·rlch region

In Ibis study, we have mapped a self association domain in eIF4B 10 a portion of the

protein rich in aspartic acid, arginine, tyrosine and glycine (DRYG-rich region),located

between amino acids 214 and 327. Residues 21310 312 are suflicient for the interaction.

Deletion of the carboxy-terminal-most part of the DRYG·rich region (mutant N250, N213

and N171) resulted in a complete loss of self association. Similarly, N&253. in which the

carboxy-terminal-most part of the DRYG-rich region is left intact, interacted with eIF4B

very wea1dy. Removal of 18 amino acids in the DRYG domain (A23lJ.247).led 10 a 3-fold

decrease in self association. These data suggest that amino IIcids between position 250 and

312 are crucial for the interaction, but not suflicient since N&253, which still has amino

acids 254 to 312 intact, showed virtually no activity. and the A23lJ.247 deletion, which is

outside amino acids 250 to 312, exhibited a decrease in self association activity. It is

possible that bath of these deletions induce a conformationa1 change which prohibits

dimerization. A1tematively, a minimal amount of residues outside the 25lJ.312 region. or

amino acids 250 10 254, are necessary for dimerization. There is aIso the possibility that

two segments within the DRYG domain mediate self-association. The data do not permit 10

conclude whether the predominant species ofeIF4B is a dimer. trimer or teU'lllller.

How is self association promoted? Programs such as Chou and Fasman predict a very

high content of random coll structure within the DRYG·rich region, probably owing 10 the

abundance ofglycine residues. The binding energy may be provided by electrostatic

interactions between the altemating positive and negative charges. However.

glutara1dehyde cross-Iinking and gel-filtration studies showed that eIF4B self association

was resistant 10 KCI concentration of at least 500 mM (N. Méthot, unpublished. J. A

Grifo, 1982). Homodimerization could be the result of hydrophobic interactions between

the tyrosine residues, wllere phenyl rings may stack. A1ternatively. self association may be

mediated by the formation of /i-sheets between two eIF4B monomers. The DRYG-rich

125



•

•

region of eIF4B does not show homology to any known proteins except for the SRYG

repeats of the azoospermia factor~ (Ma et al. 1993). This homology may!Je coincident

rather than conservation. However. il may aIso represent a novel type of protein-prote;n

interaction domain in which tyrosine residues play an important role.

Function of self association

Previous studies on eIF4B have shown that the NA253 fragment exhibits non-specifie

RNA binding and eIF4A helicasr. stimulation (Méthot et al.• 1994). Furthermore. the N250

fragment binds to a specifie RNA substrate with an affmity comparable to that of wt eIF4B

(Méthot et al.• 1996). Both of these fragments are severely deficient for self association.

These results suggest that eIF4B self interaction is not required for RNA binding and for

eIF4A helicase stimulation. Indeed. the N312 fragment (self association-positive; helicase­

stimulation-negative) had no trans-dominant negative effects in a helicase assay and in in

vitro translation of a reporter mRNA Note that helicase assays are performed with a high

excess ofeIF4B over RNA, and it is possible that the need for self association is bypassed,

since more than one eIF4B Molecule can bind to duplex RNA (Méthot et al.• 1994).

The role ofself association for eIF4B function is not irnmediately clear. We used severa!

deletions in the DRYG domain to determine whether the self association region ofeIF4B

and the pl70 interaction domain overlap. Ali the truncations thatabolished eIF4B self

interaction alse abolished eIF3 binding (N.M.• unpublished. observations). Two

possibilities May explain these results. i) the self association and pl70 interaction sites

overlap. This would predict that eIF4B homodimerization prevents p170 interaction. il)

eIF4B must dimerize in order to generate a site for p170 binding. We cannot at the present

distinguish !Jetween these two possibilities because expression systems for intact p170 are

not available. However, it is possible that a large proportion of the GST-HMK 213-312

probe already exists as a dimer (or multimer). This might explain why the eIF4B self

association signal in a HeLa extraet is weaker than the p170 interaction signal (both eIF4B
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and elF3 are present at approximately 0.5 molecules per ribosome in Hela cells).

Furthermore, the p170 protein does not contain a region homologous to the DRYG

domain, which is not consistent with a shared interaction domain bctwccn eIF4B and p170.

On the other hand, overexpression of eIF4B in COS cells results in a general reduction of

translation. a phenomenon that remains unexplained (Milbum et al., 1990, Naranda et al.,

1994). Removal of the DRYG domain abolished the ability ofeIF4B to inhibit translation

(Naranda et al.• 1994). This could bc consistent with the notion that eIF4B self association

prevents interaction with elF3. However, sorne dell"tion mutants that retained the DRYG

domain did not inhibit translation when overexpresscd, while others that lacked the DRYG

domain, were strong translational inhibitors (Naranda et al., 1994). Thus. the translational

block induced by overexpression of eIF4B cannot bc attributed solely to its ability to self

associate or interact with elF3.

Our findings n'We implications for the mechanism of ribosome binding tu mRNA. We

have previously postulated that eIF4B serves as a bridge bctwccn the mRNA and the 40S

ribosomal subunit by virtue of its ability to bind to the mRNA and the 18S rRNA (Méthot et

al., 1996). The direct ir.:eraction bctwccn elF3, which is present on the 43S pre-initiation

complex prior to mRNA binding. and eIF4B, provides an additionallink bctwccn the

mRNA and the ribosome (sec Fig. 4.8). The abundance of protein-protein and protein­

RNA interactions during mRNA-ribosome binding ensures that the mRNA is recognized by

ribosomes with high fidelity.
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Fig. 4.8: Model for the blnding of the 408 ribosomal subunlt to a

mRNA. Three types of interactions may stabilize the mRNA-ribosome

complex. i) eIF3-eIF4G association. ü) eIF4B-eIF3 interaction. iü) eIF4B­

18S rRNA interaction.
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The eukaryotic translation initiation factor 48 was initially identified as a protein

absolutelyessential for binding of the mRNA to the 40S ribosomal subunit Early

biochemical studies indicated that this factor participalCS in the ribosome binding step by

stimulating the RNA helicase activity of eIF4A and eIF4F. Together. eIF48 and eIF4A or

eIF4F melt the secondary structure in the 5' UTR of the mRNA to crcate an area accessible

for ribosome binding. These studies also implicated elF48 in a number of other processes.

Functions for eIF48 during scanning. AUG recognition. eIF4E recycling and poly(A) lail

synergism have been proposed.

To c\arify the role ofeIF48 during protein synthesis. and to understand its mechanism of

action during RNA unwinding. we initialCd a structure-function a.,alysis of this factor. Our

results demonstrate that eIF48 is a highly modular protein with three distinct domains: the

RNA Recognition motif (RRM) near the amino-terminus. the dimerization/eIF3 p160

interaction region (DRYG domain) and the non-specifie RNA binding and helicase

stimulator region in the carboxy-terminus half (Fig. 5.1).

5.1 The carboxy-termlnal half of elF4B

5.1.1 Non-specifie RNA binding

The carboxy-terminal half of eIF48 contains the non-specifie RNA-binding and the

helicase stimulatory modules (Chapter 2). The carboxy-terminal RNA-binding region is

located between amino acids 367 and 423. These results are in agreement with those of

Naranda et al.• (1994) who have delCCted an RNA binding site betwecn residues 385 and

447. The combined data suggests that the C-terminal RNA binding site is located between

amino acids 385 and 423. Two observations demonslrllte that this RNA binding site acts

independently of the RNA Recognition Motif. Mutations at highly conserved residues

within RNP-l and RNP-2 of the RRM did not signiticantly affect RNA binding (Fig.

2.30). Removal of the RRM (mutant NA2S3) also failed to reduœ RNA binding activity•

Residues 367 to 423 of eIF48 contain two clusters of basic amino acids which could
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residues 97-175). the DRYG-rich region (residues 214-327). and the earboxy­
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potentially contact the negatively charged backbone of RNA Arginine-rich motifs (ARMs)

mediate RNA binding in a number of proteins. such at Human immunodeficiency virus Tat

and Rev. and À-phage N protein (Lazinski et al.• 1989). Remarkably. despite the low

complexity of interactions between positively charged residues and the RNA backbone.

many of the ARM-containinr, proteins make highly specific contacts with RNA. The C­

terminal RNA binding site of eIF4B appears to be non-specific. It bound weil to a variety of

RNA substrates tested. and it did not select RNAs bearing common sequence or secondary

structure eiements (Chapter 3).

The eIF4B dissociation constant (Ki> for non-specific duplex RNA was measured at 5 x

10-7M. Binding of this substrate is most likely mediated by the carboxy-terminal RNA

binding site. HIV Tat and Rev protein or the Iron Regulatory Factor (IRF). are highly

specific RNA-binding proteins and associate with their cognate RNAs with KdS of 3 x 10-9,

1 X 10-9 and 1 x 10-11 M, respectively. Proteins such as the Polypyrimidine Tract Binding

protein (PTB) and poly(A) binding protein (pABP). which recognize RNAs with low

sequence complexity. or eIF4A. which binds RNA non-specifically, exhibit~s ranging

from 10-8 to 10-6 M (reviewed by McCarthy & Kollmuss. 1995). The carboxy-terminai

RNA-binding site. exhibits a relatively high K<t and low discriminatory ability. and this is

consistent with the function of eIF4B as a general translation factor. eIF4B should he

capable of stimulating the unwinding of all mRNAs. It cannot be ruled out however, lhat

the C-terminal RNA-binding site binds better to sorne types of mRNAs and stimuiates

preferentially their translation. Sorne experiments support this possibility. When

radioiaheled RNA duplex was melted by heat treatment prior to the binding assay. it bound

3-fold less efficiently to eIF4B !han intact duplex. This demonstrates a preference by eIF4B

for duplex-containing RNAs (N. Méthot, unpublished data). On the other hand. a perfectly

duplexed RNA was a poor substrate for cIF4B b'nding (G. Cosentino. unpubl.). Taken

together, these data suggest that eIF4B recognizes junctions between single-stranded and

double-stranded areas of RNA. Tighter binding to this particular structure may he important
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for the unwinding mechanism. In terms of nucleotide specificity, poly(A)

ribohomopolymers were efficient competitors for duplex RNA binding (N. Méthot,

unpubl.). A poly(A) RNA binding preference is aIso evident from selection/amplification

experiment B (Chapter 3), where eIF4B, in combination with eIF4A, selected RNAs that

were particularly rich in A residues in their 5' end (Fig. 3.1B). In the presence ofeIF4A

and Al'P, the RNA-binding activity ofeIF4B is increased 5·fold. RRM point mutants and

the Nâ253 fragment of eIF4B were capable of cooperating with eIF4A for RNA binding,

thus showing that the C-terminal RNA binding site is the effector of synergistic RNA

binding (Fig. 2.6C). An attempt to locate the eIF4B residues involved in non-specific RNA

binding was made. Two arginines, at positions 398 and 399, were mutated to asparagines.

When tested in the Nâ253 background for duplex RNA binding, these mutants behaved as

the wild type Nâ253 (N. Méthot, unpubI.). More extensive mutagenesis studies in the

argini:le-rich region will be required to identify residues that contact RNA. Alternatively,

UV cross-linking of eIF4B (NA253 fragment) to a radiolabeled RNA, followed by protease

treatment and HPLC purification and microsequencing of labeled fragments could be used.

5.1.2 eIF4A·helicase stimulation

The deletion analysis (Chapter 2) demonstrated that the eIF4A helicase stimulatory

activity ofeIF4B resides in the carboxy-terminus, between amino acids 253 and 423. This

segment is coincident with the non-specific RNA-binding region of eIF4B. Helicase

stimulation is conditional on non-specific RNA binding and synergistic RNA binding. AU

eIF4B fragments that bound duplex RNA were capable of stimulating the eIF4A helicase

(compare Fig. 2.3, 2.6 and 2.7). This has implications for the eJF4A1eIF4B RNA melting

mechanism.

It is believed that helicase-catalyzed DNA unwinding (and by extension RNA) fonctions

through a protein or a protein complex that possesses at least two RNA-binding sites

(Lohman, 1993). This would enable the DNA helicase to bind both single-stranded or
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duplex DNA, or two strands of single-stranded DNA simultaneously at the unwinding fork.

Many of the known RNA helicases have atleast two RNA binding- sites in addition te the

QlHRIGRxxR motif, which has been shown, atleast in e1F4A, to mediate RNA binding

(pause et al. 1994). RNA helicase A contains a double-stranded RNA-binding region (see

section 1.6.5.1) and an RGG box-lilce sequences (see section 1.6.5.3). p68 and vasa also

contain RGG boxes (Gibson & Thompson, 1994). Mutations in the QRxGRxGRxxxG

motif of the vaccinia virus RNA helicase NPH-D abolished ATP hydrolysis without

affecting RNA binding (Gross & Shuman, 1996). This argues for the presence of another

RNA-binding region in NPH-D, which may mediate stable association with RNA. eIF4A

exhibits very poor RNA-binding activity, and except for the HRIGRxxR mo,jf, it does not

seem te contain other common RNA-binding sites. eIF4A alone or as part of eIF4F

demonstrates poor helicase activity (Rozen et al.. 1990; Pause et al., 1994). The stimulatory

effect of eIF4B on eIF4A cannot be auribulCd ooly to its ability to bind RNA since eIF4F as

a complex is an RNA binding protein (JaramiUo et al., 1991).

One possibility is that the HRIGRxxR motif of eIF4A does not permit a stable

association of this protein with RNA. Rather, it transiently contacts mRNA te induce ATP

hydrolysis. The fact that synergistic RNA binding is essential for the helicase-stimulatery

activity of eIF4B suggests that following A1P hydrolysis by eIF4A, a conformational

change within eIF4B is induced. This conformational change would increase the affmity of

the C-terminal RNA-binding site for mRNA, which ultimately leads te a mechanical

disruption of duplex RNA. Thus eIF4B actively participates in the unwinding process.

Conformational changes within e1F4A, which taire place during ATP and RNA binding

(pause et al., 1994) may contribute te strand separation but are not sufficient.

The functional relationship between eIF4A and the carboxy-terminal half of eIF4B is

indicative of a physical interaction. Attempts using the far western approach, the two­

hybrid system and RNA gel-shift assays, have failed te demonstrate an interaction. Perhaps

an e1F4A1e1F4B association is te. ' 'ransient te allow detection using these methods.
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eIF4B is a phosphoprotein with over 10 fonns as detennined by two-dimentional gel..
electrophoresis and western blotting (Duncan & Hershey, 1984). Recently, it bas become

apparent that the covalent derivatives of eIF4B may not aIl he the result of phosphorylation,

and that eIF4B bears other types of post-translational modifications (J.W.B. Hershey,

personal communication). Dr. Hershey and his group have found two protein-kinase C

phosphorylation sites, and one 86 kinase phosphorylation site. The latter is located in the

carboxy-tenninal domain at a serine residue near the RNA binding region. It would )).}

interesting to detennine the effect of 86 phosphorylation on synergistic RNA binding and

helicase stimulation. Introduction of a negative charge by mutating this serine to an aspartic

acid may also provide some answers as to the role of phosphorylation on eIF4B activity.

Already, it is clear that phosphorylation is not essential for the helicase stimulatory activity

since recombinant eIF4B purified from E. coli promotes melting of duplex RNA to a similar

extent as eIF4B purified from rabbit reticulocyte lysates (A. Pause, unpubl.)

Purification of eIF4B from bacteriallysates proved difficult due to extensive

degradation. In particular, a protease-sensitive region is present between amino acids 312

and 355 (Compare the extent of degradation between N312 and N355, Fig. 2.2). This

region is located between the DRYG domain and the helicase stimulatory domain.

Examination of the hydrOpllthy profile of eIF4B (Milburn et al., 1990) revea1s a striking

change of topology in Ibis region. These observations support the view \hat eIF4B is a

highly modular protein, with an independent helicase stimulatory domain.

5.2 The DRYG domain

5.2.1 Self association

The next module of eIF4B is the DRYG region,located hetweun amino acids 213 to

312. This segment supports eIF4B self association and interaction with the p170 subunit of

eIF3 independently of other regions, and therefore constitutes a demain. As its name
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implies. the DRYO domain is rich in aspartic acid. arginine, tyrosine and glycine, and does

not bear homology 10 any known protein except the azoospermia factor AZF (Ma et al.•

1993). The latter contains a region rich in S-R-Y-O. It is not known IfAZF can dimerizc.

riowever. it would be interesting to test the SRYO region for self association activity.

The Chou-Fasman algorithm predicts a random-eoil slIUcture for the DRYO domain.

owing 10 the large number of glycine residues. Dimerization, as measured by chemical

cross-linking and gel-mtration chromatography. was resistant to 0.5 M KCl (N. Méthol,

unpubl.; J. Orifo. 1982). Insensitivity to K+ ions suggests that self association is not

mediated by salt bridges between the aspartic acid and arginine residues of the DRYO

domain. An alternative possibility is hydrophobic interactions via the tyrosine residues.

possibly by a ring staeking mechanism. Hydrophobic interactions play a pivotai l'Ole in

protein-protein association. as shown with the "leucine zipper". The latter consists in an a­

helical structure where leucine side-ehains. which emerge from one side of thehelix,

interdigitate wil!lleucine side chains from an adjacent helix. Stability of the leucine zipper is

achieved primarily through hydrophobic interactions. while specificily, al least for the Fos­

Jun and Joo-Jun dimers. is determined by electrostatic interactions belween the charged

residues at the periphery of the leucine tract (reviewed by Phizicky & Fields. 1995).

Perhaps the alternate arginine and aspartic acid residues of the DRYO domain serve a

similar specificity functio:l. Alternatively.jl-sheet formation between two eIF4B

monomers may mediate self association. The DRYO domain appears 10 be quite selective.

since only iliree proteins. eIF4B and eIF3-pl70and a 40kDa polypeptide. associate with il

in a far western assay.

The repetitive nature of the DRYO domain and its large size may be indicative ofa

homotypic interaction taking place over a large surface. Dimerization would require a

minimum number of repeats rather than a few essentia1 amino acids. with some of these

repeats perhaps contributing more 10 the stability of the complex than others. For instance•

fragment N250 of eIF4B was unable te dimerize (Fig. 4.2). This would suggesl thal amino
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acids 250 ID 312 mediate self·association, yet, fragment N~53 of eIF4B also failed ID

dimerize, (Fig. 4.3), as well as fragment 250-312 (N. Méthot, unpubl.) Unless amino acids

on either side of residue 250 are absolutely necessary for dimerization, these data support

the view that neither N250 nor 250-312 contain by themselves the minimum number of

DRYG repeats required for dimerization. Removal of some of these repeats (mutant~3Q­

247) reduced but did not eliminate dimerization (Fig. 4.3).

Phosphorylation does not appear ID he the only type of post-translational modification

found within eIF4B. The DRYG domain could constitute a target for arginine methylation.

Monomethyl and dimethylarginine are modifications found in a numher of RNA-binding

proteins (Najbauer et al., 1993; Liu & Dreyfuss, 1993). Arginines flanked by glycines

seem to he the p""ferred substrate for methyltransferases !hat modify arginines (Najbauer et

al., 1993; Rawal et al., 1995). If the DRYG domain ofeIF4B indeed contains

dimethylarginine, it would he interesting ID determine if this modification affects

homodimerization and interaction with the p170 subunit of eIF3.

To date, homodimerization does not seem to he required for any of the known activities

ofeIF4B. N250 is incapable of dimerizing (Chapter 4), yet binds A3 RNA at wild type

level (Chapter 3). Nâ253 is also unable ID self-associate, but still binds RNA

indistinguishably from wt eIF4B, and stimulates the eIF4A RNA helicase, albeit at 10wer

levels. Since the helicase assay is conducted with a large excess of protein over RNA, it is

possible that the need for dimerization is circumvented, as more !han one eIF4B molecule

can bind per duplex RNA. However, in a cell free translation extract, none of the eIF4B

truncations tested, except the 180-312 fragment, could inhibit protein synthesis. The

reduction in translation induced by fragment 180-312 varied with different protein

preparations and could not he rescued by addition of purified wt eJIl4B (N. Méthot,

unpubl.). Thus the significance of this reduction is unclear. On the other hand, the

experiments shown in Chapter 4 may suggest that dimerization is a pre-requisite for the

interaction ofeIF4B with the p170 subunit ofeIF3. AlI the mutations that abolished eIF4B
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self-association abrogated interaction with elF3. The predicted amino acid sequence for

pl70 does not contain a region homologous to the DRYG domain. This is not consistent

with a shared domain for eIF4B dimerizatior. and p170 association. Since p170 expression

system are lacking at the moment, we are currently unable to test directly whether

interaction with p170 is conditional on eIF4B homodimerization.

5.2.2 Interaction wlth the p170 subunlt of eIF3

The DRYG domain ofeIF4B interacts with the p170 subunit ofelF3 (Fig. 4.6).10

mammals, elF3 is comprised of at least 9 subunits: p35, p36. p40. p44. p47, p66, p110,

plIS and pl70 (Meyer et al., 1982; Behlke et al., 1986). The p66 subunit can he cross­

linked to 18S rRNA (Nygard & Westermann, 1982) and to mRNA (Westermann &

Nygard, 1984; Naranda et al., 1994b). Activities for the other subunits of eIF3 have not

been assigned. Nevertheless, it is known that elF3 stimulates and stabilizes ternary complex

association with the 40S ribosomal subunit, and is essential for mRNA binding (Benne &

Hershey, 1978; Trachsel & Staehelin, 1979). elF3 co-purifies with elF4B and elF4F

(Benne & Hershey. 1976; Schreier et al., 1977). An interaction hetween the carboxy­

terminus half of eIF4G and elF3 bas been demonstrated (Lamphear et al., 1995), but it is

not known which of the subunit(s) of elF3 is implicated. Knowing that a direct interaction

takes place hetween the p170 subunit of elF3 and the DRYG domain ofeIF4B. a clearer

picture of the protein-protein and protein-RNA interaction network that is formed during

translation initiation has emerged (Fig 5.2). eIF4E binds to the amino terminus ofelF4G

while eIF4A and e1F3 associate with the carboxy-terminus of eIF4G. eIF4B contacts elF3

via the p170 suhmit e1F2. from co-purification data (Shreier et al., 1977), may also

interact directly with elF3. AU of the above factors can he co-immunoprecipitated with

eIF4B (N. Méthot, unpubl.). It is thus likely that elF3 serves to link initiation factors that

bind mRNA 10 the 40S ribosome.lodeed. deletion of the entire DRYG domain prevented

association ofeIF4B with the translational apparatus (Naranda et al., 1994). What remaina
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to he solved is whether these interactions take place in solution or on the 40S ribosomal

subunit.

5.3 The eIF48 RNA Recognition Motif

The third module of elF4B is located at the amino terminus and encompasses the flJ'St

250 residues of the protein (Chapter 3). This segment recognizes RNA secondary structures

with conserved nucleotides at specifie positions (Fig. 3.4B). The features of RNA ligands

preferentially bound by N250 are identical to those found in RNAs selected with wt eIF4B.

Thus, the N250 fragment acts independentiy of other sequences within eIF4B and

constitutes a domain. The amino and carboxy terminal borders of this domain have not been

delineated, but point mutagenesis demonstrated a requirement for the RRM to mediate

specifie RNA binding (Fig 3.3e).

The secondary structure ofRNAs specifically recognized by the eIF4B RRM is

reminiscent of the structures of RNAs bound by the Iron Regulatory Factor (IRF), mv Tat

and VIA snRNP protein. The Iron Responsive Element (IRE) folds into a stem-Ioop

structure with a six-memhered terminalloop and atleast one unpaired nucleotide, generally

a C, interrupting the stem. The IRFJIRF interaction is dependent on both RNA sequence

and secondary structure (Rouault et al., 1996). Simiiarly, Tat binds to the TAR RNA, a

stem-loop structure with a U-rich bulge interrupting the stem. Recognition ofTAR by Tat is

mainiy through the bulge, which distorts the stem (Gait & Karn, 1993). Finally, VIA

snRNP protein binds to hairpin 1of UlA snRNA by direct contact with the 7 first

nucleotides of the 1D-mer apicalloop (Oubridge et al., 1994). These examples illustrate a

common feature of sequenee-specific RNA-binding proteins. Specifie RNA-protein

contacts are mostiy made with unpaired RNA bases. Double-stranded RNA, in contrast to

DNA, is always found in the A-form, with deep and narrow major grooves that are difficult

to access. Minor grooves. which are more accessible, provide less opportunity for

hydrogen bonding. and are not as suitable for sequence-specifie contacts (reviewed by
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Fig. 5.2 Model for proteln-proteln and proteln-RNA Interactions that take

place during translation initiation. Binding of the 40S ribosomal subunit to the

mRNA is aided by translation initiation factors which fonn a protein-RNA network. elF4G

interacts directly with eIF4E and eIF4A to fonn the heterotrlmer eIF4F. eIF3. which is

associated with the 40S ribosomal subunit prior to mRNA binding. also interacts with

eIF4G directly. eIF4B functionally interacts with eIF4A to unwind RNA secondary

structure in the 5' UTR of the mRNA, and physically associates with the p170 subunit of

eIF3 via its DRYG domain, thereby establishing a Iink between the ribosome and the

mRNA. Not shown is the possibility ofeIF4B binding as a dimer. elF2 is bound to the 40S

ribosomal subunit and may interact with eIF3. Numbers depict the protein-RNA

interactions. (1) eIF4E binds to the cap-structure that is present at the 5' end of the mRNA.

(2) eIF4A and eIF4B bind to mRNA stem-loop structures, possibly at singlc­

strandedldouble-stranded RNA junctions. (3) The basic domain (BD) ofeIF4B a1so binds

to mRNA non-specifical\y, while (4) the RNA Recognition Motif (RRM) speeifically

associates with 18S rRNA. (5) The anticodon loop of mettRNAi base-pairs with AUG for

initiation codon recognition. Not shown is an association between the poly(A) tail and the

poly(A) binding protein (PABP) which may loop back to interact directly, or indirectly,

with initiation factors or the 40S ribosome.
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Steitz, 1993). eIF4B recognizcs unpaired nucleotides in the A3 RNA tenninalloop, but also

base-paired Ilucleotides (OC or GU) at the base of the bulge. The bulge probably distorts

the stem to allow access to the GGANC motif. It should be interesting to study the

intemction between the eIF4B RRM and the A3 RNA by NMR or crystallogmphy. Valuable

infonnation on sequence-.pecificity detenninants. applicable to other RNA-binding

proteins. may be gained.

In addition to A3 RNA-type stem-loops. the eIF4B RRM specifically recognizcs l8S

rRNA (Fig. 3.6). Variable domain IV of 18S rRNA (which is conserved among

mammalian species; Huysmans & de Wachter, 1986), is predicted to adopt a similar

structure as A3 RNA, and contains many of the specifie nucleotides required for binding to

eIF4B. When tested in isolation. this region bound to the N250 fragmenl, albeit at only

20% of A3 RNA levels. Deletion of the GGAC motif did not decrease RNA binding. It is

therefore probable!hat eIF4B recognizcs a specifie tertiary struclure in 18S rRNA. The

N250 fmgment bound effieiently to ribosomes as determined by sucrose gmdient co­

localization, while the N250 FYIAA mutant bound at 25% of wt levels (N. Méthol,

unpub1.). This data lends support to the view that the eIF4B RRM binds to 18S rRNA.

Furthennore, a phylogenetic analysis of a large number of RRMs indicates thm RRMs of

functionally related proteins contain similar sequences (Kim & Baker. 1993; Fukami­

Kobayashi et al., 1993). The RRM of eIF4B is most related to that of NSR1. a nucleolar

protein involved in ribosome biogenesis (Lee et al., 1992).

Is the eIF4B RRM capable of specifically binding 10 other types of RNAs? Meyer et al.•

(1995) have shown an association between eIF4B and the internaI ribosome enlry site

(IRES) of the foot and mouth disease virus (IoMDV). Preliminary studies indicated that this

interaction is mediated by the RRM (N. Méthol, unpubl). However. the functional

significance ofeIF4B binding to the FMDV IRE..C;; is unclear (Meyer. 1995). Recently. a

cDNA-based in vitro RNA selection technique was developped (Dobbelstein & Shenk•

1995). It would he interesting 10 apply this method to eIF4B ID identify cellular RNAs thm
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preferentially associate with this factor. The preferential binding ofeIF4B to poly(A) RNA

a1s0 supports the hypothesis that this factor is one of the agents that mediate the synergy

hetween the cap-structure and the poly(A) taiI during translation initiation.

5.4 The role of eIF48 ln translation initiation

lbe results presented in chapters 2. 3 and 4 allows conclusions to he drawn on the role

ofelF48 during translation initiation. Figure 5.1 depicted eIF4B as part ofa large protein­

protein and protein-RNA interaction network. eIF4B is required for the binding of the 40S

ribosomal subunit for two reasons. First, together with elF4A, eIF4B actively participates

in the melting of secondary structure in the 5' U1R of the mRNA, creating an area

accessible for ribosome binding. The carboxy-terminal end ofeIF4B by itself is capable of

mediating the helicase-stimulatory activity (Chapter 2), and data from synergistic RNA

binding and helicase assays favor a model whereby a change in conformation byelF4B.

engendered by eIF4A and ATP hydrolysis, is largely responsible for the disruption of

duplex RNA. Secondly, eIF4B stimulates the mRNA-binding step by bridging the 40S

ribosomal subunit to the mRNA via prolein-protein and prolein-RNA interactions. The

DRYG domain ofeIF4B binds d;~tly to the pl70 subunitofeIF3 (Chapler4), an

initiation factor that is found on the 43S pre-initiation complex. eIF3 also directly contacts

elF4G, which is bound to the cap-structure via the cap-binding prolein eIF4E (see Fig.

5.1). Furthermore, eIF4B can bind specifically to 18S rRNA (Chapler 3) and can associate

with two different RNA molecules simultaneously. This suggests that the 43S ribosome­

mRNA complex is stabilized by an mRNA-eIF4B-rRNA Iink. The RRM ofeIF4B is bound

to 18S rRNA, while the carboxy-terminal RNA binding region is joined to the mRNA

Multiple proteïn-prolein and prolein-RNA interactions ensure the stability and the accuracy

of the initiation process. The position of eIF4G at the cap-structure, and eIF4B in the

vicinity of the cap, ensures that the 43S pre-initiation complex binds to the mRNA in this

are&, upstream of the initiator codon.
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lbis work clearly established eIF4B as Wl agent which links the 43S pre-initiation

complex to the mRNA. No evidence for specifie AUO codon recognition by eIF4B was

found in the selection-amplification experiments (Chapter 3). A participation of elF4B

during SCWlnïng cannot he ruled out though. As suggested by Altmann et al. (1995), it is

possible that eIF4B, due to its RNA annealing Wld RNA helicase stimulatory activities,

aligns the initiator codon with the Wlticodon loop of the mettRNAi by annealing the

Wlticodon loop with nucleotide triplets in the 5° UTR Wld unwinding, together with eIF4A,

unproductive matches. eIF2 has been shown to participate in this process through a

mechanism that remains to he elucidated (Donahue et al., 1988). Finally, it is not excluded

that eIF4B favors the translation of sorne mRNAs over others by binding preferentially to

sequences in the 5° UTR. Preliminary experiments whereby the A3 RNA secondary

structure present in the 5° UTR stimulated the translation of Wl uncapped mRNA. suppon

this possibility (N. Méthol, unpubl.). Much work remains to he done on this factor.

Unfonunately. as humWl eIF4B cannot rescue the temperature-sensitive phenotype of yeast

eIF4B, the genetic approach is not a viable option to study the role of humWl eIF4B during

translation initiation. The development of Wl in vitro translation system that is dependent of

exogenously added eIF4B would an imponwtt 1001 to gain a hetter understanding of this

factor.
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Original Contributions to Knowledge

1) The carboxy-tenninal end of eIF43 contains an RNA-binding site that is responsible for

thc non-specific RNA-binding activity. This RNA-binding region, which is located between

amino acids 367 and 423, mediates synergistic RNA binding with eIF4A and RNA helic&Se

stimulation. Unexpectedly, thr- RNA Recognition Motif of eIF4B plays no role in non­

specific RNA binding and synergistic RNA binding, and contriblltes liUle to the RNA

hclicasc stimulatory ac!ivity.

2) The eIF4B RNA Recognition Motif (RRM) is functional and binds specifically and with

high affinity to RNA molecules that are predicted to fold into a particular stem-loop

structure. Secondary structure and individual nucleotides are required for recognition by the

RRM. Cellular eIF4B from human and rabbit sources exhibits a similar binding specificity

as recombinant eIF4B, indicating a conservation of function among mammalian species.

The eIF4B RRM aIso binds to 18S rRNA. Due to its two RNA binding sites, eIF4B is

capable of associating simultaneously to two different RNA molecules. This is the flfst

RNA binding protein directly shown to do 50. Taken together, these data suggest an

additional mechanism by which eIF4B promotes binding of the mRNA to the 40S

ribosomal subuniL eIF4B acts as a bridge by jointly binding mRNA via the carboxy­

terminal RNA binding site and 18S rRNA via the RRM.

3) Recombinant eIF4B self associates in vitro and in vivo. The self association region is

located in an portion of eIF4B that is enriched in aspartic acid, arginine, tyrosine and

glycine (DRYG), and can act independently of other regions of the protein. In addition to

homodimerization, the DRYG domain mediates a specific and direct interaction with the

p170 subunit of the translation initiation factor elF3. These results suggest that eIF4B

stimulates binding of the mRNA to the 43S pre-initiation complex by establishing a link
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bet.veen the mRNA. bound by the carboxy-terminal RNA binding site. and eIF3. already

present on the 43S pre-initiation complex.
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