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i ABSTRACT 

The cap structure m7 GpppX(m) ••• at the 5' terminus of, eucaryoti c 
,-

mRNAs facilitates ribosomes binding ta mRNA via interaction with cap 
t·, 
", 

bind~ng proteins (CBP). Polypeptides of 24, 50 and 80 kilodaltons in 

crude in'Îtiation factors can "be specifically crosslinked to the cap 

structure of mRNA. Crosslinking of the 50 and 80 kilodalton polypeptides 

requires ATP hydrolysis, but shows reduced dependence on ATP, if the mRNA 

has less secondary structure. Purification by m7GOP affinity chromato­

graphy yields the CBP complex, comprising polypeptides of 24,50 and ~ 

220 kilodaltons. The CBP complex and eucaryotic initiation factor-4B 

(eIF-4B, 80 kilodaltons) are sufficient to "allow a cap specifie rnRNA 

protein interacti on bé'tween the 24 and 50 kil odalton pOlypeptides of the 

CBP compl'ex, eIF -4B and rnRNA. ln rel ati on to t'he cap specifie '~lypep-

'" tides in crude ,initiation factors, the 50 kilodalton polypeptide is 

eucaryotic initiation factor-4A (eIF-4A) and the 80 kilodalton polypep­

tide is most prabably eIF-4B. This suggests that the cap binding protein 

campl ex and possi bly eIF -4B, denature mRNA. In poliovirus-infect~d 

cells, uncapped poliovirus RNA is transl~ted when c'ellular (capped) rnRNA 

translation is inhibited. The 220 kilodalton polypeptide of the CBP, 

complex is proteolyzed in poliovirus-infected cells, correlating with a 

reduction in the cr05s1inking of the 24,50 and 80 kilodalton polypep­

tides, thus probably explaining the inhibition of cellular mRNA trans­

l ati on. rnRNAs wi th reduced secon,dary structure are l ess dependent on the 

fully active CBP complex for ribosome binding;', consistent with the 

suggestion that the CBP complex can denature cap~ mRNAs. The data 

indicate an impotîtant role for the 220 kilodalton polypeptide in ribosome 

binding and, that rnRNA secondary structure is a significant determinant 

in translation of capped mRNAs. 
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RESUME 

l, 

" 

c 7 ' L9 structure cap m GpppX(m).... au Qout 5' des ARNm euc~ryotes 
\} 

facil i te l'attachement des ribosomes à l'ARNm en interag,i ssant"avec des 

protéines qui se lient au' cap! (CBP). Des polypeptides de 24, 50 et 80 

kilodaltons faisant partie des facteurs d'initiation peuvent spécifllque­

ment se lier à la structure cap de,~'ARNm. l'attachement des polypep-' 
-___.c____ \. 

tides de 50 et 80 kilodaltons nécessite l'hydrolyse d'ATP; mais fait 

preuve-' d',une pl us fai ble dépendanee à " ATP lo'rsque la structure secon­

daire de l'ARNm est réduite. Le com'pl~xe CBP, composé de polypeptides de 

24, 50"et '" 220 kilodaltons, peut être purifié par chromatographie. 

d'affinité au m7GDP. Le complexe CBP et le facteur d'initiation 48 

(eIF-4B, 80 kilodaltons) 'suffisent à eux seuls à promouvoir l'interaction 

ARNm-protéine, spécifique au cap, entre les polypeRtides de 24 et 50 

kilodaltons du complexe CSP, eIF-4B et lIARNm. Comparativement aux poly­

peptides spécifiques au cap faisant partie des facteurs d'initiation, le . 
polypeptide de 50 ki'odaltons correspond au facteur d'initiation 4A 

(eIF-4A) et celui de 80 kilodaltons correspond probablement à eIF-4B. 

Ceci suppose que le complexe CBP et possiblement eIF-4B dénaturent 

l'ARNm. Dans des cellules infectées par poliovirus, "ARN sans cap des 

poliovirus est tra~u"Ït alors qu'il y a inhibition de la traduction de 

,IARNm cellulaire (avec cap). Dans ces mêmes cellulei: le polypeptide de . 
220 ki-lodaltons du complexe CBP est protéolysé, en corrélation avec une 

réduction du niveau de liaison des polypeptides de 24', 50 et 80 kilo­

daltons à la structure cap, expliquant "ainsi probablement l'inhibition de 

1 a traduction de 11 ARNm cell ulaire. ,Les ARNm ayant une structure secon­

daire réduite sont moins dépen,dants au complexe CBP en ce qui a trait à 

1 1 attachement des ri bosomes, renforçant ai ns i 11 hypothèse voul ant que le 
" 

complexe CBP paisse dénaturer les ARNm avec cap. Les données recueillies . , 

suggèrent que 1~ polypeptide de 220 ki-lodaltons joue un rôle au niveau de 

l'attachement des ribosomes et que la structure secondaire de l'ARNm soit 

un facteur déterminant lors de la traduction des ARNm avec cap. 
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1.1' The Overall Process of Eucaryotic Protein $ynthesis 

The expression of eucaryotic structural genes ~urs through 

multiple steps, many of which occur in different cellular compartments 

and are subjeet to regulation. In ponderi,ng the reasons for this phenom­

enally complex situation one is led to consider the highly specialized 

nature of eucaryotic cel1s, their extensive ~ubcellular structure and 

their relationship to the whole organisme Such necessities as tissue .. 
specifie gene expression, the compartmentalization of cellular functions 

and theability to eommunicate with and respond to other eells and 

physiological conditions, require that the relay of genetie information 

between its chromosomal location and its site of actjon is both long and, 

in bioenergetic terms, arduous. Consequently, although the major steps 
!) 

in gene expression are relatively well understood, the details and the 
1 

mechanisms of regulation are 'only .now being touched on. 

The pathway of expression of eucaryotic structural genes, in out 

line, is as follows. Transcriptio'n of the DNA template by RNA polymerase 

II (1)-- produces a primary transcript whi ch contai ns the mRNA sequences 
. , 

and often intervening sequences or introns. The primary transcript is 

then modified at both the S'and 3' termini. The 5' terminal modifica 

tion involves addition of a cap by·guanylyl transferase and methylatian 

and will be deseribed in detail elsewhere in this introduction since it 

is of major significance ta this thesis. The 3' end is modified by 

cleavage and subsequent addition of adenosine residues to yield a 3' 

polyA tail (2). There are also internal modifications, notably methyl-

ation of sorne adenine residues (3). With the exception of the 5' 

, '. terminal modification of the primary transcript, there is currently 

1 i ttl e i dea of the functi on of these pos t-transcri pti onal modifi cati ons. 

--------------~~----- ---
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Next, i nterv'eni ng sequences are\~ by a cl eavage-l i gati on reacti on 

known as splicing, to produce a mature mRNA sequence (4,5). The , 
réactions described so far occur exclusively in the nucleus and would 

seem to be a prerequisite for transport of mRNA into the cytoplasm. Once 

in the cytoplasm the mRNA is translated into the p01ypeptide sequence by 

a process to be described in detail in the following section. Finally, 

polypeptide chains are often covalently modified (fo~ example by phos­

phorylation), form active comple~es with other polypeptides or are 

proteolytically pracessed ta yield the final gene product. In addition, / 

nascent polypeptide chains sometimes conta;n information which ;s requir-

ed for target;ng them to specific subcellular locations, during which 
, 

process they are processed to yield the mature protein. 

Thus, the production of a biologicalJy functional protein is a 

monumental task for the cel 1, depending on the efficient and faithful 
, 

~ completion of the general pathway described above. Furthermore, ,fpr any 

particular gene, there are likely to be regulatory molecules which inter-

act wi th the p'athway at sorne poi nt and ei ther i ncrease or decrease its 

flux. The step of mRNA translation is undoubtedly one of the most 

complex parts of the pathway and is known to be regulated in many 
" 

instances. Consequently. a knowledge of the mechanism of translation 

will provide significant clues in understanding~expression of genes 

encoding proteins. 

, 
1.2 Translation of Eucaryotic mRNA 

1.2.1. The basic components 

Fig. 1 shows the generalized structure of a eucaryotic messenger RNA 
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(mRNA) with the elemen~ary structure-function relationships indicated. 

The factors 'involved in decoding the mRNA, include ribosomes, transfer 

RN As (tRNAs), amine acyl-tRNA synthetases, soluble proteins, (initiation 

factors, elongation factors and termination factors) ATP, GTP, Mg++ and 
1 

appropr-iate tonicity. Initiation factors are a major concern of this 

thesis and will be described in detail in a later section. 

Transfer RNA (tRNA) is the RNA species which directs amine acids to 

the site of peptide bond.,_synthesis on the ribosome (6). tRNAs are typ'i­

cally 80 nucl eoti des in 1 ength with extensi ve secondary and terti ary 

structure. ,The 31 terminus of tRNA molecules contains the cons'erved 
r'~ ,;': 

sequence 31 A-C-C 51 which is often added to the molecu1e post-transcrip-

ti onally in templ ate independent fashi on (12). Attachment of ami no aci ds 

occurs through an acy1 1 i nkage to the 21 or 3 1 hydroxy1 group of the • 

terminal adenosine residue, the positi'o~ depending on the particular 

amine acid (M). Proceeding in the 31~51 direction, the first loop of 

the tRNA molecule contail)s the T'I'CG conserved sequence, the second loop 

is vari~Qle, the third loop contains the anti-codon triplet and the final , \ 

\J 
loop i s referred to as the di hydro-U loop due to the presence of many 

dihydrouridine residues. One further structural pecu1iarity of tRNAs is 

that they contain a high content of the rarer bases such as pseudo 

uridine and I-methyl guanosine (6). Whi,le decoding the mRNA relies 

simp1y on codon-anti-codon base pairing (7) it is clear from thermo­

dynamic considerations that this interaction by itself is not 

sufficiently stable to account for the observed fide1ity of translation. 

Thus, it is thought that the overall conforinàtion of the tRNA molecu1e 

together with constraints imposed by the ribosome are very important in 

allowing faithfu1 codon-anti-codon interactions (8,9). Besides being 

\ .. 
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involved in decoding the mRNA there are many nove' tRNA species whieh 

might play signifieant regulatory ro1es. Examples ine1ude, nonsense 

suppressor tRNAs (10) and frameshift tRNAs (11). 

Ami no aey1 ati on of tRNA.s i s carri ed out by ami no-aey1 tRNA synthe­

tases whieh recognize both the amine acid (AA) and the tRNA. The synthe-: 

tase first activates the amino acid by esterifying it to an adenosine 

monophosphate (AMP) res i due deri ved fram ATP with the concomi tant rel ease 

of pyrophosphate. The activated amino acid is noncôva1ent1y comp1exed 

with the synthetase and this complex binds the tRNA mo1ecule, fo11owed by 

formati on of an ester 1 i nkage between the carboxy' group of the ami no aei d 

and the 2 1 or 3 1 hydroxyl group of the tRNA anq the rel ease of AMP. The, ", 

process of amino acylation can thus be summarized and the resultant 

AA-tRNA 1s a substrate for the elongation step in polypeptide synthesis. 

AA~AMP + pp 

(2) AA~AMP '+ tRNA ~ AA- tRNA + AMP 

The amino aeyl tRNA synthetases play a key ro1e in maintaining 

translatfonal fidelity because, o~ce ésterified to tRNA. the amine acid 

has no effect on codon-anticodon interaction between the mRNA and' tRNA. 

Thus, if a non-cognate aminoacy1'::tRNA is synthesized this will result in 

misineorporation of an amino acid. In view of the faet that errors in 
r, 

translation occur about once every 3000 amine acids (this example i5 for 

one particu1ar amino acid (13)) it is clear that amino acy1ation is'a 

hi gh1y _ spe~ific process. 

The characterization of eucaryotic ribosomesfis in many respects 

somewhat, rUdimenfary to date owing to technica1 limitations. Eucaryotie 

ribosomes are râther larger than their prokaryotic counterparts while 
./ .J 

performing in many ways, similar functions. They consist of a large 

.. 
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subunit (60S) and a small subunit (405). The 60S subunit is comprised of 

one molecule each of 285, 7S and 5S RNA and of the order of fifty 

di sti ngui shab le pol ypept,i des. The 40$ ri bosomal subunit conta i ns one 

molecule of 18S RNA and about thirty different polypeptides '(14). The 

significance of the larger size of eucaryotic ribosomes in comparison 

with prokaryotic is not clear at present. It has been suggested that 

sorne of the proteins might allow interaction with receptors on the endo- .". 

pÙsmic reticulum (15,16). Others might be involved in regulation of 

translation if they function by mediatin~ interaction of ribosomes with 

mRNA (17). This seems a distinct possibility, given that the translation 

mech1:nism shows clear differences when comparing eucaryotes and prokary- _ 

otes, at the step in which ribosomes initially bind to mRNA. 

1.2.2 The basic mechanism 
. 

In general, eucaryotic mRNAs are fURctionally monocistronic, i.e. 

they encode a single primary translation product, due ta the fact that 

initiation of transl ation is somehow restricted ta one site on the mRNA. 

Translation can be thought of as occurring in three mechanistically 

distinct phases, .namely initiation, elongati-on and termination. 

Initiation 

Initiation is defined as the process whereby an 80S ribosome and 

initiator Met-tRNA (Met-tRNAf) become positioned at the AUG codon of 

the mRNA and can subsequently function in polypeptide chain elongation. 

Initiation is a highly complex process which can be r~adily divided into 

many s~b- reactions. one 'of which involves mRNA binding to the 405 ribo­

somal subunit. This event is a major focus of this thesis and t alon9 
; . 

with other parts of the initiation process will be described in detail in 

the ,next sect-i on. 
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El ongati on 

Elongation consists of sequential addition of amino acids does not 

occur in the 5' to 3' direction accompanied by peptide bond formation. 

When the 80S initiation complex is positioned at the AUG, the second 

,aminoacyl-tRNA is_positioned in the form of a ternary complex with 

elongation factor 1 (EF-l) and GTP (18,19). The triplet codon in the 

acceptor site on the ribosome (the A site) dictates which amino acyl-tRNA 

enters the 80S complexe EF-l consists of three subunits, EF-1/X~y (20). ") 

,EF-1/X enters in the ternary complex with the aminoacyl-tRNA and GTP. The ~ 
GTP is then hydrolyzed and an EF-l/X-GDP complex is released (21-23). 

EF-Iy is then involved in dissociating the EF-1a GDP complex and allowing 

EF-I/X to recycle (24). Next, peptidyl transferase which is located on 

the 60S subunit (25) catalyzes peptide bond formation between the two 

aminoacyl- tRNAs. The dipeptide remains covalently attached to the tRNA 

in the A site while the deacyl ated tRNA in the P site is ejected from the 

ribosome. Elongation factor 2 (EF-2) (molecular'~ss ~ 100 kilodaltons 

(kDa)) then catalyzes translocation of the ribosome, utilizing energy 

deri'ved from GTPhydrolysis, such that the aminoacyl-tRNA 'is transferred 

from the A site to the P site (26-28). Th i s s tep completes the 

elongation phase. 
) 

Termination 

Wh en a termination codon (UAA, UAG or UGA) appears in the A site of 

the ribosome, a termination factor or release fac~or (RF) binds and 

catalyzes release of the completed polypeptide chain. This step requires 
. 

GTP hydrolysis (29) and bath RF and peptidyl' transferase. The peptidyl-

tRNA in the P site is cleaved, releasing the polypeptide chain and 

leaving the deacylated tRNA on the ribosome (29). The mechanism of 

\ 

---------------------_.:......._--~~-- ,- ---

f, 
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termination is not wel1 understood although the RF has been purified from 

rabbit reticulocytes and seems to be a dimer of native mo1ecular rwê'ight 

115,000 (29,30). 

1.2.3 The site of translation 

It has been r.ecognized for some time that the site of translation 

for a particular mRNA will depend on the type of prote;n it encodes. In 

genera1, secreted and membrane proteins are synthes;zed on po1yribosomes 

associated with the rough endoplasmic retll:ulum while soluble,proteins 
() 

are synthesized on 50 called Ifree l polyribosomes (31). It is most like-

l~ that translation of a11 mRNAs starts on free ribosomes and then, those 
1 

encoding membrane or secreted proteins are transferred to the membrane 

(32). Attachment of po1ysomes ta the membrane must somehow take place by 

virtue of specif(c binding sites on the meI:lbrane and the' properties of 

the N-terminal nascent peptide, wh;eh is usually hydrophobie. The view 

that the information required to direct ribosomes ta membranes resides in 

the N-terminal pept; de being synthes; zed accords w; th the fact that the 
~ ) 

ribosome population in the cell is homogenous, a\nd thus plays no role in 

determining the site of translation. 

The studies of Richter and Smith (32) indicate that 910bin rnRNA 

(normally translated on free polysomes) and zein mRNA (normally tanslated 

on membrane bound polysomes) do not compete with one another for trans­

lation in oocytes. This indicates that the two types of mRNA do have 

different requirements for translation, given that there is limited 

initiation capacity in the oocyte. This éonclusion is substantiated by 

the resul~s of a control experirnent in which mRNAs of the same type (i.e. 

either translated on Ifree l or membrane found polysomés) were in compe­

titi on for sorne limiti ng component in the oocyte (32). The factor whi ch 
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appears to be responsible for translocation of appropriate templates to 

the membrane is the so called signal recognition particle (SRP) which 

temporarily arrests translation of nascent secretory polypeptides ~ 

vitro by binding to the amino-terminus of the polypepti'de (33). Addition 

of microsomal fractions alleviates the arrest and so it is thought that 

SRP plays a role in targeting appropriate mRNAs to the membrane. Thus, 

SRP is absolutely required for complete translation of mRNAs encoding 

secretory proteins. 

Many observations have suggested that rnRNA is translated in certain 
. . 

areas of the cytoplasm only. For example, high voltage electron micro-

scopy of intact cell s has shown that polysomes are associated with struc­

tures, either membranes or cytoskeleton (34,35). Furthermore, polysomes 
. . 

remain associated with the detergent resistant cytbskeletal framework . , 

following extraction and are attached via their mRNA component (36) • . ", 

Finally, a monoclonal antibody which was raised against·~ucaryotic 
• '1 

'. 
protein synthesis initiation factor'three (eIF-3), and which inhibits 

translation in vitro (37) was' found to bind very selectively to the cyto-

skeleton of baby hamster kidney (BHK) cells (38). These observations , 

prompted a closer look at mRNA-cy~oskeleton attachment in relation to 

translation and an interesting picture ;s emerging. Penman and to-

workers have shown that pol iovirus infection of Hela cells results in 

rel ease of host mRNAs from the cytoskel eton concomittantly with the 

inhibit-ion of host mRNA translation (39). Bonneau et ~., have repeated 

and extended these resul ts (40) using various viral systems and shown 

that mRNA association with cytoskeletal elements is often correlated with 

translation of the mRNA ~ vivo, although the association by itself is 

not sufficient for translation. The precise cytoskeletal structures à-nd 
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soluble factors involved in attachment of mRNAs to are 

not yet known. 

1.3 Initiation of Translation 

The mechanism and regulation of initiation of translation are major 

fO,ci of this th~sis. Accordingly, l will describe the components and the 

pathway of the initiation process in some detail. 

1.3.1 Eucaryotic translation initiation factors 

The assembly of initi ation complexes between eucaryotic mRNA and 80S 

ribosomes requires several soluble proteins referred to as eucaryotic 

initiation factors (eIF). These factors have been purified and shown to 
, 

be absolutely required for activity in reconstituted translation systems, 

by severaT groups (41-45). An initiation factor is defined by activity 

in the above assays and by the fact that it is released upon 80S complex 

formation, as opposed to being an integral ribosomal protein. Most of 

what is known about initiation factors comes from studies on rabbit 

reticulocyte factors. This wou1d seem to be a valid model system for 

several reasons. Fi rst, eucaryotic i ni ti ation factors appear hi ghly 

conserved structurally, antigenically and functionally between, for 

example, rabbits and humans (46). Second, lysates from rabbit reticulo­

cytes are able to efficiently translate a wide variety of eucaryotic 

rnRNAs (47) i ndi-cati ng that the transl ati anal machi nery does not refl ect 

the highly specialized nature of the reticulocyte (with the exception of 

the relative abundance of different tRNAs, which correlate with the amino 

acid composition of globin). Third, there is little convincing evidence 

for the existence of mRNA specific initiation factors, which might occur 

in a tissue specific way. For example, it has been shown that globin 
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TABLE 1 

Initiation Factors from ~abbit Re~iculocy 

Number 
Mol ecul ar of poly- pl 

lactar weight peptides 

eIF-l 15,000 1 rnRNA bi nding 

" 

~ 
eIF-2 122,000 3 6.4 ternary campl ex with 

Met-tRNAf and GTP 

eIF-2A 65,000 1 binds Met-tRNAf to 40$ 

eIF-3 "'400, 000 '')-~> '- 8 6.7 dissociation, promotes 
\ Met-tRNAf and mRNA binding , ( 

;:. .... -
e IF -4A 49,000 1 5.S rnRNA bi nding 

eIF-4B 80,000 1 6.3 "'-, mRNA bi ndi ng 
"'-

eIF -4e 17,000 1 5.6 " promotes dissociation, "-

" ~et-tRNAf binding 
, 

e IF -40 16,000 1 6.1 stlmulates Met7 puromycin , 

synthes; s 
" 

eIF-5 160,000 / 1 6.4 required for" SOS complex 
format; on 

eIF -4F ~300,OOO 3/4 cap recognition and mRNA 
bi nding 

Co-eIF -2A 19,000 1 stimulates ternary complex 
formation 

'> 

/ 

'II ,':,..-

""'-... 

/ ~ 

\ 
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efficientl~ transl ated in muscle 
\ . or nerve cell s, in which mRNA 'can be 

" ti ssue it is normally not 'expressed (48'). \< 
Table 1 

'<;) 
(taken from reference 17) shows 

" 
the various initiation 

'\ Olt \; 

factors,-their molecu1ar weights àl!.d functions, if known. It remains 
, " " " l il<ely that this list is not e>shaustiv~. either due to the existence of 

un.identified cofactors or due to the f~it" that some of the factors 
.. '\,~, 

described (parti cul arly the mul ti -subunit eIF,-3) probably have separabl e 
rJ l " ..., , 

activities within them. Notwithstanding these 'oaveats however, the . '. 
\, 

listed factors are cOlppetent in catalyzing the formation of functional 

BOS initiation complexes (for a review of the purification of initiation 
'. 

factors see reference 17).~ 

1..3.2 The pathway of translation initiation \ 

\ ' ~ure 2 sho~s a representation of the initiation pathway rès~lting 

in the -fôrmation of 80S initiation complexes which can funct;on in Pb.,\y-
\ 

peptide chain elo.ngation (the figure is taken from reference 184). '\~ 

el F -4F _~l!~ ~bj nd f n9 prote; n comp 1 ex) ha s now been shown ta fu nc t ; on \\ 

in mRNA boinding to 4Q? ribosomes. Consequently, the 'probable ' involve-

ment of cap bi~'di'ng pr6tein (indicated in the figure) is now proven. 

(a) Dissociation of 80S ribosomes. ' 

80S ribosomes are unable t:~ind-mRNA directly and are in equil-

ibrium with 40S and 60S subunits ~,50). In vivo, the equilibrium 

" favors formation of 80S compl exes but can be shi fted in the other 

direction by eIF-3 (51,52). eIF-3 acts as an'anti-association factor 

si-nce it binds 405 subunits but not 80S subunits (51,52). Binding of 

eIF-3 to 40S subunits is stoichiometric (43,53) and the eIF-3-40S complex 
~" 

can bi nd ini ti a"tor tRNA. It has al 50 been reported that eIF -4C promotes 

formation of free 40$ subunits (54). 
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FIGURE 2 

The Pathway of Translation 
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(b) Formation of tne ternary complex and 435 prein1tiation 

compl exes. 

eIF-2, GTP and Met-tRNAf form a ternary cemplex which then binds 

to eIF-3-40S complexes. The ternary complex is stable, sediments with 

405 subunits (53), and has a 1:1:1 staichiometry. Formation of the 

ternary complex is specifie for the Met-tRNAf and not even the iso-' 

accepting species Met-tRNAm, which is responsible for decoding internal 

methionines, can be utilized (55). Preliminary studies have suggested 

that the a subunit of eIP--2 binds GTP and the ~ subunit binds the 

Met-tRNAf (56). Furthermore, it has been shown that the a and ~ sub­

units are substrates for phesphorylation by a variety of protein kinases 

(57-64) and that phosphorylation, of eIF-2 i5 a means by which translation 

Ù regul ated. 

Binding of the ternary complex to 40$ subunits occurs independ­

ently of mRNA but is greatly increased by eIF-3 (43,45,53), Stable 

binding is aTso enhanced by the AUG codon and influenced by Mg++. Avail­

able data suggests that eIF-3 binds first to the 405 subunit, followed by 

binding of the ternary camplex ta ferm the 435 preinitiation complex 

(43,45,53,65). The 43S preinitiation complex thus contains 
fi 

40S-Met-tRNAf-eIF-2-eIF-3-GTP. 
, 

(c) Formation of the 48S preinitiation complex. 

The next step in initiation involves binding of the 435 preinitia­

tion complex to mRNA. <It is the least well understood part of the 

initiation process, while at the same time being the most significant in 

terms of the whole pathway. The importance of the mRNA binding step is 
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emphasized for the following reasons: 

1. It is apparent1y the rate 1imiting step in -1nitiation. 

2. It is the step at which mRNAs are recruité"d,c'for translation. 

3. It is irîfl uenced by structural features of the mRNA. 
\ 

4. It requires several sol ub le, i ni ti ation factors. 

5. It requires ATP hydrolysis (in contrast to the prokaryotic 

mechanism) • 

6. It is regul ated. 

Figure 2 shows the proposed mechanism for 485 preinitiation complex 

formation and 1 shall describe the current state of know1edge of this -.... _~} 

step in sorne detail. ,:;. 

Gis acting structures of mRNA which influence binding to the 4-3-$, 

preinitiation complexe 
a 

In sharp contrast to the prokaryotic system, eucaryotic ribosomes 

cannot (in general) bind ditectly ta internal sequences of the mRNA. 

Thus there Ois a requirement Ifor a free 5' terminus (66) whic.h is consis­
i 

te nt w;th the proposed model in wh,ich ribosomes bind i.~itially at or near 
'-

the 5' terminus of the mRNÂI(for~~a review see reference 67). Other 
- ~ 1 

'1 
evi dence al 50 po i nts ta the fact t-tlat the on 1y abso 1 ute structural 

" 

requirement dëmanded of the template ta enable it to bind a 4q.S ribosome 

is that it does have a free 5' end. For examp1e, fragmentation of many 

different mRNAs (08-73) produces 'cryptic' ribosome binding si~es in 
\ 

fragments derived from the interior of the intact mRNA. Furtherinor~_, 
, 

these cryptic sites are not exposed in the intact mRNA even after 

extensive denaturati on (74). 

Binding of ribosomes to prakaryotic initiation sites requires base 

pairing of" the 3' end of the.16S ribosomal RNA '(rRNA) with a purine rich 

) 
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sequence in the mRNA (the Shine and Dalgarno sequence, 75-77). The lack 

of a conserved sequence in the 51 untranslated region of eucaryotic 
,-

mRNAs, which is compleméntary to 18S rRNA, strb~gly suggests that such a 

mechanism is not of general significarice to the eucaryotic ribosome bind­

ing process (lB). It is not excluded however, that base 'pair;ng between 
-' 

18S rRNA and mRNA plays a role in thé case of sorne mRNAs which do have ' 

substantial complementarity withothe 31 end of 18S rRNA (79-~1). There 
• 
is evidence that.the 31 end of 185 rRNA is juxtaposed to m~A in BOS 

initiation complexes (82) and 50 it seems a distinct possibility that 

stable base pairing might significantly increase the stability of 80S 

complexes. This however, remains to he elucidated. 
\ 

Many other studies also support the view that specifie sequences 

near the 51 end of mRNAs are not required for binding of ribosomes. For 
o 

example, translation of simian virus 40 (SV40) mRNA (83) polyoma early 

mRNA (84) and rabbit ~ globin mRNA (85) is not affected by deletions of 
, 

51 -nonc(1)ing sequences. Similarly, simple insertion of nucleotides up­
j 

"1 

- s~ream of the AUG in adenovirus mRNA (86) and Herpes simplex v\rus (HSV) 

thymidine kinase (tk) mRNA (87), has no effect on ribosome binding. In 
r (l ,... /h l, 

addition, 51 noncoding regions ,of eucaryotic mRNAs show consid'erable 
Il 

variation in both length and composition and there appears ta be no 

~ simple correlation between the length of 51 noncoding regÜm and trans­

lational efficiency (B8). Finally, the 51 untranslated regions of close-
. 
ly related rnRNAs shpw considerable sequence divergence. For example, the 

actin mRNAs of slime molds (89) and the yeast i50-1- and iso-2-cytochrome ~ 

c (90). The sum of these observations strongly suggest (without proving) 

that primary sequence elements residing in the 51 untranslated regions of 

eucar~"o~ic mRNAs are not significant det~rminants in translatio,n. 
" , 

,Y 

" 

.. 
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In contrast, mRNÀ'~condary structure appears to influence binding . 
of rjbasomes ta eucaryotic mRNAs. In gen~el' mRNA secandary structurer 

is postulated to have a negative effect a translational efficiency in 

accord with the following pieces of ev;den ~~~It has been shown that 

denaturation of mRNA with methylmercury hydroxide enhances translation 

(91). Other preliminary studies have shown that ;rreversibly denatured 

(inosine substitutedl reov;rus mRNAs bind more effic;ently to ribosomes 

compared ta native reovirus mRNAs (74). More recently. attempts have 

been made ,ta' m~p- regi ons in the mRNA where seeondary structure mi ght 

exert its negative effeet, although there remains a paucity of data 
1 

available. Herson et al. have compared the effic;ency of translation of 

different mRNAs ~ vitro, but the drawback with these studiès was that 

the mRNAs differed in their 31 ends as well as their 51 ends (B8). In a 

f 

more systematic study, Pelletier and Sonenberg have shawn that introduc­

tion of seeondary structure into the 51 noncoding region of the HSV-1 tk 

mRNA sequences severely restriets tk expression ~ vivo (and transla­

tional efficiency..:!!! vitro) at the translational leve) (~7). As expected 
1 

From previous studies, 51 mRNA secondary structure blacks translation by 
1 
1 preventing ribosome attachment tOtthe mRNA (87). Chapters 3 and 4 of 

this thesis pertain to the effects of rnRNA secondary structure on trans­

lation and a more detailed evaluation of the current evidence is· included' 

in the general discussion in Chapter 8. 

Finally, the poly A tail and specifie sequel,1ces towards the 31 end 

of the mRNA are thought, in general, not to influence ribosome binding to 
" mRNA. "In the case of the poly A tail it is not required for translation 

~ vi tro (92 r but seems to enhance long tenn express i on (928 t 93) • How-

( 
\ 

" 
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everl., whether ~~ 1 atter effect i s due to a positi ve i nfl uence on 

reinitiation, or simply due to stabilization of mRNA is not established. 

Deletion of 3' sequences or comparison of translation of mRNAs differing 

only in their 3' terminal sequences have indicated that 3' sequences are 

most probably not of generaf significance to translation initiation 

(94,9S). On the other 'hand, mRNAs from two a globin loci in humans which 

differ only in the;r 3' untranslated regions are translated at different 

rates (96). Thus, in specifie cases, the 3' terminal sequences of mRNA 

might influence translational efficiency. 
r 

Th~'function of the cap structure m7GpppX(m)pY(m) at the 5' terminus 

of eucaryotic mRNAs. 

The cap structure, depicted in figure 3, is found at the S' terminus 

of all eucaryotic cellular and most viral RNAs (97). The distinguishing 

structural features of the cap are (1) 7-methylation of,the guanine 
~ 

moiety and (2) an inverted 5'"* 5' triphosphate linkage to the penultimate \ 

nucleotide of the mRNA. These two features give the so called 'cap zero' 

structure. Further 2'-O-methylations of the ribose moieties of the 

second and third nLicleotides of the RNA chain occur to varying extents 
( , 
r' 

am~ng cellular and viral mRNAs and give 'cap one' and 'cap two' 

structures, respectively. The significance of these 2-0-methylations is , 

not clear at present although it appears that they have no significant 

effects on translation of natural mRNAs (111). Consequently, l will nct 
t 

distinguish between the different types of cap structure during the rest » 

of th i s thes i s . 

Caps are added to nascent mRNA transcripts early during mRNA 

biogenesis, but after initiation of transcription and are conserved 

throughout the lifetime of the mRNA (98-100). (For a de~ailed descrip-
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The IRNA S' Cap Structure 
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tion of the mechanism of the capping reactions, see references 97,101,-

102. } 

The requirement for the cap structure in translation, ~ vitro, was 

established using two approaches. First, it1was found that many 

different capped mRNAs (reovirus, vesicular stomatitis virus (VSV) and 

rabbit globin mRNAs) are translated much more efficient1y than their 

decapped counterparts (103,104,112). Second. cap analogues (such as 

7-methylguanosine monophosphate m1GMP and m7GOP) but not their unmethy­

lated counterparts are specifie inhibitors of capped mRNA translation ln 
;" -,-

vitro (105-110). SUbsequently, ribosome bind4~g studies indicated that 

~ the cap structure increases the rate and extent of ri bosome bi ndi n9 to 

several different capped rnRNAs (112,121-124). By examining the effects 

of chemically modified cap analogues as inhibitors in the ~ vitro assays 

described above, the significant structural features of the cap have been 

determined. The rn7G nucleoside is not active while m7GMP is active, 
-

indicating the requirement for at least one 51 phosphate group (105) . 
.,./ 

m7GDP is more inhibitory than m7GMP, while m7GTP, m7GpppN or m7GpppNm 

behave the same as rn 7GDP (106,107). 7-ethy1- and 7-benzy1 GOP a1so 

behave the same as m7GDft, Simil a rly, reovi rus mRNAs synthes i zed in vitro 

with a 7-ethylguanosine 51 terminus, bind ribosomes as efficiently as 

native reovirus mRNAs and direct synthesis of authentic reovirus polypep­

tides (125). Thus, it appears that the positive charge resu1ting from' 

the 7-methylation is the significant factor, rather than methylation per 

se (126). Fina11y~ the 2-amino group of m7GDP is a1so important as 

evidenced by the fact that 7-methy1inosine phosphates are less inhibitory\ 

than the corresponding m7G phosphates (l06,126). 
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It has been difficult to assess the function of the cap structure in ~ 

'. -
vivo. Attempts to block methylation have generally been unsuccessful due 

to difficulties in blocking the 7-methylation of fh~ guanine (113,114). 

However, sorne drugs which inhibit methylation have produced results which 

are consistent with the view that 51 terminal methylation of mRNA 1s 

required for translation (1'15,116). More direct evidence comes from two 

sources. In one case, uncapped mRNA with the 51 terminus GpppN, was 

stable when injected into Xenopus oocytes but was not translated (117), 

while the corresponding methylated template. was translated. In another 

case, it has been demonstrated that polysomal VSV mRNAs are capped, whil e 

the small population of VSV mRNAs not associated with ribosomes are not 

capped (118): ~inal1y, perhaps one of the most persuasive pieces of 

evidence is provided by the observation that in poliovirus-infected Hela 

cells capped mRNAs are unable to enter initiation complexes, and a factor 

which mediates cap function is inactivated (119,120). Thus, while direct 

experimental evidence tcr demonstrate the requirement for the cap 

structure for translation in vivo is hard ta obtain, there 'seems little 

reason to question its in vivo role. 

The degree of dependence on the cap structure for translation varies 

among different mRNAs and according to many experimental parameters such 

as temperature, ionic strength and the, source of tne translation system. 

The fact that different mRNAs exhibit greater or lesser dependence on the 

cap is interesting, since ~t suggests a way in which the intrinsic trans-

lational efficiency of particular mRNAs might, in part, be determined. 
f~.· •. 

This in turn might impljcate the cap in regulatlon of translat.ion and 

this possibility wi 11 be further addressed in chapter 8. 
1 

... , 
The bffect of , 

<1 

different conditions on cap function in vitro is a subject of ~articular 
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relevance to chapters 3 and 4 of this thesis and is addressed in detail 

in these chapters. 

Initiation factors involved in mRN~ binding to ribosomes. 

By following 48S preinitiation complex formation using radiolabeled 

globin mRNA it is evident t~at in addition ta "eIF-2. eIF-3 and eIF-4C, 

which enter with the 405 ribosome. eIF-4A. eIF-4B and eIF-1 are also 

required for maximal mRNA binding (43,127). More recently, the eIF-4B 

activity has been shown to have two sepa~~ble activities, one associated 
k 

with the 80 kOa polypeptide which is now thought to represent homogenaus 

eIF-4B and anather~ which represents eIF-4F (128) (otherwise referred to 

as CBPII (119) or the cap binding protein (CBP) complex (129). 

Of the above mentioned factors, eIF-1. eIF-4A, eIF-4B and eIF-4F are 

directly required for mRNA binding to ribosomes (128,130,131). However, 

it rema;"ns to be determined whether eIF-2, eIF-3 and eIF-4C.,flre directly 

involved in this step. This is a difficult question to address because 

a11 of these factors are involved in previous step~ in the initiation 

pathway and consequently their involvement in mRNA binding is not clear. 

The presence of eIF-4A, eIF-4B or eIF-1 on the 405 subunit has yet to be 

demonstrated. Perhaps they are not bound .with sufficiently high affinity 

to withstand sedimentation. or maybe they never bind (43). This point 

thus remains contentious. 

eIF-2 

eIF-2 is required for formation of the 485 preinitiation complex and 

can be found on the surface of the ri bosome (53,54). The nature of the 

interaction between eIF-2 and mRNA is however, obscure. Two observations 

show that eIF-2 does have affinity for RNA. Originally, it was claimed 

that eIF-2 specifical1y interacts with the cap structure of mRNA (132). 
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, 
·,.more, there are nonspecific effects of cap analogues in the filter bind-

\ ing assay as evidenced by the fact that m7GMP also blocks the binding of 

I:.. coli RNA polymerase to 18S ribosomal RNA (133). In subsequent experi­

ments it has been shown that eIF-2 can be cross-linked to oxidized capped 

mRNA but that the interaction ;s not cap specific (134). This, along 

.with the fact that eIF-2 binds ta uncapped mRNA (135) indicates .that 

eIF-2 is not a cap binding proteine It has been reported that eIF-2 has 

a high affinity for mRNA, as opposed to tRNA, rRNA and negative strand 

RNA (136-138) which points to a direct function in mRNA recognition. It 

is also pertin~nt that eIF-2 can apparently relieve translational compe­

tition between a and ~ globin mRNAs (139) and thus acts as a mRNA 

discriminatary factor. In summary, eIF-2 is most likely directly involv-

ed ,in mRNA binding ta ribosomes al though the way in which it acts is not 
\ 

clear. (For a revi'ew see reference 135) 

eIF-3 

eIF-3 is a very large entity indeed, being eomprised of about ten 

polypeptides with a sedimentation coefficient of ~ 165 and a correspond­

ing molecular mass of 500-700 kOa (44,51,140). Preparations of eIF-3 are 

heterogeneous with respect to polypeptide composition and ~onsequently 

the native structure of eIF-3 is not precisely known. rurthermore, sorne 

eIF-3 subunits may be related to one another as indicated by comparative 

peptide mapping (51). This might result from proteolysis of larger sub-

units during purificatio~ and m~ also account for the heterogeneity of 

eIF-3 partiel es. 
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Again, because eIF-3 is involved in steps prior to mRNA binding it 

is difficuTt to assess its role here. eIF-3 is found in stoichiometric 

amounts .on the 43S preinitiatio.n complex \43,54) and several of its sub-

units can be chemically cross-linked to oxidized capped mRNAs (141). In 

the latter experiments the mRNA was 5' end labeled and three of the 

labeled eIF-3 bands comigrated with polypeptides labeled in the same way 

in 40$ initiation complexes. These data suggest that eIF-3 and the 51 

end of mRNA are closely opposed in initiation complexes (141). Several 

pieces of evidence indicate that eIF-3 is also associated with a cap 

recognition factor under physiological conditions (100 mM salt) as will 

be described fully in a later section (134,142). Finally, the formation 

of 485 preinitiation complexes shows, a very strong dependence on eIF-3 

(128) although again this probably reflects the involvement of eIF-3 in 

steps other than mRNA binding to the 43S preinitiation complex. The sum 

of these observations indicate the importance of eIF-3 in formation or 

48S preinitiaton complexes and, most probably, in the partial reaction 

whereby the 435 preinitiation complex binds mRNA. The mechanism of 

action and the assignment of functions to eIF-3 subunits remain to be 

worked out. 

eIF-4B 

eIF-4B was purified by several groups to varying degrees of homo­

geneity, the major constituent being an 80K polypeptides (41,43,'1t). 

Among the activities attributed to these partially purified eIF-4B 

preparations are (1) cap recognition (144), (2) mRNA discrimination 

(145), (3) restoration of capped mRNA function in poliovirus-infected 

HeL,a cells (146) and, (4) ATP-dependent binding of mRNA tO~ribosomes 

(147). This factor was very difficult to obtain pure, mainly due to 

--------------------_-.:.---~--- -----



sorne fonn of 

: \ ') -21-

contaminating ~ap binding protein (134), /which made it 

diffic~lt to ev~uate/which activities were due to the 80K polypeptide 

and which were due to cap binding protein. This problem was recently 
-----

sol ved by Grifo et al. (128) who successfully resol ved the 80 kDa pol y-

peptide and the cap binding protein and demonstrated that the 80 kDa 

polypeptide is required for maximal binding of mRNA to 43S preinitiation 

complexes (128). Thus, the role of eIF-4B in mRNA bindin~ is established 
~ 

whi 1 e the other 'acti vi ti es prey; ousl y attri buted to eIF -4B ne~-'t<>--- be 

--------------------re-examined in order to asse5S the contribution of the 80 kDa polypep- ~~ 

-----­tide. The role of eIF-4B in the cap recognition process and in the 

pOliovirus induced shut-off of cellular protein synthesis are discussed 

,throughout thi s thesi s. 

Cap binding proteins (eIF-4E and eIF-4F). 

Following the discovery that the cap structure plays a significant 

role in the translation of eucaryotic rnRNAs, it was reasoned that ~ap 

function would be mediated via recognition by cap binding proteins. 

Originally, filter binding assays were employed to ask whether individual 

initiation factors could retain radiolabeled mRNAs in a manner which was 

sensitive to inhibition by cap analogues. Using this approach, it was 
./ 

claimed that eIF-2 (132) and eIF-4B (144) spe~ifically interacted with 

the cap structure. However, in the case of eIF-2, the limitations of 

this assay are alluded' to earlier (see page 19) and~the same cautions 
--~ -...... 

,apply ta eIF-4B (133). 

A di rect approach to i dentify prote; ns that bi nd at or near the cap 

was developed by Sonenberg and Shatkin (148) and ;5 depicted in Figure 4. 

Periodate oxidized [3H]methyl-labeled reovfrus rnRNA can be chemically 

cross-linked to proteins. Schiff base formation occurs between the 
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FIGURE 4 

The Chemical Crosslfnking Assay For 

Detecting Cap Binding Proteins 

-_._-----------------~- --- . 
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reactive dialdehyde (in the 2 and 3 positions of the ribose moiety of the 

cap structure) and primary amino groups (N-terminal or' E-NH 2 in lysine) 

of proteins. These relatively unstable complexes can be stabilized by 

reduction with sodium cyanoborohydride (NaBH 3CN). Cross-linked mRNA 

protein complexes can then be treated exhaustively with ribonuclease 

(RNase) ta degrade all but the cap portion of the mRNA and cap labeled 

polypeptides can be resolved and visualized by sodium dodecyl sulphate 

(SDS)/polyacrylamide gel electrophoresis and fluorography. Under these 

conditions, many polypeptides present in crude initiation factors are 

labeled. In order to assess cap specifie labeling. incubations are 

performed' in the presence or absence of cap analogues {usually m7GDP} and 
, ~-.J 

cap specifie cross-linking is defined by inhibition in the presence of 

competing cap analogue. 
, ' 

" 
Using this assay. Sonenberg et al. (134) identified a 24 kDa poly 

peptide (24K-CBP) in the ribosomal high salt wash of rabbit reticulocyte 

ribosomes which specif;cally interacts with the cap structure. A poly-
l' 

peptide which comigrates in SDS/polyacrylamide gels and with identical 
'. 

" 
-----___________ ~ross-link;ng characteristics has subsequently oeen detected in initia-

, . , 

tiOn-ta€tor~ from a variety of mammalian sources (134,120,149). Cross-

liriking experiments with purified initiation factors indicated that the 

24K-CBP associates w;th eIF-3 and cosediments with e1F-3 in sucrose 

gradients, under low salt conditions (134,155). Sim;'arly~ the 24K-ÇBP 

is generally detected in eIF-4B preparations and, as ment;oned earlier, 

;s somewhat difficult to remove. The functional significance of these 

assoeiatjons, if any, remains unclear. Addition of ATP/Mg++ ta the 

cross-linking incubation using crude initiation factors (IF), results in 

cap specifie labeling of polypeptides of 28, 50 and 80 kDa (1S0). The 
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identity of these polypeptfdes in relation to eucaryotic initiation ~ 
~~/"~ 

--, 

factors and the ATP/Mg++ requir.,ement for cross-linking, are:"questions 

addressed in chapters 4 and 5 of this thesis. 
-"/"--... -

The 24K-CBP polypeptide ha~ been purified to near homogeneity by 
-

using m7 GOP coupled to various affinity resins (151-153). This polypep ... ) 

tide was called the 24K-cap binding protein (24K-CBP), CBPI (119) or 

èIF -4E. Purifi ed 24K-CBP has been sh'own to stimul ate transl ati on of 

-capped mRNAs in extracts from Hela cell s, but has no effect on trans-

lation of naturally uncapped mRNAs (154). Because cap recognition is ~ 
important in the formation of 48S preinitiation complexes, it is inferred 

that the 24K-CBP functions during this step. However t it has not been 

possibl e to demonstrate this in a reconstituted system to date, most 
,> ,'.. ~ ~ ~ 

probably due to the fact that other factors (eIF-3 and eIF-4B) contribut-

ed saturating amounts of the 24K-CBP as a contaminant. 
\ 

The 24K-CBP is a1so asso1ciated with a high molecular weight protein 

complex (156,119,128,155,157). This complex was first isolated by Tahara 

.. et al. (119) using the m7GOP affinity chromatography technique and 

comprised the 24K-CBP and major polypeptides of 48, 55 and 225 kDa. A 

similar protein compl ex was subsequently purified by two other groups 

(128, 157). This complex is functionally different from the free 24K-CBP 

:.o..:.-ïn that it can restore transl ation of capped mRNAs in extracts ,from 

poliovirus-infected cells (119). Furthermore, in contrast to the 

24K-CBP, it has been shown to be requi red for transl at; on in a reconsti­

tuted protein synthesis system and for maximal binding of mRNA to ribo 
" somes (128). The complex has been ca'1ed CBPll' (119), the CBP complex 

, (157) or eIF-4F (128). A major goal of th; s thesi s was to characterize 

the CBP compl ex purifi ed in our 1 aboratory (157), in terms of ; ts pol y 

-------------------~-'-- - --~ . 
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peptide composition, its interaction with mRt-JA and its role in the polio- . 

virus-induced shut-off of cellular protein synthesis. 

eIF-4A 

Th-e role of eIF-4A in initiation WclS something'of an enigma for many 

years. It purifies as a single polypeptide of molecular weight ~ 45 kDa 

(147) and is required for maximal binding of mRNA to ribosomes (43,130, 

147). eIF-4A is an acidic protein (pl:: 6.1 (147)) and is reported to be 

heterogeneously glycosylated (1S7a). It does·not appear ta bind mRNA , ' 
j) 

directly, and attempts to show that eIF-4A is part of the 48S preinitia-

,.dttion complex have thus far been unsuccessful (43). However, there 1s 

evidence that eIF-4A is -involIJed in mRNA recognition. Originally eIF-4A 

was named the 'EMC factor ' because it appeared to preferentially stimu­

late translation of encephalomyocarditis virus (EMeV) RNA (158). tn ' 

addition, eIF-4A was reported to have rnRNA di scriminatory activity, 

although the effects observed were not tlïat large (159,145,160). 

Recently, it has been demonstrated that eIF-4A is a compone nt of the CBP 

complex (128, 157) and has a role in mRNA cap recognition. Onlya small 
, 

proportion of total eIF-4A is present in the CBP complex however, and 

there are conflicting data-rehting to whether the free eIF-4A (which , 
represents the bul k of eIF -411.) i s requi red for initi ati on.(, The results 

'\ ' 

presented in this thesis alang with others (referred ta in\the general 
-

discussion in chapter 8), serve to further characterize the role of 

eIF-4A in rnRNA binding to ribosomes. The situation, however, r.emains far 

from clear. 

Other protein factors which are involved in ~RNA bJnding. 

eIF-1 consists of a single polypeptide of 15 kDa and is required for 

maximal binding of mRNA to the 435 preinitiation complex, although the 

------------"'-----------------------------------~----~ . 
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dependence is not.. strong (130,131,41). Its role is unknown, although it , 

has been suggested that it might stabilize the interact~~ between 
, 

Met-tRNAi and the AUG codon (161). eIF-2A is- al 50 found on the 40S 

ribosome although its function is unknown (162). 

Repositioning of the 405 ribosome on the mRNA • 
..:t 

The model for the binding of ribosomes to eucaryotic mRNAs which 

best fits the available evidence, is the 'scanning mechanism l proposed by 

Kozak (for a review see 67). The general postulates of the scanning 

mechanism are as follows (163-166)~ 

1. A 405 subuni t bi nds at the 51 termi nus of the mRNA 

2. The 40 S subunit t,hen reposi ti ons at the AUG, probably by 

migrating along the template 

'_ 3. A 60S subunit joilJs to fonn the 80S initiation complexe 

The evidence which supports a 5' terminal lentry site l for the 40S 

ribosome was mentioned in an earlier sebtion (see page 12). Furthermore, , 

since in sorne cases the initiator AUG codon ;s much further from the 51 

end of the mRNA than the distance occupied by one 405 ribosome, it 

follows that the AUG i5 not part of the ;'rlitial recognition site for the 

ribosome. Conseq~ent'y, 405 subunits should be able to bind ta RNA 

molecules lacking an AUG. This prediction has been experimental'y 
\ 

verifi ed (167). 

The scanning model offers a good explanation as to hqw initiation of 

translationis (generally) restricted ta the 51 proximal AUG, thus 
'\ 

rendering ~ucar~otic mRNAs fu, ztionally monocistronic. There is now sorne 

very elegant genetic evidence that the functional AUG' in a mRNA ;s 

'defined by its position relative ta the 51 end of the mRNA. Kozak 

, constructed mutants of the prepro;nsulin gene which contained copies of 
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~n site (AUG plus ~lanking nucleotides) inserted' upstream of 

the AUG of the wild type gene. In each case, initiation of translation 

started at the AUG nearest the 51 end of the- mRNA, in vivo (168). Similar 
. 

results have been obta 1 ned by another group (169). Excepti ons to the· 

scanning mechanism are addressed in the general discussion of this 

thes;s, in ,1ight of more recent daja. 

The scanning mechanism clearly requires that 40S ribosome,s can 

migrate along the mRNA. In order to demonstrate this convincingly.it was 

necessary to use conditions' under which the migration of 40S subun;ts ;s 

not arrested at the AUG. This can be achieved (among other ways 

(74,170)) by using the drug edeine (171) which prevents 60S subunits 

binding and somehow impairs recognition of the AUG by the 40S subunit. ~ 

In the ptesence of edei ne and ATP as energy source. 405 ri bosomes can 

protect the 32P-labeled 31 PolyA tail from digestion by nuclease. In the 

absence of ATP there is no protection of the 31 polyA tai', and 50 it 

seems that ATP allows migration of 405 subunits along the mRNA. Further 

evidence to support this view come~ fram the fact that in the absence of 

ATP, a single 40S subunit ;s found near the 51 end of denatured mRNA 

( 164) • 

(e) Formation of 80S i niti ati on compl exes. 

Thé formation ôf-sos initiation complexes occurs rapidly after 48$ 

preinitiatiofl complexes,'.indicated by the fact that the 48S complexes 

cannot be detected under conditions in which 60S subunits can bind (172). 

The point at which 60S subunits bind is not entirely clear. The scanning 

mechanism suggests that 60S subunits do not bind until the 40S subunit 

a rri ves at the AUG. However, if 80S camp 1 exes are arres ted at the AUG by 

using an inhibitor of elonga~ion, then there i5 evidence that a second 
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80S ribosome can bind to mRNA (173-175). The pertinent question which 

arises is whether the second 80S ribosome is a potentially functional 

initiation complex or whether it represents an abortive complex produced 

under the prevailing assay conditions. This remains in doubt at present. 

Formation of 80S complexes is readily followed by a model assay 

involving methionyl-puromycin synthesis. Using this ass,ay, it has been 

shown that eIF-5 is required for junction of 60S subunits with the 48S 

preinitiation complex, and that eIF-2, eIF-3 and eIF-4C are released for 

recycling (176). This step requires GTP hydrolysis and it is the GTP 

which entered in the ternary complex which is utilized (177). eIF-2 is 

released, most probably, as an inactive eIF-2-GDP complex which requires 
, 

a recycling factor to remove the GOP. This requirement was anticipated 

in light of the fact that GOP has a 10Q-fold higher affinity for eIF-2 

than GTP (178). The recycling factor has now been identified and plays a 

central role in regu,lation of eIF-2 acttvity (179,180). 

(f) Requi rement for ATP. 

The need for ATP as an energy source i s a sal i ent feature of the 

mechanism of translation initiation in eucaryotes, compared to proka-ry­

otes (181,130,43). ATP hydrolysis is required for binding of the 43S 

preinitiation complex ta mRNA and appears ta be required for reposition­

ing of the 405 ribosome between the 51 terminus and the initiator AUG 

codon (163, 164). The reason for the ATP requirement is not yet clear 

although it appears not to lie in the need to phosphorylate initiation 

factors but is strictly an energy source (182). 

Many observations point to the possibility that ATP hydrolysis and 

the function of the cap structure are related. This possibility Js 

explored during the course of this thesis (chapters 4 and 5). First, it 

/ -

-----------------~---'---- -
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was found that denatured mRNAs are less dependent on both the cap 

structure and ATP for initiation complex formation (183,74,164). Second, 

Jackson has reported that naturally uncapped mRNAs (cowpea mosaic virus 

(CMV) RNA and EMeV RNA) are much less dependent on ATP than capped mRNAs, 
! 

for initiation complex formation (184). Lastly, cap specifie mRNA 

recognition by polypeptides of 50 and 80 kDa present in crude initiation 

factors was shawn ta be dependent on ATP/Mg++ (150). These results 

prompted several of the experiments described in this thesis and, along 

with other recent developments are discussed in chapter 8. 

1.4 Regulation of Gene Expression at the Translational Level 

1.4.1 General 

It is currently bel ieved that èxpression of eucaryotic structural 

genes is largely regulated at the transcriptional level. This is consis­

tent with the economy in the molecular logic of cells, which aims at 

regulating anabolic pathways near their beginning and thus conserving 

energy and metabolites. In eucaryotes however, transcription is well 
1 

separated bath temporally a11d spatially from translation, and cytoplasmic 

mRNAs are in general, very 'stable (184a). Thus, there are many steps 

which might be amenable to regulation'and moreover, economical use of 

pre-existing mRNAs is a likely end of translational control. In accord 

with this situation, -there i5 increasing evidence that post-transcrip­

tional events are significantly regulated. For example, differential 

splicing of primary transcripts or use of alternative transcriptional 

promoters, has been documented in many cases, thus allowing expression of 

different cytoplasmic mRNA sequences fram the same gene (185-188,357,~ 

370). In sorne cases, differential splicing will give rise ta different 

---------------~ ---
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protein coding seouences, whereas in others, only the non-coding region 

of the mRNA is affected (187). While there is no precedent at present, 

it remains entirely likely that production of different mRNAs by 

differential splicing would allow translational control of the gene, 

either by altering the intrinsic translational efficiency,of the mRNA or 

by deleti·ng (including) sequences required for response ta a trans-acting 

regulatory molecule. 

Translational control has now been demonstra~ in many cases. 

Prime examples are: (1) shut-off of cellular proteln synthesis during 

~ infection by many eucaryotic viruses (222); (2) during heat shock (206); 

(3) during.the cell cycle (223,223a); (4) following fertilization in 

oocytes (212) and (5); following administration of hormones or changes in 
\ 

nutritional state of animals or tissue culture cells (224,224a). Trans-

lational control might also be of particular importance in allowing the 

cell a rapid response to changes in its environment. Such responses can 

either be of the type in which protein synthesis is quantitatively 

inhibited or, can involve preferential translatio'n of certain mRNAs. The 

classic example of quantitative translational control occurs in rabbit 

reticulocytes in which case, phosphorylation of eIF-2 brings about a very 

rapid shut-off of all protein Synt~siS (,189,190,225,226), Although 

prote;n kinases which phosphorylate eIF-2 are present in many cell types 

othër than reticulocytes, their regulatory significance in these cell 

types remains to be demonstrated. Thus, the general significance of 

eIF-2 phosphorylation ;n nucleated cells is not yet establfshed. The 

second kind of response which involves discrimination between different 

mRNAs has been reported in many instances, al though the mechan1 sms are 

only just becoming apparent. Two factors though which can clearly 

". 
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contribute ta mRNA discrimination are: (i) the intrinsic translational 

effieiencies of particular rnRNAs and (ii) the activities which are 

responsible for mRNA binding to ribosomes. Because these topies are 
I~ 

major concerns of this thesis, 1 will describe in sorne detail the current 

evidence relating ta mRNA selection phenomena. The description ;s by no . 
means exhaustive but hopefully will include examples which appear to be 

of general si gni ficance. 

1.4.2 Mechanisms of mRNA selection 

The fact that di fferent mRNAs are transl ated at different rates in 

eucaryotic cells is established (191-193). In general, initiation of 

translation iS rate limiting and binding of the 40S ribosomal subunit to 

mRNA is the most likely rate lirniting step (191-193,172). Thus, the 

rate at whi ch a parti cul ar mRNA i s transl ated is di ctated largely by its 

affinity for so~ factor(s) which is required for mRNA binding to 

ribosomes. This factor must have two properties in order that it might 

affect translation of particular mRNAs to different degrees. First, it 

must be subsaturating relative to the total mRNA such that mRNAs must 

compete for i t. Second, it must bi nd to different mRNAs with different 

affinities (i.e. exhibit mRNA discrimination). Under these conditions, 

mRNAs w;th high affinity for the discrimination factor will be translated 

at the expense of those w; th lower affi ni ty. Thi s has become known as 

the competition model. Kinetic studies have established that such a 

discriminatory factor exists (194.196) and a possible mechanism for its 

action is discussed in chapter 8 of this theJJ5. 

The competition model is able to explain some examples of trans­

lational regulation, mainly.~i!uring viral infection and cellular grol,;th 
,..", 

control (194-197). However,"jthe significance of this competition 

\ , 
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mechanism to more routine cellular events remains'.to be determined. 
\ 

Indeed, it seems ~nl ikely that mRNA competition will' account for a11 of 

the qualitative changes in translation. In prokaryotes there are many 

exampl~s of specifie repression of translation by diffusable factors. 

Such examples include the T4 gene 32 and r:eg A proteins (198,199) and 
,; 

, " 

several ,ribosomal prDtet.(I~ of I:.. col i (200,201). These proteins turn off 
, " '--'" 

their own\'SY~hesiS by acting as translational repressors. Examples of 

this kind of meèhanism are less well documented in eucaryotes but are 

reported to occur for the yeast ribosomal proteins (202) collagen 

(203,204) and apoferritin (205). Another interesting possibility for 

which there is some prel iminary evidence, is that small RNA species are 

important in regulating translation'in either a non-specifie or a highly ", 
" -

sequence specifie and hence mRNA discriminatory manner (227-231). For 

example, an inhibitory RNP particle containing a small RNA species 

appears to be involved in translational control during muscle differenti­

ation (232). In addition, it has been reported that vaccinia virus RNA 

transcripts inhibit cellular (globin, Hela) rnRNA translation ~ vitro but 

have no effect on translation of vaccinia virus IlIRNA (233). ln sUllIllary 

while the exi stence of speci fic transl ati onal repressors i s a very 

attractive mechanism for regulating expression, their general signif;­
\ 
\ 

canee in allowing regulation of translation by mRNA selection in eucary-

otes remains ta be determined. 

Other examples of qualitative translational control occur in which 

mRNA comp~.t';tion seems not to play a role, and mRNA specifie factors . , 
'..-' 

mi ght be important. For exampl e, duri ng the heat shock response, the 

bulk of cellular protein synthesis ;s inhibited while a small number of 

heat shock mRNAs are preferentially translated (206,207). This kind of 
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response 4s. obsérved in many systems. notably Drosophila (206.207) • ..,' \' 
Xenopus oocytes (208) and Hela eells (209). When Xenopus oocytes are 

a11 owed tô' recover from heat shock, the transl ati on of heat shock mRNAs 

persists while the overall protein synthesis rate increases back to 

normal (208). This clearly indica-tes that the translation of other 

cellular mRNAs does not competitively inhibit translation of heat shock 

mRNAs, thus rai si ng the possibi l ity that mRNA specifie factors are 

responsible for allowing translation __ Qf ,heat shock mRNAs. Consistent 

with this idea, eell extracts fram heat· shoeked cells will translate heat 

shoek mRNA but not • normal' (non heat shock) rrRNA (207) and additi on of 

ribosomes from normal cells can restore translation of normal mRNAs 

These results suggest that heat shock inactivates a factor which is not 

required for translation of heat shock mRNAs. 

Fina11y, on the topie of mRNA selection, it is important to consider 

that a proportion of mRNA in al1 cells exists as untranslated cytop1asmic 

mRNP particles (210-212). For examp1e, 'sea urchin oocytes contain a 

store of untranslated maternal rnRNA, which beeomes translationally active 

follow;ng fertilization (or after piercing the oocyte with a needle!) and 

functions during early development (213,214). This phenomenon appears to 

be quite general during early development, being found in starfish (215) 

through mammals (216) on the evo1 utionary scale. However, the mechanism 
, 

underlying mobilization of mRNA into pOlysomes are unknown. mRNA 

extracted from cytoplasmic- mRNP partieles is active in cell free trans­

lation systems (217) 'which has led to the supposition that the proteins 

present in cytoplasmic mRNP particles act as 'masking agents', either 

s'pecifically or non-speci fi cally (218,219). The fact that the types of 

rnRNA in cytopl asmic mRNAs (untransl ated) and polysomal mRNPs (transl ated) 

• 
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are different is also taken as support for this view. It should be noted 

however, that the intrinsic translational efficiency of particular rnRNAs 

will result in an equilibriurn distribution, which will influence their 

relative abundance in untranslated rnRNPs versus polysomal mRNPs. Not­

withstanding this caution though, the stage-specifie translation of mRNAs 

in devel opi ng embryos (220) and the fact that sorne mRNAs are cl early not 

in equilibrium between untranslated mRNPs and polysomal mRNPs (22) 

strongly suggest that repression of translation by factors present in 

untranslated mRNP is an important regulatory mechanism. Recent evidence 

to support this contention comes from in vitro reconstitution experiments 

in whi ch oocyte specifie proteins from Xenopus have been shown to 

reversibly inhibit tranlation (235). 

v 

1.5 Poliovirus-induced Inhibition of Hela Cell Protein Synthesis 

1 .• 5.1 The significance of the system 

The repl ication strategies of many eucaryotic viruses have thrown 

considerable light o~ the mechan.ism of expression of eucaryotic 

structural genes. In general, this most probably stems from the require­

ment of viruses to effectively compete for the host cells capacity to 

synthes'i ze macromol ecul es (DNA, RNA and protei ns) and hence to redi rect 

this c8:pacity toward production of new virus. In many casés, there is a 

negative pleiotropic response of the host cell to virus infection, which 

is viewed as an attempt by the cell te inhibit viral repl ication by 

shutting down its own normal functions (383-385). However, there is 

abundant evidence that eucaryotic viruses have tended to acquire genes 

which are expressed with very high-"efficiency and in many cases, by a 

route which is uncommon and hence difficult to detect in the uninfected 



-34-

cell. For example, some of the most efficient prQmoters of transcription 

are found in retroviruses (236), a transcriptional enhancer sequence was 

first identified in SV40 (237), differential splicing of pre-rnRNA was 

first observed in adenovirus and SV40 (238,239) and last, viral mRNAs are 

among the most efficiently transl ated mRNAs (240). Thus, wh il e the 

expression of viral genes generally occurs via the same mechan;sm as 

cellular 'genes, there is an efficiency and economy in the expression of 

viral genomes which has proven invaluable in identifying structural 

elements of genes involved in directing expression. Moreover, many 

seemingly novel modes of expression were first discovered during 

expression of viral genes. Indeed, when disparagingly ,referring to 
1 
1 

viruses as 'parasites', we might ponder the likely extent of our know-

ledge of eucaryotic gene expression without them. 

In many cases, infection by eucaryotic viruses drastically inhibits 

cellular protein synthesis, while translation of viral rnRNA occurs with 

high efficiency. There appear to be rnany different routes by which this 

phenomenon (known as "shut-off") occurs and it was a major goal of this 
v 

thesis to elucidate the mechanism in the case of poliovirus. 

While the shut-off of host protein synthesis rnay well he of utmost 

significance to the 'survival instincts' of poliovirus, this author's 

bias lies towards the translational control which occurs in infected 

cells and how this phenomenon can inform on the fascinating topic of 
'-( 

translat'fon initiation. T~anslational control in poliovirus-infected Hela 

cells exhibits sorne notable characteristics. First, the site of inhibi-

tion of translation, 15 the step in which the 43S preinitiation complex 

binds cellular rnRNAs. Thus a mRNA selection process is imposed, in which 

only viral mRNA is efficiently translated. Second, the mRNA binding step is 
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the least well understood partial reaction in the initiation pathway. 

Poliovirus inactivates one of the factors involved in this step, and thus 

provides a relatively simple assay for the factor. Third!t there is a 
" 

very di screet structural basi s for the sel ection of viral mRNA (naturally 

uncapped) over cellular mRNA (capped) fop translation. Fourth, the 

translational specificity seen ~ vivo, is faithfully mimicked ..:!.!!. vitro. 

That is, extracts from poliovirus-infected cells can translate viral mRNA 

but cannot translate cellular (capped) mRNA. Consequently. the in vitro 

system can be employed to study questions related ta the mechani sm of 

shut-off and also to the mechanism of translation for cellular mRNAs. In 

a sense, extracts from infected cells might be considered to come from 

c"el1s carrying a mutation in the translation initiation machinery. In 

view of the lack of eucaryotic mutants in protein synthesis (perhaps for 

obvious reasons!) this highlights the signifiçance of poliovirus--;; 

infection, in studying translation initiation. 

1.5.2 Structure of poliovirus 

(a) élassification 

Pol iovirus belongs ta the group of mammalian picornaviruses (pico = 

small , rna containing) which can be classified according to the scheme 

shown in Table 2 (copi ed from reference 241). 

(b) Structure of the virion 

The genome 

The poliovirus genome consists of a single stranded RNA molecule 

which serves as mRNA in the infected cell and has a molecular weight of 

approximately 2.6 X 106 daltons (7,433 nucleotides). The RNA contains 

approximately equal numbers of the different ribonucleotides and has 

recently been sequenced (242-243). lt is polyadenylated at the 3 1 end 
, , 
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TABLÉ 2' 

Vertebrate Picornaviruses 

Po 1 i 0 (3 serotypes) 
Coxsackie A (23) 
Coxsackie B (6) 
Echo (31) 
Enteroviruses of mice, 

swi ne, cattl e 
Enterovirus 70 

EMC 
ME 
Mengo 
Col umbi a-5K 
MM 

More than 120 serotypes 

Foot-and-Mouth Di sease 
Vi rus, 7 serotypes 1 

> • 

Sedf mênta~ ion coeffi ci ent ",,1555 
Buoyant density (CsCl) ",1.34g/ml 
Virions stable at pH 3-10 -\,­
Empty caps i ds produced in vivo 

Sedimentation coefficient ",,155S 
Buoyant density ~1.34g/ml 
Vir; ons labile pH 5-7 in the 
presence of O.lM Cl- or Br-
No empty capsids ~ vi vo 

Sedi menta t ion coeffi c i ent ",,155S 
Buoyant density ",1. 40g/ml 
Virions labile pH 5 , 
Empty caps; ds produced l!!. vi vo 

Sedimentation coefficient ..",145S 
Buoyant density ",1. 43g/ml 
Virions labile pH 6.5 
Empty caps; ds produced l!!. vivo 

-----------------------------------------~~----~ ~ 
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(244,245) and terminated with pUp at the 51end (246,247). In virions, a 

small protein known as VPg is covalently attached to thC_51\terminus 

(248). In contra st ta sorne other picornavirus RNAs (249J250~there is 
1 
1 

not a poly C tract near the 51 end of the molecule. 

The capsid 

The poliovirus capsid consists of four capsid proteins, des1gnated 

VPl~4, of molecular mass 35, 28, 24 and 5.5 kDa, respectively. They are 

arrangedin 60 gr.ouP\ to form the capsid, each group comprising an 

equimolar amount of the four polypeptides (251,252). The overall shape 

oT the capsid is spherical but actua'ly possesses icosahedral symmetry. 

In addition to the four capsid polypeptides, the virion might also 
, 

contain an uncleaved precursor in which the VP2 and VP4 amino acid 

sequences are still covalently linked (241). The arrangement of 

individual capsid proteins in the virion is not en'tirely clear. VPl 

appears' to' be the major anti ~\enic deter.minant but $here is al so evi dence 

r .that V~2 and VP3.> are able to e1icit production of neutrafizing ~ntibOdY .. \ ~ -

, . 
(253). This would sU9gest that these polypeptides are all surface 

components of the virion. 

\ _ (c) Genetic map of pol iovirus 

Duri ng the course of the work destribed in thi s thesi 5 J there was a 

change in picornavirus protein nomenclature. The old nomenclature is used 

throughout this thesis: Figure 5 shows a map of the po1ioviru~ genome 

(copied from referen~e 292). Table 3 shows both the 01d and new nom~n­

clatures together wit~ the known functions and molecular"weights of 

.' ,p'o~iovirus proteins. 

•• 
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Processing map of the poliovi~al polyprotein. The polyprotein 

(heavy line) is divided into three regions (Pl, P2, (ïA-.Q,,,,P3) for 

convenience in classiying cleavage products. Amino~acid pairs (sites) 

known to be cleaved' are indicated by filled symbols; apparently uncleaved 

sites are indicated by open symbols; (v, v) glutamine-g]ycine (QG); (o,e) 

tyrosirt'ê-glycine (YG); ( (> .) asparagine-serine (NS). The glutamine­

-glycJne sites are all bel ieved ta be cleaved by P3-7C, a virus-encoded 

---coded protease. 'The agents resp~nsible for cleavage of sites NS-2, YG-6, 

and YG-8 have not yet been identified. Assignments for proteins 7a and 

le are tentative. (.) VPg. 
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PROTEIN 

Old System 

Pl-l a 
P3-1 b 
3b/9 

\ P3-1c 
" Le3-2 

Pl-3a 
P2-3b 
PI-3e 
P3-4a ' 

,. ... "7 .. 

-~ 

P3-4b d 
X/9 
P3-5a 
P2-5b 

VPO 
P3-6a 
P2-X 
VP1 
P3-6b 

,VP2 .. 
VP3 
P2-7a 
P3-7e 
P3-7d 
P2-8 

'~3-9 
3,;r9b 

P2-10 
VP4 
VPg 
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TABLE 3 

• 

Protein Function and Nomenclature 

New System Mol. Wt~ FUNCTION 

1 97,247 . Capsid Precursor 
3 84,234 
2-3AB 77 ,000 
3BCO 76,000 
3CO 72,132 
IABC 63,786 
2 64,953 
ICD ~~,930 

60,000 
3D 52,481 Replicase 
2C-3AB 50,000 

48,550 
2BC 48,273 Replication Complex 

Formation 
lAB "" 37,352 Capsid Precursor 
3C 1 

~ 36,450 
2C 37,555 
10 :., 33,521 Capsid Protein 
30 1 35,700 

, 

lB ·29,985 Capsid Protein 
lC 26,410 Capsid Protein 
2AB 25,500 /' . 
3e 19,669 Proteolytic processin\ 

16,780 
2A 16,680 
3AB 12,100' 
38 9,750 
2B 10,720 
10 7,385 Capsid Protein 

> 3B 2,354 Replication 
," 
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1.5.3 The replicative cycle 

(a~" Adsorpti on and penetrati on, 

The initial virus ce11 interaction is mediated by vira~ caps1d 
~~ 

proteins and specifie receptors which probably determine the host range 
\ 

and tissue tropism of poliovirus (254,255). The involvement of viral 

caps id proteins is elegantly indicated by the fact that infection of 

cells susceptible to Coxsackie virus but not to poliovirus with a virus 

comprising poliovirus RNA and Coxsackie capsid components, yields high 

1 levels of wild type poliovirus (256). Interaction between the cell and 

viral capsid appears to modify the virus, because the infectivity of 

previously adsorbed virus is markedly reduced (257). The modified virus 

particle has altered antigenic p~operties and is partially uncoated as 

indicated by increased sensitivity of the RNA to RNAses (257). In vitro 

experiments indicate that plasma membrane but not microsomal fractions 

from the host ce" have the abil i ty to effect thi s modifi cati on ta 

virions, thus suggesting a role for membranes in the uncoating pracess. 

The natural target cells for poliovirus are in the gut and the central 

nervous system and yet for practical purposes the life cycle of 

poliovirus has generally been described in Hela cells. In viéw of the 

fact that replication of poliovirus is not greatly dependent on 

specialized host cell functions (to be described later in this section) 

beyond the requirement for receptors, one might expect replication of the 

'virus to be similar in natural target cells. It should be borne in mind 

however, that this has not been directly examined. 

(b) Expression of the viral' genome 

The available evidence suggests that translation of viral RNA is the 

first viral function occurring in the infected cell and that production 



\ 

( \ 
\ 

\ 

-38-

of viral proteins (even if only in small amounts) is absolutely required 

to initiate the infectious cycle. Thus, while the most obvious effect on 

the cells is the abrupt shut-off of protein synthesis long before the 

detectable appearance of viral proteins, synthesis of the latter actually 

precedes, and is required for the shut-off. 

The input virion harbours an RNA template which serves directly ,as 

mRNA in the infected cell (258-260). The mRNA does not have the 

covalently attached VPg at the 51 end, since polysomal RNA from infected . 
cells is lacking VPg (246,247). Moreover, while the presence of VPg does 

not prevent translation of poliovirus RNA ~ vitro (260), it is clearly 

not required for translation. This rules out th~ possibility that VPg 

somehow substitutes for the éap structure in poliovirus RNA, as had been 
, 1 

speculated. The mechanism by which poliovirus RNA is translated is not 

clear and is addressed in chapter 8. Of particular significance is the 

fact that the major transl~~n initiation site is 743 nucleotides from 

the 51 end of the RNA (an extremely long distance for a eucary~~'c mRNA) 

and, there are no less than 8 other potential initiator AUGs in this 

region. The AUG at position 743 from the 51 end is fol10wed by a long 

open reading frame which encodes most (if not all) of the poliovirus 

proteins. The polyprotein encoded by this region is ~ 240 kDa, although 

this product never appears ~ vivo because it is proteolytical1y cleaved 

co-translationally. It can be observed in infected cells if processing 

;s inhibited by using amino acid analogues (262,263). Recently, RNA and 

~~ protein sequence data have confirmed the initiation site for synthesis of 

the polyprotein and it is established that all of the poliovirus proteins 

are derived from the polyprotein by proteolysis {242,264,265}. A major 

unanswered question is whether or not there are other cistrons in polio-
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virus RNA. Under certain conditions, ~ vitro f there appears to be more 

than one initiation site for translation. 8y varying the Mg 2+ ion 

concentration it was shown th~t'a small polypeptide (5-10 kDa) is synthe­

sized from a unique initiation site (266-267). This site has not been 

mapped, but it might be one of AUGs 5' to nucleotide ?43. Of the 8 AUGs 

present in this region, 6 are very closely followed by in-phase trans­

lation termination signals but the other two are followed by sufficient 

coding capacity for a small polypeptide. In other experiments, it has 

been claimed that there is another translation initiation site in vitro 
, 

which maps in the P3 region (288). Initiation from this ~ite is 

apparently abolished in the presence ~f ~ir~l components which suggests 
" that it may have sorne significance in vivo (288). In summary, while the 

major translation unit of the poliovirus genome is well defined, the 

mechanism of initiation of translation and the possible existence of 

additional cistrons are still in question. 

(c) Processing of poliovirus proteins 

A 11 of the known vi ral prote,i ns are produced by proteolytic cl eavage 

of the same polyprotein precursor. This process is most probably 

dependent on both cellular and viral proteases and most of the cleavages 

occur between glutamine-glycine am;no acid pairs (289,265,242,290-292). 

All of the glutamine-glycine cleavages are carried out by viral protein 

P3-7C. as indicated by the inhibitory effect of anti-P3-7C anti-sera 

(293). Other cleavages occur at tyrosine-glycine pairs (2) (291 and 293) 

and one at an asparagine-serine pair. The protease(s) involved in these 
, 

latter cleavages are not yet identified and they might be carried out by 

a viral or 'cellu1ar protein (294.2951293). 

------------------------------------------------
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Cleavage of the polyprotein to yield the primary cleavage products occurs 

cotranslationally, which raises many interesting questions. Firstly this 

led to the suggestion that a cellular protease might be involved although 

there is no conclusive evidence to ~~~port this possibility directly at 

present. It is suggestive however, that ex.tracts from uninfected Hela 

cells are able to cl,~ave the poliovirus polyprotei'n into polypeptides 

with the- size and antigenicity of the authentic primary cleavage products 

{294-296}. Secondly, because P3-7G is involved in primary cleavage 

events but is not part of the input virion, it must be able to act in 

cis, i.e. autocatalytically. There 1s now good evidence that this is 

the case. P3-7C sequences have been cloned in an ~ coli expression 

system which produces a P3-7C/E. coli fusion protein. This fusion 
.?' 

protein is efficiently cleaved to produce authentic P3-7C and mutations 

in tne P3-7C gene abolish this cleavage event (297). 

Major unanswered questions concern (i) the -i dentity of the protease 

responsible 'for cleavages not involving glutamine-glycine amino acid 

pairs and (ii) the additional signals required for cleavage at glutamine­

glycine pairs, because the dipe'ptide by itself is not suffiC'Ïent to 

direct cleavage by ?3-7C (297). 

(d) Effects on host ce11 functions 
~ 

Expression of the viral genome, including pr&teolytic processing of , 

viral precursor proteins, allows poliovirus to inhibit host cell macro-

molecular synthesis. In the case of poliovirus, ~he shut-off of cellular 

protein sy,nthesis is extraordinarily rapid' compared to other picorna­

viruses and is rev;e~ed in the latter part of this introduction. 

Inhibition of cellular RNA synthesis approximately parallels 

inhibition of protein synthesis (300,301) but there appears to be 

---------------------------------------------
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different effects on polymerase 1 (ribosomal RNA), polymerase II (mRNA) 

and polymerase III (5S ribosomal RNA and tRNA). Studies using isolated 

nuclei (298) or whole cell transcription extracts (299) have indicated 

that transcription by RNA polymerase II is impaired following poliovirus 

infection and polymerase 1 is inhibited to a lesser degree. RNA poly­

merase II itself appears to be unaltered in poliovirus-infected cells 

(302,303), and polymerase II transcription can be restored in extracts 

from poliovirus-infected cells by addition of a component(s) present in 

the soluble fraction of uninfected cells. This component might be one of 

the transcription factors identified by Matsui et al. (304) but this has 

not been established yet. The mechanism bY'which RNA polymerase II 

transcription is inhibited is therefore not particularly clear, although 

it does require a functional viral genome (306) and is presumably mediat­

ed by a goliovirus protein in the nucleus of infected cells. 
y 

",' 
At later times during infection, cellular DNA synthesis is inhibited 

and this is thought to occur as a secondary effect of the inhibition of 

cellular protein synthesis. This is in~icat~d by the fact that DNA 

synth~is in uninfected cells treated with protein synthesis inhibitors 

is affected in the same way as in infected cells (307). 

(e) Replication 

This topic has been one of intensive investigation and is reviewed 

by R. Perez-Bercoff (308). Consequently, 1 shall describe the main 

~eatures and sorne recent dev,~l opments. 
\ 

The template for the init~l event in replication is the viral mRNA. 

From this, a minus strand is syn~esized in the 51~ 31 direction by a 

virally encoded polymerase (309). \ThiS process most probably requires 

VPg as a primer for transcription (310,311), ATP hydrolysis (312) and a 

--------------------'-_._. 
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host factor (313). Following synthesis of the minus strand, which is 

fully complementary ta the mRNA, the minus strand is transcribed by the 

same mechanism to produce new mRNA, which can either enter polysomes or 

be assembled into virions. The whole process appears t6 occur in so 

called Ireplication complexes 1 which can be isolated from the cytoplasm 

of infected cells and are membrane bound (314,315). The vast majority of 

viral RNA in the cell at any one time is rnRNA which rneans that the repli-

cation process is asymmetric. The mechanism by which this occurs is not 

clear although it is postulated that the presence of minus strand 

hybridized to the 3 1 end of mRNA somehow prevents any further initiation 

by the polyrnerase. In contrast, the 3 1 end of the minus strand is not 

"prevented from interacting with the polymerase (308). 

(f) Virion assembly and cell lysis 

If guanidine is used to inhibit replication, then 80S structures 

comprising the whole capsid component of the virion accumulate in infect-

ed cells (251). Moreover, when the guanidine block is removed, these 80S 
\ 

structures are incorporated into virions by association with viral RNA, 

which strongly suggest~ that'the 80S structures are authentic inter-

rnediates in the assembly process. However, there is dlso evidence that 

14S particles of which the 80S particles are made, can form virions 

directly with viral RN~ (252) and so the assembly pathway is not yet 

clear. Association of either the 14S particles or 80S procapsids with 

viral RNA is followed or accompanied by cleavage of VPü (present in the 

procapsid) to VP2 and VP4 which gives rise to the mature virion. Virion 

assèmbly seems not to be regulated but merely depends on the production 

of sufficient quantities of capsid proteins and viral RNA. 

Cell lysis most probably r~sults from a combination of the inhibi-

~ 
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tion of cellular processes and direct effects of viral proteins, although 

may not require viral replication (316). 
~ 

1.5.4 The mechanism of poliovirus induced shut-off of host protein 

\ synthesis 

(a) General 
~~~ 

It has been known for twenty years that poliovirus infection of Hela 

cells results in a very rapid and extensive inhibition of cellular 

protein synthesis (317,318). Depending on the multiplicity of infection 

(318), cellular polysomes disassemble after approximately one hour, 

followed by assembly of viral specifie polysomes and a peak of viral 

protein synthesis at about four hours post i~fection (319). The rate of 
~ 

protein synthesis recovers to approximately fort y percent of the rate in 

uninfected cells. 

Elongation rates in residual host specifie polysomes appears 

unaffected during polysome disaggregation, which points to a block in the 

initiation phase of protein synthesis (320-322). This was demonstrated 

directly ~ vivo by the inability of cellular mRNAs to form 80S initia­

tion complexes (323) and subsequently an ~ vitro system provided 

evidence that binding of 40S ribosomes to mRNA was impaired following , 
, . ~ ..... ' 

infection (324). Several investigators wére led to examine the structur-

al and functional integrity of host mRNAs following infection. They were 

found to be unchanged in size (321,322,325), polyadenylation (326) or 51 

terminal met~ylation (325). Moreover, ,cellular mRNA extracted from 

infected cells is active in translation, ~ vitro (327). TDe possibility 

thàt cellular mRNA becomes sequestered in an inactive state ~ vivo seems 

ta he ruled out by experiments with vesicular stomatitis virus (VSV) 

infected-poliovirus sup~rinfected HeLa cells. Poliovirus-superinfection 
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of VSV-infected cells results in inhibition of VSV mRNA translation by an 

apparently identical mechanism to that by which cellular translation 1s 

inhibited (328) and thus VSV mRNAs can be consid~red a model for cellular 

mRNAs. VSV mRNA extracted from superinfected cells is functional in 

vitro (328) consistent .with earlier studies of cellular mRNAs (327). The 

VSV mRNA which accumulates in superinfected cells enters mRNP complexes 

with cellular proteins and' these mR~Ps are also active in .!.!!. vitro 

translation (329). This suggests that untranslated cellular mRNAs are 

active templates in vivo, and that they~are not translated because of a 

defect in the cellular initiation machinery. 

(b) Shut-off requires viral gene expressiOn 0, 

Studies with guanidine, a drug which somehow inhibits viral replica­

tion, have indicated that viral replciation is not required for shut-off 

to occur (330-332). This suggests that the input virion RNA is compe~ent 

in shut-off. although it should be noted that guanidine does not 

completely suppress viral replciation (333). In contrast. if inhibitors 

of protein synthesis are present at the time of infection, then there is 

a lag period between removal of the inhibitors and the onset of shut-off 

(332,334), suggesting that expression of the viral genome is required for 

shut-off. 
~ This conclusion was vindicated by the observation that treat-

ment of virions w;th uv light (332,335,336) proflav;ne (33) or hydroxyl­

amine "(334) abolish the shut-off function, under conditions in which 

viral RNA but not capsid proteins are damaged. Moreover, the inactiva-
r 

tion follows 'single hit kinetics' and the target size appears ~o be t~e 

whole genome (334, 336). This might seem surprising, but may result from" 

the fact t~at poliovirus' pr~insr are all derived from a single precursor 

polypeptide (337). Because, of this, single hits in the genome could 
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prevent proper cleavage of the precursor or, disrupt reading frames 31 ,ta 

the hit, besides directly inactivating single genes. The sum of these 

results indicate that a viral gene product is responsible for (directly 

or indirectly) the shut-off of cellular.protein synthesis. 

(c) Proposed mechanisrns for shut-off 

Thi s thes i s sought to test what appeared at the tirne to be the most 

likely hypothesis,to explain the poliovirus-induced shut-off, namely that 

a cellular protein synthesis initiation factor (which for sorne reason is 

not required for poliovir~ RNA translation) is inactivated. The ration­

ale for this hypothesis and the evidence supporting it are described and 

expanded in chapters 2,3 and 6. There are however, other models and l 

shall briefly review these, for the main purpose of indicating that, 
,'.... • > 

while they are valid models for other viruses (even closely related 

picornarviruses) they are almost certainly not ap,plicable ta poliovirus. 

1) Effects of double-stranded RNA. 

The original observation which suggested a rol'e for double 

stranded (ds)RNA in the s~ut-off came from experirnents in whJch extracts 

from poliovirus-infected Hela cèlls were found to inhibit trans1ation in 

rétic~locyte lysate, while extracts from uninfected'cells had no effect 

(338). The inhibito'r was identified as dsRNA Can interrnediate in the 

pol iovirus replicative cycle) (339) but it was subsequently fourïd that 
-

translation of viral RNA was also sensitive to inhibition (340). Thu$ it 

was difficult to envision how this could explain the preferentii!1 
~, ~ , 

selection of viral mRNA for translation in yivo. Later ,work on the 
., 

mechanism of inhibition by dsRNA demonstrated that there is activation of 

a 'prote;n kinase wh-ich phosphorylates the()a-su~unit of eIF-2 and 

consequently prevents its catalytic '~tilization (341). While eIF-2 is 

( 1 

---.;.----------~~---~- . 
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most probably involved in mRNA binding to ribosomes, phosphorylation. of 

the a-subunit affects formation of ternary complexes prior to mRNA bind­

ing and thus affects all mRNAs equàlly. This presumably explains why 

d SR~A does no t "ha ve d spee if ; e ef f ~e t sand ; s the ref or~ nat f nva 1. ved 

in selective inhibition of host protein synthesis. 

2) mRNA competition. 

The Gompetition model for shut-off was described earlier (page 
, 

30). Because translation of poliovirus RNA.:!E.. vivo is more resistant to 

hypertonic conditions tha~ cellular mRNA it was suggested that poliovirus 

RNA might be an intrinsically efficient mRNA and thus compete favourably 

for translation (342,343). However, t~o kinds of evidence indicate that 

~his is 'not the case. First, poliovirus RNA is uneharacteristie of viral 

RNAs (particularly picornavirus RNAs), in that the available data suggest 

it to be a, 1 poor~ messenger. It is outcompeted by VSV mRNA .:!E.. vitro, 

(344) and yet i~hibits VSV mRNA translation in vivo (146), and is 

generally translated at low efficiency in ~ vitro systems (344). Second, 

..... the shut-off oecurs in the absencé of,accumulating viral RNA (33d-332). ,1 

Thus, mRNA competition plays no role in shut-off, in the case of polio-

virus. 

3) Alterations in membrane permeability • 
e 

Carrasco and co-workers are the main p\oponents of a model in 

which viral infection alters membrane perme~bility and'cteates intra­

cellular ionic conditions wh;ch favor the translati'on of viral mRNA 

(345,346, and rev;ewed by Carrasco and Lacal ref. 347). In this'proposed 

mechanism, the entry of Na+ ions into the cell is eonsidered partieularly 

important for two reasons. First, it was found that translation of 

cellular mRNAs was inhibited in vitro by 30 mM Na+ ions whereas trans-

,/ 

. .. 

.. 
~, 

1 . 
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latfon of EMev RNA ~as ~lightly ~imulated (345). Second, ,the membrane 

associ ated Na+ /K+ ATp'asè activ; ty decl ined during the course of 

infect;on, resulting in elevated levels of iniraeel1ular Na+ ions (345) 

concomi ttantly with the peak of ~ransl ati on of EMeV RNA. Although r 

membrane leakiness does occur during poliovirus infection of HeLa cells, 

this event OGGurs well after the shut-off of cell ul ar translation! 

,(348-350) and additionally appears to require replication of the viral 
, 

genome., which shut-off' does note It seems elear therefore that c~anges 

in ionie envirol)ment are' not _resp~nsible, for the early shut-off observed 

·i n , pol i ovi rus- i nfected Hela cel 1 s. 

~f Involvement of initiation factors. 

The available evidence suggests very strongly that poliovirus 
-!- ~ 

inhibits cellular protein synthesis by inacti;vating a factor which is 

required for translation of cellular mRNAs, "but not for poliovirus RNA. 

"' This thesis ~ddresses the, identity of the factor and the way in whiG}! it 
/ 

is inactivated in pàli~\tirus-infect'ed HeLa cells. A des~!Y<'f the 

preliminary evidence is given in the introductory sections· of chapters 2 
~-

and 6 of th;s thes;s and ·recent data ,al"e>'âiscussed in chapter" 8. In 
, l, 

addition the initiation factors ·WhiC~\ are implicated in the s'tlUt-off anq _ 
• \" l) 

, 
their roles in translation initiation âr~,4escribed in the earlier part 

of this introductïon., 

Footnote: To avoid'·duplication, the literature cited in th,is 

,I;ntroduction is included along with references for the general discussion 

'following Chapte~ 8 .. 

) 

.' 
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CHAPTER 2 

Inactivation of Cap-bin11ng Prote1ns Accompan1es 

the Shut-off of Host Protein Synthes1s by Pol1ov1rus 

(. 

/ _____________ ~ ___ ~~L_ 
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SUMMARY 

Infection of Hela cells with poliovirus results in a rapid shut-off 

of host protein synthesis. It has been suggested that inactivation of a 

protein that binds to the cap str,ucture of cellular mRNAs would explain 

the selecti ve inhibition of host protein synthesis because the naturally 

~ncapped poliovirus RNA can be translated by a cap-independent mechanism. 
'r ~ 

""". , , To test directly for the presence of cap-binding proteins in poliovirus-

infected and mock-infected cells, we analyzed initiation factor prepara-' 
\ j 

tions for their ability to specifically cross-link to the_5 1 cap 
, ' 

structure of oxidi zed reovi rus mRNA. The da,ta presented here show that 

the crosslinking ability of the different cap-binding proteins (24-, 28-, 

32-, 50-, and 80-kilodalton polypeptides) is reduce? in preparations from 

polioyirùs-infected compared to mock-infected cells. This reduction 

correlates with the inability of initiation factor preparations from 

infected cells to restore translation of capped rnRNAs in extracts of 

poliovirus-infected cells. In addition, initiation factor preparations 

from poliovirus-infected cells have the ability to rapidly inactivate ,,"'--
~ ~-

cap-binding proteins and can also impair the restoring activity of 

initiation factors from mock-infect,ed cells. 
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1 NTRODUCTION 

vyal"~fectian of mammalian cells "often results in the shut-off of 

hast protein synthesis (1), and this effect has been extensively stJdied 

in poliovirus-infected Hela cells (2,3), Poliovirus infection neither 
1 

" 
induces the degradation of host mRNA (4,5) nor causes detectable changes 

in the patterns of host mRNA capping, methylatian, and polyadenylylation 

(6). Furthermore. Ehrenfeld and Lund have demonstrated that ho st mRNA 
-<:. 

extracted from infected>cells remains functional in a wheat-germ cell­

free translation system (7). 

It was establ is'hed that the inhibi.tion of host protein synthesis 

occurs at the i niti atioll step (5), and subsequently it was shawn that 

ribosomal high-salt-wash fractions from infected cells stimulated the 

translation of poliovirus mRNA, but not of endagenous rnRNA, in Hela cell 

ext'ract$ (8), Rose et~. (9), using vesicular stomatitis virus \(VSV) 

mRNA as a model for host rnRNAs (8,10), and Helentjar;s et~.· (11) have 

presented evidence that suggested inactivation of eukaryotic initiation 

factors (IF) eIF-4B and eIF-3. However, a more recent study indicated 

that a 24-kilodalton (kDal) protein isolated by a multistep procedure 

(12) copurified with the ability ta restore the capacity of poliovirus-
Il 

infected,Helf cell extracts to efficiently translate VSV mRNA (this 

acti vit Y will be referred to as restoring activity) (12). This polygep­

tide was found to be identical to the '24-kOal cap-binding protein 
1 \, 

(24K-CBP) isolated from rabbit reticulocytes by affinity chromatography 

on a column of 7-methylguanosine diphosphate (m 7GDP) coupled ta Sepharose 

4B( 13). The demonstrated copurification of the 24,K-CBP wi~h eIF-3 and 

eIF-4B (12,14,15) suggests that the effects ascribed ta these factors 

were due to the presence of the 24K-CBP and that the shut-off phenomenon 

might actually be a result of inacti vati on of the ~4K-CBP ~ 

\ 

! 

, ( 
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Recently, Tahara et al. (16) described an 8-10S protein complex 

purified by m7GDP affinity chromatography from rabbit reticulocyte ribo­

somal high-salt wash. This complex consisted of. severa' higher molecular 

weight proteins in addition to the 24K-CBP and possessed stable restoring 

activity. This finding is consistent with recent results demonstrating 

the existence of several higher molecular weight polypeptides that are 

structurally related to the 24K-CBP of rabbit reticulocytes (17,18)~ 

Moreover, sorne pOlypeptides with rnolecular weights that are strikingly 

similar to those of the latter polypeptides tan specifically recognize 

the cap structure, as determined by cross-linking to oxidized rnRNA (19). 

," In contrast to the almost ubi quitous nature of the cap structure at 

the 51 terminus of eukaryotic cellular and viral mRNAs, poliovirus RNA 

lacks a capped 5' end (20,21~ and its translation must therefore bypass 

any 51 -cap..,dependent ri bosome recogniti on mecnani sm. Inactivati on of one 

or more of the CBPs would most likely result in a reduction of host mRNA 

translation and favor poliovirus RNA translation. 

In an attempt to determine the fate of CBPs after poliovirus infec-

~~ tion, we analyzed the ability of polypeptides in crude initiation factor 

preparations fram poliovirus-infected and mock-infected cells to speci!i­

cally cross-link to the 51 terminus of oxidized reovirus rnRNA. In this , 

,1 

report, we 'show that IF from poliovirus-infected,cells contain sign;Ji­

cantly lower leV,els of CBPs as determined by the cross-linking assay. In 

additi on, we de,rnon~trate that IF prepa~ati ons from i nfected cell s \ve 

the ability to effect this reduction and can also impair the restoring 

activity of IF fram mock-infected cel1s. 
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MATERIALS AND METHODS 

Cells and Viruses. Mouse L-929 cells and Hela S3 cells were grown 

in suspension in 10% calf serum. Infection of L cells with reovirus 

Dearing 3 strain (10 plaque-forming units/cell) and virus purification 

were carried out as descrjbed (22). Infection of Hela cells with polio 

virus Mahoney 1 strain (10-20 plaque-forming units/eell) and virus 

isolation were according to RQse et~. (9). $indbis virus infection of 
CI • 

chicken embryo fibroblasts (23) and encephalomyocarditis virus (EMC) 
" 

infection of L cells (24) were as described. 

Preparation of RNAs. $ynthesis of [3H]methyl-labeled reovirus mRNA 

to a specific activity of '" 80,000 cpm/~g with viral cores in the 
, . 

presence of S-adenosylmethionine (specifie activity '" 70 Ci/mmol, New 

England Nuclear; 1 Ci = 3.7 X 1010 becquerels) and periodate oxidation 

were according to Muthukrishnan et~. (25). EMC virus RNA was isolated 

as described (24). Total Sindbis RNA was obtained from infected chicken 

embryo fibroblasts and consisted of approximately 85% 26S RNA, the 

remainder being the 42S~RNA species (23). 

Preparati on of Cell Extracts and IF. Cell-free ex tracts from polJo­

virus-infected or mock-infeeted Hela cells were prepared at 3 hr after 

infection, essentially as deseribed before (9), except that the extracts 

~ere'not pre~ncubated un~er" transl~tion conditions, but were ,dialyzed for , . 
2 hr against buffer containing 90 mM KOAc, 10 mM Hepes'buffer at pH 7.6, 

1.5 mM Mg(OAc}2, and 1 mM dithiothreitol before freezing. Initiation 

factors were p'repared essentially as described (26). Briefly,510 

extraets were cen'rifUged at 48,000 rpm for 2 hr in a Beckman SW 50.1 
1 

rotor. The ribosomal pell et was resuspended in buffer conta; ning 0.1 M 

KC1, 20 Jlftf Hepes at pH 7.5,1 rtt.1 dithiothreitol, 0.2 nf.1 EDTA, and 0.2 mM 
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phenylmethylsulfonyl fluoride (P~MeS02F), and 3 M KCl was added to a 

final concentration of 0.6 M. The mixture was stirred -for 30 min and .--

centrifuged as above, and the supernatant was dialyzed for 4 hr against 

100 mM KOAc/20 mM Hepes, pH 7.5/1 mM dithiothreitol/O.2 mM EDTA/O.2 mM 

PhMeS02 F• 

Binding and Crosslinking of mRNA to IF. [3HJMet~yl-labeled oxidized 

réovirus mRNA was incubated with IF preparations under the conditions 

described in the figure legends for 10 min at 30 0 e in I.a final volume of 

30 ~l. After incubation, 3 ~l of 0.2 M NaBH 3CN was added and the mixture 

was left on ice for 3 hr, foll owed by the addi ti on fo 3 111 of RNase A 

" (5 mg/ml) and incubation for 30 min at 37°e to degrade the mRNA. The 

latter step was carried out according to the modification of Hansen and 

Ehrenfeld (27). Crosslinked proteins were resolved in NaDodS0 4/12.5% 

polyacrylamide gels,; followed by treatment with 2,5,-diphenyloxazolej 

dimethyl sulfoxide or EN 3 HANCE (New England Nuclear) and exposure of 
" 

Kodak X-Omat XR-1 film at -70°C as described (14). 

In Vitro Protein Synthesis. Translation in Hela cell extracts was 

carried out essentially according to Rose et~. (9). Incubation 
. 

mi xtures a,t a fi na 1 volume of 25 ~l conta i ned 13 I-Ll of mi crococca 1 

nuclease-treated 510 extract in 20 mM Hepes buffer, pH 7.6/130 mM 
" 

KOAc/O.8 lW1 Mg(OAc) 2/1 mM ATP/54 !lM GTP/9 mM creatine phosphatç/0.6 119 of 

creatine ki'nase/2 nt>1 dithiothreitol/O.2 nt>1 spermidine/ll 1lM of each of 19 

amino acids (minus methionine)/20 ~Ci- of [ 30SJmethionine (>Î,OOO Ci/mmol, 

New England Nuclear). After incubation for 1 hr at 3rC, 20-~1 samples, 

were analyzed by electrQphoresis on NaDodSO It /12.5% polyacryl.amide gels, 

which were processed as described 've. 

-------------------------------------------------- --- -
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FIGURE 1 

Cell-free translation in poliovirus-infected and mock-infected Hela 
, 

cell extracts and the effect of IF. Transl ation was performed as ') 

described in the text and translation products were resolved on ' , , 

NaDodSû4/polyacrylamide gels and visualized by fluorography (14). Lanes 

1-5, translation products in extracts from mock-infected Hela cell s. 

"Lanes 6-10, translation products in extracts from poliovirus-infected 

Hela cell s. The foll ow;ng amounts of mRNA and IF were added: Lanes 1 and 

6. no RNA; lanes 2 and 7, 0.5 11-9 of EMC RNA; lanes 3 and 8. '--.. 1 lJ.9 of 
~ 

Sindbis mRNA; lan~s 4 and 9, "" 1 119 of Sindbis mRNA plus 90 119 of IF from 
1 .. 

mock-;nfected ce11s; lanes 5 and 10, '" 1 il9 of Sindbis mRNA plus 90 119 Of 

IF from poliovirus-infected cells. 

1 
1 
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RESUlTS 

'Cell-free extracts prepared from poliovirus-infected Hela cells have 
\ 

a reduced ability to translate capped mRNAs, whereas trllnslation of 
1 

naturally uncapped mRNAs is not imp~,ired (9,11-13). Fig. 1 shows that 
Ji? ' 

our extracts 'had these characteriHics. EMC RNA, which does not contain 

a cap structure at its 51 termi nus (28), was transl ated wi th simil ar 

efficiencies in extracts from mock-infected and infected cells (Fig. 1, 

lanes 2 and 7, respectively), a (inding that is consistent with earlier 

studies with in vivo and ~ vitro translation systems (29-31). In 

contrast, Sindbis mRNA (consisting of 26S and 42S RNA species - bath 

capped mRNAs) was transl ated efficiently in extracts fram mock-infected 

cells to yield mainly the coat protein (RI 33 kDal, lane 3), whereas 

translation was restricted in extracts from poliovirus,,;,infected cell 5 

(compare lane 8 to lane 3). Crude IF preparations fr,om mock-infected 

cells had very little effect on the translation of Sindbis mRNA in 
. 

ex tracts from mock-infected cells (Fig. 1, compare lane 4 to lane 3), 

indicating that the IF do not contain any active component missing in the 

cell extracts. However, IF preparati ons from mock-i nfe,cted cell s 

stimulated the translation of Sindbis RNA in extracts from poliovirus­

infected cells by approximately 4-fold (compare lane 9 to lane 8). In 

contrast, preparations fram i nfected ce 11 s showed no such restor; ng 

'activity: they had no effect on Sindbis mRNA translation in extracts of 

pol iovirus-infected (Fig. 1, compare lane 10 to lane 8) or mock-infected 

cells (compare lane 5 to lane 3). These resul.ts confirm previous reports 

tha't: a factor, cruciai' for translation of capped mRNAs and resi,ding in 

high-s,alt wash of ribosomes, ;s inactivated in IF preparations from 

poliovirus-infected cel's (8,9,11). 
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FIGURE Z 

Crosslinking pattern of CBPs from poliovirus-infected and mock­

infected Hela cells in the presence of Mg 2+/ATP. IF preparations from 

mock-infected (92 ~g) or polioJirus-infected cells (98 ~g) were incubated 

with 0.7 ~g (57,000 cpml of [3H]methyl-labeled oxidized reovirus mRNA in 

25 mM Hepes buffer (pH 7.6) containing 45 ~ KOAc, 0.5 lJt.1 Mg(OAc)2' 10 ~ 
t 

of each of 19 amine acids (minus methionine), 2.5 mM dithiothreitol. 50 

f.lM GTP, 9 nt-1 creatine phosphate. 0.7 ~g of creatine kinase, 0.1 mM 

PhMeSo2F, 0.1 mM EDTA, 0.2 mM spermidine, and 1 mM ATP. After incubation 

sam~les were processed for electrophoresis and fluorography. Lanes 1 and 

2, IF from mock-infected cells; lanes 3 and 4, IF from poliovirus':" 
, . . 'î 
infected cells; lanes 2 and 4 contained 0.67 mM m7GDP. 
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/ To test the hypothesis that the activity of a CBP is impaired in 

.poliovirus-infected cells (9,12,13) we analyzed IF preparations by cross­

li~king to [3HJmethyl-labeled oxidized reovirus mRNA. Crosslinking was 

performed in the presence of Mg 2+/ATP, which had previously been shown to 
\ 

be an absolute requirement for the cap-specifie crosslinking of several 

polypeptides, other than the 24K-CBP (19). The polypepti des from rabbi t 
~ 

reticulocyte IF that required Mg 2+/ATP to crosslink had molecular masses' 

of 28, 50, and 80 kOal and are referred ta as CBPs throughoût the text 

(17-19); Fig. 2 shows that oxidized reovirus mRNA could be crosslinked to 

several polypeptides in crude IF preparations from mock-infected HeLa 

cells (lane 1). Addition of m7GDP prevented the crosslinking of the 

24K-CBP* in addition to the 28-, 50-, and 80-kDal polypeptides (Fig. 2, 

Jane 2). Crosslinking of an ~ 32-kDal polypeptide was also inhibited by 

the addition of m7GDP, although crosslinking of this,Rolypeptide has not' 
. I~--~=:;=:: 

been 'observed in rabbit reticulocyte IF. Incubation of crude IF from 

poliovirus-infected· cells with oxidi:z:ed reovirus mRNA resulted in a 1 

markedly reduced "levels of crosslinking of the 24, 28, 32,50, and 

80-kDal polypeptides (Fig. 2, lane 3). Crosslinking of the ~-, 32-, 

50-, and 80-kDal polypeptides was reduced to the level observed with IF 

from mock-infected cells in the presence of m7GDP (compare lane 3 to lane 

*Note that the CBP with the fastest mobility has been assigned a 

molecular mass of 26 kDal. This was also observed by Hansen and 

Ehrenfeld (27) and with IF from other species (unpubllshed results). 

However, because this protein was originally termed the 24K-CBP (13,14) ~ 

t\ 
we refer to it throughout the text as the 24K-CBP or 24-kOal polypeptide 

in order to avoid confusion. 

\ 

) 
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FIGURE" 3 
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\l 

Effect of rriiXing IF from mock-infected a~,d poliovirus-infec_ted ce)ls 
, 

on crosslinking of CBPs ta mRN~. IF from mock-i nfected cell s (92 f,Lg) 
1 

. were preincubated with IF from poliovirus-infected cells (36 IJ.g)'. at· 37°C 
il' 1, , '" J 

.. for the times indicated in the figure, prio~ to the addition of" , ' 

\[3HJmethYl-labeled oxidized reovi/fus mRNA ~O.5 f,L9, "" 42,000 cpm) under, 

crosslinking conditions in the presence of 1 mM ATP as described in th'e 

legend to Fig. 2. As control experiments, lE' from- mock-infected and 

pol iovi rus-infected cell s were prei ncubated separatel,St. Each incubation 
!' 

was perfornred "in the absence or presence of 0.67 J1t.1- rn7GOP. After 
. , . 

incubation samples were processed for electrophoresis, Lanes 1-6, pre.in 

cubation of IF from mock-infected cells; lanes 7-12, preincubation of IF 

from mock-intected cells with IF from poliovirus-infected cells; lanes 

13-16, preincubation of IF from p~liovirus-infected cells. ) 
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2), •• The low residual level of crpsslinking of these prote1ns observed"'in 

IF from infected cell s is al so resi stant to the addition of m7GDP 

,j (compare lape 4 ta lane 3), indicating that this is not cap specifie. In 
. . 

contrast, it is noteworthy that the residual crossl inking of the 24K-CBP 

. observed in fF fram poli avi rus- in fected ce 11 s is tota11y prevented by the 

addition of m7GDP (lane 4). 
~ ; .. 

Crude IF preparations fram pol i ovirus-jlnfected cell s contain 

" additiona1 pro:teins, absent from mock-infected preparations, which can 

crosslink nonspecifical1y to oxid~d reovirus mRNA. The most notable of 
1 

these migrates slightly faster-than the 24K-CBP (lanes 3 and 4) and is 
L 

probably the poliov'irus capsid proteln VP3, which is known to be a 

"st; cky" protein and has been found in association with ribosomes fram 

infected cell s (32) ~-' 'We have 9bserved thi s protein very cons; stently and 

believe that it serves· as a useful and r~ble marker of infection. 

Cross1 i nking, was also performed with (N)\) 2S04-fractionated IF in 

the p~sence ,of Mg 2+/ATP. The level of detectable CBPs was again 
... • ~ t 

markedly reduced ;n preparations from infected cel1s (data not shown). 

Most of the 24K-CBP fractionated in the 0,-40% saturated (NH4)2S04 cu~, 

, consistent with previous findings that the 24K-CBP copurifies with 

initiation factors eIF-3 and eIF-4B (12,14,15), both of whieh fraetionate 
'': 

in the 0-40% (NH4)2S04 eut of IF preparations (33). More recently. 

Hansen and Ehrenfeld have demonstrated that the 24K-CBP is pre~ent in the 

" 0-40% (NH4)2S04 eut of IF frOOl Hela eells {2n. 

Rose" et al. {9} have reported that cell-free extracts from pol i 0-

vi rus-i nfected cells contain an activity that slowly reduees the abil ity 

of uni nfected extracts to transl ate capped mRNAs .:!.!! vitro. It was of 

interest. therefore, to determine whether IF preparations from infected. 

V 

.. 
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cells r had such an activity and also whether the'se IFs could impair the 

crosslinking ability of the different CBPs. To this end, we preincubated 
... 

IF fram mock-infected cells with IF fr~ poliovirus-infected cells priof':' 

to the cross-l i nk i ng assay. Incuba t ; ~ IF from mock- ; nfected HeLa 

cells with [3H]methyl-labeled oxidized reovirus mRNA 'resulted in cross­

linking o'f ~everal proteins (Fi~. 3~ lane 1). Addition of m7GDP to the 

incubati on mi xture decreased the crossl inki n9 of the prevfously described 

24, 32, 59, and 80-kDal CBPs {lane 2; note that the 24 and 28-kDal 

pOlypeptides were not resolved in this experiment). Preineubation of IF 

from mock-infected cells for 15 min~(lane 3) or 30 min (lane 5) did not 

impair their specifie crosslinking ability. Simple mixfng of IF frOOl 
, 

,poliovirus-infected,cells with IF from mock-infected cells did not 

diminish the crosslinking ability of the various CBPs in the latter 

fraction (lane 7). However, preincubation of this mixture for 15 min 

(lane 9) drastically diminfshed the ability of the CBPs to crosslink ta 
,~ , 

mRNA. Nonspecific crosslinking of polypeptides, for example the 92-kDal 
, 

protein, was not affected even after 30 min preineubation (lane 11). 

Again, it is apparent that there is residual crossl inking of the 50 and 

80-kOal polypeptides that is no longer inhibited by m7GDP (compare lanes 
J' " 

9 and lO), indicating that the residual level is probably due to non-

specifie crossl i nking of polypepti des with mol ecular wei ghts simil ar ta 

those of CBPs (see also Fig. 2). In contrast, after preincubation a 

fraction of the 24K-CBP could still crosslink to mRNA, and this cross­

linking was sensitive to m7GDP (compare lane 10 to lane 9). This 

residual amount of 24K-CBP was not abolished even after' 30 min preincuba­

tion with IF from poliovirus-infected cells (Jane Il). lane 13 repre­

sents the crossl inking pattern of IF from pol iovirus-infected 'cells that 

--- -~_/-

~ -cr."'"1 
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FIGURE 4 , 
Effect on prote;n synthesis of preincubation of Hela cell extracts 

, 

wHh IF fram mock-infected or .poliovirus-infected cells. Micrococcal 

nuclease-treated Hela cell extracts prepared from poliovirus-infected or 
" 

mock-inf~ted cells were preincubated at 37°C with the indicated amounts-~~,~ 

. ot IF fronî\po1iovirus-infected or mock-infected cells i1) 25 111 incubation_ 

mixtures containing the components required for protein synthesis except 

/ 

.. -

for [ 35S]methi oni ne and mRNA •. At the times i ndicated, rnRNA and 

(3 5S]methionine were added and incubation was continued for 60 min at 

37°C. (A) Transl ation in mock-infected HeLâ ce1l extracts with no added 

RNA (1 anes 1 and 7), 2 119 of 'reovi rus mRNA (1 anes 2-6), or 1 ~ of 'STNV 

RNA (lanes 8 and 9). IFs (20 I1g) were added where indicated in the 

figure and preincubation ~ime was: lane 3, 25 min; lane 4, 25 min; 1ane 

4, 25 min; lane 6, 12 min; and 1ane 9, 20 min. The autoradiograph for 

STNV translation products was expo-sed for a longer periàd than the one 

for reovirus translation products. (8) Translation in extracts of mock­

infected cells (lanes 1-7) or poliovirus-infected cel;s-llanes 8-15) was o 

programmed by 0.5 \l9 of EfIC RNA (1 anes 2 and 9) or '" 1 ll9 of Si ndb; s RNA 

(lanes 3:'7 and 10-15), No RNA was~ added in lanes 1 and 8. IFs (90 \-Lg) 
" ..l'} 

from mock-infected or poliovirus-infected cells were included at. 

indicated and pre;ncubat;on.tim~ was 20 min. 
<>, • 
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do not eontain cap-specifie crosslinkable proteins. Preincubation of 

this preparation had no effect on the erosslinking pattern (lane 15). 

Jhese results indicate that IF from poliovirus-iQfected eells contain an 
! 

aetivity that rapidly impairs the ability of the various CBPs to 

reeogni ze the cap structure of the mRNA and woul d presumab ly e-ffect a 

r,eduetion in cellular protein synthesis. 
, ~ ~ 
-~ ~ 

These resul ts ill so exc 1 ude the 
\) 

possibility that IF frOOl poliovirus-infected cells 
- 1 

inhibifor of CBP function, because no effect could 

prei nc~bati 0" .• 

contain a prefo~ed 
be observed Withoït 

~n important question to address was whether IF preparations from 

poliovirus-infected cells could also mediate the reduction in the ability 

of extracts from mock-infected cells ta translate capped mRNAs that is 

observed after preincubation with extracts from poliovirus-infected cells 

(9) • Fi g,. 4A i s an autorad i ograph of the tra~s lat ion products encoded by 

reovirus and satellite tobacc0 necrosis virus (STNV), mRNAs in ex tracts 

from mock-infected HeLa cells. Lanes 1 and 7 represent the endogenous 

translation products in the nuclease-treated extracts. Translation of 

reovirus mRNA yielded the various reovirus structural polypeptides 

(lane 2). Preincubation of the extract in the abs~nce or presence of IF 

from mock-infected cells (lanes 3 and 4, respectively) slightly reduced , 
the extent of translation, and addition of IF from infected cells without 

preincubation had no effect on translation of reovirus mRNA (lane 5). 

However, preincubation of the same mixture for 12 min dramatically 

curtailed translation (lane 6). STNV RNA was translated in mock-infected 

extracts to yield the 22-kDal coat protein 'and an 18-kDal prematurely 

terminated translation product (34) (Fig. 4A,r:ne 8), and could also be 

otranslated in poliovirus-infected extracts (data not shawn). In contrast 
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to the distinct inactivation of reovirus rnRNA translation there was no 

detectable inhibition of STNV translation in extracts from mock-infected 

cells that were preincubated with IF from poliovirus-infected cells ., 
(compare lane 9 to lane 8). An unexplained synthesis of a 94-kOal poly­

peptide was observed in the preincubated cell extract (lane 9). 

In a second set of experiments we atternpted to determine whether IF 
~ 

from poliovirus-infected cells could also reduce the restoring activity 

of IF from mock-infected cells. In the data shown 7 EMC RNA was tra~s ... 

lated with higher efficiency in infected than in mock-infected cell . 

extracts (Fig. 48, lanes 9 and 2, respectively). Sindbis mRNA was trans-
~ 

lated efficiently in ex tracts fr0l1l mock-infected cells to y.ield the coat 

protein and(the 93-kDal 81 precursor polypeptide (31) (lane 3), while 

1/10th as much translation (as determined by. densitometry tracing of the 

coat protein band) was observed in poliovirus-infected cell ex tracts 
<) 

(lane 10). Addition of IF fram mock-infected cells with 30 min preincu­

.bation had no effect on translation of Sindbis mRNA (lane 5), whereas 

addition of IF from infected cells or a mixture of IF from mock-infected 

Jo 
/' 

and infected cells without preincubation slightly reduced translation 

(l anes 4 and 6). However, additi on of the mi xture to extracts fram mock-

infected cells followed by a 20 min preincubation resulted in approxi-
Cl " 

rnately 60% inhibition of translation of Sindbis mRNA (compare lane 7 to 

lane 3). Thus, the slight inhibition observed in lanes 4 and 6 could be 

explained by the inhibitory effects of the infected IF during the trans­

lation incubation~ .. ' In the translation system from poliovirus-infected 

cells, IF fram mock-infecte~ cells restored the abil ity to translate 

Sindbis mRNA (lane 11) but preincubation of these ex tracts with IF from 

mock-infected cells partial1~ reduced the restoring activity by '" 30% 

• 
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(lane.13). In contra5t~ IF from poliovirus-infected cells did not 

exhibit significant restoring activity (lane 12), and addition o~ IF from 
\' 0 

il 
poliovirus-infected cells to the infected cel' extract supplemented with 

1 

IF from mock-; nfected cel15 without preincubation only parti ally '\; p 

inhibited the translation (40% inhibition, lane 14). This partfal 

inhibition could reasonably be exp1ained by inactivation of the restoring 

activity during the translation incubation. However, preincubation of 

extracts supp1emented with IF from mock-infected cells with IF from 

infected cells result~d in a complete 105s of the restoring activity of 
. 
the- mock-infected IF (lane 15). This result indicates that the IF' from 

poliovirus-infected cell 5 contain an acti vit y that neutra1 ; zes the 

restoring activity. This activity is probab1y related·to the activity 

that impairs the crosslinking' abi1ity of CBPs, thus lending support to 

the belief that the restoring activity resi(tes iIT the CBPs. 

,. 

,,' 

, . 
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DISCUSSION 

It has been sU9gested that the 24K-CBP ; s ; nacti vated duri n9 
c ~. 

infection:$y poliovirus and that this inactivation mediates the shut-off 

of host protein synthesis. More recently it has been shown that other 

polypepti des (28,50, and 80 kDal) can speci fically recogni ze the cap 

structure (17,19), and that higher molecular weight polypeptides purified 

by m7GDP affinity chromatography are essentially required for restoring 

translation of capped mRNAs in poliovirus-infected cell extracts (16}. 

The 50- and 80-kDal polypeptides may correspond to eIF-4A- and eIF-4B, 

respectively, on the basis of the crosslinking /characteristics of these 

factors (35). 

In thi s study, we attempted to determine whether a change in the . 
24K-CBP, the other CBPs or both, accompanies the shut-off of host protein 

~~ 
synthesis exertedPby poliovirus, by using the crosslinking assay (14). 

Our finding that all of the polypeptides capable of recognizing the cap 

structure lose their binding activity. as a result of poliovirus infection 

.. i5 cons.istent with what would be expected if the various CBPs in HeLa 

cell·s are structurally related, as is the case with CBPs of rabbit 

reticulo'cytes (J8). In addition, the apparently coordinate inactivation " 

of all the CBPs sùggests that .they are functionally related. 

The reduction in the amount of detectable CBPs during pOliovirus 
/ 

infection correlates both with the inability of éxtracts-ffOnî..-'infected 

cells to translate capped mRNAs and with the absence of restoring 

activity in IF of infected cel1~,. This strongly suggests that functional 

CBPs are a vital component of the restoring activity. This suggestion is 

supported by data demonstrati ng the exi stence of acti vit y that can, upon 

preincubation, impair"both the restoring activity of IF fram mock-infect# 
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ed cells and the ability of CBPs to recognize and crosslink to the cap ( 

structure. This activity resides in IF preparations from infected cells 

and rapidly impairs the ability of CBPs to crosslink to the cap 
\ 

~ ~ 

structure. These findings are also consistent with the findings of Brown 

and Ehrenfeld (36), who demonstrated an activity in IF preparations from 
D 

poliovirus-infected cells that specifically restricted the translation of 

cappel-rnRNAs in reticulocyte lysate ... 

Our results appear ta be at variance with those of Hansen and 

Ehrenfeld (27), who concluded that the cap-binding ability of 24K-CBP as 

assayed by the crosslinking technique is not reduced during poliovirus 

~nfectjon •. However, careful exarninarto~ of their data reveals that the 

extent of crosslinking of the 24K-CBP is distinctly lower in preparations 

frOOI infected cells (figures 2 and 3 in ref. 27). In addition, we 

performed cross-linking analysis with (NH4)2S04-fractionated IF under 
-

similar conditions to these authors in the absence of ATP, and again we 

found substantially reduced amounts of 24K-CBP in preparations from 

poliovirus-infected cells {data not shown). 

The mechanism by which CBPs are inactivated during poliovirus 

infection is not clear, nor is it known whether the inactivating 

factor(s) is virally coded or induced. It is possible that CBPs become 

rnodified or degraded in pol i ovirus-infected cell s. It rnay be possible to 

differentiate between these different possibilities by using monoclonal 

antibpdies directed against CBPs. 
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CHAPTER 3 \. 

Capped IIRNAs w1 ~h Reduced Secon~ar'y S~ructure Can 
\ 

Function in Extracts fram Po11ov1rus.lnfected tells 
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SUMMARY 

Extracts fram poliovirus-infected Hela cells were ~ed to study 

ribosome binding of native and denatured reovirus mRNAs and translation 

of capped mRNAs with different degrees of secondary structure. Here, we 
1 

demonstrate that ribosomes in extracts fram poliovirus-infected cells 

can form initiation ~omplexes with denatured reovirus mRNA, in contrast 

to their inability to bind na~tve reovirus mRNA. Furthermore, the capped 

alfalfa mosaic virus 4 RNA, which is most probably devoid of stable 

secondary-:rstructure at its 51 end, could be translated at muchhigher 

efficiency than other capped mRNAs 1n extracts from poliovirus-infected 

cells. 

. . 
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INTRODUCTION" RESULTS AND DISCUSSION 

The cap structure at the 51 terminus of almost all eucaryotic mRNAs, 

m7GpppN{m) (30), has been shown to facilitate translation initiation 

complex fo~mati~n (for a recent review see reference 2). However, thé 

degree of dependence on the cap structure for translatio~ varies among 

different capped mRNAs, as indicated by variable extents of decrease in 

translation due to decapping (24,27) or addition of cap analogs (13,38). 

Moreover, the extent of dependence on the cap structure for translation_ 

has been shown to be a function of salt concentration (6,39,40), tempera­

ture (38), and the concentration of initiation factors (IF) (12). It was 

believed that the function of the~cap structure is mediated by a cap­

binding protein {CBP}, and consequently, a 24-kilodalton (Kd) polypeptide 

was identified by specifie crôss-linking to the 51 oxidized cap structure 

of reovirus rnRNA (33) and.purified to apparent homogeneity by m7GDP­

Sepharose 4B affi nit y chromatography (34). Subsequently, it has been, 
r. 

demonstrated that additional polypeptide with molecular masses of 28,.50, 

and BO Kd can be specifically cross-linked (as indicated by m7GDP 

oxidized cap structure, although cross-linking of 

is absolutely dependent o~ ATP-Mg2+ (31). Whether 

each of these-polypeptides interacts directly with the cap structure or 
~ ... ft ........ 

whether ~hey exist in a complex containing a cap recognition element is 

still an-open question. In any event, we will refer te polypeptides that 

can be specifically cross-linked ta the cap structure as CBPs. Recent, 

cross-linking experiments with purified IF have suggestéd that the 50-

and 80~Kd polypeptides correspond ta eIF-4A and eIF-4B, respectively (9). 

It has been suggested that a CBP(s) facilitates r.ibosome binding by 

melting the secondary structure of the- mRNA (j~). This hypothesis is 
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FIGURE l' 

Bind1ng of native and m7I-capped inosine-substituted reovirus mRNA· 

to ribosomes in e'xtracts from mock-infected cell s as a function of K+ 

concentrations. Hela 53 cells were grown in media supplemented with 5% 

calf serum. Cell extracts were prepared as described by Lee and 

Sonenberg (22), except that extracts were not dialyzed. Native reovirus 

[methyl-3H]mRNA (~20,OOO cpm/~g) and m7I-capped inosine-substituted mRNA 

(~35,OOO cpmll.Lg) were prepared as described by Muthukrishnan et .al. (245)' 

and Morgan and Shatkin (23), respectively. For'ribosome binding, native 

mRNA (10,500 cprn) or inosine-substituted mRNA (13,000 cpm) was incubated 

in 50 ~l of an S10 Hela c~11 extract at 30°C for 10 min in buffer 

containing 2Q mM HEPES (N~2-hydroxyethylpiperazine-N'-2-ethanesulfonic 

acid; pH 7.5),20 amino acids (10 !-LM each), 2 mM dithiothreitol, 1 nt>1 

ATP, 0.2 mM GTP, 5 mM creatine phsophate, 4 ~g of creati~ phosp~okinase, 

3 mM magnesium acetate, 40 ~g of rabbit reticulocyte rRNA, 200 i.JM 

sparsomycin ta inhibit polypeptide chain elongation', and potassium 

acetate as indicated below. Initiation complexes were analyzed in 

glyc~rol gradients by~centrffugation for 90 min at 48,000 rpm and 4°C.in 
~~~~'" 

an S~50.1 rotor (4,35) •. The final concentrations of potas~ium acetate ... . , 

(excluding 20 mM KCl contributed by the Hela cell extract) and the 

percentages of inp_~t mRNA bound we.re as follows: (A) 70 mM, 36%~ (B) 

105 mM, 18%; (C) 145 mM, 11%; (0) 70 mM, 30%; (E) 105 mM, 35%; and (F) 

145 m, 31%. ! 
• 

.{ 
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consistent with observations that the irreversibly denatured, inosine­

substituted reovirus mRNA is less dependent on the cap structure for 

initiation complex formation (19,20,23). In addition, a .monoclonal anti-
, 

body with anti-CBP activity can ;nhibit initiation complex formation with 

native reovirus mRNA but not with inosine-substituted mRN~ (32) • 

.In poliovirus-infected HeLa cells, the translational machinery of 

the host is modified in such a way that it will direct the synthesi~ '8f 

virus proteins o~ly (8). The uncapped poliovirus RNA (14,25) must be 

translated independently of the cap structure, and indirect evidence has 

suggested that inactivation of a factor involved in cap recognition js 

responsible for the s~ut-off of host protein synthesis and subsequent 

preferential translation of poliovirus RNA (28). Later work has indicat­

ed that this cap recognition factor(s) resides in unstable form in the 

24-Kd CBP (37) and in stable farm in a fraction containing high­

molecular-weight polypeptides in addition to the 24-Kd CBP (36). Most 

recently, it has been demonstrated that cap recognition ability in polio-
, 

virus-infected cells is impaired in,such a way that the cap-specifie 

polypeptides can no longer be cross-linked to the cap structure (22). 
", 

Other investigators have found that the 24-Kd CBP is dissociated from 

e~F-3 in ribosomal salt wash preparations from poliovirus-infected cells 
< 
(10,11). Consequently, we used extracts from poliovirus-infected cells 

to study the function of cap recognition and present evidence which is 

consistent with the contention that a CBP(s) facilitates ribosome binding 

by melting secondary structures of the mRNA involving 51 sequençes 0 

proximal to the initiation. codon. 

Reovfrus rnRNA can form initiation complexes in HeLa cell extracts 

(Fig. 1), and the binding of mRNA to ribospmes decreases as the K+ 
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concentration increases (from 36% binding at 90 rrM Kt (Fig. lA) to 11'% 
. 

binding at 165 mM K+ (Fig. 1C). It is possible that this inhibition is 

due to an effect of a high salt concentration on an interaction among' 

components of the initiation machinery. For example, an elevated K+ ion 

concentration might directly impair the activity of a CBP(s). Another 

reasonable explanation is based on the observation that mRNA assumes a· 

more compact structure at higher salt concentrations (tS). Hence, if a 
/ 

CBP(s) is required to melt the secondary structure at the 51 end of mRNA 
\ 

/ \ 
and the melting step limits initiation complex fo~ation, one would 

l '. 

expect that ribosome binding to native capped re6virus mRNA should have a 

greater dependence on CBP(s) at higher K+ concentration~. In light Of .' 
these consid{r~'tions., the binding of m7 I-capped inosine-substituted 

, reovirus mRNA, which contains less secondary structure than native mRNA 

(19,23), should be less susceptible to variations, in salt concentrations 
. 

because the secondary structure of m7I-capped RNA should not be altered 

as significantly as that of native mRNA under these circumstances. 

Indee9. the extent of binding of this mRNA remained constant (~ 30 to 35% 

of input mRNA bound) when the K+ concentration was increased from 90, to 

165 mM (Fig. 1D through F). The binding of inosine-substituted mRNA ',to 

ribosomes is resistant to inhibition by m7GDP (15% decr~s~ at 0.2 mM), . 
as has.been reported before in the wheat germ syst~m (23). 'wè also 

analyzed r~bosome binding of bromouridine-substituted reovirus rnRNA, 

which possesses enhanced secondary structure (19), at increasing K+ 

concentrations and found that binding was more sensitive to inhibition by 

high salt concentrations than was native mRNA binding (data not shown)" 
/,' 
" 

Thus, inhibition of initiation complex formation by increased salt 

concentrations appears ta be directly related tg the degree of secondary 
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FIGURE 2. 

" . ,," 

Binding of native a;d m7I-capped inosine-substituted reovirus mRNAs 

to ribosomes in extracts from poliovirus-infected cells as a funtion of 

K+ concentration. Poliovirus (Mahoney 1 strain) infection fo HeLa cells 

-, 

was performed as previously described with 10 to 20 PFU per cell, and 

preparation of cell extracts was as described previously (22,28). Native 

reovirus [methyl-3H]mRNA (13,000 cpm) or inosine-substituted mRNA (18,000 

cpm) was incubated for ribosome binding in 50 ~l of an extract from 

poliovirus-infected cells as described in the legend to Fig. 1, and 

initiation complex formation was analyzed as described in the legend to 

Fig.,:l and elsewhere (4,35). (A, through C) Native rnRNA; (D through F) 

inosine-substituted mRNA. The final concentrations of potassium acetate 

(exclu,ding 20 fft.1 KCl contributed by the Hela cell extract) and the 

per~entages of input mRNA bound were as follows: (A) 70 mM, 3%; '7B) 

105 rrfv1, 3%; (C) 14 , 3%; (D) 70 mM, 15%; (E) 105 mM, 16%; and (F) 145, 

,>. 15% • .... ,~ 
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structure of the mRNA, which is consistent with the contention that mRNA 

secondary structure is a significan~ determina~t in i'nhibition of 

initiation complex formation at elevated K+ îtqndentrations. 

Based on the observation that extracts from poliovirus-infected ' , 

cells are unable to initiate translation with capped mRNAs (8), native 

reovirus mRNA 'should not form initiation complexes in these extracts. 

Indeed, native reovirus mRNA did not bind to ribosomes in extracts from 

poliovirus-infected cells with the different K+ concentrations used (Fig. 

2A through C):'--- However, these extracts were abl'e to prq,mote bi nding of 

inosine-substituted mRNA to a significant extent (~ 15% of mRNA input 
,jf. 

bound at all salt concentratio'ns, as compared with 30 to 35% in the 

extracts from mock-i·nfected cells), and binding was resistant to m7GDP 

inhibition, as was the binding in extracts from mock-infected cells (data 

not shown). These data indicate that impairment of cap recognition 

ability in poliovirus-infected cells prohibits initiation complex 

formation only with mRNAs containing significant :secondary structure. 

To further test the idea thât ~only mRNAs with considè"rable secondary, 

structure are dependent on a cap recognition function for initiation of 

-~ translation, we analyzed the translation of mRNAs wi~h vari~us degrees of 

seco~dary structure at their 51 ends in extracts from'poliovir~s- and 

mock-infected cells. Figure 3A sho\(l'.the [ 35SJmethionine-label'ed trans-

. lation products from different mRNAs resolved by sodium dodecyl sulfate­

polyacrylamide gel el ectrophoresis. Extracts from poliovirus-infected 

Hela cells are able to efficiently translate the naturally uncapped RNA 

from encephalomyocarditis (EMC) virus (3,22). In this experiment, the 

translation of EMC virus RNA in extracts from infected cells was about 

90% as efficient as translation in extracts of mock-infected cells (Fig • 

1 : 
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FIGURE 3 

Translation ~f capped and naturally uncapped mRNAs irt extracts from 

mock-infected fnd poliovirus-infected cells., Translatio'n in Hela cell 

extracts was carried out essentially as previously described (28,34). 

Reaction mixtures (25 ~l) contained the followi~: 130 mM potassium 

acetate, 0.4 mM magnesium acetate, 20 mM HEPES (pH 7.5), 1 mM ATP, 54 ~ 

GTP, 9 mM creatine phosphate, 22 ~g of creatine phosphokinas~ per ml, 2.5 

mM dithiothreitol, 0.2 mM spermidine, 19 am;no acids (10 ~ each; no 

methionine), 20 ~Ci of [ 35S]methionine (1,195 Cifmmol, New England 

Nuclear Corp.), and mRNA in the amounts indicated. Incorporâtion of 

[ 35S]methi on; ne was assayed after 60 min at 37°C by spotti n9 5-~1 
, . 

al i quots on Whatmann 3 r+1 fil ter paper di sks, wh; ch were' processed for 

liquid scintillation counting as described previously (34), the rest of 

the reaction mixture being used tO'a~alyze the 35S-l abeled products by 

pOlyacrylamide gel electrophoresis and fluorography. Translation in 

extracts from mock-infected cellS (m) and translation in infected ,cell 

extracts (i) are shawn. (A) Reaction mixtures included no added RNA 

(lanes 2 and 3) or 1 ~g of each of the following RNAs: EMC virus (7) 

(lanes 4 and 5), STNV (lanes 6 and n, Sindbis virus (5) (Lanes 8 and 9), 

and AMV-4 (lanes 10 and 11). lane 1 contained relative molecular weight 

markers. (B) Reaction mixtures included no added RNA (lanes 1 and 2) or 

1 I1-g of each of the fol1owing RNAs: EMC virus (7) (lanes 3 and 4), 

reovirus (24) (lanes 5 and 6), and rabbit globin (21) (lanes7 and 8). 

The ·synthesis of radioactive polypeptides was quantified by densitometric 

__________________________________________ ~ ______ a 
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t'rad ng of autoradi ographs from gel s exposed for short Urnes to ensure 

quantitative estimates. The relative synthesis of the major polypeptides 

(for EMC virus, in the region between molecular masses 70 and 115 Kd) 
, -

directed by the various mRNAs in the extracts from infected versus mock-

i nfected "cells was as follows. (A) EMC virus, 90%; STNV, 50%; Sindbis 

,virus, no detectable synthesis in extracts from poliovirus-infected èlls; 
. 

AMV-4; 40%. (B)'E~C virus, 50%; reovirus and globin, no detectable 
J 

synthesis in extr,acts from poliovirus-infec~ed cell.s. 
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A lower relative efficient y (~ 50i in ex~racts 

from infected cel s, as compared with extracts from mock-infected cells) 

was observed for the translation of satellite tobacço necrosis virus 
.,' 

(STNV) RNA, which is al so natura1ly uncapped (16) (Fig. 3A. cf. 1anes 7 
, ' 

...... /'-

and 6). Thus, in these eXperiments, extracts frOO1 infected cell s were 
." 

able to support translation of naturally un,capped RNAs. a1beit with lower 
o 

efficiency than extracts frOOl' mock-infected ce1ls (50 to 90% in infected, , 
t 

1 ~s compared with mock-infected). We be1ieve that. this reduction is due 
} ~ 

jto, a nonspecific 10ss of translational activity. since we and other have 

obtained ,extracts from poliovirusa..infected ce11 s which coul d "transl ate 

EMC v}rus and STNV' RNAs at the same efficiency as extracts ·from mock­

infected cells (see references 3 anQ 22 for examp1es). Translation of 

Sindbis virus RNA (consisting of the'26S and 42S RNA species-both cap,ped) 

yie1ded mainly the coat ~rotein (IV 33 Kd polypeptide) and its BI., 

(N 95 j/d polypeptide) coded by the 26S R~A species (~) precursor protein 

(Fig. 3A, 1ane 8). "'In contrast to the partial decrease of translation 

(Fig- 3A, lanes 4 t;hrough 7) observed with naturally u~capped RNAs, 

transl ati on <of the capped. Sindbi s vi rus 'RNA was totally restricted in 

extracts from infected ce1ls (lane 9). Translation products were a1so 

/observed which were endogenous to the ce1l extracts. Extracts from mock-
/ - ~ 

infected~ cells' yielded a prominent j01ypeptide 0';- ~ 46 Kd an-d a minor 

~OlypePti de of '" 93 Kd whereas ench,genous trans1 ati on f n extracts from_ 
'. 

i nfected cells produced polypeptides of ~ 93.5 and 85 Kd in addition to 

the'" 46 Kd polypeptide. The 93.5 and 85 Kd polypeptides -are most 

obvious in Fig. 3A, lanes 9 and 11, and probably represent the poli ovira1 

precursor p'olypeptides NCVPla and NCVPlb, respective1y (29). 

To further establ i st! that the i nfected lysate had a reduced capacity 

" 

t, 

\ 
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for transl ating capped rnRNAs, we analyzed transl ation of capped mRNAs 

other than Sindbis virus RNA (Fig. 3B). In this experiment, EMC vlrus 

RNP. tran~lation in extracts from infected cells was about 50% as 

efficient as translation in extracts from mock-,infected cells. (Fig. 38, 
( 

cf. lanes 4 and 3). However"the trftnslation"of reovirus 
. , 

b
t • and rab lt 

globin mRNAs was feduced to undetectable levels (Fig. 3B, lanes 6 and 8). 
/ 

These results indicate that the infected-cell extracts used were indeed 

not functional in translation of these capped mRNAs. Nucelotide sequence 

analysis of 51 terminal portions of rabbit globin mRNAs has al10wed 
~ , 

computer-aided prediction of stable secog~ary structure 'in these regions 

(1,26). In
Q 
view of our hypothesis that dependence on thê cap structure 

. 
for translation initiation is related to degree of mRNA secondary • 
structure, these predictions are in accord with the inability of extracts 

from po1i~virus-infected cells to t nslate globin mRNAs. 

'To further test our model, Wli: anal ed the trinsl ation of the capped 

alfalfa mosaic virus ~ (AMV-4) RNA, which contains an adenosine:uracil-
, . 

rich 51 leader region (128) and hence cannot forms stable secondary 

stru~re, as" predicted by computer-aided anlaysis (P. Auron, personal 

cOJ1111unication). Consequently, al,though thls mRNA is capped, we might· 

expect its translation to be lèss dependent on the cap structure,. 

Indeed, translation of AMV-4 RNA in poliovirus-infected extracts was on1y 
, 

partial1y reduced (~ 60%) relative to translation in mock-infected 

extracts (Fig. 3A, cf. lanes 11 and 10), and this red'uction was compar­

able to that observed with naturally uncapped STNV RNA. This result is 

also consistent with previous data showing ·t~~ translation of AMV-4 RNA 

is resistant to{1nhibition by the cap analog m7GDP and a monoclonal anti­

body with antf-CBP acitivity (32), indicating that.-,the cap structure is 

.' 
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less essential- for AMV-4 RNA translation. It might be argued that AMV-4 

and S:rNV RNAs are pl ant RNAs wh; ch woul cf. normally be tra ated at a 

~ow'er temperature and possibly by a slightly 

ed with mammal ian mRNAs, and might therefore not be 

in "the malll11alian system. However, in this respect it is significant that 

,plant cellular rnRNAs are dependent on the cap struc ure for translation, 

as are mammalian cellu1ar mRNAs (see, for example, reference 13). 

Furthermore, transJ ati on of the pl ant 'vi ral RNA of tob'acco mosai c virus 

in a reticulocyte lysate h'as been shoWn to exhibit characteristics . . ' 

similar to those of rabbit globin mRNA with respect to optimal salt. 

concentrations and cap requirement (40). In addition, the ability of 

STNV and AMV-4 RNAs to translate in extracts from poliovirus-infected 
.. 

celll i~ most likely not attributable to their plant origin, since 

tobacco mosa;c virus RNA behaved like the capped rnammalian mRNAs studied 

here in that ft was efficiently translated in extracts fram mock-infected 

cellos but' not in extracts'f~om poliovirus-infected cel1s (data not 

shown) • 

In sunmary, we have used extracts from poliovlrus-infected Hela 

cells to examine t~e requirements for cap-,dependent tran,slation, since­

evidence has recently been provided to indicate' that this system is 

s,pecifically impaired in a cap recognitlon functian required for trans 
, 

lation ,!f capped IIÎRNAs 110,11.22). The results described here are 

consistent w,ith a model in which a CBP,(s) destabilizes tne secondary 

structure of capped mRNAs in an energy-dependent process ta facilitate 

binding of, 40'~os~mal subunits. This model is based on several 

reported observations. First, inosine-substituted capped reovirus mRNA 

which has reduced secondary structure is less dependent on both the cap 

• 
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structure and ATP hydrolysis for initiation compex formation (19,20,23). 
! 

~econd, some naturally uncapped RNAs, such as cowpea mosaic virus and EMC 

virus RNAs, are less dependent on,ATP for initiation complex formation 

than are capped mRNAs (17), again indicating that the requirement for the 

cap structure afld for ATP are related aspects of translation. initiation. -

Finally, the'l,observations tbat a monoclonal ~ntibody with anti-CBV 
'-t:~, 

activity does "not inhibit ribosome binding ta inosine-substituted 

reoviru's, mRNA (32) and-"that qp recognition by sorne CBPs requires 
/ . 

ATP-Mg 2+ (31) ·haVe impl i cated CBPs as effectors of the ATP-dependent step 

in ribosome bi ndj ng. 

At the present time, it is not cl ear whi ch structural features are 

responsible for allowing the cap-independent translation of naturally 

uncapped RNAs. Whether the translatiÔfi#initiation mechanism for 

mRNAs is entirely independent of a CBP(s) remains to be determined. 
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mRNA Secondary Structura-a~ a Detenminant in Cap 
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SUMMARY ... 

Polypeptides of Mr = 50,000 and 80,000 in rabbit reticulocyte 

initiation factor preparations can be specifically cross-linked to the 

oxidized 5' cap structure of nat~ve reovirus mRNA in, an ATP-Mg 2+-
1 

dependent manner ($onenberg, N., Guertin, D., Cleveland, D., and 

Trachsel, H. (1981) Cell 27, 563-572). However, specifie cr0Ss-linking 

of these polypeptides can occur in the absence of ATP-Mg 2+ when 

rn 7I-capped inosine substituted rnRNA, (wh;ch contains less secondary 

structure than native reovirus mRNA), is used. We also found, using 

wheat germ extract that inhibition of initiation complex formation by 

high salt concentrations is di_rectly related to the degree of secondary 

structure of the mRNA. Binding of ribosomes to bromouridine-substituted 

reovirus rnRNA is severely inhibited at high K+ concentrations, while 

binding ta inosine-substituted mRNA is only slightly inhibited and 

binding of native reovirus mRNA is inhibited to an intermediate degree. 

These results are consistent with the hypothes;s that cap recognition 

factors mediate an ATP-dependent melting of secondary structures 

involving 5' proximal sequences te the initiation ëodon in arder to 

facilitate ~inding of ribosomes duri ng translation initiation. --.. .. 
\ 
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INTRODUCTION 
• Polypeptides that interact with the 51 terminal cap structure 

m7GpppN,of eukaryotic mRNAs have been identified in IFl preparations . 
from rabbit reticulocytes (1-3) a~d several other mammalian cells (1,4,5) 

\ 

by specifie cross-linking ta the oxidized cap ,structure of viral mRNAs. 

Cross-linking of an ~ 24 kDa polypeptide (termed the 24-kDa cap binding 
"\ . 

protein, 24K- CBP) is not dependent on ATP-Mg 2+ (1-3), while cross-link-

ing of 28-,50-, and 80-kDa polypeptides has an ~bsolute requirement for 
C' 

ATP-Mg 2+ whi~h is probably hydrolyzed, since nonhydrolyzable analogues of 

ATP do not substitute in this reaction (3). The latter pOlypeptides have 

been termed'Il cap binding proteins" .(CBPs, Refs. 3 and 6) because their 

. cross-linking is inhibited by cap analogues. Hydrolysis of ATP is 

required fot initiation of, protein synthesis in eukaryotes but not in 

prokaryotes (7-9), and other observations have implicated ATP as a 

mediator of cap function. (a) Morgan and Shatkin (10) and Kozak (11'1~ 

have shown that reovi rus mRNA wi th reduced secondary structure i 5 l ess . 
\'" 

dependent on both the cap structure and ATP for initiation complex forma-

ti on than nati ve reovi rus mRNA. (1)-) Jackson (13) has reported that 

naturally uncapped mRNAs such as those of cowpea mosaic virus and EMC 

virus are less dependent on ATP for ipitiation complex formation than 

capped mRNAs. In addition, a monoclonal antibody with anti-CBP activity 

was found to inhibit ribosome binding to native redvirus mRNA but did not 

inhibit binding td inosine-substituted mRNA (6). Thus, we were prompted 

to propose that cap recognition factors are involved in an ATP-Mg 2+-

lThe abbreviations used are: IF, initiation factor; eIF, eukaryotic 
initiation factor; CBP, cap binding prote;n; EMC, encephalomyocarditis; 
AMV-4, alfalfa mosaic virus-4; kDa, kilodalton. 

f 

') , 
\ 

- # 

, ) 



. , 

J 1 

J -93-
li 

r" , 
dependent melting of secondary structure involving mRNA 51 proximal .. 
sequences to facilitate ribosome attachment. If the requirement for ATP 

hydrolysis is to melt the secondary structure' of the mRNA, then cross--, 
, 1 

linking of the 28-, 50-, and 80,-kDa polypeptides to inosine-substituted 

reovirus mRNA should be less dependent on ATP-Mg 2+, since this mRNA has 

lower potential to form secandary structure as compared ta native mRNA. 

In an attempt to verify this prediction, we analyzed the abil ity of 

reovi rus mRNAs with different degree's of secondary structure to cross­

li nk to cap recognition factors in the presence and absence of ATP-Mg 2+. 

In addition. we examined the extent of inhibition of initiation complex 

formation induced by increasing salt concentration in relation to the . \ 

degree of secondary structure of the mRNA, and found a di rect rel ati on-

ship betwe~n the degree of secondary structure and the extent to which 

ribosome binding ;s ;nhibited by high salt concentration. 
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MATERIALS AND METHODS 

Preparation of reovirus mRNAs-
u 

[3H]-methyl-labeled reovir!ls mRNA was 
6 • ,,". __ ~ 

< synthesized with viral cores in the presence of [3H]methyl-S-adenosyl­

methionine (AdoMet, specifie acti~~ty, 70 Ci/(1I1\ol, New Eng.lanq Nuclear), . . 
as °described by Muthukrishnan et al. (14)', ta a' sp~cific activity of .... 2 

x 104 cpm/p.g. m7 I-eapped inosine-substitute"d reovirus mRNA was s,ynthe­

si zed according ta Morgan and Shatkin (10) tÇ> a speci fic ,acthit,Y ~ 3 x 
" - - l ~ 

10 4 cpm!p.g, and bromoll'ridine-substituted reovirus mRNA was prepared, 
,J. t: . . 

according to Kozak OU, to a specifi~' ~ctivity of ~ 1.5 x 10 4 epm/ll9. 

Oxidation of mRNA was performed as described by Muthukrishnan et al. (l4) 

and Sonenberg and Shatkin (15). .. 
Preparation of Cell Extracts and Initiation Factors - Wheat ..... germ S23 

extract and reti cul ocyte lysate were prepared as previ ously described 

fRefs. 16 and 17, respectively). A 0.6M KCl wash'of ribosomes from 

rabbit reticulcoyte lysate prepared as described (5) was used as a 

source of initiation factors. 

Cr.oss-l inking of Oxidized mRNA ta Initiation Factors- Cr;-oss-l inking 

was performed as described by Sonenberg and Shatkin OS} with the modj fi­

cation of Hansen" and Ehrenfeld (4). Reaction mixtures (30 ILl) contained 

25 nt>1 4-(2-hydroxyethyl}-1-piperazineethanesul fa,nie acid (pH 7.5), 0 .. 9 mM 

ATP, 70 IlM GTP, 9 JJt.1 creatine phosphate, 22 j.l.g/ml of creatine phospho-" 

kinase, 11 p.M of each of 19 amino acids (minus methionine), 2 J1tt1 dithio- " 
\ 0 

threitol~ 0.2 nf.1 spermldine, 60 !-lM phenylmethylsulfonyl fluoride, 0.5 JJt.1 
-', 

Mg(OAc)2, ~ 100 p.g of initiation factors, and mRNA in the amount~ 

specified in 'the legend. m7GDP was included at 0.7 rrM and J'the salt 

concentration was adjusted by the addition of KC1, as i ndicated in' the 

figure legends. "Incubation was for 10 min at 30°C fol 1 owed by the 

o " 
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" addition of,3 ~l of 0.2 M NaBH 3CN. The incubation mixture was left over-

night at 4°C tollowed by the addition of 2 ~l of RNase A (5 mg/ml) and 

incubation for 30 min at 37°C ta degrade the·~RNA (4'). ,Cross~linked 
( .... .......-.. ~"'" ,. ~ 

protefns were a~alyzed by polyacrylamide gel eTè-~trophoresis and fluoro-
,i ' ~ 1 1 

graphy as previously described (5,15)'. ' ./ 

Ribosome Binding- Ribosome binding was performed with the indicated 

amount of [3H]methyl-labeled reovirus mRNA and incubation was for 10 min' 
• 0 

at- 25°C in 50 ~l reaction mi xtures that w,ere 50% (v!v) \\teât-germ S23 

extract and contafned 20 mM 4-(2~hydroxyethyl)-1-piperazineethanesulfonic • 

acid {pH 7.6), 10 !-lM each of 20 amine acids, 2 J1tt1 dithiothreitol, 1 J1tt1 

ATP, O.t mM GTP, 5 m\1 creatine phosphate, 4 flg of creatine phosphokinase, 
" 

3 mM Mg(OAc)2' and 200 ~ sparsomycin ta inhibit chain elongation. The: 

salt concentration was adjusted by the addition of KOAc to the endogenous 

KCl (45 mM, final concentration of KC1) contributed by the wheat germ . , 

extract. Ribosome bi ndi n'g was" ana lyzed as previ ously described (15, 16) 
, ~ li .' 

by",lycerol gradient centrifugation for 90 min at 48,000 rpm and 4°C in .... 
an SW 50.1 rotor. 

... . 
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, 
FIGURE 1 

Effect of K+ concentration on the cross-linking of rabbit . 

reticulocyte cap binding proteins to native reovirus mRNA. [3H]methyl-
, . 1 

labeled reovirus mRNA (5 x 10 4 cpm) was incubated with ~ 100 ~ o(~ude 

initiation factors from rabbit reticulocytes for 10 min at 30°C and 

samples were processed for electrophoresis ~nd fluorography as described 

under "Materi al sand Methods" (x-ray fil m was exposed at -70 G e for 1 

wee~ Incubation was performed in presence of ATP (l anes 1-6) or 

absence of ATP (lanes 7-12). KCl was adde~ to give the fOlrwing final 

concentrations: lanes 1,2,7, and 8, 30 mM; lanes 3;4,9, .a~d10' 65 ntJI; 

lanes 5,6,11, and 12, 140 trt-\. m7GD~.(O.7 nf.1) was added as indicated. 
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RESULTS 

,', 

• 1 
l' 

'1 

Ta study the rel ati onshi p between ATP,-dependent cross-l i nk i ng of cap 

recognition factors and the secondary structure of the mRNA, we ânalyzed 

polypepti~es in initiation factor preparations from rabbit reticulocytes 

for specifie cross-linking to reovirus rnRNAs with different degrees of 

secondary structure in the p'l'esence ~nct absence of ATP. If ATP 

hydrolysis is required to provide energy to melt secondary structures, 

then we might expect that cross-linking of the 28-, 50-, and 80-kDa 

polypeptides to inosine-substituted mRNA,would be less dependent on ATP 
\ 

., 
than cross- linking to native, reovirus rnRNA. Since the degree of , '~ 

secondary structure of rnRNA is also a function of salt concentration 

(18), we performed this cross-linking a~alysis at different salt 

'concentrati ons. 
\ 

Fig. 1 shows the cross-linking pattern obtair~d with na~ive reovirus 

mRNA and a rabbit reticulocyte IF preparation at different salt concen- , 

trations (30, 65 and 140 mM K+) in the presence and absence of ATP. Cap 

specifie cross-linking ~as indicated by inhibition upon addition of the 

cap analogue, m7GDP. In the presence of ATP at a relatively low salt 

concentration (30'mM), cross-linking of three polypeptides of approximate 

molecul,ar masse~ 24, 50 and 80 kOa was inhibited by m7GDP (compare lane 1 

to 2). Cross-linking of the 50- and 80-kDa polypeptides increased 

gradually with increasing salt concent~ation (lanes 3 and 5, ~ 1.5- and 

~-fold increase for the 50- and 80-kDa polypep'tides, respectively, wh~n 

concentration was increased from 30 to 140 mM K+) while cross-linking of , 

the 24-kDa polypepti de was decreased by ~ 40% at the hi ghest sal t concen­

tration relative to 30 and 65 mM K+ (lane 5). In addition~ specifie 

cross-linking of a 28-kDa polypeptide was observed at 140 mM K+ (lane 5). 

t 
,1 
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FIGURE 2 

Cross-linking o~~eticulOCyte cap binding proteins to reovirus mRNA 

with altered secondary structure. A, [3H]methyl-lab~led m7I-capped 

inosine-substituted mRNA (4 X· 10 4 cpm) or B, bromouridine-substituted 

mRNA (4 X 104 cpm) was incubated with ~ 100 ~g of crude initiation 

factors from rabbit reticulocytes for 10 min at 30 0 e and samples were 

processed for electrophoresis and fluorography as described under 

"Materi al sand Methods ll (x-ray film was exposed at -70 oe for 4 weeks). 

Incubation was performed in presence of ATP (lanes 1-6) or absence of ATP 

(lanes 7-12). KCl was added ta give the following final concentrations: 
\ 

lanes 1,2,7, and 8, 30 mM; lanes 3,4,9, and la, 65 mM; lanes 5,6,11, and 
'-

12, 140 mM. m7GDP (0.7 mM) was added as indicated. 
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Cap specifie eross-linking of the 24-, 28-, 50-, and 80-kO& polypeptides 

to. native reovirus mRNA has been demonstrated previously (3,6), that of 

the 28-. 50-, and 80-kDa polypeptides having a~ absolute requirement for 

ATP-Mg 2+ in strict contrast to the 24-kOa polypeptide. Cross-linking 

analysis in the absence of ATP yielded results consistent with this 

latter observation (Fig. l, lanes 7-12). The only specifie cross-link;ng , . 
in the absence of ATP was of the 24-kDa polypeptide and this was reduced 

by 60% at the hi ghest, rel at; ve to the 1owest, sal t concentration 

(compare lane 11 to rane 7), as was the case in the presence of ATP. 

This suggests that the reduced amount of cross-linked 24-kDa polypeptide 

• at the high salt conc~ntration is due to an effect of the salt ~.E! and 
.' 

not due to competition between CBPs for a limited amount of mRNA. 

The cross-linking profile obtained in the presence of STP with . 

inosine-substituted reov;rus mRNA (Fig. 2A) Jis essentially the s~me as 
) 

that for native reovirus rnRNA (Fig. 1) except for the fact "that the total 

amount of specific cross-linkfng is reduced by approximately 2- to 3-f01d 

(as determined by densitornetric tracing) because of greater extent of 

nonspecific cross-linking. (Note that exposure of gels in Figs. 1 and 2 

for autoradiography was four times longer for the experiments performed 

with inosine-substituted rnRNA than for those ~ith native reovirus mRNA to 

enable better visualization of the cross-linked CBPs). Cross-linking of 

the ATP-dependent CBPs is stimulated (~ 1.5-1.2-fold) by increased salt 

concentrations while the converse is true for the 24-kOa polypeptide 

(2-fold reduct;on at the highest, as compared to the lowest, salt 
1 

concentration). It is also noteworthy tht~, èross-linking of the ATP-

dependent 50- and 80-kDa polypeptides is proportionally gre~ter, relative 
r1 
Il 

to the 24-CBP with the inosine-substituted mRNA as compared to native' 

. 1 
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reovirus rnRNA, at the two lower salt concentrations. This rnight be due 

to the dirninished secondary structure of the former mRNA as will be 
1 

eonsidered later. 

When eross-linking of IF preparations to inosine-substituted mRNA 

was performed in the absence of ATP (Fig. 2A, lanes 7-12), the 24-kOa 

polypeptide was eross-linked, but in sharp contrast to the ease with 
C· 

nat ive reovirus mRNA 'the~e was also specifie cross-linking of the 50-

80-kDa polypeptides, albeit, to a lesser~t.xtent than in the presence of 
./'" 

and 

ATP (~ompare lanes 7 and 9 in Fig. 2A to those in Fi g. 1). The rel ative 

amount of cross-linked 50-kDa CBP in the absence of ATP was 45 and 54% at 

30 and 65 mM potassium ion concentrat!on; respectively, of that obtained 

-in the presence of ATP at the same K+ concentration as determined by 
'\. 

densitometry tracing. Cross-linking of the 28-kDa polypeptide: which 

only occurs to a significant extent at 140 mM K+ concentration in the 

presence of ATP (Fig. 2A, lane 5), did not occur in the absence of ATP 

except possibly at 65 mM K+ concentration. This could be due to the 

generally reduced level of cross-linking of the different CBPs at the 

. elevated K+ ~oncentration (Fig. 2A, lane 11). Cross-linking of the 50-

and 80-kDa polypeptide is optimal at 65 mM salt as compared to 140 mM K+ 

optimum in the presence of ATP, a situation which could be explained if 

the inosine-substituted mRNA has sorne secondary structure at the higher 

concentration, which in the absence of ATP prevents eross-linking of 

ATP-Mg 2+-dependent cap specifie polypeptides to the mRNA. 

To ensure that the observed effects were due to changes în 'seeondary 
. 

structure and were not simply a result of inosine substitute ~ se, we 

petformed identieal experiments with bromouridine-substituted mRNA since 

in this case the secondary structure should be more stable than in native 



'rnRNA (11). 

" 
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As can be seen in Fig. 2B, in the presence of ATP the extent 
,/ 

of cap-specifie cross-linking of this mRNA to the various polypeptides 

was similar to that of inosine-substituted mRNA and approximately 3-fold 

lower than that of native mRNA. However, 'as with the native mRNA, the 

proportion of cross-linked polypeptides at low potassium concentrations 

was in favor of the 24-CBP. Maximum cap-specifie cross-linking of the 

• 50- and 80-kDa polypeptides was achieved at 65 mM potassium ion concen 

trat.ion (Fig. 2B, lane 3), in contrast to the 140 rrt~ optimum for inosine­

substituted and native mRNA. In_ the absence of ATP-Mg2+, the only cap- , 

specifie cross-linking was of the 24-CBP 'lanes 7-12) and maximal cross-

'linking was achieved at 65 mM potassium (lane 9) as for the cross-linking 

in the presence of ATP-f'4g 2+. These results further indicate that mRNA 

with secondary structure requires ATP-Mg 2+ for cross-linking to the 28-, 

50-, and 80-kDa cap-specifie polypeptides. 

It has been shown that salt concentrations have an effect on the 

degree of cap dependence exhibited by capped mRNAs for translation 

(19-21), which might be related to the fa ct that high salt concentrations 

confer more stabl e secondary structure on mRNA (18). In li ght of our 

proposed model in which mRNA secondary structure is melted by a CBP(s) as 

a prerequisite for binding of ribosomes, one significant prediction is 

that, under conditions in which the melting step limits initiation 

complex formation, increasing salt concentrations will eventually inhibit 

formation of initiation complexes. This inhibition should be less 

c pronounced with the relaxed, inosine-substituted mRNA sin,ce the stability 

of its secondary structure is considerably reduced (10,11). To verify 

this prediction, we analyzed the effect of K+ concentration on binding of 

wheat germ ribosomes to reovirus mRNAs with different degrees of 
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FIGURE 3 

Effect of K+ concentration on tra~lation initiation complex 

formation. Ribosome binding to native reov;rus mRNA (24,OOO cpm: A-C), 

bromouridine-substituted reovirus mRNA (26,000 cpm; D-F), or 

inosine-substituted reov;rus mRNA (15,~00 cpm; G-I) was performed as 

described under "Materials and Methods". The final concentrations of K+ 

in the reaction mixtures including 45 mM KCl contributed by the wheat 

germ extract and added KOAc was a fol1ows: A,D and G, 45 mM; B,E, and H, ' 

90 mM; C.F, and l, 180 mM. The per cent of radioactivity bound to 

ribosomes was the following: A, 72%; B, 76%; C, 30%; D, 72%; E, 56~ F, 

9%; G, 60%; H, 63%; l, 55%. 
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second~~y structure (binding of these rnRNAs to ribosomes appears to be 

functional since polysomes accumulated in the absence of the chain 

elongation inhibitor, sparsornycin). Fig. 3 (A-C) shows that binding of 

native reovirus mRNA to ribosomes is reduced when the K+ concentration is 

increased. Binding is decreased fram 72% of input rnRNA bound at 45 mM K+ 

(A) to 30% bound at 180 mM K+ (C). The binding of brorn~uridine­

substituted rnRNA, which contains more stable secondary structure than 

native, rnRNA (11), should be inhibited to a greater extent than native 

rnRNA when K+ concentrations are increased, assuming ~gain that the 

meltin~ step limits formation of initiation complexes in the cell 

extracts. The results (O-F) indicate that this 1s the case: about 72% of 

the input mRNA was bound at 45 lJ'lv1 K+ (0) similarly to native mRNA. 

However, at the highest K+ concentra~ion (180 mM, F) the binding was 
\ 

reduced to ~ 10% of that at 45 lJ'lv1 K+, ; n compari son to an ~ 60% reducti on 

observed with native reovirus rnRNA. To further test our prediction, we 

carried out ribosome binding experiments with inosine-substituted . 
~ reovirus rnRNA. Since it does not contain significant secondary structure 

(10-12), it is predicted that an increase in K+ concentrations will not­

affect ribosome binding to this mRNA. Fig. 3 (G-I) shows that the 

binding of inosine-substituted mRNA decreased only slightly (~1O%) fram 

62% input rnRNA bound at 45 mM (G) ta 56% at 180 mM (1). 

1 
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DISCUSSION 
, //~ 

Several observati on~f1ave led to our hypothesi s that cap recognition 

factors facilitate,~ibasome binding by melting secondary structures of 
/ ' 

eukaryotic mRNA's involving 51 sequences proximal to the initiation codon 

(3,6). Firstly, it has been demonstrated that the irreversibly denatur­

ed, inosine substituted reovirus mRNA is less dependent on both the cap 
t~ 

structure and ATP hydrolysis for initiation complex formation than is 

native reovirus mRNA (10-12). Secondly, a monoclonal antfbody with 
o 

anti-CBP activity was shawn to inhibit binding of ribosomes to native 

reovirus mRNA but had no such effect when inosine-substituted mRNA was 
'7 used (6). 

Since high ionic strength most likely confers more stable secondary 

structure on mRNA (18), we analyzed the effect of salt concentration on 

ribosome binding to reovirus mRNAs with different degrees of secondary 

structure. We found.a direct relationship between the degree of secon-

~~"'dary structure of the mRNA and the extent to which initiation camplex 

formation is int\ibited by high salt concentration (Fig. 3). A reasonable 

interpretation of these results is that the increased stability of the 
. 
mRNA secondary structure under high salt concentrations prevents the 

factors involved in melting the mRNA from functioning. An alternative 

explanation is that the activity of a factor(s) involved in melting of 

the mRNA secondary structure is dir'ectly inhibited by high salt concen­

trations. A concerted effect of these two possibilities is also nQ.t 

excluded by our results. These results are in accord with the absetva-

tions that'·translation of sorne capped mRNAs is inhibited at high salt 

concentrations (19) whereas translation of the naturally capped AMV-4 

rnRNA, which has little potential tor forming stable secondary structure 
< 

1 
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at its 5' end (22), is not sensitive to high salt concentrations (19). 

The precise mol~cular mechanism by which cap recogniti~n f~t~rs 

mediate ribosome bindiog is not clear. The results presented here 

indicate that the 50- and 80-kDa polypeptides are able to interact with 

the cap structure in an ATP-independent œanner only when the secondary 

structure-of the mRNA is reduced. This observation provides evidence 

that mRNA secondary structure determines the accessibility of the cap 

structure to the different cap recognition factors and is consistent with, 

the idea that AT? hydrolysis is required to melt the secondary structure 

'of eukaryotic mRNA, although t.t·'~ields no further indicat)ion as to 

precisely which factor might effect this process. " (0 . 
Recently, Grifo et al. (23) have demonstrated that preparations of 

eIF-4A and .eIF-4B can be specifically cross-linked to the 51 oxidized cap 
, " ' structure in an ATP-Mg 2+-dependent manner, suggesting that the 50- and 

80-kDa polypeptides might correspond to eIF-4A and eIF-4B, respectively. 

Cross-linking of each of these purified factors required the presence of 

the other and since the 24K-CBP was invariably present in preparations of 

eIF-4B, it is possible that cap reèogn1tion by eIF-4A and eIF-4B 1s also 

dependent on the 24K-CBP. These results together with prev10us 

observations (3,6) suggest that functional cap recognition factors exist 
. , 

as a complex, containing both cap recognition and secondary structure 

melting functions. Interaction of this complex with the cap ,structure . 
might be a sequential process in which th& 24K-CBP recognizes the cap 

structure, followed by ATP-dependent melting of the secondary structure 

and subsequent interaction of the 50- and 80-kDa polypeptides with the 

cap structure. In a more recent publication, Tahara et al. (24) have 

reported ~h~t the cap specifie cross-linking of purified eIF-4A and 
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. , 
eIF-4B ta m7I-capped inosine-sùbstituted reovirus mRNA is dependent on 

, 
ATP-Mg 2+. The appare'lt ~i fierenc~ between thi s resul t and those rê'ported 

, 
here is probably due' to the fact tha1; we have used a crude system thaL~ 

may.contain, in addition to ,eIF-4A and eIF-4B, other components of 

importance to the cap recogni ti on process. 

ln summary, our results are consistent with the possibility t~at 
) 

AT~-Qepende~t melting of the secondary structure of mRN~ is a pre-

~eQuisite for intera~tion between certain cap recognition factors and ~el 
(- ~~. - "" 

51 terminus of~-"-~RNA. This interaction m~ then facilitatè binding of 
\ 

405 ribosomes to the 51 '4erminus of the rnRNA. Elucidation of the 
", , 

iO ~ J.Tl~-

molecular mechantSnÎs-invo'lved in su ch a pr~"céss await a direct demonstra-

ti on of me l ti ng act i vi ty. One approach whi.ch shoul d prove val uab 1 e in . 
, ttrls respect is the use of rnRNA secondary structure mapping techniqués to 

determine al terations in mRNA secondary structure in the presence of 

purified cap recognition' jattors. 

:: 

!fi' .' 

l' 

( 

" 

1 

l 
1 
\ 



- \ 

\ 

\ 

( 

AGtNOWLEOGEMENTS 

We thank A; J 

-

-107-

Shatk in for hel pful cOlTIIIents on ~he manuscri pt. 

/ ~ 

.... 

", 

'. 



( 

\ , 

\ 
\ 
1 

û -

\ 

( 

1 \ 

-108-

REFERENCES 

1. Sonenberg; N., Morgan, M.A q Merriek, W.C~, and '~tkin, A.J. (1978) 
f 

Proc. Natl. Acad. Sei. U.S.A. ~, 4843-4847. 

2. Sonenberg, N., Rupprecht, K.M., Hecht, S.M., and Shatk.in, A.J., 
~ ,., 

,'Il (1979) Proc. Natl. Acad. Sei. U.S.A. 76, 4345-4349. 

3. Sonenberg, N. (1981) Nucleic I\cids Res. ~, 1643-1656~ 

4. Hansen, J., and Ehrenfeld, E. (1981) J. Virole 38,438-445. 

5. Lee, K.A.W •• , and Sonenberg, N. (1982) Proe. Natl. Acad. Sei. U.S.A. 
-, Il 

Ji, 3447-3450. 

6. Sonenberg, N., Guertin, D., Cleveland, D., and Trachsel, H. (1981) 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Ce 11 27, 563-572. 

? • 
Marcus, A. (1970) J. B101. Chem. 245, 962-966. 

Trachsel, H., Erni, B., Schreier, M.H., and Staehelin, T. (1977) J. 

Mol. Biol. 116, 755-767. 
.' , 

Benne, R., and Hershey, J.W.B. (1978) J. Biol. Chem. 253, 

3078-3087. 

Morgan, M.A •• and Shatkin, A.J. (1980) Bioehemistry ~, 5960-5966 •• 

Kozak., M. (1980) C'ell .!!' 79-90. 

Kozak, M. (1980) Ce 11 22, 459-467. 
(" -

Jackson, R.J. (1982) in Protein Biosynthesis in Eukaryotes - \ 

(Perez-Bercoff, R., ed) pp. 363-418, Plenum Press, New York. 

14. Muthukrishnan, S., Morgan, M .• Banerjee, A.K., and, Shatk.in, A.J. 

(1976) Biochemistry l§., {·-"61-5768. 

15. sonenber~, N., and Shatkin, A.J. (1977) Proe. Nat'" Acad. Sc;i. 

U.S.A. 74, '4288-4292. 

16. Both, G.W., Furuichi. l., Muthuk.rishnan, S.,' and Shatkin, A.J. 

(1976) J. Mol. Biol. 104, 637-658. 

\ 
\ 

, ., , 

,r.«.' , , 



'" 

( 

-109-

Ï7. Crystal, R.G., Elson, N.Â:, and Anders,?n, W.F. (1974) Methods 

Enzymol. 30, 101-127. 

18. Holder, J.W., and Lingrel, J.B. (1975) Biochemistry 14, 4209-4215. 
-' 

19. Herson, D., Schmidt, A., Seal, S.N., Marcus, A., and van 

Vloten-Doting, L. (1979) J. Biol. Chem. 254, 8245-4249. 

20. Weber, L.A. Hitkey, E.D., Nuss, D.L'" and Beglioni, C. (1977) Proe. 

Natl. Aead. Sci. ~.S.A. 74, 3254-3258. 

21. Chu, L.-Y., and Rhoads, R.E. (1978) Biochemistry 17, 2450-2454. , -
22. Koper-Zwarthoff, -E.C.; Lockard, R.E., Alzner-DeWeerd, B., 

RajBhandary, U.L., and Bol, J.F. (1977) Proe. Natl. aCad. Sei. 

U.S.A. 1!, 5504-5508. 

23. Grifo, J.A., Tahara, S.M., Leis, J.P., Morgan, M.A., Shatkin, A.J., 

and Merriek, W.C. (1982) J. Biol. Chem. 257, 5246-5252. 
, 

24. Tahara, S.M., Morgan, M.A., Grifo, J.A" Merriek, W.C., and Shatkin, 

A.J. (1982) in Interaction of Translational and Transeriptional 

Controls in the Regulation of Gene Expression (Grunberg-Manago, M., 

and Safer, -8:, eds) pp. 359-372, Elsevier Biomedical, New York. 

1 : 



i 
\ 

{ . 

( 

( 

u 

·f 

CHAPTER 5 
--~ 
J 

~ , 
Involvement of Eukaryotic Initiation Factq~r4A 

in the Cap Recognition Process 
.. 



~ .. 1 

1 ~ 
\ 

r 

' .. " 

• 

--
• 

-111-

SUMMARY 

Antibodies against eukaryotic initiation factor 4A (eIF-4A) were 

used to stuQy the involvement of this factor in recognizing the 51 cap 

structure ofreukaryotic mRNA. We demonstrate that an ~ 50-kilodalton 

polypeptide present in rabbit reticulocyte ribosomal high salt wash which 

can be specifically cross-linked to the 51 oxidized cap structure of 

reovirus mRNA (Sonenberg~,N. (1981) Nucleic acids. Res. 9, 1643) reacts 

with an anti-eIF-4A monoclonal antibody. We also show that antibodies 

against eIF-4A react with a 50-kilodalton polypeptide present in a cap 

binding protein complex obtained by elution from an m7GTP-agarose 

affinity column. Comparative peptide analysis of eIF-4A and the 

50-kflodalton component of the cap-binding protein complex indicates a 

very strong similarity between the two polypeptides. 

( 
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Cap-binding protei~s from rabbit reticulocyte ribosomal high salt 

wash that i nteract di rectly or i ndi rectly with the cap structure of 

eukaryotie mRNAs have been identified by specifie chemical cross-linking 
t " 

to the S' oxidized eap structure of reovirus mRNA (17"3). ,Polypeptides of 

Mr = 24,000, 28,000, 50,000, and 80,000 have been detected using this 

assay and exeept for the Mr = 24,000 species (24K-CBP(1») the cross­

linking is absolutely dependent on the presence of ATP-Mg 2+ (2,3). These 

CBPs are most likely involved in the process of ribosome binding during 

translation initiation and consequently their relationship to previously 

characterized initiayion f~ctors is of interest. Recent findings have 
;' 

indicated that rnRNA' binding of two initiation factors, eIF-4A and eIF-4B, 
o 

can be stimulated by ATP-Mg2+, is partially sensitive to cap analogues 

and requires the presence of both factors (4). it has been 

reported that eIF-4A and eIF-4B, when present togeth r~ can be specifi 

cally cross-linked to the oxidized cap structure of r ovirus mRNA in the 

presence of ATP-Mg 2+ (4). These observations suggeste that the 50- and 

80,-kDa cap-specifie polypeptides previously detected by the cross-linking 

assay in erude initiation factor preparations correspond to eIF-4A and 

eIF-4B respectively. 
/~ 

In poliovirus-infected Hela cells, the mechanism of cap recognition 

is impaired (5). Earlier studies suggested that the 24K-CBP was 

inaetivated by poliovirus since apparently homogenous preparations of 

this polypeptide could restore translation of capped, vesicular 

stomatitis virus "mRNA in extracts from poliovirus-infected cells (6). 

-------------~ -~~--~-
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However, this restoring activity was labile and sUbsequently Tahara et 

al';, (7) have isolated a stable form o'f restoring activity using a m7GOP-
~ 

Sepharose affinity col;vmn (8), consisting of the 24K-CBP (termed CBPI) 

and polypeptides of M = 48,000, 55,000 and 225,000 (9) which was termed 
r 

CBP II. Furthermore, -Etchison et~. have shown that a 220-kOa palypep-

tide is cleaved during poliovirus infection and that this polypeptide is 

antigenically related to the largest polypeptide in the CBP complex (10). 

The identification and functional significance of the polypeptides in the 

CBP complex is, consequently, an interesting question bath with respect 

to regulatian of translation during poliovirus infection and the cap 

recognition process in general. 

Here, we have purified a high molecular weight protein complex 
~ 

consisting of the 24K-CBP and other major polypeptides of Mr = 50,000 and 

220,000 by means of affinity chromatography on an m7GTP-coupled agarose 

column. Based on its composition and its ability to restore translation 

of capped mRNAs in extracts from poliovirus-inf~~ted cells, this complex 

appears functionally analogous to the CBP II previously described (7, 9) . " 
and wi 11 be referred to as the CBP compl ex. In additi on, we have deter­

mined the relationship between the 50-kOa polypeptide in crude initiation 

factor preparati ons that can be cross-l i nked ta the oxi di zed cap 

~. structure, the 50-kOa polypeptide in the CBP camplex, and eIF-4A. 
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MATERIALS AND METHODS 

Cell and V~rus - Growth of L cells and ;~fection with reovirus 

(Dear;ng 3 strain) were as described (11). [3HJMethyl-labeled reovirus 

mRNA was synthesized ta a specifie activity of 2 x lOIt cpm/1l9 and perio­

date oxidized ~s previausly described (12). 

Prote;n Synthesis Factors - Preparation of rabbit reticulocyte 

ly~ate, h'igh salt wash of ribosomes (as the source of initiation 

factors), and subfractionation of the latter fraction to a 0-40% ammonium 

sulfate fraction were as described by Schreier and Staehelin (13). 

Rabbit reticulocyte eIF-4A and eIF-4B were purified through steps 15 and 

7, respectively, according to Benne et al. (14). 

preparation of CBP Complex -~Pttrification was essentially as 

described by Etchison et al. (10). A 0-40% ammonium sulfate fraction of 

rabbit reti cul ocyte ribosomal hi gh salt wash (14 A28U ) was 1 ayered on a 

12 ml 10-35% 1inear sucrose gradient in Buffer A (20 mM Hepes, pH 7.5, 

.0.2 mM EDTA, 0.5 mM PMSF, and 7 mM 2-mercaptoethanol) containing 0.5 M 

KC1. Centrifugation was for 24 h at 38,000 rpm in an SW40 rotor at 4dC. 

The top half of the gradient, excluding fast sedimenting e1F-3 (;;>lOS) , 

was pooled and dialyzed against Buffer A containing 0.1 M KCl and 10% 

glycerol. The dialyzed materia) (3-7 A28o ) was then loaded directly onto 

a m7GTP-agarose affinity column il x 0.7 cm) (preparation of this column 

will be described elsewhere) equilibrated in Buffer A containing 0.1 M 

KCl and 10% glycerol., Proteins which bound to the column nonspecifically 

were eluted by washing with 50 ml of Buffer A eontaining 0.1 M KCl and 

10% glycerol followed by 4 ml of 100 f.1M GTP in the same buffer. Cap­

specifie proteins were eluted with 4 ml of 75 !lM m7GTP. A final wash 

wi th Buffer A contai ni ng lM KCl and 10 glycerol was used to el ute the 
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re~in~ ,adsorb~d material. 

Cross-linking of mRNA to Proteins Synthesis Factors - [3H]Methyl­

labeled, 'oxidized reovirus mRNA was incubated with initiation factor 

preparations for 10 min at 30°C essentially as described before (2), 

,followed by the addition of NaBH 3CN (Aldrich, freshly prepared) and RNase 

A to degrade the mRNA. The samples were resolved on SDS-polyacrylamide 

gels, and labeled bands were detected by fluorography as described in the 

legends to figures. Quantitation of protein labeling was performed by 

scanQing the radioautograph with a soft laser scanning densitameter 
/ 

(LKB). i 
1 

r 
Prepartion of Anti-eIF-4A Monoclonal Antibody - Immunization was 

achieved by injection of BALB/cJ female mice with rabbit reticulocyte 

eIF-4A that had been' purified through Steps 1-4 (15). Mice weré injected 

intraperitoneally 'with 200 j.ll of eIF-4A (30 I-1g) in TBS/complete Freund's 

adjuvant (1:1). The injection was repeated after 2 weeks, with 

incomplete Freund's·adjuvant. Four weeks later a final injection was 

given (400 ~l of TBS/incomplete Freund's adjuvant containing 125 ~ of 

eIF-4A). Spleen cells from this mouse were fused with FO myeloma cells 

as described (16). Culture supernatants were tested by using a solid 

phase enzyme-linked anti~oc\y as say and positive cultures were recloned by 

limiting dilution as described (16). The ELISA was performed by applyjng ,A 

eIF-4A (5-10 ~g/ml in TBS) to microtiter plates( (Dynatech) and allowing 
'-.,..-

it to adsorb for 1 h followed by addition of 200 1-11/well of 2.5% BSA in 

TBS for 1 h to saturate free protein-binding sites. The plates were 

washed briefly with TBS and hybridoma supernatants were added (50 

~l/well). Following incubation for 2-16 h, plates were washed 4-5 times 

with TBS and incubated for 3 h with 1 ~g/ml of peroxidase-conjugated 

, . 

-1 
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rabbit anti-mouse ilTlTlunoglobul in (Dako) in TBS containing O.5X BSA. Th'e 

plates were washed again and stained with 0.4 mg/ml of 5-amino-2-hydroxy­

benzoic acid t 0.003% H202 in TBS (50 \J.l/well)." For preearation of "---
/, 

purified antibody, cells (1-2 X 10 7 ) of the clone were injected intra-
! 

peritoneally in BAlB/cJ m;ce. About 2 weeks later; the mice were killed 

and the ascites fluid collected. Antibodies were purified from the 

ascites fluid by (NHq}2S0q precipitation (1.75 M final concentration) and 

DEAE-cellulose chromatography (17). 

Preparation of Anti-eIF-4A and -4B Antibodies - Polyclonal antisera 

against Hela cell eIF-4A and -4B were raised in goats as described (18). 

The two sets of antibodies which react with rabbit reticulocyte eIF-4A 
'<> 

and eIF-4B, respectively, were affinity purified before use (18). 

Immunoblot Analysis - All illcubation were carried' out al: room 

temperature. Polypeptides were resolved on 10-18% linear gradient ,SDS­

polyacrylamide gels and transferred to nitrocellulose paper essentially 

as described by Towbin et~. (19) for 1 h at 25 V and lA. The nitro­

cellulose paper was incubated for 1 h with 2.5% BSA and 5% horse serum in 

saline and th en washed with T8S. The washed paper was incubated with 

anti-eIF-4A antibody (ascites fluid 1:20,000 diluted in TBS and 1% 

BSA/0.5% horse serum) overnight followed by washing with TBS. Bound 

antibody was detected by incubating the blot with peroxidase-conjugated 

mouse IgG (Sigma; 1:500 dilution in TBS) for 3 h, washing in TBS, and 

development by a color reaction with diaminobenzidine (19). For the 

experiment described in Fig. 3 (lanes 2 and 3) the procedure of Meyer et 

al. (18) for immunoblotting was followed. 
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FIGURE 1 

Identification of the cross-linked 50 kDa polypeptide in total 

reticulocyte initiation factors as eIF-4A. A high salt ribosomal wash 

fraction from rabbit reticulocytes (~ 10 A2BO' 100 ~l) was incubated 

under cross-linking conditions (as described under "Materials and 

Methods" and in Ref. 3) in a final volume of 300 1-1;1 for 10 min at 30°C, 
1 

in absence (lanes 1 and 3) or presence of 0.7 mM m7GDP (lane 2). Fol 1 ow­

ing the addition of 30 ~l of 0.2 M NaBH 3CN and incubation overnight at , 

4°C, RNase A (20 ~l, 10 mg/ml) was added and incubation was continued for 

30 min at 37°C. SDS-sample buffer (150 ~1) was added and the samples 
,. 

were boiled for 5 min. For lanes 1 and 2, 100 ~l were applied on a 10% 

SDS-polyacrylamide gel for electrophoresis (20). For lane 3 the follow-

ing procedure was followed. A 100 ~l fraction of cross-linked proteins 

was precipitated with 900 ~l of cold acetone at _20
G e, pelleted, and 

diisolved in 20 ~l of TBS containing 0.5% NP-40, 0.25% sodium 

deoxycholate, -and 0.25% SOS. Purified anti-eIF-4A monoclonal antibody 

(5 \J.g) was added followed by incubation at 4Ge for 2 h and addit,ion of 
~ 

20 ~l of rabbit anti-mouse immunoglobulin (Oako) at equivalence. After 

incubation overnight at 4°e, the precipitate formed ~as pelleted in an 

Eppendorf centrifuge and washed 3 times in TBS containing 0.5% 'NP-40, 

dissolved in SOS-sample buffer, and applied to the gel. Following 

electrophoresis, gels were treated with 1 M sodium salicylate and exposed 

to XAR-5 Kodak film. 
, 
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RESULTS 

We attempted tQ determine whether the 50~kDa polypeptide present .in 

rabb,it reticulocyte crdue initiation factor preparations that cafl be 
r 

cross-l inked ta the oxidized cap structure of reovirus mRN'; in an ATP-

dependent- n?GDP-sensitive manner, corresponds to eIF-4A as previously 
,<r '~ 

suggested (4). ' Ta this end, we used a monoclonal antibody directed 

against eIF-4A ~ to jnununopreci pitate total i nitiati on factors that were 
( 

c~sS=...u-nk-ed_~~{lXidized reovirus mRNA. Fig. l shows that cross-linking 

of the major polypeptides of 24, 50 and 80 kDa was inhibited by the 

addition of m7 GDP (compare lane 2 ta 1) as established previously (2,3). 

The immunoprecip,itation of cross-linked initiation factors with anti-eIF-

4A monoclonal antibody is shawn in Fig. 1, lane 3, and it is seen 'that 

only the cross-l inked 50 kDa polypeptide precipi tated. 

Sonenberg et.Q. (8) have prei vously purifi ed the 2~K-CBP by centri­

fugation of a 0-40% ammonium 'sulfate fraction of rabbit reticulocyte 

ribosomal high salt wash on sucrose gradients in 0 .. 1 M KCl and~ appli-
-

cation· of the slow sedimenting fractions on an m7GDP-Sepharose affinity 
. ' 

chromatography column followed by elution with m7GDP. This procedure .. 
yielded an appa"rently homogeneous preparation of the 24K-CBP. However, 

t 
Tahara ~!!.. (7,9) have shawn that Dther polypeptid~\s ca~ be retained 

and eluted from an m7GDP-Sepharose affinity column if rabhit reticulocyte 

ribosomal high salt wash is fractionated on sucrose gradients in 0.5 M­

KCl and fraction~ excludirtg the fast sedimenting eIF-3 are appiied to the 

column. In an attempt to characterize these other polyp~p~ides we have 

modified the procedure of Tahara et~. (7) and in -addition~ used an 

", m7 GTP-agarose col umn for affi ni ty chromatography in the fi nal step of 

purification. Fig. 2 shows a typical Coomassie blue-staining pattern of 
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) An~ysis of the CBP complex polypeptides by SDS-polyacrylam1de gel 

" 

. . ,~ 

electrophoresiV CBP complex (~ 2 I-I-g), purified 
/ 

"-
as described under 

"Materials ait! Methods", was resolved 
" ,1 

~Ol1Qwed[ coomaS:fe blue stafnfng. 

• 

. , 
~ 

" . , 
, 1.-

, , 

on a 12.5% SDS~p~lyacryl amide gel , 
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the polypeptide$ eluted fram the m7GTP-affinity column, the major 

components being polypeptides of Mr = 24,000, 50,000, and 220,000. The 

50 kDa component comigrates with eIF-4A, consistent wit observations of 

Tahara et al. (9), and the 24 kDa polypeptide comigrates with purified -- \ 

24-GBP, isolated from rabbit reticulocyte $-100 fraction (data not shown). 

In addjtion to these major components the CSP complex preparation 

contained minor polypeptides of variable intensity depending on the 

preparation (e.g. polypeptides of ~ 160 kDa). We believe that sorne of 

these pOlypeptides are degradatlon products of the 220 kDa polypèptides, 

since polyclonal antibodies affinity purified with 220 kDa pOlypeptide 

also react with the lower molecular weigbt polypeptides (10). The 

dt.fferent polypeptides eluted from the m7GTP-agarose colurnn are most 

probably in the form of a cornplex, since they cosediment in a sucrose 
1 

gradient in 0.1 M KCl and 0.5 M Ktl (data not shown). 

Since eIF-4A can be cross-linked specificgllly to the cap structure! 

(4), it seemed a likely possibility that the 50 kDa polypeptide component 

of the CBP cornplex which comigrates with eIF-4A is identical with eIF-4A • 

. ' Consequently, we analyzed the ability of the anti-eIF-4A m?noclonal anti-
, 

Ibody to react with the 50 kDa polypepti de of the CBP compl ex foll owi ng 

transfer of the complex polypeptides ta nitrocellulose. Fig~ 3 (lane 1) 

shows the immunostaining proHle of the CBP complex' polypeptide when 

probed with anti-eIF-4A monoclonal antibody, indicating that only the 50 

kDa polypeptide reacts with the antibody. In agreement with this is the 

observation that affinity-purifiêd polyclonal antibodies against eiF-4A 

also react- specifically with the 50 kDa component of the CBP complex 

(1ane 2). In the' latter experiment we used affinity-purified polyclonaf 

antibodies against eIF-4B in addition to anti-eIF-4A to test for the 

'0 
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" 

FIGURE 3 

Immunoblot analysis of the CBP complex using anti-eIF-4A and 
. , 

a~ti-eIF-4B antibodies. Samples were resolved either on a 10-18% 

~;~dient (lane 1) or a .10% (lanes 2 and 3) SDS-polyacrylamide gel. For 

t~""'e~periment in lane 1, prote; ns in the gel were transferred onto 

nitrocellulose paper and probed for with anti-eIF-4A monoclonal antibody 
~ -

as described under "Materials a~d Méhods". For the experiment in lanes 

2 and 3, the proteins in the gel were transferred electrophoretically ta 

nitrocellulose paper and processed as previously described (19). After 
<. 

''\., transfer, the paper was incubated in TBS containi'ng 3% BSA followed by 
• 
1lKubation with a mixture of affinity-purified polyclonal anti-eIF-4A and 

anti-eIF-4B antibodies. Excess antibody was washed away followed by Jf '\ 

incubation with 12~I-labeled rabbit anti-goat IgG. The paper was then ~ 
~ ~ashed and exposed to Kodak X-Omat SB5 film. Lanes 1 and 2 contained 

,~ 4 ~g of CBP complex. Lane 3 contained 1 ~ each of eIF-4A and eIF-4B. 
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presence of· both eIF -4A and eIF -4B in. the CBP compl eX t but no reacti on 
, 

with a polypeptide corresPQnding to eIF-4B was detected (lane 2). In a 

control experiment. it can be seen that the mixture of antibodies against 

eIF-4A and eIF-4B reacted strongly with their cognate antigens (lane 3; 
J 

streaking of eIF-4B has been observed on several occasions but its cause 

;s unknown). These results indicate that eIF-4A but not eIF-4B is 

present in the CBP complex prelJ.aration. This observation is pertinent in 

light of the report that eIF~4B is required for the ATP-Mg 2+-dependent 

cross-linking of eIF-4~ (4) and might indicate thàt eIF-4B ~an associate 

or interact with the CBP complex but is not an integral part of it (7,9). 

To support the immunological data indicating structural similarity 

between the 50 kDa polypeptide present in the CBP complex preparation and 

eIF-4A, peptide analysis of the two polypeptides was performed. Fig. 4 

shows the tryptic maps of eIF-4A (A), 50 kOa polypeptide (C), and a 

mi xture of eIF -4A and the 50 kOa polypepti de (B). It is cl ear that the 

major;ty of peptides are comman to eIF-4A and the 50 k~POlypePtide 

(these peptides are indicated by small arrawheads). However, one consis­

tent and possibly significant difference i in the peptide maps of the two 

polypeptides is noted by the heavy and thin arrows. Whereas the peptide 

indicated with the heavy arraw appears to be prominent in the eIF-4A 

preparation (Fig. 4A), the peptide indicated with the thin ~ ;s 

prominent in the 50 kDa pOlypeptide of the CBP complex (Fig. 4C). This 

difference may reflect a modification of eIF-4A that could contribute ta 

the observed distribution of eIF-4A between its free form and the CBP ~ 

complex. 

An important question raised by these findings concerns the 

functional significance ,of eIF-4A in relation to its distribution between 
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FIGURE 4 
J 

l~q 

Peptide mae analys}s of eIF-4A and the 50 kDa component of CBP 

complexe eIF-4A (1 I-Lg) and',CBP complex ("" 3 I-Lg) were resolved on a 

10-18% SDS-polyacrylamide gel which was stained with Coomassie blue. The 

gel pieces containing eIF-4A and the 50 kDa component of CBP complex (see 

Fig. 2) were excised and labeled with 1251 (0.4 mCi/sl;ce) by the \ 
~ 

chl orami ne-T method accordi ng to El der et.2l. (21). The gel pieces were 

washed to remove free 12~I and the proteins dige-sted in the gel with 25 

I-Lg, of trypsin (Worthington). The resulting peptides were eluted from the 

gel and lyophilized. Peptides (1.5 X 10 5 to 2 X 10 5 cpm) were analyzed 

by electrophoresis in the first dimension and chromatographY'on 

cellulose-coated th;n layer plates (Brinkmann) in the second dimension 

(22). Electrophores;s was in pyridine/acetic acid/acetone/water 

(1 :2:8:40, v/v) at pH 4.4 for 75 min at 800 V. Chromatography was in 

n-butyl alcohol/acetic acid/water/pyridine (15:3:~2:10. v/v) for 5-6 h. 

Plates were exposed to Cronex-4 X-r~ film and Cronex Hi-plus 

intensifying screens for 16-24 hr. A, eIF-4A; B. eIF-4A + 50 kDa poly 

peptide of CBP complex; C, 50 kDA polypeptide of the CBP complexe 

( 
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the free fonn and the CBP complexe In order to gain insight into this 

question we analyzed the cross-linking characteristics of the different 

species containing eIF-4A, and since eIF-4B has been implicated in the 

cap recognition process (4). we examined its involvement here. 

In the absence of ATP, incubation of oxidized reovirus mRNA with the 

CBP complex ?lone results in cross-linking of the 24 CBP ~Fig. 5, lane 1) 

which is m7GDP-sensitive (lane 2), while no cross-linking of the eIF-4A 

component of the cornplex is seen. Addition of eIF-4B to the CBP complex 

in the absence of ATP-Mg2+ resulted in cross-linking of eIF-4B in 

addition to the 24K-CBP (lane 3). However, cross-linking of eIF-4B under 

these conditions is apparently not due to specifie intera~tion with the 

cap since it was enhanced about 4-fold in the presence of rn 7GDP (lane 4). 

This nonspecific cross-linking which has been observed before (1) is 

enhanced in the presence of rn 7GDP probably beca~se under these conditions 

the 24K-CBP cannot compete for rnRNA binding. These results are consis­

tent with previous findin~s using crude initiation factor preparations, 

which showed no cap-specifie cross-linking of eIF-4A or the 80 kOa poly-
-', 

peptide (probably eIF-4B) in the absence of ATP (1,23). 

Recently, Grifo et!l. (4) have demonstrated cap-specifie, ATP­

dependent cross-linking of eIF-4A and eIF-4B when both of these factors 

are present. The results from these studies also indicated the presence 

of sorne form of cap binding protein in the factor preparations used, 

since there was also deteetable cross-linking of the 24K-CBP. It is 

therefore pOŒsible that the cross-linking of eIF-4A'and eIF-4B is also 

dependent on the -24K-CBP, as poi nted out ~y the above authors. 
'--

Consequently, we were led ta examine the cross-linking charaeteristies of 

combinations of eIF-4A, eIF-4B, and the CBP complex in the presence of 

'r 

1 
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FIGURE 5 

Cross-linking profile of CBP complex to [3H]methyl-labeled oxidized 

reoviru~ mRNA in the absence'of ATP-Mg 2+. Cross-linking was performed as 

described under "Materials and Methods" and in the legend to Fig. l, in a 

final volume of 40 1-11 containing 2 1-19 of CBP complex and 6 lJ.9 of BSA in 

the presence (lanes 2 and 4) or absence (lanes 1 and 3) of 0.7 mM m7GDP. 

Lanes 3 and 4 also contained 1 ~g of eIF-4B. 
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ATP. Using on1y eIF-4'~ together with eIF-4B there was no detectab1e 

c~~ss-linking of any nature (Fig. 6, 1ane 1). This indicates that our 
~ 

preparations of eIF-4A and eIF-4B are not significantly contaminated by 

24K-CBP and that eIF-4A and eIF-4B alone are not sufficient for a cap­

specifie interaction with mRNA. The cross~linking profile obtained using 

the CBP complex by itself is identiea1 with that in the absence of ATP, 

showing cap-specifie cross-linking of the 24K~CSP only (lane 3). How­

ever, addition of eIF-4B to the CSP eomplex results in cross-linking of 

24K-CBP, the eIF-4A eomponent of the CBP eomplex and eIF-4B (lane 5). 

" This cross-linking is due to a cap-specifie mRNA-protein interaction as 

" indicated by the substantial inhibitjon on addition of m7GDP (74% and 60% 

i nhi bi ti on of eIF -4A and eIF -4B cross-l i nk i ng, respecti vely) (l ane 6) and 

shows,that eross-linking of eIF-4A in the CSP complex is dependent on 

eIF-4B. The eross-linking of both eIF-4A and eIF-4B is likewise depen­

dent on an aetivity present ,in the CSP complex, since we have found that 

a combination of 24K-CBP, eIF-4A, and eIF-4B ;s not sufficient ta enable 

specifia cross-linking of eIF-4A and eIF-4B (data not shawn). It is of 

interest, however, that addition of eIF-4A ta the CBP eomplex in the 

presence of eIF-4B.results in significant stimulation (about 5-fold) of 

eIF-4A cross-linking (compare lane 7 to 5). It is not clear, however, 1 

1 

from the se data whether the cross-linked eIF-4A is the eIF-4A eomponent 

of the CBP complex or the exogenously added eIF-4A. In summary, these 

data indicate that the CBP eomplex eontains an aetiv;ty that ;5 requ;red 

for the cap-specifie cross-linking of both eIF-4A and eIF-4B, and thaf 

eIF-4B med;ates cap recognition by eIF-4A in the CBP complexe 

L 
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Effect of CBP complex on cross-l~king of eIF-4A and eIF-4B ta 5' 

[3H]methyl-labeled oxidized mRNA in the presence of ATP-Mg 2+. 
'. ,. 

[aH]Methyl-labeled l oxidized reovirus mRNA was incubated with initiation 

factors ,and samples processed for SDS-polyacrylamide gel electropho~esis '. . 

and fl uorography as descri bed un der "Mater; al sand Methods Il and in Fi g. 

5. Cross-l inking was performed i.n the presence of 1 mM ATP .and 0.5 mM 

Mg2+ and in the presence or absence of 0.7 ntr1 m7GDP as indicated on the 

figure. The following amounts of factors were used: eIF-4A, 0.6 ~; 

eIF-4B; 0.5 119; CBP complex, 0.8 f.I9 ... Lanes 1 and 2, eIF-4A +. eIF-4B; 

lanes 3 and 4, CBP complex, lanes 5 and 6, eIF-4B + CBP complex; lanes 7 ' 

and 8, eIF-4A ~'éIF-4B + CBP complex. 
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nal ant1body with anti-CBP activity' 

œ-"i"B-l~:lBM' antly of Mr = 50,00d and 210,000) 

24K-CBP jsolated by affinity c~romato-. 
graphy on m7GOP-Sep aros,e B col umns, led ta the suggestion that Ili gher " 

, , 0 

molecular we'ight c p-spe,cific pOlypepti'des detected by the cross-linking 

, assay might be precursors of the 24K-CBP (2,3,24). 'Sincc the anti-CBP 

antibody also inhibits'cross-lfnking of all the cap-spe,cific pOlypeptides 

det,ected in crude inith~,tion factor ~prepa~ations (24,28,50, and 80 kDa 
, 

'polypeptides)~ it seemed a likely possibility that the cross-linked 50 
r 

kDa polypeptide was identical with the 50 kDa polypeptide recognized by 

the anti-CBP antibody. Cçmsequent'ly, in light of the suggestion by Grifo 
,~"'.r'l \~ 

et~. (4,) ·tha t the 50 kDa pol ypepti de ~ ch ca,n be cross-l i nked ; s 

eIF -4A and the data presented here, it i 5 of importa~ce to cl arify the 

relationship between .the 50 kOa polypèptide recognized, by the anti-CBP 

, antlbo<IY and eIF·-~A.\h: resuÙ:s presentèd' here show t~at the cross-

linkable 50 kDa POlypeW indeed eIF-4A, as gge'sted by Grifo et 

!le (4)~ since an anti-eIF-4A monoclonal antibod precipitates the cross-' 

linked 50 kDa polypeptide (Fig. 2). However, pepti e analysis shows that 

eIF-4A and the 50 kOa p'olypeptide which ,react~ with the ant:-CBP antibody 

are distinct pol'ypep't;ides (H. :~::chsel, unpublished results) . 'P1Ying~(' 

that the 50 kDa polypeptide recognized by,the anti-CBP antibody is not 
() ~ . -

cross-linked to oxidized cap structures when using crude initiation 

factor:s. 

An interesting question raised by the data presented here concerns 

the Juncti on al si gni ficance of eIF -4A.· Most of the eIF -4A found in , 
\ 

association with ribosome? fractionates in the 40-70% ammonium sulfate 

\ 

l, 

f 
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.r-~ fracti9n of initiation factors (14,15), while cross-linkable eIF-4A 1s 

found in the. 0-40% ammonium sulfate fraction. This suggests that cross-
" 

~) 
. ' 

linkiog of eIF-4A is dependent on factors present in the 0-40% ammonium 

sulfate fraction which could be complexed with eIF-4A. Fractionation of 

the complexed portion of eIF -4A in the 0-40% ammonium sul fate fraction 

mi ght then be due ta its associ ati on wi th the CBP compl ex, as recently 

suggested by Tahara et.!!... (9). Th~se observations raise the question as 
-. 

" to how eIF-4A might be partitioned between its free and complexed form;. t\ 

It is possible that a modificatiQn of eIF-4A permits its ~ssociation with 

another comp,?nent of the CBP complex"since -in tryptic peptide maps of the 

two, forms we, have consistently observed a difference in the relative 

amounts of two peptides that migrate close to each other (Fig. 4). How-

ever, it remains to be determined wh ether this is due to two forms of the 

same peptide and whether thi s putati ve modi ficati on has any functi"onal 

significance. In this respect it is of ,interest that the molar ratio of 

eIF-4A to ribosomes in Hela cells is 3, whereas that for other initiation 

factors to ri bosomes i s about 0.5 to 0.8 (25). 

Several observations led to the hypothesh that a cap-bi ndi ng 

proteines) facilitates ribosome binding by melting mRNA secondary 
, 

structure (2,3). However, such an activity is as yet uncharact~rized 
"'" 

except for the fact that it appears to require ATP-Mg 2+ and is inhibited 

by an antibody with anti -CBP acti vi ty. Lee et al. "have recently shawn 
, --

that cap-speci fic cross-l ink i n9 of the 50 kDa polypepti de in crude 

preparations of rabbit reticulocyte ribosomal high salt wash (shown here 

ta correspond ta eIF -4A) can take pl ace in the absence of ATP if the mRNA 

is devoid of stable secondary structure (23). This suggested that eIF-4A 

can i nteract wi th the cap structure only a fter the, energy-depend~nt 

1 
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melting of mRNA secondary structure. The observation that the eIF-4A in 

the CSP comp1ex cannot be cross-linked to the eap structure unless eIF-4B 

is present (Fig. 6) could imply that any putative melting activity is not 

solely present in the CBP complex but is dependent on eIF-4B or al ter­

natively that eIF-4B directly mediates cap recognition ,by eIF-4A. The 

1 atter possibil i ty is consi stent with resul ts from Grifo et al. .wI:lo have --, 
demonstrated cap-specifie ATP-Mg 2+ dependent cross-l inking of puri fied 

eIF-4A and eIF-4B when both are present together (4), al,though these 
\ .' 

results are at variance with the data presented here which demonstrate 

that the CBP complex is required for a cap-specifie interaction .between 

eIF-4A, eIF-4B, and rnRNA (Fig. 6). A likely explanation is that Grifo et 

al. (4) had CBP II (the CBP complex) as a contaminant in their eIF-4B -"-
preparati ons, si nce these investi gators obtai ned si gnificant èross-

linking of the 24K-CBP in their reactions, while no such cross-linking is 
l 

evident in our experiment (Fig.'6, lane 1). The possibility that Grifo 

et al. had the 24K-CBP (CBP 1) as thé on1y contaminant of thei"r eIF -4B 

preparations seems unlikely, in light of the fact that we have found no ..... ~ 

Il stimulation of the m7GDP-sensitiv~ cross-1inkfng of eIF-4A and erF-4B by 

the addition of purified·24K-CBP (K.A.W. lee, 1. Edery and N. Sonenberg, 
"'- . 

unpubl i shed observations). 
J 

A eap-binding protein complex (CBP II) was originally' purified"by 

T'ahata et ~. (7,9) and functiona11y characterized in that it could 

restore translation of êt capped mRNA in extracts from poliovirus-infected 
t\, '" 

Hela eells. Since the polypeptide composition of the CBP complex 

described here is to sorne extent 'deficient (missing a 55 kDa polypeptide) 

compared to that obtained by Tahara. et 21.. it was of importance ·to 

determine the biological activity of our CBP complex. To assess this. we 

.\ 
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" ils~ed for the ability to restore translation -df a capped ~NA (tobacco 

mosaic virus RNA in extracts from poliovirus-infected HeLa cells. The 

.r results obtained indicated that the cO\11ponents present in the CBP complex 

are sufficient for activity in the above assay (1. Edery, K.A.W. Lee and 

N. Sonenberg, manuscript in preparation). Further work will be aimed at 

determining the mechanism of action of the CBP complex in eukaryotic 

translation initiation and its mode of inactivation during poliovirus 
Q 

infection. 

We have recently learned that Gri fo et al. (26) have purified a 

cap-binding protein complex analogous to CBP II that has been termed 
< 

eIF-4F. This complex consists of four maj.~r polypeptides of ~ 24, 46, 

73, and 200 kDa. However. it is claimed that the 73 kDa polypeptid~ 

(corresponding to the 55 kDa polypeptide in Ref. 9) is not an ùintegral 

component of the CBP compl ex in agreement with our data • 

.. 
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SUMMARY 

In poliovirus-infected Hela cells. poliovirus RNA ;s translated at 

times when cellular mRNA translation is strongly- inhibited. It is 

thought that this translational control mechanism is mediated by 

inactivation of a cap binding protein complex [comprising polypeptides of 

24 (24-kilodalton cap binding protein), 50 and ~220 kilodaltonsJ. This 
1 
complex can restore the translation of capped mRNAs in extracts from 

poliovirus-infected cells. We have previously shown that the vifally 

induced defect prevents interaction between cap recognition factors and 

- mRNA. Here, we show that the cap binding protein complex (and, not the 

24-kilodalton cap binding protein) has activity which restores caR 

specifie mRNA-protein interaction when added ta initiation factors from 

poliovirus-infected cells. Thus, the activity which restores the cap . 
specifie mRNA-protein interaction and that which restores the translation 

of capped mRNAs in extracts from pol iovirus- ;nfected cel1-s, copurify. 

The results also indicate by an alternative assay, that the cap binding . , 
• 1 

protejn compl ex is the only factor i nacti vated by. pol Ï!Ovi rus. We. al so 

purified cap binding proteins from uninfected and poliovirus-infected 

Hela cells. By various criteria, the 24-kilodalton cap binding prote;n 

i s not structurally modifie}! as a resul t of infection. _ However, the 220 

kilodalton polypeptide of the cap binding protein complex i5 apparently 

cleaved by a putative viral (or induced) protease. By in vivo labeling 
Q 

and m7 GDP ·affinity chromatography, we isolated a modified cap binding 
" 

protein cpmplex from poliovjrus-infected cells, containing proteolytic 

cleavage fragments of the /20 kilodalton polypeptide. 

( 
''----

• 
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INTRODUCTION . " 

!he eap structure, m7GpppX(m) is found at the 51 terminus of a1most' 
,-

all eucaryotic mRNAs, pieornaviral ~nd som~ plant viral RNAs bein9 

notable exceptions (27). Many ~/dies have indieated that the cap \, 

structure faci]itates 40S ribost~e attachment to mRNA duri'l9_.i.nif-iatiô'n 

of translation (3,27) and it was anticipated that this function is 

mediated by a cap specifie mRNA-proteinJinteraetion. 

By chemical cross-linking to [3H]-labele,d oxidized capped viral 

mRNAs, it has been shown that polypeptides of 24, 50 and 80 kDa present 

in crude initiation factors (IF) from rabbit reticulocytes and several 

other mammalian sources (12, 19, 28 and KL & NS unpublished observations) 

specifically interact with the cap structure. The identity of two of 

these polypeptide is known: the 24 KDa polypeptide corresponds to the 

24K cap binding protein (refs. 28, 29; ~ee below) and the 50 kDa corre­

sponds to, eIF-4A based on the fact that it can be immunoprecipitated with 

a monoclonal antibody against eIF-4A (6) and that purified eIF-4A can be 

cross-linked to mRNA with similar characteristics to that of the 50 kDa 

polypeptide (6,10). The identity of the 80 kDa polypeptide is not 

estab,lished, but several results ,strongly suggest that it is eIF-4B. It 

'was shown that this factor can specifical1y cross-link to the 51 oxidized 

reovirus rnRNA on1y in the presence of ATP-Mg++ (6,10) as demonstrated for 
," 

the 80 kDa po1y?eptide in preparations of crude IF. In addition cross-

linking of eIF-4B requires the presence of other initiation factors. "j 
(eIF-4A in ref. 10 and CBP compJex in ref. 6). 

Polypeptides with affinity ,for the cap structure have been purifi,ed 

from rabbit reticulocytes by m7GDP aff~nity chromatography. Original1y a 

24K cap binding protein (24K-CBP,' CBPI or eIF-4E) was purified by ~ 

----~-------------------------------
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Sonenberg et' ~l. (30) a,nd subsequently a high molecular weight complex 

comprising the 24K-CBP and'major polypeptides of 50 kOa and 220 kDa, was 

purified by several groups independently (6, 11, 31). This complex is 

referred ta as CBP II, eIF-4F or the CBP complex (throughout this paper). 
"* The 50 kDa polypepti'de is very similar to eIF-4A as determined by 2-0 gel 

analysis (11), peptide map analysis (6) and immunoreactivity (6). 

Furthermore, both polypeptides exhibit sfrnilar rnRNA cross-linking 

characteristies and therefore, we will refer to this polypeptide as 

eIF-4A. Experiments with purified factors hav~shown that the CBP 

complex, eIF-4B and mRNA are sufficient to reconstitute the cap specifie 

mRNA-protein interaction abserved by the chemical cross-linking assay 

~hen using crude initiation factors (6). These results suggest that 

interaction of the CBP complex and eIF-4B with the cap structure somehow , 

facilitates attachment of 40$ ribosomal subunits to capped mRNAs. 

Poliovirus infection of Hela cells results in a rapid and apparently 

quantitative inhibition of csllular protein synthesis, such that viral 

RNA is almost exclusively selected for translation (1,8). It was shown 

that crude IF from poliovirus-infected cells could stirnulate translation 

of poliovirus RNA ~ vitro but'had no such effect on translation of 

cellular mRNAs (16). Co~sequently, various groups were led ta ask which 

particular initiation factor was inactivated 'by poliovirus. Using 

different approaches Helentjaris et al. (16) and Rose et al. (25) 

obtained evidence that e'IF-3 and-elF-4B were 1nactivated, respectively. 

These apparently conflicting observations were soon to be recon­

ciled. On discovery that poliovirus RNA is naturally, uncapped (17,22) it 

was an attractive hypothesis that inactivation o( sorne form of CBP 
\ 

actually explains the shut-off of hast protein synthesis. In accord with 

~ .. 
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this idea, Tahara et al. (31 (purified a protein complex (~a-10S) by 

m7GDP affinty chromatography which comprised màjor polypeptides of 24 

(24K-CBP) 50, 94 and ~ 220 kDa and which could restore translation of 

capped mRNAs in extracts from poliovirus-infected cells. This latter 
", 

-ac~ivity is referred to as restoring activity. Recently, we have 

descfibed a CBP complex (the CBP complex. ref. 6) comprising the 24K-CBP 

and polypeptides of 50 (eIF-4A) and ~ 220 kDa, which also has restoring 

activity (7). The 24K-CBP can also be detected in preparations of eIF-3 

and eIF-4B (29), as can other CBP complex components (9,11), thus most 

likely explaining the effects previously attributed to these factors 

(16,25). By a different approach (19), we analyzed CBPs fol1owing polio-

virus infection using the chernical cross-linking assay and showed that 

the cap binding activity of the 24, 50 and 80 kDa cap specifie polypep-
~ , 

tides was almost completely abolished following infection. In contrast 

to this, Hansen and Ehrenfeld (12), by using the çross-linking assay, 

reported no change in the amount of the 24 kDa p,olypeptide, but did find 

that the 24 kDa polypeptide no longer cosediments with eIF-3 following 

pol.iovirus infection (13). These results suggested a modification ta CBP 

which possibly prevents a functional association between eIF-3 and CBP. 

Taken together these results engender the belief that sorne form of 

CBP is indeed inactivated by poliovirus and a report from Etchison et 

al. (9) pointed to the likely mechanism. Using antisera against a 220 

kDa polypeptide (P220) present in preparations of eIF-3 (under 

conditions in which the restoring activity fractionates with eIF-31, , 

these authors showed that P220 is degraded in poliovirus-infected 

cells. The anti-P220 antibody also recognizes the. ~ 220 kDa polypep­

tide of the CBP complex (9) and 50 it was proposed that proteolysis of 

.. 
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P220 by a pol iovirus-dependent protease results in the shut-off of host ,., 

protein synthesis. 

Here we show that addition of the CBP complex to IF from polio-, 
, 1 

virus-infected Hela cells (I-IF) can restore the interaction between, 

the 80 kDa polypeptide (present in I-IF) and the cap structure, as 

assayed by the chemi cal cross-l i nk i ng techni que. The" 24K-CBP has no 

su ch activity, strongly suggesting that restoration of, the 80 kDa cap 

binding activity and restoration of capped rnRNA function in e~tracts 

from poliovirus- infected cells, are due to the sarne activity. In an 

attempt to demonstrqte directly the defect in the CBP complex caused by 

poliovirus, we isolated cap binding proteins from uninfected and polio­

virus-infected Hela cells. B.y various criteria, the 24K-CBP is 

ynaltered by poliov.irus infection, whereas the CBP cornplex is structur­

ally modified. By..'!!!. vivo labeling of cells and subsequent 

1 m7GDP--a.ffinity purification of CBPs. we obtained a CBP complex from 

poliovirus-infected Hela cells which containi'proteolytic cleavage 

fragments of P22U. 

.... 
1;- 1 . , 
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MATERIAL5 AND METHODS 

Cells and virus - Mouse L-929":~el's and Hela 53 cells werejrown in 

\' suspens; on in 10% calf serum., Infect; on of l cell s with reovirus tYP,e 3 

(Dearing strain; 10 PFU/cell) and viru~, purification were performed as' . ~ ...... 
previously described (2). Infection of oHeLa cells with pol iovirus type 1 

(Mahoney strain; 10-20 PFU/cell', except where otherwise indicated) was 

accord; ng to Rose et al. (25). r -

Preparation of [3H]methyl-labelep oxidized reovirus_mRNA - Synthesis 
<> 

of [3H]methyl-labeled reovirus mRNAJtQ a specifie activity. of "'8 x 10 4 

cpm/~g with viral cores in the presence of S-adenosylm~thionine (specifie ., 
acttvity: 70 Ci/mmol. New England Nuclear; 1 Ci = 3.7 ~ 101,0 becquerels) 

1 l , 

and reriOdate oxidation WQre. according to Muthu~rishnan et al. (21). 

Preparation of crude protein synthesis initiation factors - Prepar .. 

at;on of rabbit reticulocyte lysate, t-ligh salLwash of'ri,bosomes (as a 

source of initiation factors) and subfractionation to a 0.:'40% ammonium 

sulphate fraction were as déscr-ibed by Schreier and Staehelin (26). 

Preparati on of Hela cell extracts and crude i niti ati on factors was 

, ~ accordi ng to Lee and Sonenb~rg (19) • 

. ) Cross-linking of mRNA to protein synthesis factors - [3H]methyl-

l' 

• 
labeled oxidized reovirus mRNA was incubated with crude IF and/br 

purified CBPs (as described ir;1 the Figure Legends) for 10 trii~ at 30°(; 
, 

essenti~lly as described before (19), 'followed by addition of NaBH 3CN 

(Aldrich, freshly ~repared solution) overnight and RNase A to digest the 

mRNA. The samples were resolved on SDS/polyacrylamide~ge' sand labeled 

bands detected by fl uorography. A 11 c ross-l ; nk i ng i ncubat ions were 

carried out in the presence of ATP/Mg2+ as previously described (19). 
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Two dimensional gel electrophoresis - Thls was perfonned exactly as 

described by O'Farr,2'll (23). 

Purification of cap binding ,proteins - (a) Purification of rabbït 
~ .~ 

reticulocyte CBP complex was esse.rtially as descr;b~â by E-dery et al. 

(6). A 0-40% ammonium sulphate fraction of r1boso~al high salt wash was 

1 ayered on 12 ml, 10-35% li near suc rose gradients in Buffer A (20 mM. 

Hepes pH 7.5, 0.2 nf.1 EOTA, 0.5 l1f.1 phenylmethylsil'lfonyl fluoride and 7 nt-1 

f3-mercaptoethanol) containi ng 0.5 M KCl. Centrifugation was for 24 'hours \ 

at 38,odo rpm in an SW40 rotor at 4 oC. The top hal f of the gradient, 

excluding the fast sedimenting eIF-3 (~10~), was pooled and dialyzed 
~ 

against buffer A containing 0.1 M KCl and 10'.t glycerol. The dialyzed 

materi al was then loaded directly onta an m7GDP-agarose affinity column 
l, 

(6,9) equilibrated in ,buffer A containing 0.1 M KCl and 10'.t glycerol. 

Non-specifically bound proteins were eluted by washing the column in 50 

ml of buffer A contai ning 0.1 M KCl and 10% glycerol" fol) owed by 4 ml of 
L. .l'''t.,. 

100 !lM GTP in the same buffer. Cap specifie proteins were"'then el uted 

with 75 ~ m7GTP in buffer A contai ni n9 0.1 M KCl and 10% glycerol ~ 

(b) Rabbit reticulocyte 24K-CBP was purified from the SI 00 fraction 

by a modification of the procedure of Tahara et al. (31). S100 was mixed 
L=...o- -

with 9EAE-cellulose (3 volumes of $100 and 1 volume of swollen DEAE-
, , 

cellulose) equilibrated in low-column buffer (LCB;20 nf.1 Tris pH 7.5, 0.2 
-, 

nfo1 EDTA, 7 lrM ~-mer(a~oethanol) containing 80 nf.1 KC1. The 24K-CBP 
'-bjnds to DEAE-cellulose ù'l,der these conditions. The resin was ~n 

\, 

washed extens i ve ly wi th LCB \9ntai n i ng 80 lJtt1 KCl to remove excess hemo-

globin, followed by batch elution of bound mSlterial with LeB containing . ( \ 
\ \ 

250 l1f.1 KC1. The el uate was then conce!ltratea by 0-50% anîmonium sul phate 
. ' 

fractionation, the precipitate dlalyzed against LCS containing 200 nf.1 KCl . 
r: 
t".', 

'\ 
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and the dfalyzed material diluted 2-fold before lo'ading on to the m7GDP­
.1 
affi ni ty col umn,' , 

(c) Purification of CBP complex from~HeLa ceihs was very similar to 

the purificatiçm of rabbit CBP complex, with the exception that the crude 

IF .. were not fractionated by ammonium sulphate. For each purification, 
- '" 

not less than.20 liters of log phase Hela cef'ls at a cell density of 
"-

l 
5 X 105 cell s/ml, were used to prepare crude IF. In the case of infected . 
lysates, infection was verified according to various criteria e.g. the 

presence of viral antigens by iJll11unoblotting and the translational 

specificity (capped vs naturally uncapped mRNA translation) of cell 

t extracts in in vitro translation. 

(d) Purification of 24K-CBP from Hela cells was achieved by passing 

total post- ribosomal Stlpernatant (5100) over the m7GDP-affinity column, 

fol l owed by el uti on as descri bed above for the CBP compl ex, 

.... Purification of CBP 'complex from in vi vo labeled Hela cell s - Hela 

cell s (13 ml at 4 x 10 5 cell s/ml) were pell eted and resuspended in 8 ml 
, 1 , 

of methionine free media containing 20% dialyzed fetal calf serum and 200 

Ilei/ml of [ 35SJmethionine (~1000 Ci/JlI1101, New England Nuclear). Labelittg 

was for 6 hrs at which time, the cells were split equally in two. Half 

were infected with poliovirus in a volume of 400 ~l at a multiplicity of 

infeçtion of 50 PFU/cell and the other half were mock-;nfected. The o ~ 

conditions of adsorption and infection were as described by Rose et al. 

(25). At 3 hrs post-i nfecti on, cell s were pelleted and resuspended in 

180 ~l of lysis buffer containing 150 ntwt NaCl, 20 JTt.1 Tris pH 7.5, 0.5% 

Noni det-P40 and 2 nft1 pheny1 methyl sulfonyl fl uori de. The suspens i on was 

adjusted to 600 nf.1 KOAc and then left to stir"on ice for 30 minutes. 

Crude IF (~ 200 IJ.g) from uni nfecte~ cell s was th en added as carri er and , 

", 

) 
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the eell extraets were sedimented through a linear 10-30% sucrose 

gradient in buffer A containing 0.5 M ~OAe in an SW 50.1 rotor at 39,000 J~ 
rpm for 15 houts. Catalase (l1S) was run on a separate gradient and the 

material migrating slower than catalase ~n the gradient was pooled for 

"" m7GDP-affini ty chromatography. The' pooled fract; ons were dil uted wfth 

water to a final KOAc'concentration of 100 nf.1 and this material was 
..J 

loaded direetly onto the affinity column. The col umn w~n washed 

with 50 ml of LCB eontaining 100 nt>1 KCl followed by 20 ml of 100 !-lM GOP 

in LeB contai ni n9 100 nf.1 KC 1. The fi rst 1 ml of GOP el uate was 

colleeted. The aff; nit y resin was then transferred to an Eppendorf tube 

and the cap specifie polypeptides batch el uted wi th 100 ~ m7GDP in LCB 

contai ning 100 nf.1 KC1. 

Preparation of polyclonal antisera against sheep CBP complex,)- This 

was carried out according to Vaitukaitis (34). The CBP compl ex was 

purified from sheep erythrocytes according to the protocol described for 

the purification of the 24K-CBP from rabbit retièulocyte S100 (see 

above). CBP complex (20 1tJ-g) in LCB containi,ng 500 nft1 KCl was mixe~ w1th 

1.2 volumes of complete Fr~und's adjUv~t. This material was injected 

i ntradermally i nto the back of a rabblt in about twenty different spots. 

Four months l ater the rabbit was boosted subcutaneously with 20 1J.9 of- ., 

antigen injeeted in 3 different pl aces in the back. One week l ater the 

rabbit was bled through the ear and serum prepared. 

Immunoblot analysis (Western blotting) - This was performed 

essentially as described by Edery et al. (6). Polypeptides were resolved 
. " 

on a 10% SDS/polyacrylamide gel, transferetf'''to nitrocellulose p,~B:er and 

---------------- -~ --
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the blot was then incubated in Tris-buffered saline (TBS) pH 7.5 contain-
==== ing 1% BSA for one hour. This was f~llowed,bY incubation overnigh~ 

TBS containing 1% BSA and the anti-CBP complex antibody. Blots were 

washed in TBS, followed by incubation with peroxidase conjugated goai 

anti-rabbit IgG and visualization of immunoreactive speçies by col our 

develo~nt with diaminobenzidene (32). Antisera against P220 (prepared 

as desJ.'ibed above) was dl1uted 1:330 in TBS containing a BSA before 

incuba~ion with nitrocellulose blots. 

;, 
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FIGURE 1 

Effects of purified cap binding proteins on chemical cross-linking 

of crude initiation factors fram poliovirus-infected cells. Crude IF, 

purified CBPs or mixtures of the two, were incubated under cross- linking 

conditions with [3H]-oxidized reovirûs mRNA as described in Materials and 
'< 

Methods. Label ed polypepti des were then resol ved on 10% SDS/polyacryl 

amide ge~s followed by auroradiography. Lanes 1 and 2 contained ~ 100 ~ 

of crude U-IF. Lanes 3 and 4, ~ 100 lL9 of crude U-IF plus 1.5 119 

(cont~ining ,... 0.'3 119 of 24K-CBP) of rabbit retic'ulocyte CBP complexe 

Lanes 5 and 6, ~ 100 pg of crude I-IF. Lanes 7 and 8, ~ 100 Ilg of crude 
" .... 

I-IF pl us 1.5 Ilg (containing ,.., 0.3 ~ of 24K-CBP) of rabbi t reti cul ocyte 

~BP complexe Lanes 9 and la, 2 ll9 of rabbit r~ticulocyte 24K-CBP fram 

-the 5100 fraction. Lanes 11 and 12, ,.., 100 Ilg of crude I-IF and 2 119 of 

r~bit reticulocyte 24K-CBP. m7GDP (0.67 mM) was'included as indicated 
r • 

below the fi gure. 
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RESUlTS 

.. ,Originally Tahara et al. (31) and more recently ['clery et al. (7} 

have shown that t:fte aGti vi ty whi ch restores transl a ti on of capped mRNAs 
" 

in extracts from po1iovirus-infected Hela cells (referred to a restoring 

activity), copurifies with the CBP complex but does not resi e in the 

24K'-CBP (the 24 kDa sUbuni\t of the CBP complex). Usin'g-a ifferent , ,. 
- approach, we analyzed CBPs in IF from pol iovi rus infected cells (I-IF) by 

the chemical cross-linking assay and detected reduced levels of the 24; 

50 and 80 kDa polypeptides when compared to the levels detected in IF 

from uninfected cells (U~IF) (19). 

We wanted to test the hypothesis that the activities required to 

restore capped mRNA function in extracts from poliovirus-infected ce1ls 

and for the interaction of the cap spectfic polypeptides with the cap 

structure (as assayed by cross-linking) are identical and reside in the 

CBP complexe To this end, we assayed the ability of purified CBP complex 

to restore cap specifie cross-l inking of the different cap specifie poly-. .~. 

peptide~. We have previQus1y demonstrated that eross-linking of the CBP 

eomplex by itself, in the presence or absence of ATP-Mg++, results in cap 

specifie cross-1inking of the 24K-CBP on1y (ref. 6; the same preparation 

of CBP eomplex has been used in the current experiments). Addition of 

purified eIF-4B to the CBP eomplex (in the presence of ATP-Mg++) resu'lts 

in cap specifie cross-1inking of eIF-4A and e'IF-4B in addition to the 

24K-CB~ (6). These results strong1y suggest that thè 80 kDa polypeptide 

whieh can be cross-linked in crude IF is eIF-4B. Fig. 1 (lane 1) shows 

the cross-linking profile of a total IF preparation from uninfected Hela 

cells. Cross-linking of several polypeptides is inhibited by the 

addition of m7GDP (compare lane 2 with Lana 1), as previous1y reported by 

------------------~----
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il 

us (19), and include the 24,50 and 80 kOa polypeptides. The 24\\ kDa poly­

peptide indicated in the figure is actually a doublet which eor~esponds 

to the 26 and 28 kDa eap specifie polypeptides deseribed in ref.:1 19. We 

also previously reported specifie cross-1inking of a polypeptide of ~ 32 

'kDa in U-IF (19) whieh can also be seen in Lane 1. The amount of this 

polypeptide varies in different preparations, however, and is often 

completely absent. Its significance, if any, is therefore not clear. 

Addition of the CBP comp1ex to U-IF had no stimulatory effect 'on cross­

linking of the 80 kDa cap specifie polypeptide present in the IF prepar-

ation while there was a sma11 increase in the amount of cross-linked 24 \-

and 50 kOa eap specifie polypeptides (2 fold, as determined by densitom-

etry of the labeled bands, compare Lanes 3 and 1). Cross-linking of I-IF 

resulted in a very small amount of-specifie cross-linking of the 24 kDa 

polypeptide only, as previously reported (Lanes 5 & 6, ref. 19). 

However, addition of the CBP complex to I-IF restored the cross-linking 

profile to that observed when using U-IF a10ne (compare lanes 7 and 1; 

the 24, 50 and 80 kDa cap specifie polypeptides are indieated by arrow­

heads to the right of Lane 8). It is not possible ta tell from the 

cross-l;nking in Lane 7 whether the cross-11nked 24 and 50 kOa polypep­

tides are contributed by the I-IF or the CBP complex, since both the 24 

and 50 kDa pOlypeptide,s are present in both fractions. However, it is 

clear that the activity required for the cap specifie cross-linking of 

the 80 kDâ pOlypéptide is present in the added CBP eomplex and is lacking 

in the I-'IF preparation. Since the 80 kOa p~lypeptÜle is not present ,in 

the CBP complex (6), the only interpretàtion of this experiment is that 

the 80 kDa polypéptide (probably eIF-4B) is not inactivated in polio­

virus-infected cells as assayed by the cross-linking assay, in accord 

/ 

" - -
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FIGURE 2 

Autoradiograph o'f cross-linked 24K-CBP' as the free polypeptide or as 

part of the C~P comp1ex and Coommassie blue staining of the two forms of 

CBP. (A) Cross-lin~ing, SOS/polyacrylamide gel analysis and autoradio 

graphy were as described in Material sand Methods. Lanes 1 and 2 
E , .. ~ 

conta;ned,~ 0.25 ~9 of 24K-CBP. Lanes 3 and 4 contained CBP comp1ex 

containing ~ 0.5 ~g of 24K-CBP. m7GDP (0.67 mM) was included in 1anes 2 

and 4 as indicated below the figure. (B) SDS/polyacrylamide gel analysis 
) 

of purified rabbit: reti,culocyte CBP sedimented through a 0.5 M KCl ". 

suc rose gradi ent.0 Rabbit reti cul oey te CBP purifi ed from ri bosomes, was 
d ' 

sedimente~ through a 10-301 linear sucrose gradient in LeS containing 0.5 

M KC1 ta resolve the CBP complex from the free 24K:-CBP. Aliquots from 

acrass the gradient were then resolved on a 10% SDS/polyacrylamide gel 

and stained by ,Co?mmassie blue. A section'of t~e gr_aëflent is shown an~ 
~, "-

sedimentation was from left to right (i .e. 1ane lis' towards the top of 

the gradient). Material shawn in 1ane 1 (30 ~1 of the praction from the 

gradient) was used for cross-linking ana1ysis in Fig.- 2A, lanes 1 and 2. 

Materia1 shawn in lane 3 (30 III of the fraction' from the gradient) was 

used for cross-linking analysis in Fig. 2A, lanes 3 and 4. 
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with earlier.reports (5,16), and that it cannat cross-link to mRNA in 

I-IF beeause the CBP eomplex i5 inactivated. Our resu1ts a1so indicate 

(using an ass~ other than restoration of eapped mRNA funetion in 
, 

extraets from poliovirus-infected cells) that the CBP comp1ex i5 the only 

initiation factor inactivated during poliovirus t infection. It was also 

important to assayl. the ab; l ity of purified 24K-CBP to restore the cap 
" 1 

~ specifie eross-linking of the BO kna polypeptide in I-IF in light of data 

showing that it might be required for eIF-4B cross-linking~'-(lO). Figure 

1 shows that the cross-linking of the 24K-CBP is completely sensitive to 

m7GDP (eompar~ Lanes 9 and 10). Addition of 24K-CBP ta I-IF resulted in 

specifie cross-1inking of this polypeptide, albeit ta a samewhat reduced 
, 

leve1 (compare Lanes 12 and 10~, presumab1y due te competition for 

labeled oxidized mRNA from the vast excess of non-cap specifie pOlypep­

tides presè~t in the I-IF. Addition of the 24K-CBP, however, did not 

enhance the cross-linking of any other polypeptide in the I-IF prepara-

". tion (Lanes 11 and 12). Thus, the ability of the CBP complex but nct the 

24K-CBP to restore the cross-linking of the 80 kOa polypeptide (probably 

eIF-4B), are consistent with previous results demonstrating that the CBP 
, 

comp1ex i5 abso1ute1y essential for the cap specifie eross-linking of 

eIF-4B (6) and indicate that this comp1ex is inaetivated in po1iovirus­

infected ce11s consistent with ear1ier reports (7,9,31). 

In view of tHe fact that the 24K-CBP by itse1f does not restore cap 

specifie cross-linking upon addition to I-IF, we wanted to find out why 

the amount of 24K-CBP detected by the cross-linking assays is greatly 

reduced in I-IF compared to that for U-IF. It was a1so important to 

address this question in light of a previous report from Hansen et al. 

(12) that the amount of 24K-CBP detected by the cross-linking ~ss~ in 
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IF, was not reduced as a consequence of poli~virus inféction. Since the 
"A _~ 

CSP complex seems to be the factor which is inactivated, we tested the 

idea that cross:linking of the 24K-CBP to mR~A i5 more efficient when it 

is part of the CBP complex as compared to when it is in the free forma 
- -

If this is true, then a defect in the CBP comp~ex. might indirectly affect 

the cross-linking' of the 24K-CBP. We perfQrmed cross-linking experiments 

with purified 24K-CBP and CBP complex (containing an approximately equal 

amount of 24K-CBP). Fig. 2A shows cross-linking of 24K-CBP which fs 

completely m7GDP sensitive (lanes 1 and 2). It should be noted that 

approximately 8 fol d less 24K-CBP was used here cornpared to the amount 

used in Fig. 1, lanes 9 and 10 and that the exposure time 'is different. -

This exp1ains the substantial difference in the amount of cross-1inked 

24K-CBP observed in the two cases. Using the CBP comp1ex there is a much 

higher amount of m7GDP sensitive cross-linked 24K-CBP (compare lanes 3 

and 4 ta l anes 1 and 2). [Note that the autoradi ogram i S over exposed to 

'show the cross-linked polypeptide in Lane 1.] Fig. 2B shows Coommassie 

blue stai~ing:of th~ samples used for the cross-linking experiments. 

m7GDP-affinity purified rabbit reticulocyte CBP from ribosomes was run on 

a sucrase gradient in 0.5 M KCl to resolve the free 24K-CBP and the CBP 

complex which otherwise coptlrify on the cap affinity column. The gel 

shows a secti on of the gradi ent wi th 1 ane 1 being towards the toe of the 

gradient. Lanes 1, 2 and 3 represent contiguous gradient fractions. -----.. 

Lane 1 (Fig. 2B) shows à Coommassie blue stain of the material used for 

cross-linking analysis in Fig. 2A lanes 1 and 2, indicating the presence 

of the 24K-CBP and a small amount of the 50 kDa polypeptide. Lane 3 

(Fig. 2B) is a Coommassie blue stain of the CBP complex used for cross­

linking in Fig. ,2A lanes 3 and 4, ,~howfng approximately two-fold mor~ 

{ 
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24K-CBP than lane l (Fig. 2B) and the other major CBP c<>mplex polypep-
" 

ti des (50 kOa and ~ 220 kOa, ref. 6). The presence of the -50 kDa poly­

peptide (eIF-4A, in 1ane 1) sedimenting slower than the purif1ed CBP 

complex Clanes 2'and 3) probably means that it tends to dissociate from 

the CBP compl ex to a sl ight degree during centrifugation under hi gh sal t 

(0.5 M KCl1 conditions. It should be noted that the amounts of 24K-CBP 

used in these experiments fal1 in the linear range for the cross-linking 

assay (data not shown). Thus, it is. clear from this data that the cross­

linking efficiency of the 24K-CBP is considerably higher when it is part 
o 

of the CBP complex. This most 1ikely relates to the reduced level of 
rJ .. • ~ 

cross-linked 24K-CBP observed in"I-IF in which case the CBP complex is 

inactivated and indicates that the activity required to stimulate the 

cross-linking of 24K-CBP is impaired. We have also examined the trans-. 
lational restoring activity of the fractions shown in Fig. 2B and found 

that it corre1 ates wi th the presence of the 220 kDa polypeptide (data· not 
() 

shawn), consi stent with previ ous observations (7,31)., In sumnary, < 

efficient cap specifie cross-l inking of the 24K-CBP to mRNA 'and trans-
~ 

lational restoring activity are both dependent on the CBP complex. 

The results of Etcllfson et al. (9) which indicate that poliovirus 

causes proteo1ysis of the 220 kDa polypeptide (P220) of the CBP complex, 

provide the first evidence of a particular structural defect in the CBP, 

comp1ex. Aga'in though, as in all previous attempts to characterize the 

defect in csp, caused by pol iovi.rus, t~e approach was indi recto In an 

attempt ta examine directly the abundar;tce, structure-and subcellular 

distribution of CBPs following poliovirus infection we purified ... them from 

un i n~,écted or poli ovi rus- i nfected ce 11 s, us i ng the m7 GOP-affi ni ty cnroma­

tography techni que. 

J 
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FIGURE ~ 
( ! 
\. 

Purification of 24K-CBP from the 5100 fraction of uninfected and 

pol iovirus infected ce11 s. m7GDP-affinity chromatography was performed 

as described in Materials and Methods. Purified fractions were resolved 

on a 10% SDS/po1yacry1amide gel followed by Coommassi~ blue staining. 

Lane 1. 5 ~l of molecular weight standards, 1 mg/ml protein (Sigma). 

Lane 2, ~ 100 tl9 of mater.idl from uninfected cells load'ed onto the m7GDP 

column. Lane 3, ~ 100 ~ of flow through,from uninfected,material. Lane 

4, 40 j.ll (from a total of 1 ml) of GDP eluate from uninfected cells. 

Lane 5, 50 tll (from a total of 500 111) of m7GOP el uate obtained from 

uninfected cells. Lane 6, ~ 200 ~ of material,from poliovirus-infected 

cells loaded onto the m7GOP column. Lane 7, ~ 200 j.lg of flow through 

from infected cells. -'Vene 8, 40 111 (from a total of 1 ml) of 'GDP eluate 

from infected cells. Lane 9, 50 111 (from a total of 500 ~l) of m7GDP 
tr 

eluate from infected cells. Not~ that the total amount of protein loaded 
. :.~ ( 

on the affinity column was the same for uninfected and infected cells. 
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Hansen et al., (14) were able to detect the 24K-~P by chemical 

cross-linking in the S100 fraction of Hela cells and we have purified- , 

homogeneous 24K-CBP from the S100 fraction of rabbit reticulocytes. 

Consequently, we attempted to purify the 24K-CBP from the Sl00_fraction 

obtained fram equal amounts of uninfected or infected cells and Fig. 3 ~ 

--
shows an SDS/polyacrylamide gel analysis of the purified fractions. 

Several assays were used ta verify that the infected fractions used as 

starting material for the purification were actually infected e.g. mRNA 

(capped vs natural1y uncapped) specificity of the Gorresponding céll 

extracts in translation and the presence of viral antigens by immuno-

blotting. Most of the polypeptides present in the S100 fraction are not 

retained during passage through the m7GDP- coupled resin [e.g. compare 

lanes 2 and 3, which are the load and flow through respectively, fram 
. 

uninfected materialJ. Elution with 100 ~ GDP shows a single polypep~ide 

of Mr ~ 60,000 that ejther has affinity for the GDP moiety of the 

affinity column or, less likely, 'associates with the 24K-CBP via a GDP 

sensitive interaction (lane 4). The amount and size of this polypeptide 

are not affected by poliovirus-infection (compare lanes 4 and 8). 

El'ution with 100 !lM m7GDP, yielded homogeneus 24K-CBP (1 a ne,· 5), which 

comigrates with the 24K-CBP of rabbit' reticulocytes (data not shown). 
"- - ----------

Again, neither the abundance or size of this polypeptide is altered 

following poliovirus infection jcompare lanes 5 and 9). 
-----------_.-~-

In light df some speculation that the-24K-CBP becomes phosphory-

lated during poliovirus in,fection (18) and to examine the possibi'lity 

that it undergoes some, other kind of covalent modification, we perform­

,ed two-dimensional (2-D) gel analysis (Isoelectric focussing in the 

first dimension and SDS/polyacrylamide gel electrophoresis in the 
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FIGURE 4 

2-Dimensional gel analysis of ~K-CBP from uninfected and poliovirus 

infected cells. Samples of m7GDP-affinity purified 24K-CBP (from lanes 5 
, ' 

or 9, Fig. 3) were resolvep on 2-D gels according to O'Farrel (23) 

follpwed by Coommassie blue staining. (A) 0.5 ~g of 24K-CBP from 
-' 

uninfected cells (U-24K-CBP); (B) 0.5 ~g of ~4K-CBP from poliovirus-
o _ 

. infected cells (I-24K-CBP); (C) mixture of ~ 0.3 ~g of U-24K-CBP and 

""0.3 ~g of I;..24K-CBP. 
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second dimension) of the m7GDP-affinity purified protein from uninfect­

ed and infected cells. Fig. 4 shows Coommassie blue staining of the 

2-0 gels. It is clear that the polypeptides from uninfected and , . 

infected cel1s comigrate in both dimensions (Fig. 4C, mixture of 
# 24K-CBP from uninfected and infected ce11s) and that there is on1y one 

species with a slightly acidic isoe1ectric point of ~ 6.5. Thus, 

poliovirus 'infect' has no effect on either the size, abundance or net 

charge isolated from the S~OO fraction, neither does it 

impair bind to a cap analogue. since it can,be retained 

by and specifically luted from the m7 GDP-affinity column. It was also 

important ta examine he charge of the 24K-CBP associated with ribo­

somes in rela~ion to its distribution between the free polypeptide and 

the CSP complex and hence in relation to the restoring activity. We 

performed these experiments with CBP iso1ated from rabbit reticu10cytes 

since more manageable amounts of material are obtained from this 

source. Analysis of ribosomal 24K-CBP from rabbit reticulocytes 

(either as the free 24K-CBP or as part of the CBP comp1ex) showed the 

presence of two major isoe1ectric variants as previous1y reported (30). 

There were however, no obvious differences in the relative abundance of 

these forms when comparing those associated with the CBP comp1ex to 

those iso1ated as the free 24 kDa polypeptide (data not shown). We 

have not performed this ana1ysis with Hela ribosoma1 24K-CBP, and 

therefore cannot exclude the possibility that it behaves differently. 

However, since the activity which can restore translation of capped 

mRNAs in extracts from po1iov1rus-infected ce11s, is associated with 

the CBP comp1ex and is absent from the 24K-CBP iso1ated from ribosomes, 

it seems clear from the latter results that the restoring ~ctivity 1s 
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, 
.. 

FIGURE 5 

Purification of CBP complex from the ribosomal salt wash obtained 

fram uninfected and poliovirus-infected cells. Fractions were purified 

on the m7GDP-affinity column as described in Materials and Meth~ds and 

resolved on a 10% SOS/polyacrylamide gel, fo'1owed by si1ver staining 

(20). Lane 1, 0.6 ~ of CBP complex from rabbit reticulocyte ribosomes. 

Lane 2, 40 ~1 (from a total of 4 ml) of GDP eluate from uninfected cells. 

Lane 3,30).1.1 (fram a total. of 1 ml) of m7GDP e1uate fr~ uninfected 

cells. Lane 4, 40 ~l (from a total of 4 ml) of'GDP eluate from 

poliovirus-infetted cells. Lane 5, 30 ~l (from a total of 1 ml.) of m7GDP 

eluate from poliovirus-infected cells. 

< 

-_.....:---------~- -~~ 

1 



) 

1 2 3 Mr 4 5 ........ 
--205k"""""" .~. ' . 

)~ 

--116k;;; // __ 

97k ~! 

P220-

eIF-4A-~' - 43k/ 
1 ), 

/ 
( 24K-CBP-~ . 

u 

i 
'-

--------~-----~,' - -- --- - -



-158-

not related to a particular isoelectric variant of the 24K-CBP. 

The rabbit reticulocyte CBP complex is defined as such by several 

criteria: 1) co-elution of the different polypeptides from the m7GDP­

affinity column; 2) co-elution and stability to several conventional 

purification steps including gel filtration; and 3) co-sedimentation of 

components of the purified CBP complex in sucrose gradients containing 

0.5 M KC1. Further indication that the 24, 50 and 220 kOa polypeptides 

are complexed together cornes from the fact that i) the 24 kDa polypeptide 

is the only polypeptide which, by itself, interacts with cap structures 

as assayed by chemical cross-linking (6) and ii) the purified 50 kDa 

pOlypeptide (eIF-4A) does not bind to the m7GDP column (unpublished 

observations). Thus, although the CBP complex has not been rigorously 

characterized stoichiometrically or biophysically, there is good reason 

to believe that it represents a homogeneous biological entity. 

The CBP complex was previously purified from the high salt wash of 

rabbit reticulocyte ribosomes by m7GDP affinity chromatography (6, 9, 31) 
, 

and we used a similar protocol to purify it fram Hela cells, with the 

exception that the IF were not fractionated with ammonium sulphate for 

technical convenience (see Materials and Methods). Fig. 5 shows 

SOS/polyacrylamide gel analysis of the purified fractions. Lane 1 

contains a sample of rabbit reticulocyte CBP complex, showing major bands 

of 24 (24K-CBP), 50 (eIF-4A) and ~ 220 kOa (P220) as previously shawn (6) 

and sorne degradation product of P220, identified as ,such by tryptic 

peptide mapping (data not shawn) and the presence of common antigenic 

determinants (9). Lane 2 shows the GDP eluate obtained when material 

from uninfected cells was loaded on the m7GDP column. Again, as was the 

case for S100 fractions, a single polypeptide of Mr ~ 60,000 is eluted. 

) 
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This is presumably the same polypeptide as obtained fram the S100 
~ 

fractions (Fig. 3, lane 4). Lane 3 shows the m7GDP eluate obtained from 

uninfected cells. The 24, 50 and ~ 220 kDa polypeptides comigrate with 

their reticulocyte counterparts, although the ~ 220 kDa polypeptide is a 

smear, presumably due. ta proteolysis. In addition, there are bands of '" 

60 and 70 kDa and other minor bands. The 60 kDa polypeptide is not 

associated with the CBP complex since ft can be completely removed by 

extensive washing of the affinity column with GDP before.elution with 

m7GDP. The 70 kDa polypeptide is specifically eluted with m7GDP and may 

therefore correspond ta the ~ 70 kDa polypeptide previously described in 

preparations of CBP II (11). These results show that the CBP complex 

from HeLa cells is structurally very similar ta the rabbit reticulocyte 

CBP complex, a result which accords with the high degree of conservation " 

of protein synthesis initiation factors between rabbits and humans (4). 

Purification of CBP from the ribosomal high salt wash obtained from 

poliovirus-infected HeLa cells yielded distinctly different results (Fig. 

5, lanes 4 and 5). The samples were run on a different gel to that shawn 

in lanes 1-3 and the corresponding molecular weights are ind.icated in the 

figure. Lane 4 shows the GDP eluate obtained fram infected cells, 

showing again an ~ 60 kDa polypeptide. The amount and size of this poly­

peptide are again not changed due to poliovirus infection (compare lanes 
-

4 and 2). There is also staining just either side of the ~ 60 kOa poly-

peptide which is an artifact of the silver staining procedure (20) and 

does not represent purified polypeptides. Lane 5 shows the m7GDP eluate 

obtained fram poliovirus-infected cells. There 1s no change in either 

the amount or size of the 24 kDa polypeptide while the remaining m7GDP 

specifie bands are distinctly different. Firstly, the ~ 220 kDa and 50 
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kDa (eIF-4A) polypeptides are almost completely absent. Second, there 

are two new bands of ~ 130 kDa whi ch are ,not present in thé preparati on 

from uninfected cells (compare lane 5 and 3). While it should be borne 

in mind that silver staining of polypeptides is not necessaril~ quanti­

tative, it does appear that the amount of the ~ 130 kDa polypeptides is 
j 

significantly less than the amount of 24 kDa polypeptide, particularly on 

a molar basis. The presence of 24K-CBP in the m7GDP eluate obtained from 
1 

infected cells, serves as a useful internal control and argues strongly 

against non-spectfic loss of the other CBP complex polypeptid~s (50 and 

~ 220 kDa). Furthermore, the observation that homogeneous 24K-CBP is 

obtained by m7GDP-affinity purification of the post- ribosomal super­

natant from infected cells, indicates that the CBP complex is not merely 

redistributed in the infected cell such that it no longer associates with 

ribosomes. Thus, a reasonable interpretation of these results is that , 

the CBP complex is modified fol1owing poliovirus-infection. The signifi~ 

canee of the ~ 130 kDa polypeptides will be addressed.later in light of 

the results presented in Fig. 6 and other data. . 

The purification of large amounts of the CBP complex from Hela cells 

is a somewhat cumbersome and time consuming activity, yielding only 

around 50 ~g of CBP complex from 1010 log phase Hela cells (20 liter.s of 
; 

cells at 5 x 10~ cells/ml). 
~ 

There are in addition, many steps between 

the cell harvest and the m7GDP-affinity purification, possibly contrib­

uting to artifactual disintegration of the native CBP complex as it 

exists in the celle Consequently, we decided to label mock and polio­

virus-infected cells with [3~s]mèthionine and attempt to isolate the CBP 

complex by a faster protocol. Cells were labeled for 6 hours with 
~ , 

[
35SJmethioninè. At the end of this time, the cells were divided equally 
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FIGURE 6 

, ~'î • 

Purification of in vivo labeled CB~ comple~ from uninfected and 

poliovirus-infected Hela cells. 
, ..... 

Fractions were purified on an m7GDP-

affinity column as described in Materials and Methods and resolved on a 

1Q% SDS/Polyacyl ami de gel foll owed by autoradi ography. Lane 1, 40 III 

(from a total of 1 ml) of GDP eluate obtained fram uninfected cells. 

lane "2, 40 1J.1 (from a total of 1 ml) of GDP eluate from poliovirus­

infected cells. lane 3~ 50 111 (fram a total of 500 111) of m7GDP eluate 

from uninfected cells. Lane 4, 50 1J.1 (from a total of 500 1J.1) of m7GDP 

eluate fram poliovirus-infected cells. Polyclonal antisera against the 

CBP complex ,was, used to probe extracts, from uninfected an~ poliovirus­

infected Hela cells for P220 related antigens. S10 extracts were 

resol ved on a 10% SDS/polyacryl ami de gel foll owed by,. western blotti ng as 
.. 

descr1bed in Materials and Methods. The figure shows immunoreactive 
t. 

species in lanes 5-9. Lanes 5 and 6, 150 IJ.g of prote;n from different 

510 extracts from uninfected cells. Lanes 7 and 8, 150 lJ.9 of protein 

from different S10 extracts from poliovirus-infeéted cells. Lane 9, 5 I1g 

of rabbit reticulocyte CBP complexe 
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in two andohalf were infected with poliovirus while the other half was 

mock-infected. In=~rder ta monitor the infection we performed a mock-
~" .... 

labeling ·experime~~~i~ which [ 35S]methionine was added at 2.5 hours post .. 
infection cells, in the presence and absence of 

• The in vivo labeling pattern observed between 2.5 and 3 

hours post-infection (atowhich time the cell extracts were prepared) 
o 

confirmed that shut-off of cellular protei"!. synthesis was complete and 

that virus specific p~oteins were being sy~thesited (data ~ot shown). 
\ 

Fig. 6 shows the results of the purification of [3~S]methionine 

labeled CBP from uninfected and poliovirus-infected Hela cells. Elution 

of the m7GDP column with 100 ~ Gor yielded a single polypeptide of Mr 
.-' 
~ 60,000 (1ane 1, uninfected). This is presumàbly the same polypeptide 

observed when unlabeled material was used far the purification of 24K-CBP 

from the S100 fraction (e.g. Fig •. ), lane 4). Again, the amount ·and s1ze 

of this polypeptide are not affected by poliovirus infection (çompare 

lane 2 to lane 1). Lanf 3 shows the m7GDP eluate obtained from 

uninfected material (including the 60K polypeptide which i~ particularly 

abundant and is not completely washed off during the elution with GOP in 

this experiment). Th~ material eluted has polypeptides comigrating with 

the 24, 50
0

, 220 kDa polypeptides of rabbit reticulocyte CSP complex 

(indicated by molecular weight to the right of lane 4). However, we have 

no evidence at present to prove that the 24 and 50 kDa polypeptides are 

indeed the 24K-G.BP and eIF-4A respectively. The other bands (Mr = 35,70 

kDa, etc.) are either related to the CSP complex since they are 

spe6:1-fical1y eluted with m7GOP (compare Jane '3 and 1) or alternatively 

are other proteins which bind -specifically to the column (the criterion 

for specificity 'being ~lution with m7GDP and not with GDP). Since the 

,::J~ 
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load onto the co)umn contains total soluble cell protein aQd also 

proteTns sol ubil ized by 0.5 M KCl and 0.5% Noni det-P40 it is 1 ikely that 
-' 

sorne; at \~ast, of the additional polypeptides are not related to the CBP 

comp'l'ex., For example, likely candidates are putative nuclear cap bin,ng 

proteins as reported (24). Another possibility is that the additionh---
, 

polypeptides are loosely associated with the CBP complex but are lost 

~uring the purification protocols previously employed (6, 111, 31). It 

Ishould be note'd that the relative labeling intensities of the 24,50 and 

'" 220 kDa polypeptides is not equal. This might be accounted for, in 

part, by the size of the polypeptides (assuming an average methionine 

content for each polypeptide) but may also reflect different rates of 
~ 

entry of the newly synthesi zed components i nto the CBP campi ex. In 

additiô'n, the, relative jbelin9 intensity of the 24, 50 and 22Q kDa poly-

peptides varies among di ferent preparations from uninfected cells 
~ J 

(unpublished obser.vat'itins). When material from poliovirus-infected cells 

was loaded onto the column, the m7GDP eluate obtained was distinctly 
, 

different from that obtained for unHît'Bcted material (lane 4). There was 

no change in either the abundance or 'size of the 24 and 50 kDa polypep­

tides, while in contrast, th-ére was no detectable ~ 220 kDa polypeptide. 

Instead there are additional band~/ of Mr ~ 130 kOa (indicated by arrows) 
; 

which are completelY"absent fr<x('the m7GDP elUa.~ obtained from uninfect-

ed cells (Compare lane 4 to lane 3). The size anlL,abundance of all th~, 

other bands present in the m?~bp el uate are al 50 not affected by pol ;0-

virus infection (compare lane 4 to lane 3). 
-

These results demonstrate that P220 ;s cleaved by a putative viral 
, 

(or induced) protease but that the presumed cleavage products (~ 130 kOa 

polypeptides) are still retained and can be specifically eluted from the 

( 
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m7GDP affinity resin. This suggests that the presumed cleavage products 

remain associated with a cap bindfng component (most probably the 

24K-CBP) in the fonn of a modified CBP cemplex. It seems te us extremely 

unlilcely, although admittedly not precluded, that the cleavage produc~s 

derived from P220' woul d have a cryptic m7GDP bindi ng site and thus bind 

directly to the m7GDP affinity resin. The difference in the amounts of 

the ~ 130 I<Da cleavage products obtained in Fig. 6 (lane 4) as compared 

ta Fig. 5 ~~ suggest that the putative modified CBP complex is not 

stable to the purification protocol employed tor the experime~ts in Fig. 

5. This may al so expl ain the absence of the 50 I<Da polypeptide in Fig. 5. 

nïe existence of proteolytic cleavage fragments of P220 of Mr ~130 

• kDil, accords with the original observation of Etchison et al. (9), who 

demonstrated the appearance of ~h polypeptides in crude Hela cell 

extracts, following poliovirus in~ion. In this case, the cleavage 

products observed are thought to be rel ated to P220 of the CBP cQmplex by 

virtue of common antigenicity. We have recently raised polyclonal anti­

b~es to the purified sheep CBP complex which bind strongly to the 24 

and 220 !cDa polypeptides of rabbit CBP complex (Fig. 6, 1ane 9). 

Consequently, we probed Hela cell extracts with this antisera and obtain­

ed very similar results to those of Etchison et al. (9). In lanes 5 and 

6~ different extracts from uninfected cells and in lanes 7 and 8, 

different extracts from poliovirus-infected cells, were probed with the 

anti-CBP cornplex antisera. The antisera does not react with the Hela 

cell 24K-CBP (lane~·5-8). However, the antisera clearly reacts with the 

'" 220 I<Da polypeptide present in'extracts fram uninfected cells (lanes 5 

and 6), and this antigen comigrates with P22,.O of the rabbit CBP complex 

c < 

l' 
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(compare lane 5 to lane 9). There. is no detectable 220 kDa polypeptide 

in extracts from poliovirus-infected Hela cells. while there are putàtive~'~ 

degradation products of Mr ..... 130 kOa(l anes 7 and 8. indicated by arrows). 

These latter bands comigrate with the cleavage products present in the 

putative modified CBP complex isolated by m7GDP-affinity chromatography 

from poliovirus-fnfected cells (compare lanes 7 or 8 with lane 4). 

strongly suggesti n9 that ttiey are i denti cal. 
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DISCUSSION 

Analysis of eucaryotic mRNA CBPs by the chemical cross-linking assay 

indicates a complex interaction pr;ma~i1y between polypeptides of 24, 50 

and 80 kDa, ATP and mRNA. This interaction is presumed to facilitate 

405 ribosomal subunit attachment to cell ul ar rnRNA dur; n9 transl ation and 

is very discretely prevented upon poliov;rus infection of Hela cells, 

thus· resulting in shut-off of cellular prote;n synthesis. RecentlYt 

Edery et al. (6) have dernonstrated that the cap specific mRNA-protein 

interaction observed between crude initiation factors and rnRNA, can be 

reconstituted using the CBP complex (containing eIF-4A as a subunit), 

eIF-4B and mRNA. These, factors appea!:,..to intereact with mRNA in close 

concert, since the m7 GDP sensitive cross-linking of eIF-4A as part of the 

CBP cornplex is strictly dep~ndent on eIF-4B and the cross-1inking of 

eIF-4B is likewise dependent on the CBP comp1ex. This idea accords with 

the sirnultaneous 1.oss of the cross-linking abi1ity of all the cap 

specific polypeptides following poliovirus infection (19), again consis­

tent with a closS'functional relationship between them. Thus, the 

virally induced lesion in the CBP cornplex is probably sufficient, by 

itse1f, to prevent interaction of eIF-4A and the 80 kOa polypeptide 
, 

(probably eIF-4Bl with the cap structure and consequently black 405 

ribosome attachment to cellular rnRNAs. The CBP complex has activity 

which restores the specifie cross-linking profile when added to IF from 

infected cell s. This activity is not present in the 24K-CBP ,and thus 

-' copurifies w1tt":the translationa1 restoring activity, strongly suggesting 

that the two activities are identical. The fact that eIF-4A and eIF-4B 

are neither structurally modified (5) nor functionally impaired (16) 

following pol iovirus infection, is consistent with our observation that 

------------~~---
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the 80 kDa polypeptide (probably eIF-4B) ..is presen.t and active in IF from 

infected cells, at,least, as assayed by chemical cross-linking to mRNA in 

the presence of exogenous CBP complexe 

The'24K-CBP from infected cells, either as the free polypeptide or" 

as part of the putative modified CBP complex, can recognize the cap 

structure, as indicated by the fact that it can be purified by m7GDP­

affinity chromatography (Figs. 3 and 5). However, the amount of cross­

linked 24K-C8P in I-IF is cansiderably lower than that fram U-IF. In 

li ght of our finding 'that the cross-l inki ng of the 24K-CBP fram rabbit 

reticulocytes ;s greatly enhanced when it is part of the CBP complex as 

compared to the free p91ypeptide, ft seems likely that the 24K-CBP in the 
1 

putative modified CBP complex from poliovirus-infected cells behaves like 

the free 24 kDa polypeptide in terms of cross-linking tQ mRNA. This 

again points ta a significant role for P220 in mediating the interaction 

between.,'éhe 24K-CBP and mRNA. 

'We have presented di rect evi dence that the 24K-CBP is not structur­

ally mO,dified following poliovirus infection. Furthe~'!10re, t~e sub­

cellular distribution of the 24K-C~P is not changed. In contrast, the 
- y 

native CBP complex cannot be purified fram any fraction obtained from 
~. 

poliovirus-infected cells. These results demonstrate directly that the 
f 

native CBP complex is modified by polioviru'S,.infection. The in vivo 
\ 
\1 

labeling experiments indicate that a modified"CBP complex exists in 

infected cells which contains the proteolytic cleavage products of P220, 

and possibly eIF-4A. Similar results are obtafned for purification of 

unlabeled ribosomal CBP frOOl infected cells, although in this case eIF-4A 

is definitely absent and the amount of the ~ 130 kOa pOlYP,eptides seems 
~ / 

significantly reduced. T~ps, the exact'structure of the modified CBP 
, .,,\ 

- ! 
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complex is uncertQin. In other experiments we have obtained the 24K-CBP 

in free form from ribosomal high 'sa'lt of infected cells, which suggests 

that the modified CBP complex is unstable. In addition, the eIF-4A 

component'of the CBP complex is apparently not as strongly associated 

with the CBP complex as the oth~r components as indicated by the obser­

vation that a small amount of eIF-4A dissociates from the CBP complex 

under high salt conditions (see Fig. 28). This might well explain the 

lack of eIF-4A in the ribosomal C8P isolated from infected cells, in 

which case P220 is 'cleaved, possibly resulting in decreased affinity of 

eIF-4A for other complexed components. In any event, the results 

presented here suggest that an intact P220 is essential for CBP complex 

function. First, efficient cap specific cross-linking of the 24K-CBP, 
, 

eIF-4A and eIF-48 is dependent on the CBP complex and does not occur 

following poliovirus infection. Second, restoring activi,ty/is likewise a 
/' 

property of the CBP complex and eorrelates ~ith the presence of P220 as 

opposed to the 24K-CBP or eIF-4A. Whether or not the association of the 

modified CBP compl,ex with ribosomes fram infected cells reflects an 

involvement in translation of poliovirus RNA 'remains to be determined. 

Indeed, the mechanism by which poliovirus RNA initiates translation is 

something of a mystery, both in terms of any possible role of CBP(s) 

(modified or otherwise) and concerning which structural features of the 

viral messenger allow efficient translation in the absence of the cap 

structure. / 

,Th: ques~nCerning the relationship between the viral dependent 

protease which cleaves P220 and the poliovirus replicative cycle now 

challenges. One possibility is that the activity which processes the 

poliovirus primary cleavage products (P3-7C) 1s also responsible for 

_tt ___________________________________ ~_~_~ ___ _ 
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• cleavage of P220. However, this appears unlikely, in light of our recent 

data that antibodies directed against poliovirus protein P3-7C do not 

inhibit cleavage 0) ,P220 in vitro (K.A.W.L., LE., R. Hanecak, E. Winnner 

and N.S. submitted for publication). 'Therefore, there might be another 

viral protease involved in this cleavage or induètion of a cellular 

function, possibly one which is involved in ~egulation of protein synthe­

sis in a broader sense. The avail abil ity of mutants derived fram 

infectious cloned poliovirus DNA should aid in approaching these 

problems. 
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'CHAPTER 7 

Po11ov1rus Protease P3-1c Does Not Cleave P220 

of the Eukaryotfc MRNA Cap 8inding Prote1n Ca.plex 
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ABSTRACT 

Infection of HeLa cells by poliovirus results in prtlteolysis of the 

large subunit (P220) of the cap binding prot~in complè,~ ·"This i~ 'believ­

ed to cause the rapi d shut-off of hast protei n) synthesi s during poli 0-
1 o. \ 

virus infection. In th"is cOl\11lunication we examined the possible involve-

ment of poliovirus proteins P3-7C (a proteinase) and P2-X in cleavage of 
P2'20. Using antisera against these two viral polypeptides we were unable 

&. 
to inhibit proteolysis of P220 in an ~ vitro assay. These results 

indicate that viral .pr:oteins P3-7C and P2-X are not directly involved in 

cleaving P220 and hence causing s,hut-off of cellular protein synt,hesis. 
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INTRODUCTION ) . 

The mechanism by which poliovirus ~s Hela cell protein synthe­

sis, a subj~ct of intense study for several years (4), has recently been 

clarified in sorne respects. In vivo, poliovirus causes a rapid and --- \ 

extensive inhibition of cellular (capped) mRNA translation, whereas 

translation of the naturally uncapped poliovirus R~J!\ proceeds with high 

effi ci ency (1). Many li nes of ev; dence have demonstrated that the 

failure of capped mRNAs to enter polysomes is due to a virally induced .. 
defect in the translation initiation machiner,y of the host cell (for a 

). . 
recent review see ref. 4). The fact that cell extracts preparèd from

f 

poliovirus-infected cells are also spec;fically def;~ient in an activity 

requi red for capped rnRNA trans 1 ati on (3,10,11, 13) and thus fa i thfull y 
, 

, 
mim;c the in vivo situation, provided an assay for the factor which ;s 

inactivated. Consequently, it has been shown that the cap binding 

protein (CBP) complex (a1so termed eIF-4F or C~P. II) can restore trans­

lation of capped rnRNAs in ext;acts from POliovirUS-infelted cells (3,13) 

~r in a reconstitute~ translatifn system fram polioviras-~nfected ~el~s 
(6) and thus it is thought that':.poliovirus achieves inhibition of 

cellular protein synthesis by somehow inactivating the CBP complexe 

The CBP complex consists of three polypeptides, the 24K-CBP (also 

termed CBP I or eIF-4E), eIF-4A and an ~ 220 Ic.Da polypeptide (2,7). 

Etchison et al. (5) have presented evidence which indicates that the 220 

kDa polypepti de is cleaved by a viral dependent protease, yi el ding 

cleavage fragments of '" 130 kDa. :' Subsequently, ~ have isolated a 

modified CBP compl ex (by using m7GDP afffnity chromatography) from polio­

virus-infected Hela cells, which contains proteolytic fragments of P220, 

with. apparent molecular weights of ~ 130 kDa (lee et !l., J. Virol. In 

\ 
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Press). While ft remains to be demonstrated directly that proteolysis of 

P220 resu1t~ in 10ss of activity of the CBP complex it ;s clear1y most 

1 ikely that proteolysis of P220 ;s. the cause of inhibition of cellular 

protein synthesis. 

It is currently not known whether t~e a tiviiy which 
)0. 

c1eaves P220 is viral1y encode~ or whether it i an induced cellular 

activity. The poliovirus genome encodes at ast one protease activity 
. / { , 

(P3-7C. ref. 8) and inay have protease~tivities m~ping e1$ewhere in 

the,JQenome. Protein P3-7e 15 known ~proceyf viral polyprotein ta . \ 

produce most of the viral polypeptides b~avage between Gln-G1y amino ~() 
acid pairs (8). There are. however~ other cleavagé sites (1 Âsn-Ser~nd 

2 Tyr-G1y) that are not cleaved by P3-7C. The protease(s) responsible 

for these other c1eavage events 

however. that the activity does 

previously claimed (9). 

is ~ dentifi ed. It has been shown (81. 

not aprear to. res~ in P2-X as had been 

1 

Séveral studies have shawn that the virus dependent activity which 
,. 

is responsible for inactivating the CBP compTe~ and éonseQUent1Y for the 

inhibition of cellular translation, can be assayed ~ vitro. Origina1ly, 

Rose et ;,. (11) showed that translationa1 restoring activity (i.e. the 

activity which can restore capped 'mRNA functio~ in extracts from pol io­

virus-infected HeLa ce11s) can be slow1y inactivated upon incubation with 
--~ 

a ce11 extract fro~ po1iovirus-infected cells. We have confirmed these 

resu1ts (10) and have a1so shown that crude initiation factor prepara-, . 
tions from infected cells have an activity which can c s10wly impair the 

cap tHnding activity of polypeptides present in crude initiation factors 

from uninfected cells {lOlo These observations are consistent with the 

contention that the methtnism by which cellular prote;n synthesis is 
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FIGURE 1 

In vitro assay for the protease which cleaves P220 of the cap bind­

ing prote;n complexe HeLa S3 cells were grown in media supp1emented with 

5% calf serum. Poliovirus type l (Mahoncy Strain) infection of Hela 

cells was perfor~ed as previously described with 10-20 plaque forming 

units per ce11, and preparation of cell extracts was as previous1y 

described (10,11). Extracts were m.f'xed (as indicated below) and incubat­

ed for 30 minutes at 37°C. Reactions \'1ere stopped by addition of 
J' 

,tJJ 
e1ectrophoresis sample buffer and resolved on 10% pOlyacry1amide gels 

containing SOS. Following electrophoresis, po1yp€ptides were transferred 

to nitrocellulose paper according ta Towbin et al., (14). Nitrocellulose 
, '-- '" 

,lP '. '" l 

b10ts were pre-saturated with 1% bovine serum albumin in TBS (10 rrtv1 tris 

pH 7.5, 150 rrM NaCl) for 30 minutes at room temperature. Blots were 

incubated with anti-P220 antiserum in 1% BSA in TBS for 3 hrs at room 
\ 

temperature. The ant;scra was raised in rabbits against ~eep CBP 

comp1ex injected intradermal1y (15) as described elsewhere (K.l. et al., 
,-\-

J. Virole in press) and was diluted 2000 fo1d in 1% BSA in TBS before 
, 

use. Blots were sUbsequent{y washe~ with six changes of TBS over a 

period of 30 minutes fo11owed by incubation with peroxidase conjugated 

goat anti-rabbit IgG (Boehringer Mannhein) diluted 1000 fo1d in 1% BSA in 

~ TBS for 1 hour. Imm~noreactive species were then visua1ized by staining 

with diam;nobenz;dene a~ described e1sewhere (l~). lane 1 contained 10 

III of S10 extract from uninfected cell s (U-S'10) and 5 III of S10 extract 

from poliovirus-infected cells (I-S10). Lane 2, 10 III of U-S10 and 2.5 

III of 1-510. lane 3. 10 1!1 of U-S10 and 1 ~l of ,1-510. Lane 4, 10 III of 

U-S10 only. Lane 5, 10 _ III of U-S10 and 5 III of I-S10 wh1ch were not 

incubated at 37°C for 30 minutes. lane 6. an aliquot of the reaction 

l 
" mixture used in lane 5, following 30 minutes incubation at 3rC. Lanes 7 
\ . 

, '.-

", /_)and 8, U-SlQ and I-S10 respect1vely, which were nat 1ncubated. - .---'-,. 
'1 -"'{ 

--~~~ ..... ~. ". , 
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inhibited in poliovirus-infected cells is catalytic in nature and is not 

a re,sult of ster,ic hindrance by sorne viral proteine Finally, Etchison et 

al. (5) have shown that the protease activity which cleaves P220 of the 

CBP complex can be detected in crude initiation factors from poliovirus-
/ 

; nfected cell s. 

,Usi ng po1yc1onal anti sera agai nst P220 of sheep erythrocytes we 

probed extracts from either uninfected (U-S10) or poliovirus-infected 

(1-$10) ce11s and obtained the same results as Etchison et al. (5). Fig. 
J --

1 is an irmnunoblot showing that the anti-P220['serum reacted mainly with a 
\ 
1 

220 kDa polypeptide present in U-$10 (lane 7) whereas this polypeptide 

was absent in 1-$10 (lane B). Instead, the antisera recognized in 1-510, 

polypeptides that are presumably cleavage products of P220 with molecular 

weights between 110-130 K (lane B). In an attempt to assay the protease 

activity in vitro, we mixed U-$10 and 1-510 and monitored proteolysis of 

P220 by probing with ant; -P220. As a control we incubated U-S10 al one 

for 30 minutes, and found that P220 is stable under these conditions 

(lane 4). We have repeated this experiment with many different cell 

extracts and have never detected degradation of P220, even after longer 

incubation times (data~t shown), an observation suggesting that P220 is 

not intrinsically unstable. Lanes. 1-3 show mixtures of U-S10 with 

decreasing amounts of I-$10. The results show that a ratio of 

U-S10:1-Sl0 of 2(10 III of U-510 and 5 IJ.l of I-S10, in which both 

extracts contained" equal protein concentration as determined by A280/A260 
1 

readings) is sufficient to completely proteolyze P220 after 30 minutes of 

incubation (lane 1). The same bands of 110-130 kOa in 1ane ~ ~re also\ 
/ J 

seen in la~.es 1-3. 1t is reasonab1e ta assume that the disappearance'of 

P220 fr~'U-S10 upon mixing with 1-$10 occurred because the P220 was 
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ycleaved to yield the sma11er products. We have, however, not yet 

purified the cl eavage activi ty fram I-S10 and ïncubated it with U-S10 to 

direct1y document the products of proteolysis. For a U-S10:I-S10 ratio 

of 4, there is almost complete proteolysis of P220 after a 30 minute 

incubation (lane 2). For a U-S10:I-S10 ratio of 10 there is clearly 

someP220 remaining after 30 r;ninutes, (lane 3). Thus, a U-S10:I-Sl0 ratio 

of 4 is approximately the end point for titration of the I-S10 against 

the protease acti vit y under our assay conditi ons. Lanes 5 and 6 show 

that 10s5 of P220 is time dependent. Lane 5 shows P220 re1ated antigens 

,after a simple mixing of U-SlO and I-S10 without incubation and 1ane 6 

shows an aliquot of the same samp1e after 30 minutes incubation. It 

should be n~ted that the incubations shown in lanes 5 and 6 are from a 

different experi ment to those in 1 anes 1-4. Thus the abso 1 ute amount of 

P220 is less in lane 5 than in 1ane 4 due to variation in staining 

intensity between exper;ment~. In summary, the resul ts presented in Fig. 

l, co'nfirm previous reports (5) and demonstrate that there is a protease 
. 

activity present in extracts from poliovirus-infected Hela cells which 

can degrade P220. 

We next wanted to determine whether po1iovirus proteins P3-8C or 

P2-X are involved in P220 proteolysis. Protein P3-7C is a most like1y 

candidate for such a protease activity since it is the viral protein 

involved in most of the cleavages of viral precursor polypeptides to 

yie1d both structural and non structural proteins (8). 
, 

In the case of 

P2-X it has been reported that this protf.;!.o has protease activity 

invo1ved in proces~ing of poliovirus prote;n precursors (~J, but this was 

not verified in a more recent study (8). 
, 

Initial'ly we tested the activity of our preparations of antlbodies 
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FIGURE 2 

Effects of anti-P3-7C and anti-P2-X on processing of poliovirus 

precursor proteins~ Translation incubations using extracts from polip­

virus-infected Hela cel1s were carr;ed out according to Lee et !L., (10) 

except for the fact that extracts were not nuclease treated. The cell 

extract was prei ncubated for 60 mi~utes a,'~rC with antibody buffer or 

the desired antibody. The translation incubations were then performed. 

Reaction mixtures contained (in a total volume of 25 ~l) 9 1-1-1 of cell 

extract, 130 mM potassium acetate, 0.4 mM magnesium acetate, 20 mM Hepes 

(pH 7.5), l mM ATP, 209, pM GTP, 9 mM creatine phosphate, 22 mg of 

creatine phosphokinase per ml, 2.5 mM dithiothreitol, 0.2 mM spermidine, 

19 amine acids (10 ~ each, minus methionine), 20 ~Ci of [ 35Sj methionine 

(:> 1000 Ci/mmol, New England Nuclear) and 6 1-1-1 of antibody buffer (10 lJt.1 

tris pH 8.0, 10 mM KC1) or IgG fractions of the antibodies indicated 

below. Antisera to poliovirus proteins P3-7C and P2-X and purification 

of IgG fraction was as described elsewhere (8). Following incubation for 

60 minutes at 37°C, s,amplès were resolved on 10% SDS/polyacrylamide gels 

followed by autoradiography. Lanes 1-3 and 1anes 4-6 are different 

exposures of the same autoradiograph (exposure times were l hour and 5 

minutes, respective1y). Lanes 1 and 4, translation products in the 

absence of antibody,. Lanes 2 and 5, translation products in the presence 

of 60 ~g of anti-P3-7C. Lanes 3 and 6, translation products in the 

presence of 60 ~g of anti-P2-X. Lanes 7 and 8 show an immunoblot of 

extracts from uninfected (lane 7) and infected Clane 8) cel1s probed with 

anti-P2~X. Blotting conditions were as described in the legend to Figure 

1. 
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against P3-7C and P2-X. Anti-P3-7C is known to inhibit cleavages at 

glutamine-glycine pairs which occur when processing of viral precursors 

is assayed during in vitro translation of endogenous po1iovirus RNA in 

extracts from poliovi~us-infected cells (11). Consequently, we used this 

assay to test the activity of anti-P3-7C. Fig. 2 (lanes 1-6) shows the 

[ 35SJ-methionine labeled proteins produced in an extract from poliovirus­

infected Hela cells. Lanes 1-3 and lanes 4-6 show different exposures of 

the same gel. Lanes land 4 show endogenous translation products in the 

absence of antibody. There are major bands which correspond to the three 

precursor proteins (Pl-la, P3-lb and P3-2, respectively) indicated to the 

1eft of lane 1. In addition there are several lower molecular weight 

bands which correspond to the various viral proteins derived from the 

higher molecular weight precursors. Addition of anti-P3-7C to the trans­

lation incubation results in inhibition of processing as indicated by the 

disappearance of the lower molecular weight bands and the build up of an , 

~ 150 kDa polypeptide, lanes 2 and 5. The ~ 150 kOa polypeptide consists 

of the combined amino acid sequences of P2-3b and P3-1b as prevfously 

shown (8). Oensitometry of the lower molecular weight bands indicated 

that under the conditions of our assay. greater than 90% of P3-7C 

activity was blocked by anti-P3-7C. Addition of antf-P3-7C ta the trans­

lation incubation had no effect on the total incorporation of [ 35SJ­
methionine into TCA precipitable material (data not shown). Lanes 3 and 

6 show the effects of anti-P2-X on poliovirus protein processing. It can 

be seen that anti-P2-X has no effect on processing of poliovirus polypep­

tides, as previously shown (8). In order to ascertain that the anti-P2-X 

antibody was active, we probed Hela cell extracts from uninfected and 

poliovirus-infected HeLa cells. The' immunob1ot is shown in lanes 7 and 

------------~-.::.- --- . 
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FIGURE 3 
~ 

Effects of anti-P3-7C and anti-P2-X on proteolysis of P220. The 
1 

protease assay was carried out as described in the legend ta figure 1, 

and the figure shows P220 re1ated antigens. Lane l contained 4 ~1 of 

U-S10. Lane.s 2-8, 4 1-11 of U-S10 and 2 ~1 of 1-510. Lanes 3-5, 2 1l9, 10 

Ilg and 20 .\.19 of anti-P3-7C, respectively. Lanes 6-8, 2 ~g, 10 \.19 and 20 

I-1g of anti-P2-X, respective1y. 

. , 

, 1 
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8, representing the uninfected and 1nfected cell extracts, respectively. 

The ant; body reacted wi th P2-X "in extracts From infected cell s Cl ane 8) 
-

and gave no reaction with a si~ilar molecu1ar weight pOlypeptide in 

extracts From uninfected cells (lane 7). There is .also a Weak reaction 
'. 

with a higher_molecular weight band (indicated by an arrowhead) in 

extracts from infected cells which most probably corresponds 'to the 

precursor polypeptide P2-5b. Thus, the antibodies we are using are 

active in inhibiting the activity or recognizing their cogna te antigens. 

We next asked whether anti-P3-7C or anti-P2-X cou1d inhibit the 

? proteolysis of P220. The protease assay was performed 'under the 

conditions used for lane l, Fig. l, to ensure that efficient proteolysis 

was achieved but that the protease activity was not in vast excess. 

Lanes land 2 (Fig. 3) show U-S10 and a mixture of U-S10 and, 1-$10 

respective1y, incubated for 30 minutes. ln lanes 3-5, increasing amounts 

of anti-P3-7C were added to the incubation under the same conditions as 

for the in ,vitro translation experiments. The highest amount of antibody 

added (expressed as ~ of antibody per ~l of 1-$10) was in excess of the 

amount which resulted in greater than 90% of the P3-7C activity (lane 5). 

It is clear fram our data that antl-P3-7C has no effect on the protease 

activity Which cleaves P220 as evidenced by the absence of P220 in lanes 

6-8.. Lanes 3-6 show that anti -P2-X (added in the same amounts as ant1- . 

P3-7C) a1so has no effect on proteolysis of P220. We conclude that the 

activity which c1eaves P220 1s not the same as that (P3-7C) which cleaves 

poliovirus precursor polypeptides. The data-also suggests that P2-X is 

not directly involved in proteo1ysis of P220. 

f; 
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The résu1ts presented here and in previous reports estab1ish that 

P220 of the CSP comp1ex is proteo1ytically cleaved in poliov;rus-;nfected 
~ 

cell s. However, it remains ta be proven ri·gorously that the cl eavage i s 

indeed the cause for 10ss of activity of-the CSP complex. The identifi­

cation of a viral protease responsible for the degradation of P220 would 

lend support to the proposed rnechanism of inhibition of host cell prote;n 

synthesis. The results shown here indicate that the poliovirus, protein .. 

ase P3-7C is not involved in the cleavage of P220, because anti-P3-7C 

antiboqy does not inhibit P220 cleavage under the same conditions as it 

inhibits poliovirus protein cleavage. A similar conclus~~n can be made 

for polypeptide P2-X, but with sorne reservations SÎhC~OnlY ass~ we 

,have for the anti-P2-X antibody is immunoreactivity on a nitrocellulose 

blot and it '4 possible that anti-P2-X cannot 1nhibit the enzymatic 

activity of P2-X. 
~ 

Our conclusion 1s in accord with recent results obtained by Lloyd; 

E'tchison and Ehrenfeld (PNAS, in press) which demonstrated that P3-7C -.. 
activity can be separated from the P220 proteolyzing activit1 and that 

antibodies against P3-7C do not inhib.i.t P220 proteolytic cleavage. 

If P3-7C and P2-X are not di~ctly responsible for cleavage of P220, 

then the question of, the identity of this protease remains unanswered. 

It is possible that a hitherto uncharacterized poliovirus encoded 
(J 

protease )s involved or, alternatively, that poliovirus infection induces 
1:-

a cellular activity that cleaves P220. If the latter is true it would be 
, 

interesting to know whether.such an activity plays a role in regul~tion 
o . 

of protein synthesis in situations other than during poliovirus infection 

of Hela cells. -. 

. 1 
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(al . The role of cap binding proteins in initiation of translation 

The initiation phase of protein synthesis is one of th~ most complex 

events occuring in the eucaryotic cell. While it shares several features 

'in common with the prokaryotic process, there are salient differences 

which most likely reflect the existence of regulatory features involving 

the eucaryatic initiation machinery. Firstly, the number of identifiable 

diffusable factors required for eucaryotic initiation is ,about ten 

compared ta just, three in the prokaryatic process. Second, there is a 

requi rement for ATP hydrolysi s, in eucaryotes. Thi rd, eucaryotic ribo- J 
somes are much larger and more camplex than prokaryotic ribosomes, wh il e 

catalyzing essentially similar reactions. lastly, the cap structure 

5'm7GpppX(m)3' is require~ for efficient translation of eucaryotic 

mRNAs. 

Qualitative control of protein synthesis occurs in many instances in 

eucaryotes and our 1 ack of understanding of the mechani sms i nvol ved is 

partly due ta a corresponding void in our knowledge of the way in which 

ribosomes bi nd to mRNA and i niti ate transl ati on. Consequently, because 

the cap structure pl ays a central role in th; s process we aimed to 

identify factors involved in the cap recogni'tionprocess and to elucidate 

-their mechanism of actjon. 

In an attempt to unambiguously identify the components involved in 

the cap specifie mRNA-protein interaction between polypeptides in crude . 
initiation factors and mRNA, we first'wanted to structurally characterize 

t~e components of the high molecular weight CBP complex originally 

described by Tahara et al. (CBPI1) (119) and later by GrUo et al. 

(eIF-4F.l (128). Using the m7GDP affinity column w~ were able to purify a 

complex of three polypeptides (24,50 and 220 kDa) which is. functionally 

very s;m;lar to CBPII and eIF-4F. The 24 kDa polypeptide corresponds ta 
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the 24K-CBP originally isolated by Sonenberg et al., as determ1ned by the 

abil ity to specifically crossl ink ta the cap structure, com;grati on with 

the 24K-CBP in 2-D gel systems and the presence of common antigenic 
r 

determi na'nts. By simil ar criteri a, and in addi ti on, by 2-D pepti de mapp-

ing, the 50 kOa polypeptide of the CBP cornplex is eIF-4A, although there 

might be a su~tle difference between free eIF-4A and eIF-4A which is 

associated with the CBP complex. This suggestion results from a 

difference in the relative amounts of two spots observed in 2-D tryptic 

peptide maps of the two forms of eIF-4A. The functional significance of 

this difference is not known. The 220 kDa polypeptides is'currently 

poorly ch~racterized except for evidence that it plays a role in the 

poliovirus mediated shut-off of host prote;n synthesis (as will be 

described later) and 1s thus apparently indispensable for CBP comple 

function. 

We have not yet ~erformed any physical studies to determine he 

stoichiometry of the CBP complex but we suggest that the 24, 50 and 220 

kOa polypeptides are statl~y associated and represènt a homogenous biolog-

ical entity. This rollows from many observations in this thesis and 

elsewhere. F1rst, the CBP complex is stable to many purification,steps 

and the purified components cosedirnent in sucrose gradients containing 

high salt (0.5M KÇl). [If one assumes a 1:1 stoichiometry of the sub­

units and hence a molecular weight of ~ 300 kDa for the native complex, 

ft has an anomalously small sedimentation coefficient of ~ 6S. This 

accords wit~ the observations of Grifo et al. (128) who reported similar 

characteristics for eIF-4F and suggests that the CBP complex ;s highly 

asymmetricJ. Second, although the CBP complex is lacking one pOlypeptide 

compared to CBPII (119) or eIF-4F (128), it appears functionally 

1 

( 
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equivalent. It can restore translation of capped mRNAs in extracts from 

poliovirus-infected cells (129) and it allows the interaction of eIF-4A 

and eIF-4B with the cap structure (157). These observations however, do 

not imply that the JE. vivo form of the CBP complex is the same, since it 
l ' 

must be remernbered that high salt fractionation is employed,to p~rify the 

complex. 

Having obtained a relatively pure preparation of the CBP complex we 

examined its interaction with mRNA. When the CBP complex alone is used, 

only the 24K-CBP appears to interact with the cap structure. Because the 

free 24K-CBP is the only factor which 'by itself can be specifically 

crosslinked t~ mRNA, this rnost likely means that binding of the CBP 

complex to mR~À occurs via the 24K-CBP component. On examining the 

crosslinking efficiency of the 24K-CBP as' part of the CBP .complex 

compared to the. free 24 kDa polypepti de, we found a dramatic ;'ncrease for 
\ 

the CBP complex associated form. Both forms (th;,24K-CBP and the CBP 

complex containing the 24K-CBP.) have affinity for cap analogues since 

they are efficiently retained by the m7GDP-affinity resins used to purify 

them. However, we have not perforrned any studies to measure the binding 

affinities of the two forms and so it remains a possibility that the 

difference in crosslinking efficiency reflects a difference in affinity 

for the cap struéture and is therefore likely ta be biologically signifi­

canto Another possibility is that there is a conformational difference 

in the interaction between free 24K-CBP and rnRNA, and CBP complex 

associated 24K-CBP and mRNA, which simply affects the chemical crosslink­

ing assay. Thus, it should be cautioned that the crosslinking assay is 

artificial and differences in crosslinking efficiency might not be 

related to biological activity. 
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Addition of CBP comp1ex and eIF-4B together result5 in the cap 

specifie crosslinking of 24K-CBP, eIF-4A (50 kDa) and eIF-4B (80 

kDa).This interaction a150 requires ATP/Mg 2+ and results in a specifie 

crosslinking profile which is very similar to that observed between 

polypeptides present in crude inUiation factors and mRNA. These results 

suggested that the 50 and 80 kDa cap specifie polypeptides deteeted in 

crude factors correspond ta eIF-4A and eIF-4B respectively. This was 
/ 

confi rmed for eIF -4A but di rect ev; dence to demonstrate that the 8o/kDa 

polypeptide is eIF-4B is lacking at present. In ~mmary, the CBP complex 

and eIF-4B are sufficient to reconstitute the cap specifie mRNA protein 

interaction observed in the crude system. 

The cap structure (and by implication cap binding protein), eIF-4A 

and eIF-48 are required for formation of intiation complexes between 405 

ribosomes and mRNA. The pathway that is currently envisioned for thi s 

process is that the CBP compl ex and maybe elr-4A and eIF -48, i nteract 

with the rnRNA and by sorne mechanism, subsequently allow binding of the 

ribosome. We sought to examine the idea that mRNA secondary structure 

near the 5' terminus of the mRNA is denatured in an active process by 

factors which interact with the cap structure. To this end we asked 

whether capped mRNAs with reduced secondary structure could function 

(either in translation or in partial initiation reactions) in extracts 

from poliovirus-infected cells. Because the CBP comp1:e~~is impa;red in 

these extracts, any translation initiation event must pr,esumably occur by 

a mechanism other than·the normal one for capped mRNAs.'On the one hand, 

we found that irreversibly denatured inosine-substituted reoyi~~us ,"RNA 

was able to bind to ribosomes in extracts from infected cells, while 

native reov;rus mRNA could not. Binding of ribosomes, to inosine 
\ 
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substituted mRNA was insensit;ve to cap analogues, further suggesting 

that it occun~ independently of a cap recognition step. We also assayed 

translation of different capped mRNAs in extracts from poliovirus-infect­

ed cells and found that translation of capped Alfalfa Mosaic Virus 

(AMV)-4 RNA ~ccurred with an efficiency comparable to that of naturally 
\ 

uncapped mRNAs (EMev and Satellite Tobacco Necrosis Virus (STNV) RNAs). 

Thus the tr,anslation of AMV-4 RNA does not require the full activity of 

the CBP complex, in accord with many earlier observations suggesting that 

this mRNA is not strongly dependent on the cap structure for 

translation. 

It now seems cl ear that the 51 reg; on of AMV-4 RNA between the cap 

and the AUG is devoid of stable second~ry structure (351) and in this 

sense ;s similar to inos;ne-substituted reov;rus rnRNA. Taken together 

these results suggest that capped mRNAs with reduced secondary structure 

are less dependent on an activity of the CBP complex for initiation 

cornplex formation. Sorne caveats apply however to the interpretation of 

the above data. One caution concerns the authenticity of the 80S initia-

tion complexes formed on inosine substituted mRNA. This is indeed a 

difficult thing to assess, in light of the fact that inosine substituted 

mRNAs cannot direct synthesis\of a proteine Recently, it has been 

suggested that authentic ribosome binding to inosine-substituted mRNA 

requires ATP and the cap structur~~ (352). mis is in contra st to a 
.1 

previous report which claimed thdt the cap structure and ATP were not 

essential for this function when inosine-substituted mRNA is used. The 

former suggestion is based on the observation that there is a change in 

the ribosome binding characteristics for inosine substituted mRNA 

depending on whether ATP is present or not. In the presence of ATP, 80S 

complex formation seems to accur by a similar mechanism ta that for 
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regular reovirus mRNA, in that ft is sensitive to inhibition by cap 

analogues and the labeled cap structure is protected by the 405 ribosome. 

However in'the a'bsence of ATP, 80S complex formation seems insensit;ve to 

cap analogues and the 405 ribosome does not protect the cap structure 
, 

from nuclease digestion. On the basis of these observations, the a~thors 
-

suggest that lauthentic l ribosome binding to inosine substituted mRNA 

requires both the cap structure and ATP. This impl ies that the 80S 

complexes formed in the absence of ATP are non-functional which, as 

• stated before. is difficult to verify. Two points favor the interpre-. 
tation that the complexes formed on inosine substituted mRNA would direct 

synthesis of a protein, given the chance! First, the fact that inosine 

substituted mRNA forms 80S complexes in the presence of the polypeptide 

chain elongation inhibitor sparsomycin, strongly suggests that the 

complexes are formed near the 51 end of the mRNA. If the observed 

complexes are a result of internal sticking of 80S subunits (producing 

nonfunctional complexes). then one might wel' expect the formation of 
. 

larger entities containing many ribosomes. In addition, if the elonga-

tion block is removed, then inosine substituted mRNA can go on ta form 

polysome like complexes which are similar ta those formed on native 

reavirus mRNA. 

In the casè of AMV-4 RNA, it is clear that its translation is less 

dependent on the fully active CBP complex since it can be translateq 

faithfully and as efficiently as natural1y uncapped RNAs in extracts from 

poliovirus-infected cells. In other experiments we have shown that AMV-4 

RNA translation is not stimulated by addition of CBP complex to ex tracts 

fram uninfected Hela cel1s, under conditions in which other capped' mRNAs 

are stimulated (reovirus. globin and VSV mRNAs) (129): These results show 

.. 
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di rectly that AMV -4 RNA has a reduced dependence on the CBP compl'ex -for 
, 

translation. The fact that AMV-4 RNA is most probab1y devoid of . 
secondary structure 51 to the AUG accords with our model but again is 

on1y supportive. It cannot be ruled out that AMV-4 RNA contains specifie 

primary sequences which function to allow efficient ribosome binding 

without any need for the cap structure. Such features, for example, 

might include binding sites for initiation factors which otherwise depend 

on the CBP complex to bind mRNA. Alternatively, AMV-4 RNA might be able 

ta directly interact with the 40S ribosomal subunit. In thi~ way, AMV-4 

RNA mi ght behave as a naturally uncapped RNA. 

Whatever the mechanism of translation of AMV-4 RNA is, the fact 

that it is not very d~pendent on the cap structure i s particul arly note­

worthy. Firstly, it demonstrates 1hat the cap structure per ~ does not 

dictate a cap dependent mechanism for initiation of translation, which is 

consistent with the view that other structural features of the·template 

confer such dependence. These features are presumably absent from AMV-4 

RNA. This ob,servation is in agreement with the report of Brown et al. 

(388) who showed that decapped VSV mRNA is not efficiently translated in 
, 

extracts fram poliovirus-infected cells. Thus, the simple absence of the 

cap structure on poliovirus RNA is not sufficient to allow initiation 

factors in infected cells to discriminate between capped and un~apped 

mRNAs. Secondly, it has been clear for sorne time that the degree of 

dependence on the cap structure for translation varies among different 

mRNAs and thus, AMV-4 RNA provides an example displaying very low cap 

dependence. This might have ,more general significance, since, it raises 

the possibility that sorne cellular mRNAs might be efficiently translated 

either without a cap structure~. in the absence of functional cap bind-

-------------------~--
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lng proteine If the CBP complex is a target for regulation in situations 

other than during poliovirus-infection, then this possibility might have 
, ' 

significant physiological ramifications. Whlle the shut-off of cellular' 

prote;n synthesis by poliovirus is generally thought of as being non­

discriminatory with respect to cellular mRNAs, 1 do not know of any study 

which has rigorously examined this question. Consequently, it would 

indeed be of interest to probe for cellular mRNAs which might not be 

'shut-off ' dur1ng poliovirus infection. 

To examine the effect of mRNA secondary structure on interaction of 

cap specifie pOlypeptides with the cap structure and on ribosome binding 

to capped mRNAs, we employed reovirus mRNA transcripts with different 

degrees of secondary structure. We found a correlation between the stab-

ility of mRNA secondary structure and the dependence on ATP for inter­

action for the 50 and 80 kDa polypeptides with the cap structure. 

Whether or not the cap specifie interaction between the 50 and 80 kDa 

polypeptides and inosine-substituted rnRNA is merely le~,s dependent on ATP 

or totally independent is no~ clear fram our results, since it remains a 

possibility that the crude initiation factors contain tightly bound ATP. 

However, one argument against this is that we have been unable to detect 

levels of ATP greater than 0.5 X 10-8M (unpublished observations) in our 

factor preparations using the highly sensit,ive luciferase enzyme assay 

for ATP (353). 

We found a direct relationship between the stability/amount of mRNA 

secondary structure and the extent to which ribosome binding is inhibited 

by high salt. It is well documented that high salt concentrations' 

lnhibit translation of capped rnRNAs under conditions in which naturally 

,uncapped mRNAs are not affected (124). Further evi dence that thi s effect 

\ 

. / 
\ 
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is actually cap related, is that translation is more sensitive to cap 

analogues at high salt concentrations (354) and that the inhibition of 

translation can be relieved by the addition of CBP complex (129). The 

above results, obtained from employing mRNAs with varying degrees of 
• 

secondary structure, suggest that inhibition of translation at high salt 

concentrations is related to the stability of mRNA secondary structure 

although the mechaflism is not clear. One possibility is that the 

activity of a factor involved in melting mRNA secondary structure is 

directly inhibited at high salt concentrations. Alternatively, the 

lncreased stability of the secondary structure might prevent the putative 

melting factors functioning efficiently. 

A major reservation concerning a model in which a cap recognition 

factor melts mRNA secondary structure is that we have thus far been 

unable to demonstrate any melting activity directly. The best evidence 

to indicate such an activity cornes from experiments in which a monoclonal 

antibody with anti-CBP activity was found to inhibit the binding of ribo­

somes to regular reovirus mRNA but had no effect on binding o~ibosomes 

to denatured inosine substituted reovirus mRNA. This antibody was also 

found to inhibit the cap specifie crosslinking of CBp·s suggesting that 

the activities required to denature mRNA and for interaction of CBPs with 

the cap structure are related. Unfortunately, although" the antibody 

employed in these studies exhibited very striking anti-CBP function (37) 

it was never determined exactly which antigen was being recognized by the 

antibody. The avaiJability of purified CBP complex should allow the 

development of a direct assay for the denaturation activity. One way 

would be to pro duce small mRNA transcripts in vitro with well defined, 

extensive secondary structure and to incubate these with purified CBP's, 

ATP/Mg2+ and to follow denaturation of the mRNA by the hyperchromie shift 
..1' 

lia 
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in a spectrophotometer. Anoth r possibility would be to map mRNA 

secondary structure using structu specifie RNases in the presence and 

absence of purified CBP complexe In n initial approach along these 

lines, there is evidence that eIF-4A an the CBP complex do increase the 
J , . 

sensitivity of mRNA ta nuclease (R. Thach, ersonal cOl111lunication). This 

coul d mean that there i s less <JfI\RNA secondary s ucture in the presence ~of 

these factors although unfortunately, since only ~i ngle strand specifie 

nucleases were employed in these studies the results are open to inter-

pretation. 

Despi te the lack of di rect evi dence, our observations suggest that 
, 

mRNA must 0 undergo an ATP dependent conformational change which allows 

interaction of eIF-4A and eIF-4B (probably) with the cap stru~ture. Th\is 

step may well be necessary al though probably not sufficient to ~llow ._' 

formation of 405 initiation complexes. Because it is possible ta recon­

stÙute the cap .... -speci fic rnRNA protein interaction observed when usi ng 

crude initiation factors, by using the CBP complex and eIF-4B only. it 
<', 

.appears that these factors are sufficient to bring about such a change in" 

conformation of 'the mRNA. Whether the CBP complex by itsel f is competent 

or whether it acts in concert with eIF -4B cannat be ~swered at the 

moment and r,esolution of this question will requ;~e a direct assay for 
~ 1 

the putative melting activity. A further observation worth noting is 

that cap specifie crosslinking of eIF-4A is enhanceq in the purified ,,. 
system by addltion of f,ree eIF-4A. The interpr~tation here is not' 

'straightforward. Firstly, we have presented evidence that the eIF-4A 

associated with the CBP complex is slightly mOdi,fied compared to the free 

eIF-4A (as indicated by the s,light difference-in peptide maps), ~lthough , , . . 
the functional significance of 'thi~ is nat known. 5econdly,. we cannat 

' . ..... --~ -. 
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tell which form of eIF-4A is being crosslinked when the CBP complex 

(containing eIF-4A) and free'eIF-4A are present together. The stimula­

tion is significant, however"'a~d îs consistent with the fact that free 

eIF -4A stimul ates other assay syStems in whi ch the CBP compl ex i s al ready 

present; for example, the reconstituted protein synthesis system of, Grifo 

et al. (128). These observation suggest an ;nvolvement of free eIF-4A 

in initia~on, although a unique role ;s not yet apparent. Thlt is to 

say, although free eIF-4A stimulates many assay systems, it is not clear 

whether it acts via association with the CBP complex or by itself and 
o 

hence in a different way to CBP complex assoc;ated forme 

The proposed mechanism for the interaction between cap recognition 

factors and mRNA suggests that one of the components will have an ATPase 

activity. It is also possible that the requirement for ATP might be due 

ta a phosphorylation event which activa\es one of the components. There 

isÎevldence that eIF-4A has an mRNA dependent ATPase activity which ;s 

st~mulated Dy eIF-4B (355). As might be ex~ected, the CBP complex has a 
~ , 
~ 

similar activity, .presumably due to the prese_nce of eIF-4A. It was also 
l 

claimed that eIF-4A, eIF-4B and the CBP complex act synerg;stica~ to 
" ~ 

\, - hydrolyze ATP" aga11l poi nti ng to a concerted acti on of these factors ; n 
<:' 

mRNA recogn;tio~. This problem deserves much attention because an under-

standing',lof the ATPase activity ~ill no doubt prove most illuminating in 
o 

êlucidatin9' the mechanism of ribosome/mRNA J~ttachment. Phosphorylation 

of factors might also play a role in rnRNA recognition py CBP comJlex. 

eIF-4A and eIF-4B. In the case of eIF-4B there appear 'to be IIlIlliPle 

phosp~oryl ati on sites and phosphoryl a,ted e IF -46 seems to be active • 

Two-dimen~ional gel analysis of the 24K-CBP and eIF-4A Cèither as the 
~ ~~ 

free polypeptides or as constituents of the CBP c~mplex) ~dicate the 
,. 

------------------~ - ----- \ 
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presence of different isoelectric variants although the structural 

differences between the variants have not been elucfdated ta date. Thus, 
1/ 

a role for ATP in phasphorylation of these mRNA ,binding factors is 

neither demonstrated nor precluded. 

Messenger RNA recognition is but one of the many par._ .. ial reactions 

in eucaryotic translation initiation, the sum of these reactions termin­

ating in for~ation of an 80S initiation complex at the AUG codon. It is 

pertinent to consider hOW/~~'factors involved in this step might inter-

act with other components of the initiation machinery and therefore how 
1 

~ 1~ioi".z:h ... 

they might function in the overall process of initiation. Fi rstly, the 

fact that the CBP complex copurifies with either eIF-3 or eIF-4B, 

(depending on the fractionation procedure employed), demonstrates that 

the CBP complex does have affinity for these two factors, although no 

functional significance has yet been suggested. In the case of eIF-3, it 

seems that the CBP complex can be removed by washing in high salt (0.5 M 

KC1) and there is a1so, sorne evidence that the eIF-3/CBP association is 

disrutted-as a "consequence of poliovirus infection (155). This latter 

observation hints at biological significance and will be discussed 

further in the second half of this chapter. eIF-3 is a very "large rnulti­

sub~nit factor which is involved in mRNA binding to 435 preinitiation 

complexes and so it might be that eIF-3/CBP association is required for 

this step. Another rnechanism for 43S cornplex/mRNA interaction could 

involve binding of the CBP complex, eIF-4A and/or eIF-4B dir~ctly to sorne 

integral component of the 40S ribosomal subunit. However, to date, 

attempts to demonstrate binding of radiolabeled factQrs (eIF-4A, eIF-4B 

or the CBP complex) to the 40S subunit have not succeeded, suggesting 
, 

that a direct stable 'interaction does not occur. 
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Subsequent to formation of 48S preiriitiation complex formation, the 

40S ribosome relocates on the mRNA followed by joining of 60S subunits 

and formation of 80S initiation complex at the AUG codon. Kozak has 

pro~used the scanning mechanism f~r this ste;, which postulates that 40S 

ribosomes attach at or near the 51 cap structure followed by migration 

along the mRNA until they encounter the AUG codon whereupon 80S initia­

ti6n ,complexes are formed (reviewed in reference 67). Since the postu­

lated migration of 40S ribosomes along mRNA requires ATP hydrolysis, it 

is a possibility t~at the RNA dependent ATPase of the CBP complex and 
, 

eIF-4A (alluded to earlier) i5 involved in migration of 40S ribosomes • 
.... 

This however is pure conjecture at present and awaits further investi-

gation. 

While the cap structure is required for efficient translation of 

most capped mRNAs, the requirement is not absolute and furthermore, 
, 1 

varies among mRNAs. The cap structure functions during the rate limit{ng 

step of initiation and this step occurs at different rates for different 
( 

mRNAs. Consequently, this step is likely to be important in allowing \ 

/ competitive inhibition of translation of some mRNAs by others. The site 
( 

of competition is now thought to involve a step just'prior to binding of 

40$ ribosomes to mRNA in which mRNAs compete for a limiting component of 

the translation machinery. This limiting component is referred to as " 

ImRNA discriminatory factor l and mRNAs with high affinity will be 

translated at the expense of ~RNAs with low affinity., Because the CBP 

complex (CB~II, reference 160) can alleviate competition between reovirus 

mRNAs, it has been suggested that the CBP complex 1s a mRNA discrimin-

, atory factor (160). Sarkar et al. (356) have obtained similar results. 

They found tflat the CBP compl ex (used for the experi \ 
\ 

'/ 
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ments in this thesis) was able to re1ieve translationa1 competition 

between a and ~ globin mRNAs in rabbit reticu10cyte lysate. Translation 

of a 910bin was preferentially stimu1ated by addition of the CBP cornplex 

under co_nditions in which total protein synthesis remained constant. 

This is diagnostic of a mRNA discrimfnatory effect and strongly supports 
-

the contention that the CBP complex is a mRNA discriminatory factor. 

The structural features of mRNA which determine their intrinsic ' 

\" translational efficiencies remain to be elucidated. In contrast to 

J 
prokaryotes, in which case the Shine and Dalgarno consensus sequence can 

affect translational efficiency,,,> there seems to be no general ized 

eucaryotic counterpart (371). A role for specifie primary sequences in 

certain cases is not yet excluded however, and it 1s noteworthy that the 
, . 

31 end of 18S ribosoma1 RNA (the eucaryotic equivalent of prokaryotic 165 

ribosomal RNA whiè~ interacts with the Shine and Dalgarno sequence) does 

appear to be juxtaposed to the 51 end of rnRNA in eucaryotic initiation 

complexes (82). Whether or not base pairing occurs remains ta ~~r­
minedL If it does, then mRNA sequences which are complementa~ to th~ 
185 ribosomal RNA might clearly serve ta increase the efficiency of 

'.1 

transl ation. 

The observati on that the CBP compl ex can all evi ate trans l ati on be­

twee~ uncapped reovirus mRNAs (160) prompted tne suggestion that the CBP 
"" 

complex binds to features of the mRNA other than the cap structure. These 

features would vary arnong different mRNAs, resulting in differentfal 

affinity for the CBP complex and thus, different translational efficien­

cies. Two points would appear difficult to reconcile however, if this 

suggestion provides the whole explanation. First, there is a wide spec­

trum of translational efficiencies among even a ,relatively small popula-
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tion of mRNA (for example the 10 mRNAs of reovirus) (160). Second, in 

li~ of the apparent lack of conserved primary structure near the 51 end 

of eucaryotic mRNAs \te putati ve sequ~nces recogni zed by the CBP compl ex 

would be of the order of a few bases only. Hence, it is difficult ta 

envision how such, a broad spectrum of translatianal eff!ciencie~ could 

ari se fram such l imited patenti al sequence va ri àti o~\.\ ". The fact that the 

CBP complex does interact with uncapped mRNAs and affects their trans­

lation to different extents, implies that there is differential recogni-

tian of a binding site on the mRNA, which might well partly explain the 

discriminatory activity. However, the rationale autlined above suggests 

that other features of the mRNA must also be significant in determining 

the affinity for discriminatory factor. 

It follows fram our model for the function of the CBP complex, that 

mRNA secondary'structure might contribute ta the translational efficiency 

of mRNAs and hence their ability to compete for di scrimi natory factor. 

~~ the p~tative denaturation step is a relatively inefficient process, 

then mRNAs with extensive 51 secondary structure will be more dependent 

on the CBP complex and will therefore be discriminated against. 

Conversely, mRNAs with little secondary structure will have a low 
f 

requirement for the CBP complex and will be preferentially translated. 

Thus, we have proposed the following mechanism ta account for the 

discriminatory activity of the CBP complex (356). Binding of the CBP 

~~mplex ta mRNA occurs via interaction of the 24K-CBP with the cap 

structure. Subsequently, the CBP complex (possibly in conjunction with' 

eIF-4B as described earlier) migrates along the mRNA in the 51 +3 1 

direction and denatures mRNA seéondary structure. The degree of rnRNA 

secondary structure will determine the efficiency of this step and hence 
\ 
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the dependence on the CBP complex. This suggestion is compatible with 

the available kinetic data which indicate -that the CBP complex does have 

different affinities for different mRNAs (160) and that the mRNA discrim-

ination step occurs just prior to binding of the ribosome to mRNA. A 

critical test of this proposed mechanism would be to examine the effects 

of CBP complex (in vitro) on competition between mRNAs which have'well 

defined 51 secondary structlt{e but are otherwise identical. Until this 

data is availatlle the postulated effects of mRNA secondary structure in 

influencing mRNA discrimination remain speculative. 

The significance of mRNA discrimination in contributing to qualita­

tive control of protein synthesis in vivo is likewise uncertaih. The 
" 

observation that the hierarchy of translational efficiencies among reo-

virus mRNAs in vitro and ..!.!!. vivo~ is the same (196) augurs well for the 

validity of the ~ vitro system as a measure of translational efficiency. 

However, it tells us nothing of whether the in vivo translational 

efficiencies have any physiological SignifiCanc~ele010giCallY, given 

the variation in translational efficiencies observed ~ vivo, one might 

expect the ce" to have evolved ways of exploiting this. To date though, 

the onJy examples in which translational competition appears to play a 

role in allowing expression of particular genes, occur in virally infect­

ed cells which contain enormously high amounts of specific viral mRNAs 

(383). In other cases (for example. during the cell cycle (223)) when 

total protein synthesis' is significantly reduced, it is l ikely that 

translational competition is increased and thus Iweaker l mRNAs will be 

inhibited to a greater extent than Istronger l ones. Again. however, 

there might be other controls operating in these cases (eg., sequestering 

of mRNA in inactive form) and sa it is difficult to assess the signifi-



( 

~208-

canee of mRNA di scrimi nati on in these c"ases. 

Despi te the diffi culti es ; n el uci dat; ng the reasons for the proposed 

, negative effect of mRNA's'e'condary structure on translation in ~, it 

fs nonetheles~ important ta address the .!!!. vivo situation. Pelletier and 

Sonenberg have constructed a series of mutants of the HSV-l thymidine 

kinase gene, in which differing degrees of secondary structure were 

introduced into the 5' non-coding region of the mRNA sequence. These 

mutant genes were analyzed for their ability ta transform tk minus cells 

ta tk plus and it was found that, excessive secondary structure of the 

rnRNA decreases the transformation efficiency (87). Measureme~t of ribo­

sorne binding ta the various mRNAs derived from the mutant genes indicated 

that excessive secondary structure al 50 impedes this proeess (87.). These 
1 

resui ts provide compell i ng evi dence that 51 proximal mRNA secondary 

structure can influence efficiency of expression ~ vivo, which is a most 

significant observation because it 5uggests a number of ways in which 

genes might be amenaole to translational control. For example, production 

of different mRNAs from the same gene (either by differ'ential spl icing or 

by utilization of alternative promoters) is known to occur in a tissue 

specifie manner (357) or during development (35~). In sorne cases, this 

results in mRNAs which differ only in the;r,5 1 non-coding regions, thus 

possibly affecting translation of the two types of mRNA. One might 

envi sion, for examp1e, that 10ss of non~coding exon containing stable 

secondary structure r\tight release a gene from negative translational 

control. Thi s ki nd of mechani sm has recently been proposed to expl ai n 

activation of the c-myc gene in sorne Burkitts lymphomas (359). Another 

possibility is that gene rearrangem~nts at the DNA level, ego by 

transposition events, might result in production of mRNAs with different 
.. ! ~ 

'. 
, . 
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translational properties. Finally RNA: RNA duplexes might be formed 

between rnRNAs and putative 'anti-sense' (complementary) mRNAs, thus 

potentially inhibiting translati9r of the former. The existence of such 

anti-sense transcription units has been described in E. coli (234)'~ 
q -

Moreover, transfection of cloned genes into eucaryotic cells has indic"à't'-, 

ed that anti-sense genes can inhibit expression of their cognate 'sense 

genes' in a sequence specifie rnanner, although the site of inhibition was 

not determined (360). These observations suggest an extremely useful and 

highly selective way of controlling expression of eucaryotic genes. It 

will be of interest to see whether such translational control mechanism 

are indeed operative. 

(b) Poliovirus induced shut-off of cellular protein synthesis 

At the onset of the work descri bed in thfs thésis there was ev; dence 

to indicate that the initiation factor inactivated by poliovirus was the 

CSP complexa This conclusion was based on the observation that the 

purified CBP, II (reference 119) could restore translation of capped mRNAs 

in extracts from poliovirus-infected Hela cells (119). Edery et al. 

(129) confirmed this result for the CBP complex which was used for the 

experiments reported in this thesis. 

In order to gain further insight into the defect in the CBP complex 

caused by poliovirus infection, we employed two approaches to directly 

compare CBPs from uninfected and poliovirus-infected Hela cells. 

Firstly, we examined CBPs in crude IF, using the chemical crosslinking 

assay and secondly, we purified CBPs using the m7GOp-affinity chromato-
1 

graphy technique. The crosslinking analysis demonstrated that the 50 and 

80 kDa cap _ specifie polypeptides are unable to interact with the cap .,-

structure after poliovirus infection while the crossl1nking of the 24K-

. '-, • J l 

----------------~- ---
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CBP is also significantly reduced. The crosslinking data presented in 
, J, ~ ~ 

this thesis concernin~ the 24K-CBP is not in agreement with ~hat obtained 

by Hansen et al. (155,372). These authors reported that the 24K-CBP is 

present in preparations of initiation factors from infected cells (I-IF) 

(0-40% ammonium sulphate fraction) to the same level as uninfected cells. 

Furthermore, they examined the sedimentation of the 24K-CBP in factors 

from infected cells and reported again, that the 'amount' of 24K-CBP was 

not reduced as a consequence of infection but that it no longer cosedi­

mented with eIF-3. From these results it was concluded that a putative 

eIF-3-24K-CBP complex is disrupted during poliovirus infection. We have 

repeated the experiments performed by Hansen et al. exactly, with the 

exception that we employed [3H]-oxidized reovirus mRNAs and Hanser et al. 

used [3HJ-oxidized vesicular stomatitis virus (VSV) mRNA for the, 

crosslinking assay. Consistent with our previous results, we found that 

crosslinking of the 24K-CBP is significantly reduced following poliovirus 

infection (373). We also analyzed the sedimentation of the 24K-CBP in 
j -

~ucrose gradients but, consistent with our other observations, were 

unable to detect significant amounts of the 24K-CBP in preparations from 

infected cells (K.A.W.L. and N.S., unpublished observations). Thus it is 

difficult to reconcile the conflicting data at present. One possibility 

is that the 24K-CBP interacts slightly differently with VSV versus 

reovirus mRNAs in a way which affects the chemical crosslinking assay. 

That is to say, there might be sequences near the cap which influence the 
" interaction between the 24K-CBP-mRNA interaction. Such a situation might 

D 
then simply affect the chemical crosslinking assay by adventitiously 

bringing a primary amino group of the 24K-CBP in close proximity to the 

reactive dialdehyde groups of the oxidized cap structure. If this is 

! 1 
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the case, a modification of the 24K-CBP (indirectly, because of its 

presence in the CBP complex) might affect its crosslinking ability ta 

reovirus but not to VSV mRNAs. It should be emph~sized however, that the 
( 

most striking effect of poliovirus-infection as detected by the cross-

linking assay is the 'complete 10ss of a cap specifie interaction betw~en 

mRNA and the 50 and 80 kDa polypeptides. This interaction requires ATP 

and the data in this thesis demonstrate conclusively that the CBP complex 

i s al so requi red. Thus, the fact that Hansen et al. di d not use ATP in 

their analyses precludes a mori telling eomparison of results, parti cu­

larly in relation ta the CBP complexa 

The fact that crosslinking of the 24, 50 a~d 80 kDa polypeptides is 

sim~ltaneously lost following infection sU9gested a close relat10nship 

between these polypeptides, although at the time it was not Glear whether 

this relationship was structural or functional. The results prësented 

here and by others demonstrate that the latter possibility is true. 

First, the 24K-CBP is the only purified factor which can bind specifi­

eally to cap structures, suggesting that interaction of the 50 and 80 kDa 

polypeptides with the cap is mediated indirectly through an interaction 

involving the 24 kOa polypeptide. - Second, the 50 kDa which becomes 

crosslinked is eIF-4A and the 80 kDa polypeptide is most likely eIF-4B; 

these two factors\appear not to be structurally related (to each other or , , 

ta the 24K-CBP) but are known to function in mRNA binding to ribospmes. 

Lastly. the cap-specifie crosslinking of the 80 kOa polypeptide (probably -
eIF-4B) present in initiation factors from infected cells (I-IF) ca~ be 

rés~ored by addition of the CBP complex to I-IF. Since (as described 

earlier) the CBP complex and eIF-4B are sufficient to reconstitute the 
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cap-specific mRNA protein interaction. the latter observation suggests 

that eIF-4B is present and active in I-IF (at least in terms of the 

crosslinking assay) and that it can mediate interaction of eIF14A with 

the cap structure when exogenous CBP complex is supplied. Addit~on of the 
, 

24K-CBP to I-IF was not sufficient to allow crosslinking of the \ 

endogeno~s 80 kDa polypeptide (probably' eIF-4B) again indicating the 

requirement for the CBP complex (as opposed to the 24K-CBP) in the cap 
, 

recognition process. The fact that the activities required to recon-

stitute cap specifie erosslinking and to restore capped mRNA translation 

in extracts fram poliovirus-infeeted cells, copurify, strongly suggests 

that they are i dentical acti vities. I~ summary, the crossl inki ng and 

restorfng activity data indicate that the CBP eomplex is the only,factor 

inactivated by poliovirus, since addition of this factor results in full 

restorati on of the eap speci fi c mRNA protei n interacti 0/ and capped mRNA 

translation. In accord with this, the initiation factors which had 

previously been implicated in. the shut-off (eIF-3 and eIF-4B) have been 

isoiated froo poliovirus-infected cells and shown ta be neïther structur­

ally modified nor functionally jmpaired (361-363). 

Ta characterize the virally induced defect of the CBP complex we 

isolated cap binding proteins directly from uninfected and poliovirus 

infected cells, using m7GDP,affinity chromatography. We obtained a CBP 

complex from uninfected cells which is structurally very similar ta the 
1. 

rabbit reticuloeyte CBP complex. [The 24K-CBP was identified by specifie 

elution from an m7GDP column and chemical crosslinking ta mRNA (data nct 

shawn). The 50 kDa polypeptide comigrates on SOS gels with the 50 kDa 

polypeptide from rabbits (eIF-4A) and reacts with a monoclpnal antibody 
>" 

to eIF-4A (data not shawn). The 220 kDa polypeptide(s) (P220) comigrate 

~-'-
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with rabbit P220 and reacts with polyclonal antisera to P220 from rabbits 

(data not shown U. Thi s was expected and accords wi-th the hi gh.ly 
, 

conserved nature of initiation factors between Hela cells and rabbit 

reticulocytes (46). 

It was previously suggested that the CBP complex is physically dis­

rupted following poliovirus infection (155) and experiments with antibody 

against a 220 kDa polypeptide present in eIF-3 preparations showed that 

the 220 kDa pOlypeptide is proteolyzed during poliovirus infection. The 

anti body emp 1 oyed al so reacted wi th the '" 220 kDa pol ypepti de of the CBP 

complex thus suggesting that proteolysis of this polypeptide by a viral 

dependent protease is the rnechanism by which the CBP complex is inactiv­

ated (374). The results described i'Î1 chapter 6 of this thesis s~rongly 

support this suggestion and furthermore, indicate that the CBP complex in 

i nfected cell s contains the cl ea~.ê.ge products of P229'; lJnfortunately! . 
owing to the nature of the protocol we employed to isolate the modified , 

CBP complex, the precise structure and subcellular location are not 

clear. Essentially, we isolated labeled proteins from.'a whole cell 

extract, with a sedi~entation coefficient of , Ils under high salt 

conditions (ü.SM KC1). Thus, while all the polypeptides present in the 

material eluted from the m7GDP~column interact directly or indirectly 
1 

wi th the cap analogue, the rel ati onshi p between ttiem is not iJ1l11edi ately 

o~vious. Furthermore, extent of [ 35SJ labeling does not necessarily 

correlate with the abundance of the proteins. However, because the 

putative degradation products of P220 are specifical1y eluted fr.om the 

affinity column this iPlplies that, they associated with the 24K-éBP, 

assuming (with reasonable conviction) that the 24K-CBP is the only poly­

peptide which interacts directly with the cap structure. The labeled band 

.. 
--------------------_ .. ~-~ -~-
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which comigrates with the 50 kDa polypeptide (eIF-4A) 1s not strongly 

labeled but we believe that it is eIF-4A, and that the amount of this 

polypeptide in the modified CBP complex is not reduced due to poliovirus 

infection. This is based on the observation that the 50 kDa'polypeptide 
. 

is sometimes a major band in [35S]-label~d purified CBP and secondly, the 

extent of labeling js never decreased in preparations from infected 

versus mock-infected cells (KAWL and NS, unpublished observations). We 

do not know the reason for the variability in labeling of the 50 kDa 

polypeptide at present, but it might well reflect variation 'i,n the rates 
~ 

at which newly synthesized polypeptide is incorporated into the CBP 

complex. In any case. we might tentati~ly conçlude at this point that 

th~ modified CBP complex in infected cells contains the 24K-CBP. eIF-4A 
-

and cleavage products of P220. Polypeptides other than those that 

comigrate with known CBP complex polypeptides (i.e. 24, 50 and 220 kDa 

polypeptides) are either (1) ·sticky· contaminants~ (2) specifie proteins 
" 

whi ch i nteract with the comp l ex .:!!!. vi vo or (3) nove l cap bi ndi ng protei ns 

which bind directly to the cap analogue. Because the purification was 
• 

from whole cell extracrs, the latter possibility is particularly 
, ' 

notéwor-thy in view of recent evidence suggesting a role for the cap 

structure in pre-mRNA"splicing (375,376) and hence in nuclear events. 

The conclusion from the sum of these results, is that an intact P220 

is essential for the function of the CBP complex and that proteolysfs of 
~ ~'Io 4 0 

P220 1s responsible ,for inhibition of cellular protein synthDis during 

poliovirus infection. However, certain ques,tions need to be addr'es,sed 

before this inference can be considered facto First, it should be 

demons trated that the modifi ed CBP eomp l ex i s unab le' to functi on in any 

of the assays currently used to assess CBP compTex function. Thls might 
'-.J 

. ) 

,Il' ' 
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prove extremely difficult. ûnless a purification scherœ .is dev~ch 
a'lows purification of measurabTe amo~nts of unlabeled CBP complexe 

Second, although it is clearly liKely that proteolysis of P220 would 

in'activate ~he. CBP complex, itJis s~il'l'" open to ques~;on as ta whether 

the viral dependent protease is required to shut-off cellular protein 

sytlthesis. Two, pieces of circumstantial evidence argue that it is. " 
, 

First, the activity appears very early during infection at times when the , ' 

cells are relatively healthy. Furthermore, the kinetics of prot~6lysis 

of P220 r.oughly correlate with the shut-off of cellular translation. 
,,' 

Secondly, the p,rotease appears to be highly specifie for P220 since there 
.. , 

is no detectable proteoJysis of other cellula~ proteins. The best 
.' 

approaèh to gain insight into this question will most probably come from 

the construction of conditional poliovirus mutants "in the shut-off, by 

manipulation of cloned infectious viral DNA. Using this approach one 

. would hope to, b.e able to correlate the inability to shut-off protein 

synthesis with the inabiltty to proteolyse P220. 

How might cleavage of P2Z0 inactivate the CBP complex and 

corlSequently pre~ent efficient binding of 'ribosomes ta cellular mRNAs? 

The work described here and elsewhere suggests the following mechanism 
" 

# for ribosome binding to mRNA. 

---

~Step 1 - Binding of the CBP complex t? mRNA through the 24K-CBP, the 

affinity of which might be influenced by other components 

of the-C-BP---complex. 

Step 2 - Denaturati ~n of the .. mRNA, possibly requi ri ng eIF:'~1r, ttlus 

,allowing interaction of eIF-4A and eIF-4B with the cap 

structure. 
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,Step 3 - Binding~f ~he 43S preinitiation comple).t to the mRNA-CBP­

eIF-4B complexe 

The avaiTable evidence seems to favor the i~terpretation that 

proteolysis of P220 would prevent t.he putative denaturation,step, 

although there are ,many ways in which this could be achieved. Fi rst, 
, . 

becaùse the modified, CBP coJtlplex can be purified fran infected cells 

using the m7GDP-affinity ligand, this suggests tha,.~ interaction of the 

24K-CBP with rnRNA is notoperturbed. However, the difference in cross-
, , 

linking characten~stics between 24K.!.C6P in ,uninfected and infected . ~ 

prepÇlrations indicates otherwise'. Thus, it seems a ~istinct possibil ity <> 

that th~ 'putative modified CBp',complex does not interact productively 

with mRNA, which alone might accourft for the inability of eIF-4A and,> " 
, '''~-l \. ....,.....--....... --;;.:".., -\':i '1 

eIF-4B to interact with the cap structure. Second, the interaction of 

eIF~4A and eIF-4B with the cap structure mighf be mectiated through a 

direct interaction with P2W, Le. eIF-4A and/or eIF-4B might only ·inter­

act with the cap struc,tu~ v'ia a phys'ifa1 association with "the CBP 
. \ ' 

complex (P220 in particular>. If it is true that the Arp dependent· 
, ~ 

interactfon of eIF-4A antYeIF~4B with the cap structure is a prerequisite 
" , 

for ribosome bi~ding then either of the abo~e mechanism would explain the, 

inhibition of ceHular protein synthesis., Our observation that denatured 
• b 

mRNA is ab1e to bind to ribosomes in °extracts from lnfected cell s , ~ 

suggests that this is the case. However, it remains 'possible that ribo-
t c ~ 

sorne bin~ling .following denaturation lOf the mRNA is not a passive process 
. 

with respect to the requirement for the CBP complex. For example, bind-
, 

ing might depend on intera.,ction of aO component of the 43S preinhiation .. 
camplex with the CBP complexe In this respect it is noteworthy that 

1 

eIF-3 (which is present on ,the 435 preinitiation complex) appears ta l'have 
.... 

\ ./ 

------------~ .. --------------~----------~---'--- -
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affinity for' the CSP complex and that eIF-3jCBP association is perturbed 

followin'R, infection. Thus, intact P220 might be required for binding to 

eIF-3 and 10ss of this capacity might also contribute to the inhibition 

of 'cell ul ar prote; n synthesi s. 

The identity of the protease which cleaves P220 is unknown as 1s 

the significance of this activity to the poliovirus replicat1ve cycle. 

, The viral genome encodes ,ato least one protease ac;tivity (P3-7C) which '':). \<1 

processes the primary cleavage products derived from the viral pol y­

,protein. Proteases mapping elsewhere in the genome havé"also been 
-' 

reported. The resul.ts in chapter 7 provide very strong evidence that 

P~'-7C is not involved in cleavage of P220., (These results agree with 

those of Lloyd et al., Proc. Natl. Acad. Sci., in press). We can also 

tentati vely concl ude that P2-X is not invol ved but thi.s remai ns to be 

. 1" . d rlgorous y examlne . It is possible that there is an as yet unidentified 

viral protease which cleaves P220. Another (more interesting?) idea is 

,,"_.~ that the protease is an induced.cellular activity which might be involved 

in translational control in 'cases other than'in poliovirus/infection. u 

Alternatively, a poliovirus protein might modify P220 and render it a 

substrate for the putative cellular protease. In any event, the 
Q 0 

identification of the protease 1s an intriguing queS:tion. 
[, 

Virus i~fecti9n in many differen~, eucaryotic setting results in 

shut-off of host protein synthesis al though there appears to be various 

Imechani sms and the time course for shut-off differs, depending on the 

replication strategy of particular viruses. For example, infection of 

different types of cell by other picronaviruses does not in e~ery case, 

el icit such an immediate inhibition of ho st cell protein synthesis as 

• do es poliovirus infection of Hela cells (382). Thus, poliov1rus is not 

1 

{ 
< 
\ 

1 

/ 



~ \ " J 

-218-

typical of all picornaviruses. In cases where there is a gradual transi­

tion from cellular to viral translation there is good reason to expect 

that accumulation of high arnounts of viral RNA coupled with a limiting 

initiation capacity in the ce1l, results in preferential translation of 

viral mRNAs. ' This kind of effect is a1so consistent with the fact that 

'viral mRNAs in general appear to be very efficient messengers and thus 

can outcompete cellular rnRNAs in translation. It is likely that mRNA 

competition plays ~n important role in those cases wh~re shut-off occurs 

late in infection (377-380,386,387). However, in light of the fact that, 

poliovirus RNA is considered a weak messenger (particularly for a viral, 
. 

one (288)) ft is possible that the virus had ta evolve a specifie 

rnechanism for inhibfting cellular translation in order to replicate 

efficjently. Thus, the capacity of poliovirus to inhibit cellular 

protein synthesis rnight be a crucial part of ,th.e replication cycle. The 

lack of viable poliovirus ~utants in the shut-off hints at truth in this 

possibil ity. 

There is a body of evidence ~o suggest that a transition from a ,cap 

dependent to a cap independent mechani sm of trans1 ation i;' a more general 

fea ture of the shut-off phenornenom,. al though aga i n there are di ff-ere-nces "' 

in the mechanism. Reovirus infection of l cells results in a gradual , 

inhibition of cellular translation along with the preferential-utiliza­

tion of uncapped reovirus rnRNAs, which predominate late in infection ' 

(364): Mes~enger RNA dependent extracts prepared from infected cell sare 

unable to translate capped rnRNAs and thus it seerns that reovirus al so 
" 

inactivates a factor involved in mRNA cap recognition. Whether or not 

the CBP complex is inactivated and the mode of inactivation remains ta be 

answered. Despite the sirnilarity in 'the mechanism employed by reovirus 

~, ,~. 

--~----~~----------------------------------~----~- ~ 
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and poliovirus to usurp the translational machinery of lhe hast cell 

there is also a fundamental difference. While translation of poliovirus 

RNA occurs independently of vi rus speci fic factors, the translation of 

uncapped reovirus mRNAs appears strictly dependent on expressio~, of the 

viral genome (369) because uncapped reovirus mRNAs are not translated in 

extracts from uni nfected cel1 s. Since the structures of the two types of 

reovirus mRNAs are identica1 apart frpm their 5" termini. it is not sur­

prising that a virus specifie (or induced) factor is required for 

efficient translation of uncapped reovirus mRNA •. The identity 0' this 
r 

factor and the mechanism by which it acts (maybe by sUbs,tituting for the 
< 

CBP complex but specifical1y for uncapped reovirus mRNAs?) are intriguing 

qeustions. Yet another mechanism involving the inhibition of cap binding 

proteins occurs during semliki forest virus (SFV) infection of neuroblas­

toma cells. In this case"crude initiation fàc.tors obtained from infect­

ed cells show reduced ability to stimul ate capped mRNA transl ation while 

the purified CBP obtained from infected cells show no such 1055 of 

aetivity (365). This suggested that a virus specifie factor somehow 

sterically bloots the aetivity of the CBP and evidenee was obtained ta 

indicaJ that a viral eapsid protein is responsible. The restriction ;s 
, V 

somehow inoperative on late SFV rnRNA, either due to di5criminatory 

aeti vit Y of the eapsid protein or al ternatively, due ta a decreased 

requirement of late SFV rnRNA for CBP. Again, while there are similar­

ities with the poliovirus induced shut-off, there is a distinct differ­

enee in that the mechani sm employed by SFV is apparently stoi chiometri c 

while that employed by· pol iovirus is almost certainly catalytic. Haw­

ever, it does seem that cap binding proteins might be,the 'Achilles heel ' 

of the eucaryotic translation machinery in the case of rnany viruses. 

" 

1 ) 
\.) 
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A neglected aspect of translation of poliovirus RNA concerns the way 

in which it'is efficiently translated without
c 

a cap structure. Indeed, 

poliovirus RNA is a strange one for a eucaryotic ribosome to encounter. 

Three peculiarities are, the absence of the 5! cap structure, the 

presence of eight AUG codons 51 to the major translation initiati'on site 

and lastly. and the unusually long (743 nucleotides compared to an 

average of 50-100 for eucaryoti c mRNAs) S' untransl ated regi on. 

Whether ribosomes bind near the 5' end of poliovirus RNA and then 

scan the long leader region (somehow lignoring l eight potential trans­

lation start sites!) Dr whether they bind internally and hence nearer the 

initiation site is a contentious point. A modification of the scanning 

model rationalizes how ribosomes might successfully sian the leader 

f'egi on of pol iovi rus RNA as far as the 9th AUG. Analysl-s of functional 
'. 

AUGs indicates that flanking nucleotides are important and the consensus 

sequence 51 (G)AXXAUGG3 1 has been proposed (366). The A in position -3 , , 

seems to be particularly well conserved and mutation of this nucleotide 

can change the initiation site for protein synthesis to a more distal AUG 

with favorable flanking nucleotides (,366). In the case of poliovirus 

mRNA it is striking that none of the B AUGs S' to the major initiation 

site have an A in position -3, while the 9th one does. Although this 

doesn 1 t hel p ta deci de whether or not ri bosomes scan the leader regi on of 

poliovirus RNA,'if it is true that they do, then the importance of the A 

in position -3, is strongly ernphasized., Another possibil ity is that 

ribosomes do not Iscanl poliovirus RNA but instead bind internally near 

the major initiation site. Evidence' in support of such a rnechanism is 

that under conditions where elongation of protein synthesis i5 blocked, 

ribosomes do not accumulate on the long leader region of poliovirus RNA. 
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The structural features of pol iovirus RNA which might enable ribo-"--~­

sames to bind internally are not yet apparent. Possibly it is signifi-

cant that there is an adenine-uridine rich region just preceding the 

ninth AUG which could facilitate internal binding by providing a 

denatured region in the mRNA (264). However, a denatured region would be 

insufficient, by itself, ta allow internal binding (according to Kozak, 

reference 67) an~ thus speci fic primary sequences of pol i ovirus RNA must 
'& 

be important. 

In the case of other' riaturally uncapped RNAs there are sorne indica­

tions that internal ribosome binding might be a generalized feature of 

initiation of translation" on these templates. Jackson has reported 

tha"t EMCV and CPV mRNAs exhibit a greatly reduced dependence on ATP for 

80S initiation complex formation (184). This suggests that there is no 

energy dependen:t mi gra ti on of 40$ ri bosomal subun i ts al ong these mRNAs 

prior to 80S complex formation. However, since the position of the 80S 

complexes relative to the AUG was not ascertained, this suggestion 

remains speculative. Other studies using mengovirus RNA, in which ribo­

some binding sites have been identified by nuclease protection experi­

ments have a150 iooicated that ribosomes can bind internally to mengo­

virus RNA (367). In this case, the putative ribosome bindinp sites seem 
v 

to share common sequences with binding sites for eIF-2 and S00 it is , / 

possible that eIF-2 might direct binding of ribosomes to these internal 

sites. While these ~ata together suggest that natural1y uncapped RNAs in 

general mig~t bind ribosomes internally and thus obviate the need for a 
, " 

'free 51 end and the cap structure, it is possible that each naturally 

,'~lIcapped RNA employs a ~ifferent and maybe unique me1,hanism to achieve 
, 

this. The whole problem of the mechanism of translation initiation for 

, { 
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uncapped RNAs deserves much attention, and two approaches should prove 

enlightening. First, it is of importance to develop more efficient 

fractionated translation systems 50 that the individual factor require­

ment for uncapped RNAs çan be real i sti cally determi ned. Another way in 

which this might be aChieved, is by employing highly specifie antisera to 

initiation factors to inhibit translation in crude cell lysates. Second, 

it gnould be possible to construct chimeric mRNAs (derived from, for 

example, poliovirus RNA and 'a typical êapped mRNA) and consequently map » 

the cis-acting sequences of the uncapped RNA which allow translation by a 

cap independent mechanism. 

.' 

-------------------""----- . 
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ORIGINAL CONTRIBUTIONS TO,KNOWLEDGE 

1. Studies with mRNAs containing varying degrees of secondary 

structure indicated that mRNA secondary structure can impede 

ribosome binding to mRN~. mRNA secondary structure also prevents 

interaction of certain cap binding proteins with the cap structure 
1 

of messenger RNA, thus suggesting an explanation for the negative 

effect of mRNA secondary structure'on ribosome binding. 
~ 

2. The inability of cap binding proteins ta interact with the cap 

structure following poliovirus infection probably results in the 

shut-off of cellular protein synthesis • 

. 3. The activity which is impaired during poliovirus infection resides 

in the CBP complexe The 220 kilodalton polypeptide of the CBP 

complex is proteolyzed during poliovirus infection, thus probably 

explaining the inactivation of the CBP complexe 

4. The viral protease P3-7C is not involved i~ proteolysis of the 220 

kilodalton polypeptide of the CBP complexe 


