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1 Introduction 

While most of the other chapters in this book are each concerned with particular 
systems, or particular mRNA species, the purpose of this chapter is to present a 
more general and comparative overview, not only with respect to aspects which 
are currently being well established in the field, but also regarding some of the 
more immediate questions that need to be addressed in the near future. In 
reflecting on the subject in the course of writing this chapter, we have become 
increasingly convinced that "cap-independent translation/initiation" is one of the 
more unfortunate terms to have passed into general usage in the field. In the first 
place there is more often than not very considerable ambiguity as to whether the 
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term is being used as an operational definition or as a mechanistic explanation. 
Moreover when used as a mechanistic description there is very often consider
able ambiguity as to whether what is implied is true internal initiation or some 
form of 5' end dependent scanning mechanism that is somehow independent of 
a 5'cap structure. Even as an operational definition it is not without problems as 
it is subject to qualifications according to the stringency with which such criteria 
are applied. There seem to be mRNAs whose translation is cap-independent 
according to some criteria but not according to others, and the translation of some 
of these mRNAs (of which the best studied examples are listed in Table 1) might 
justifiably be classified, operationally, as "marginally cap-dependent" or "pseudo
cap-independent. " 

The only valid operational criterion for internal initiation is the dicistronic 
mRNA assay, and by this assay it should be possible to identify a defined 
segment of the RNA necessary for internal initiation, the so-called IRES (JANG and 
WIMMER 1990). (Although, as originally defined, IRES was an acronym for "internal 
ribosome entry site," we have subverted it to "internal ribosome entry segment," 
since it is invariably understood as meaning the whole segment required for 
internal initiation and not just the actual precise site at which the internally 
initiating ribosome binds). Those mRNAs which fail this test must be presumed 
to be translated by a mechanism related to 5'end-dependent scanning, and there 
are reasonably good operational criteria available which can confirm this, yet they 
are all too rarely used. Tl;le best is probably to introduce a new AUG codon, 
preferably not too proximal to the 5' cap but near it (at -20 nt). preferably located 
in a good local sequence context according to the rules established by KOZAK 

(1989) and preferably introduced by the minimum number of mutations (to 
minimise potential alterations in secondary structure). If this new AUG codon is 
in-frame with the main reading frame we would expect the mutation to result in 
the synthesis of a longer product (predominantly but not necessarily exclusively) 
with little change in total product yield if scanning were operative. If the new AUG 
is out-of-frame, then the mutation should very significantly reduce the yield of 
product from the authentic initiation codon. It is curious that of the pseudo-cap
independent mRNAs listed in Table 1, these fairly decisive tests seem to have 
been applied only in the case of mRNAs with the adenovirus tripartite leader, 
which not only fail in the dicistronic mRNA test but score positive in the scanning 
test and which must therefore be translated essentially by a 5' end-dependent 
scanning mechanism, as discussed in detail elsewhere in this volume (Schneider, 
this volume). 

2 5' Caps and the Role of eIF-4(F) 

In order to evaluate the operational criteria for cap-dependent mRNA translation 
and to try to understand the mechanistic basis of this mode of translation, it is 
necessary to consider the role of elF-4 (formerly known as eIF-4F). As usually 
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Table 1. Classification of eukaryotic mRNA according to the mode of translation Initiation 

Cap-dependent translation initiation 
Most cellular capped VIral mRNAs 

"Marginally cap-dependent"'''pseudo cap-independent" translation initiation 
Alfalfa mosaic virus RNA 4 
AdenoVIrus late mRNAs (or mRNAs with adenoVIrus tripartite leader) 
Heat shock protein mRNAs 
Satellite tobacco necrosIs VIrUS RNA 
PotyVlrus R NAs 

Internal initiation of translation (IRES-dependent translation initiation) 
Picornavirus RNAs Human rhlnovlruses 

EnteroViruses, e.g., polioVIrus 

Hepatitis C VIrUS RNA 
CoronaVirus 3a/b/c mRNA 

Cardlovlruses, e.g., encephalomyocardltls virus 
AphthoViruses (foot and mouth disease virus) 
Hepatitis A VIrUS 

Immunogloublin heavy chain binding protein mRNA 
Antennapedla mRNA (Drosophila) 
(Human LINE, L 1 Hs mRNA) 

Undecided (controversial) 
Plant comoVirus RNAs, e.g. cowpea mosaic VIrUS RNA 

AMV RNA4 

HSP mRNAs 
STNV RNA 

HRV RNA 
PV RNA 
EMCV RNA 
FMDV RNA 

HCV RNA 

BIP mRNA 

CPMV RNA 

mRNAs are classified as translated by Internal InitiatIOn If they have been shown to give a positive result 
In the dlclstronlc mRNA test. mRNAs whose translation shows little or no dependence on the 5' cap but 
which have not yet been shown to give a positive result In the dlclstronlc mRNA assay are classified as 
"marginally cap-dependent" or "pseudo cap-Independent." Although the downstream clstron of the 
naturally dlclstronlc L 1 Hs mRNA appears to be translated by Internal InitiatIOn, the efficiency IS very low 
(McMILLAN and SINGER 1993). The classificatIOn of CPMV M RNA IS uncertain, because some results are 
Indicative of Internal Initiation (VERVER et al. 1991, THOMAS et al. 1991). whilst others are not (BELSHAM 
and LOMONOSOFF 1991) 

isolated, e1F-4 from mammalian cells consists of three polypeptide chains: an 
el F-4y subunit of unknown function, which was formerly named p220 in view of 
its apparent size of 220 kDa on gel electrophoresis, but is now known to be only 
154 kDa from the cDNA sequence (YAN et al. 1992); an eIF-4A subunit; and an 
elF-4a subunit (formerly known as eIF-4E), which is the only one to have direct 
affinity for the 5' cap structure (RHOADS et al. 1993). However, there is some 
evidence that during the initiation process there may be dissociation of some 
subunits (RHOADS et al. 1993; JOSHI et al. 1994), and thus the three subunit state 
may only exist at certain stages in the initiation pathway. In the presence of 
eIF-4B, e1F-4 has bidirectional RNA helicase activities of which the 5'-3' helicase 
requires a 5' capped substrate and is inhibited by m7GTP (ROZEN et al. 1990). 
Phosphorylation of elF-4a on Ser-53 seems to be required for full activity. The 
Ala-53 mutant, though retaining affinity for m7GTP-Sepharose, is inactive in all 
functional assays that have been attempted and appears to be defective in 
assembly into the e1F-4 complex (JOSHI-BARVE et al. 1990; RHOADS et al. 1993). 

Early observations suggested that capping influenced the efficiency of initia
tion but did not affect the selection of the 5' proximal AUG triplet as the initiation 
site. This led to the proposal, in the first version of the scanning ribosome model, 
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that the primed 40S ribosomal subunit with its associated initiation factors and 
Met-tRNAf first interacted with the capped 5' end of the mRNA and then 
undertook linear scanning in a 5'-3' direction until the first AUG triplet was 
encountered (KOZAK 1978. 1989). Subsequently the appreciation that the 40S 
ribosomal subunit has no obvious special affinity for the capped 5' end of mRNAs. 
whilst such affinity is displayed uniquely by initiation factor e1F-4 via its elF-4a 
component. has given rise to a subtly modified form of this model. Initiation factor 
e1F-4 is thought to bind to the capped 5' end of the mRNA and to promote RNA 
unwinding via the action of its eIF-4A helicase component in concert with 
initiation factor eIF-4B (SONENBERG 1988). It was previously considered that this 
unwinding might be continued by free (uncomplexed) eIF-4A. again in concert 
with eIF-4B (SONENBERG 1988). but recent in vitro translation experiments with 
dominant negative eIF-4A mutants have thrown some doubt on this (PAUSE et al. 
1994). These mutant eIF-4A derivatives were strong inhibitors of translation of all 
types of mRNA. and the inhibition could be overcome more efficiently by addition 
of e1F-4 complex than free eIF-4A. leading to the suggestion that eIF-4A recycles 
through the e1F-4 complex and may only function as a helicase in the translation 
system when in this complexed state (PAUSE et al. 1994). Irrespective of these 
details. it is thought that once mRNA unwinding has started in the vicinity of the 
5' cap. the primed 40S ribosomal subunit then binds near the 5' end of the mRNA 
and migrates in a 5'-3' direction either together with the helicases or very closely 
behind them. 

The literature on the influence of 5'caps on mRNA translation efficiency. 
which goes back almost 20 years. has a few inconsistencies but nevertheless a 
common theme strongly emerges. namely that there is an interdependency of: (a) 
the influence of the cap structure on translation efficiency of a given mRNA. (b) the 
susceptibility of translation of this mRNA to inhibition by cap analogues. (c) the 
influence of K+ concentration on translation efficiency of the capped species. and 
on the decrease in efficiency on decapping or addition of cap analogue. and (d) the 
requirement for initiation factor elF-4 for efficient translation (KEMPER and 
STOLARSKY 1977; CHU and RHOADS 1978; WEBER et al. 1978; BERGMANN and LODISH 
1979; HERSON et al. 1979; WODNAR-FILIPOWICZ et al. 1978; SONENBERG et al. 1981; 
EDERY et al. 1984; SLEAT et al. 1988; FLETCHER et al. 1990; TIMMER et al. 1993b). All 
these parameters are thought to be related to the role of 5' caps and initiation 
factor e1F-4 in the unwinding of secondary structure in the 5' NCR. 

Efficient translation of a spectrum of different (capped) mRNA species in vitro 
requires different concentrations of e1F-4 in a way that positively correlates 
with the putative degree of secondary structure near the 5'end of the mRNA 
(EDERY et al. 1984; FLETCHER et al. 1990; TIMMER et al. 1993b). Supplementation of 
reticulocyte Iysates with extra elF-4 increases the translation of a-globin mRNA 
relative to ~-globin mRNA (SARKAR et al. 1984). whilst addition of cap analogues 
has the converse outcome (WEBER et al. 1978). 

Overexpression of elF-4a in vivo (which is presumed but is not yet proven to 
result in a parallel increase in elF-4y expression and hence an increase in 
intracellular elF-4 holoenzyme) results in an increase in the efficiency of transla
tion of mRNAs with stable hairpin loops near the 5' end (KOROMILAS et al. 1992). 
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The observation that increasing monovalent cation concentration invariably 
increases the difference between the translation efficiency of the capped versus 
the uncapped version of the same mRNA and invariably increases the suscep
tibility to inhibition by cap analogues can be explained by the fact that increasing 
monovalent cation concentration stabilises RNA secondary structure. A reduction 
in incubation temperature can also achieve the same outcome (WEBER et al. 
1978). although as the equilibrium between open and closed forms of RNA 
hairpin loops is governed by the relationship ilGo = -RTlnK in which the temper
ature (T) is a Kelvin scale and the realistic limits for in vitro translation on this scale 
are rather narrow (from ~ 2950 to ~ 315 0 K). it is perhaps not surprising that varia
tions in temperature have a lesser effect than variations in monovalent cation 
concentration. 

It is often supposed that the translation of an uncapped mRNA by a 5' 
end dependent scanning mechanism would require no involvement of eIF-4(F), 
and the availability of the uncapped mRNA to a scanning 40S ribosomal subunit 
would be dependent solely on spontaneous unwinding of the 5' NCR. This would 
correlate with the general observation that for most mRNAs the optimum K+ 
concentration for translation of the uncapped version is lower than for the capped 
form. However, recent experiments have shown that the addition of e1F-4 does 
stimulate the translation of uncapped mRNAs in vitro, and in a partially fraction
ated wheat germ system the translation of uncapped AMV 4 RNA or ~-globin 
mRNA actually required very much higher concentrations of this factor than the 
capped form (FLETCHER et al. 1990; TIMMER et al. 1993b). One possibility is that the 
role of elF-4 in the translation of uncapped RNAs reflects the action of the cap
independent 3'-5' helicase activity of this factor. However, it should be noted 
that, contrary to what is frequently assumed, in a great many experiments but not 
all (WODNAR- FILIPOWICZ et al. 1979). the translation of uncapped mRNAs was found 
to be susceptible to inhibition by cap analogues (LODISH and ROSE 1977; HERSON 
et al. 1979; BERGMANN and LODISH 1979; FLETCHER et al. 1990). The inhibition is 
potentiated by increasing salt concentrations, just as in the case of capped 
mRNAs (KEMPER and STOLARSKY 1977). Thus it seems most likely that elF-4 
performs the same functions for the translation of uncapped mRNAs as for 
capped, which is presumably the 5'-3' rather than the 3'-5' helicase activity 
(ROZEN et al. 1990), but as its affinity for the uncapped form is much lower, higher 
concentrations of e1F-4 are required. 

The question of whether eIF-4F has any role in true internal initiation of 
translation is discussed in a later section. 

3 Operational Criteria for Cap-Independent Translation 

Several types of assay are widely used for this operational definition, as listed 
below. All but the first involves studying the effect of perturbation of elF-4 concen
trations or activity on the efficiency of translation of the mRNA under scrutiny. 
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This first assay is a comparative test of the efficiency of translation of capped 
versus uncapped forms of the same mRNA species. With the development of 
transcription vectors for in vitro production of RNA. the assay is applicable to a 
wide variety of mRNAs. Furthermore, by the use of RNA transfection protocols 
(GALLIE 1991) or microinjection into Xenopus oocytes (DRUMMOND et al. 1985), it is 
not limited to in vitro translation assays. The interpretation of the results needs to 
take into account the possibility that the uncapped form of the RNA may be 
degraded more rapidly than the capped version, which is a more serious problem 
in intact cell systems (DRUMMOND et al. 1985; GALLIE 1991) and in certain cell-free 
systems such as the crude wheat germ extract (FLETCHER et al. 1990). As a means 
of avoiding this complication, some authors have added a non-methylated cap 
(GpppG) to the 5' end of the transcripts (LODISH and ROSE 1977; PELLETIER et al. 
1988a), which seems to protect against degradation but is inactive in promoting 
translation initiation. Apart from these complications the test would seem to be a 
relatively straightforward one of comparing the yield of translation product from 
the two forms of the mRNA. However, as mentioned above, the difference in 
translation efficiency caused by the 5' cap structure is dependent on the condi
tions used, particularly on the concentration of monovalent salts, and to a lesser 
extent (or to a less well documented extent) on the Mg2+ and/or polyamine 
concentrations (KEMPER and STOLARSKY 1977; CHU and RHOADS 1978; WEBER et al. 
1978; BERGMANN and LODISH 1979; WODNAR-FILIPOWICZ et al. 1979). Thus this test is 
only meaningful if conducted over a range of K+ concentrations extending to 
concentrations supra-optimal for translation of the capped species. 

The second assay measures the effect of cap analogues (m7GMP, m7GDP, 
m7GTP or m7GpppG) on the efficiency of translation of the particular mRNA being 
tested. It is presumed that these act as inhibitors of elF-4 function certainly with 
respect to its 5'-3' helicase activity, but perhaps not the 3'-5' helicase activity 
(ROZEN et al. 1990). Cap-independent translation is indicated if the addition of 
analogue causes no inhibition of translation over a reasonable concentration 
range when due consideration has been taken to compensate for Mg2+ chelation. 
In fact. if anything, addition of cap analogue often results in a stimulation of truly 
cap-independent translation, i.e. internal initiation (ANTHONY and MERRICK 1991). 
The probable reason is that nuclease-treated cell-free translation systems contain 
capped fragments of the endogenous mRNA. which act as competitors for the 
translation of exogenous mRNA. even though their short size means that no 
translation product of the fragments is detectable and no significant acid precipit
able incorporation of radiolabelled amino acids is measurable. The cap analogue 
inhibits the translation of these fragments and thus relieves the competition 
against exogenous cap-independent mRNA translation. As in the previous assay, 
the susceptibility to cap analogue inhibition can be profoundly influenced by the 
salt concentration (KEMPER and STOLARSKY 1977; CHU and RHOADS 1978; WEBER et al. 
1978; BERGMANN and LODISH 1979; WODNAR-FILIPOWICZ et al. 1979), and claims for 
cap-independent translation based on such assays are only to be taken seriously 
if K+ concentrations at or above the optimum for translation are used (ZAPATA 
et al. 1991). Under appropriate conditions different mRNA species can be ranked 



Cap-Dependent and Cap-Independent Translation 7 

according to the concentration of cap analogue required for 50% inhibition of 
translation (HERSON et al. 1979; SONENBERG et al. 1981; FLETCHER et al. 1990). This 
ranking is in general agreement with that established by other criteria, such as the 
susceptibility of translation to inhibition by high salt concentrations (HERSON et al. 
1979) or by antibodies against elF-4a (SONENBERG et al. 1981), and the comparative 
efficiency of translation of capped versus uncapped forms of the same mRNA 
species (FLETCHER et al. 1990). 

A third assay examines whether the efficiency of translation of the mRNA is 
influenced by perturbation of the intracellular elF-4 concentration. This has been 
achieved by regulated expression in vivo of an antisense transcript to the 5' 
untranslated region of elF-4a mRNA which results in: (1) a gradual decrease in the 
cellular content of eIF-4a, reaching close to zero after 48 h; (2) a parallel decrease 
in the cellular content of p220 (eIF-4y), and therefore presumably also a decrease 
in eIF-4(F) complex; and (3) a decrease of overall protein synthesis (DE BENEDETTI 
et al. 1991; RHOADS et al. 1993). By 48 h, most of the residual protein synthesis 
was heat shock protein synthesis, and the distribution of heat shock protein (HSP) 
mRNAs in polysomes showed that the initiation frequency on these mRNAs was 
higher than in control cells (JOSHI-BARVE et al. 1992; RHOADS et al. 1993). The 
unavoidable conclusion is that translation of HSP mRNAs requires very little, if 
any, eIF-4. 

The fourth assay determines whether the efficiency of translation of a given 
mRNA is affected by perturbation of e1F-4 activity, either as a result of cleavage 
of the elF-4y component or dephosphorylation of eIF-4a. Cleavage of the elF-4y 
component is achieved in vivo by infection of the cells with an enterovirus (e.g. 
poliovirus) or foot-and-mouth disease virus (FMDV) (DEVANEY et al. 1988)' or by 
regulated expression of the poliovirus 2A protease (SUN and BALTIMORE 1989). It 
has also been achieved in vitro by expression of the FMDV L-protease in the cell
free translation system (SCHEPER et al. 1992; THOMAS et al. 1992) or addition of 
recombinant protease to the system (LIEBIG et al. 1993). There are several 
reservations about this approach. In the first place there is controversy whether 
the viral proteinase (e.g. entero/rhinovirus 2A or FMDV L-protease) cleaves elF-4y 
directly (LIEBIG et al. 1993), or indirectly via a proteinase cascade triggered by 2A 
(WYCKOFF et al. 1992), although it could be argued that this does not influence the 
validity of this approach as an operational criterion for cap-independent transla
tion. More serious objections arise from conflicting evidence that cleavage of 
elF-4y in vivo may not necessarily be sufficient for inhibition of translation of 
capped mRNAs, and that e1F-4 activity in some form may be required for IRES
driven initiation. Both of these problems will be discussed in a later section 
concerned with the possible role of elF-4 in internal initiation. Despite these 
problems, this approach successfully identified BiP mRNA as a cellular mRNA 
whose translation is by a completely cap-independent internal initiation mecha
nism (SARNOW 1989; MACEJAK and SARNOW 1991). 

Perturbation of e1F-4 activity as a result of dephosphorylation of the elF-4a 
component occurs late in adenovirus infection and is thought to be the prime 
cause of the shut-off of host cell mRNA translation (HUANG and SCHNEIDER 1991; 
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Schneider, this volume). Again, a complication in the evaluation of these data is 
that the dephosphorylation does not go to completion (HUANG and SCHNEIDER 1991), 
and thus we do not know whether such protein synthesis, as continues at this 
stage in the infectious cycle, is supported by the low amount of phosphorylated 
factor or whether the dephosphorylated factor retains some activity towards 
selected mRNA species. Apart from this there is the added complication that the 
adenovirus infection may introduce other, as yet uncharacterised, modifications 
to the translation apparatus. Dephosphorylation of elF-4a also appears to occur 
during mitosis (BONNEAU and SONENBERG 1987a), but the effect of this on the 
translation of different mRNA species has not been examined in any detail. 

4 Specific Cases 
of Apparent Cap-Independent Translation 

With the above criteria in mind it is worth examining some borderline cases 
of pseudo-cap-independent translation (Table 1) to see whether the evidence 
points to true internal initiation or to a 5' end-dependent scanning mechanism of 
initiation, albeit with a very low requirement for a 5' cap structure. 

4.1 Alfalfa Mosaic Virus RNA 4 

This RNA (AMV RNA 4) has been studied for a long time as an example of an 
mRNA translated by what was thought to be a cap-independent mechanism, 
even though it is naturally capped. It has a fairly short (36 nt) and putatively 
unstructured 5' NCR (GEHRKE et al. 1983), with a high content of U and A residues 
(56% and 25%, respectively). It is translated in extracts of poliovirus-infected 
HeLa cells at 40% efficiency relative to the efficiency in control cell extracts 
(SON ENBERG et al. 1982), a far higher relative efficiency than for any other capped 
mRNA tested, but lower than the relative efficiency of satellite tobacco necrosis 
virus (STNV) RNA translation (50%) or encephalomyocarditis virus (EMCV) RNA 
translation (90%). Its translation is unusually resistant to inhibition by high salt 
concentrations (HERSON et al. 1979; GEHRKE et al. 1983) and is not only more 
resistant to inhibition by antibodies to elF-4 or by cap analogues than any other 
capped mRNA tested (HERSON et al. 1979; SONENBERG et al. 1981; FLETCHER et al. 
1990), but is comparable to STNV RNA translation in these respects. Never
theless, translation in a fractionated wheat germ system does show a require
ment for eIF-4; the apparent Km for this factor was lower than that for any other 
capped mRNA species tested but higher than that for STNV RNA (FLETCHER et al. 
1990; TIMMER et al. 1993a,b). Moreover, in contrast to STNV RNA translation, the 
apparent Km for elF-4 was much higher for the uncapped form than the capped 
(FLETCHER et al. 1990; TIMMER et al. 1993a). Taken as a whole the evidence points 
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to a 5' end-dependent scanning mechanism and a distinct requirement for a 5' 
cap and elF-4 function, albeit an unusually low requirement. 

4.2 Late Adenovirus mRNAs 

These mRNAs, or chimaeric mRNAs with the adenovirus tripartite leader, were 
once considered good candidates for true cap-independent translation, since their 
translation is efficient in late adenovirus infected cells when the host cell mRNA 
translation is shut off, as a result of the (not quite complete) dephosphorylation of 
elF-4a (HUANG and SCHNEIDER 1991; Schneider, this volume). In addition, super
infection by poliovirus late in the adenovirus infectious cycle fails to suppress the 
adenovirus infection (CASTRILLO and CARRASCO 1987; DOLPH et al. 1988)' implying 
that the translation of the late adenovirus mRNAs is also resistant to the inhibitory 
effects of cleavage of eIF-4y(p220). However, cleavage of elF-4yby expression of 
the FMDV L-protease in vitro results in complete inhibition of translation of 
chimaeric mRNAs with the adenovirus tripartite leader, but not true internal 
initiation driven by the EMCV IRES (THOMAS et al. 1992). In addition, according to 
the dicistronic mRNA assay, albeit with a construct in which the initiation codon of 
the downstream cistron was not quite in the same position as in the late 
adenovirus mRNAs, the adenovirus tripartite leader does not support internal 
initiation in vivo (DOLPH et al. 1990)' and the introduction of an AUG codon into the 
first part of this 5' UTR results in inhibition of initiation at the normal AUG 
codon, entirely as expected if a scanning ribosome mechanism were operative 
(Schneider, this volume). Taken as a whole, the evidence points to the adenovirus 
late mRNAs being translated by a 5' end-dependent scanning mechanism, albeit 
with either a very low requirement for native elF-4 or the ability to use e1F-4 
de phosphorylated in the a subunit. The possibility that this 5' end-dependent 
mechanism is actually a nonlinear form of scanning involving a so-called 
ribosomal shunt (FUTIERER et al. 1993) is discussed elsewhere in this volume 
(Schneider, this volume). 

4.3 Heat Shock Protein mRNAs 

These mRNAs have also been considered good candidates for cap-independent 
translation because: (1) their translation in mammalian cells is more resistant than 
the majority of cellular mRNAs to the shut-off induced by poliovirus infection 
(MUNOZ et al. 1984)' though not as resistant as the translation of BiP mRNA 
(SARNOW 1989); (2) in a yeast cell-free system the efficiency of translation of 
chimaeric mRNAs with the HSP26 mRNA 5' NCR is less influenced by capping the 
RNA than is the case with the other mRNAs tested (GERSTEL et al. 1992); (3) their 
translation persists and is actually enhanced in mammalian cells in which the 
concentration of elF-4a has been reduced as a result of regulated expression of 
an antisense transcript to the elF-4a mRNA (JOSHI-BARVE et al. 1992; RHOADS et al. 



10 R.J. Jackson et al. 

1993). In addition the translation of endogenous HSP mRNAs in Drosophila 
embryo extracts is highly, but perhaps not absolutely, resistant to inhibition by cap 
analogues and by antibodies against eIF-4a, in sharp contrast to the behaviour 
of other mRNAs (ZAPATA et al. 1991). These properties explain the selective 
translation of HSP mRNAs in heat shocked cells, when the activity and integrity of 
the elF-4 complex seems to be compromised, for reasons not yet fully understood 
(LAMPHEAR and PANNIERS 1991; ZAPATA et al. 1991; Rhoads and Lamphear, this 
volume). The special features of Drosophila HSP 70 mRNA responsible for 
efficient translation under heat-shock conditions have been identified as lying 
entirely within the 247 nt long, A-rich 5' NCR, but deletion analysis suggests that 
it is a cumulative property of the whole 5' NCR rather than assignable to any 
particular segments within it (MCGARRY and LINDQUIST 1985; LINDQUIST and PETERSEN 
1991). Although a 5' NCR length of 150-250 nt and a 45%-50% A-content is 
common to all Drosophila HSP mRNAs attempts to mimic its properties with a 
synthetic A-rich 5' NCR were unsuccessful (LINDQUIST and PETERSEN 1991). Addition 
of extra sequences at the very 5' end abolished translation in heat-shocked cells 
if extraneous sequences were added, but not if the extension was achieved by 
duplication of the 5' proximal sequences (MCGARRY and LINDQUIST 1985; LINDQUIST 
and PETERSEN 1991). This last reSUlt, in particular, suggests, but does not prove, 
that true internal initiation is probably not operative on these mRNAs, but rather 
that the proximity of the correct sequences near the cap may be important to 
maintain an unstructured state at the very 5' end in order to allow initiation by a 5' 
end-dependent scanning mechanism which requires very little, if any, elF-4 activity. 

4.4 Satellite Tobacco Necrosis Virus RNA 

A particularly stringent challenge to our criteria regarding different mechanisms of 
translation initiation is provided by STNV RNA. It is naturally uncapped and has a 
29 nt 5' NCR. Its efficiency of translation in an extract of poliovirus infected HeLa 
cells was 50% relative to that in a control extract (SONENBERG et al. 1982)' a higher 
relative efficiency than for any capped RNA, but less than for EMCV RNA (90%). 
The translation of STNV RNA in wheat germ systems is considerably more 
resistant to inhibition by cap analogues than is the case with most mRNAs 
(HERSON et al. 1979; FLETCHER et al. 1990)' but nevertheless there is some inhibition 
observed and this is accentuated at high salt concentrations, just as with many 
capped mRNAs (KEMPER and STOLARSKY 1977). Its translation is, at most, only 
marginally stimulated by capping the RNA, and in a partially fractionated wheat 
germ system it has an unusually low apparent Km for eIF-4, which is unaffected by 
capping, unlike the case with any other mRNA tested (FLETCHER et al. 1990; TIMMER 
et al. 1993a). In the wheat germ system, modification to the 5' NCR results in little 
change in the apparent Km for e1F-4 yet there is a decrease in translation efficiency 
which can be largely reversed by capping the RNA (TIMMER et al. 1993a). In 
contrast, deletions in a -lOOnt 3' NCR segment just downstream of the trans
lation termination site result in not only a decrease in translation efficiency but 
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also an increase in the apparent Km for elF-4, both effects being reversed by 
capping the mutated form of the RNA (TIMMER et al. 1993a). Transfer of both the 
5' and 3' NCR into a chimaeric construct with a different coding sequence confers 
a large degree of cap independence of translation in the wheat germ system as 
well as stimulating translation efficiency (TIMMER et al. 1993a), and a somewhat 
more modest stimulation of translation efficiency is observed if the STNV 3' NCR 
motif is transferred into a chimaeric construct with the 5' NCR of tobacco mosaic 
virus rather than STNV (DANTHINE et al. 1993). Clearly STNV RNA provides perhaps 
the most demanding challenge to the criteria of whether translation is cap
dependent or not. Nevertheless there is as yet no evidence that STNV RNA is 
translated by true internal initiation, and until positive results are obtained from 
dicistronic mRNA assays, the presumption must be that it is translated by a 5' 
end-dependent mechanism, albeit with no requirement for a 5' cap and only a 
very low requirement for elF-4, both properties being conferred by the unusual 
nature of the 5' NCR and the influence of the 3' NCR motif. 

4.5 Potyvirus RNAs 

These RNAs have often been considered as possible candidates for translation 
by an internal ribosome entry mechanism since they resemble the animal 
picornaviruses in having a genome linked protein at the 5' end rather than a 5'cap. 
The 144 nt 5' NCR of tobacco etch virus was found to be highly stimulatory to 
translation, as compared with a synthetic 5' NCR, in both transfected plant 
protoplasts and rabbit reticulocyte Iysates (CARRINGTON and FREED 1990). In the 
RNA transfection assay, the stimulation was independent of whether an un
methylated Gppp or a normal m7Gppp cap was added, though consideration 
might be given to the possibility that methylation of the Gppp cap might 
have occurred in vivo. Translation in the reticulocyte lysate was in fact slightly 
stimulated by capping and was somewhat sensitive to inhibition by cap ana
logues. In the absence of any positive evidence from dicistronic mRNA assays, 
the most reasonable presumption is that the AU-rich (72%) and G-poor 1<1 0%) 5' 
NCR is probably unstructured, and allows translation by a 5' end-dependent 
scanning mechanism which is largely independent of the nature of the 5' end and 
of elF-4 function. 

5 Can a Given mRNA Be Translated by Both 
5' End-Dependent and Internal Initiation Mechanisms? 

We need to confront the possibility that a given mRNA may show weak IRES 
activity in the dicistronic mRNA test and yet give somewhat ambiguous results in 
any test for translation by 5' end-dependent scanning mechanisms. Could such 
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an mRNA be translated by both mechanisms more or less simultaneously? The 
picornavirus precedents, which suggest that the secondary structure of the IRES 
is all important for its function (see below), argue against the idea that the first 
ribosome could translate an mRNA by internal initiation and the second by cap
dependent mechanisms, or vice versa, since the RNA unwinding necessary to 
allow ribosome scanning would probably disrupt the secondary structure required 
for internal ribosome entry. Indeed, this may be the explanation of why capping 
transcripts with the poliovirus 5' NCR not only fails to stimulate translation 
initiation but actually inhibits (HAMBIDGE and SARNOW 1991). In addition, in the case 
of the naturally dicistronic L 1 Hs mRNA. in which the second open reading 
frame (ORF) is thought to be translated by internal initiation involving a rather 
inefficient IRES that is likely to include part of the upstream ORF, it has been found 
that the frequency of internal initiation of downstream cistron translation can be 
increased by partial inhibition of upstream ORF translation (MCMiLLAN and SINGER 
1993). However, these considerations do not rule out possibilities such 
as a cellular mRNA that might be translated by a 5' end-dependent scanning 
mechanism during most of the cell cycle but switch to internal ribosome 
entry during mitosis, when the activity of e1F-4 is supposely diminished as a 
result of dephosphorylation of the eIF-4a. polypeptide (BONNEAU and SONENBERG 
1987a). 

6 Operational Criteria for Internal Initiation 

It seems to be often generally assumed that if the translation of an mRNA is cap
independent by any of the above criteria, its translation must inevitably be by an 
internal ribosome entry mechanism. This assumption is unwarranted without 
supporting evidence from assays of the translation of dicistronic mRNAs. This 
dicistronic mRNA test can be designed in two alternative ways, and the relative 
merits of each approach can be found in a recent review (KAMINSKI et al. 1994b). (1) 
A standard reporter cistron can be inserted in an extreme upstream position of the 
cDNA comprising the 5' NCR and the coding sequences of the mRNA under 
scrutiny; the test hinges on whether the insertion of the upstream reporter ORF 
significantly reduces expression of the protein encoded by what is now the 
downstream cistron (KAMINSKI et al. 1994b). (2) Alternatively, the 5' NCR sequen
ces of the mRNA under examination are inserted between two standard reporter 
ORFs, and the critical question is whether this insertion increases the expression 
of the downstream cistron from a very low level up to a level comparable to that 
of the upstream cistron. 

With the picornaviruses, which have come to represent the paradigm for 
internal initiation, it has been the tradition to insert only the 5' NCR between two 
standard reporter cistrons, although in the original constructs with the EMCV 5' 
NCR, the downstream cistron coded for a fusion protein with the NH2-terminal five 
amino acid residues originating from the viral polyprotein (JANG et al. 1988). It has 
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subsequently been shown that these five codons are not strictly necessary for 
internal initiation; deletion of these residues does not necessarily compromise 
internal initiation unless it brings G-rich sequences in proximity to the authentic 
initiation codon (HUNT et al. 1993). Nevertheless the position of the functional 
initiation codon with respect to the upstream IRES sequences is critical for the 
function ofthe cardiovirus IRESs (HUNT et al. 1993; KAMINSKI et al. 1990, 1994a). In 
the case of the enterovirus IRES the position of the inserted IRES element relative 
to the initiation codon of the downstream cistron is not critical (provided that 
there are no AUG triplets between the putative ribosome entry site at the 3' end 
of the IRES and the initiation codon of the downstream ORF)' and indeed there 
is a variable and redundant segment in this position in the actual viral genomes 
(AGOl 1991). 

With the wisdom of hindsight, it is perhaps unfortunate that picornaviruses 
(especially polioviruses) have become the paradigm for internal initiation, as it 
seems to have led to some unwarranted assumptions in the design of constructs 
to test for IRESs in other RNAs. The flexibility allowed in the position of the 
poliovirus IRES relative to the initiation codon is not a universal characteristic not 
even of all picornavirus IRESs, as is amply demonstrated by the cardioviruses. A 
failure to appreciate this point in the design of the dicistronic test constructs is 
almost certainly the explanation of why one report claims that the non-picorna
virus hepatitis C virus lacks an I RES, whilst two others show convincing evidence 
for an efficient IRES (TSUKIYAMA-KoHARA et al. 1992; Yoo et al. 1992; WANG et al. 
1993). Even the cardiovirus model may lead to the unwarranted assumption that 
viral coding sequences are invariably unimportant (HUNT et al. 1993), whereas 
recent evidence from this laboratory shows that coding sequences can playa very 
important role in the case of the hepatitis C virus IRES (REYNOLDS J.E., KAMINSKI A., 
GRACE, K., CLARKE B.E., ROWLANDS D.J. and JACKSON R.J., submitted). How many 
potentiallRESs in cellular mRNAs have been overlooked because only the 5' NCR 
of the mRNA under scrutiny was placed into the dicistronic test construct and no 
consideration was given to the possibility that coding sequences might be 
required? 

For a credible claim of internal initiation the insertion of the putative IRES 
element should increase expression of the downstream cistron to a level com
parable to that of the upstream cistron. Cases where the insertion gives a yield of 
downstream cistron products less than 10% of that of upstream cistron products 
should be regarded with some suspicion, particularly if an in vitro assay was used. 
It is known that the reticulocyte lysate system will initiate translation at a number 
of incorrect sites on some RNAs, of which poliovirus, rhinovirus and hepatitis A 
virus are perhaps the most notorious examples (DORNER et al. 1984; PHilLIPS and 
EMMERT 1986; JIA et al. 1991; BORMAN and JACKSON 1993). These aberrant initiation 
events are especially predominant at high RNA concentrations (PHilLIPS and 
EMMERT 1986; SVITKIN et al. 1994), or at low salt (JACKSON 1991), and they are much 
less frequent in cell-free systems from other mammalian cell types. Thus any 
such example of apparently weak IRES activity needs checking that it is not a case 
of "capricious" or "illegitimate" internal initiation of this type. 



14 R.J. Jackson et al. 

Another potential artefact of the dicistronic mRNA test is the possibility of 
nuclease cleavage within the intercistronic spacer creating two monocistronic 
mRNAs rather than the desired dicistronic. Whenever this has been checked, for 
example by northern blotting, it has never been found to be a serious problem, 
and in the case of the picornavirus IRESs it can be ruled out by the fact that 
the numerous upstream AUG triplets in such IRESs would serve to prevent 
ribosomes from reaching the authentic initiation site on monocistronic RNAs 
generated by nuclease cleavage. Another potential artefact unique to in vivo 
expression systems is the possibility that the IRES element in the cDNA includes 
cryptic promoters which could likewise result in the production of two (capped) 
monocistronic mRNAs. 

False positives could potentially arise if the inserted sequences, rather than 
promoting internal initiation, were permissive to the resumption of scanning by 
ribosomes that had translated the upstream cistron. I n reality, the fact that the use 
of uncapped mRNAs with a hairpin loop inserted very close to the 5' end reduces 
the translation of the upstream cistron to virtually zero whilst having no effect on 
the yield of downstream cistron product shows that this has not been a problem with 
the IRESs studied so far (M.T. Howell and R.J. Jackson, unpublished observations). 

Although the dicistronic mRNA assay system has proved to be a very 
successful and accurate test for internal ribosome entry, nevertheless, as our 
colleague Tim Hunt used to remind us, such constructs do still have a physical 5' 
end and thus we cannot formally eliminate the possibility that the ribosome first 
binds to the 5' end of the RNA and then makes a long distance "jump" to the 
initiation codon of the downstream cistron. The only argument against this notion 
is the fact mentioned above, that downstream cistron translation efficiency is 
independent of perturbations at the physical 5' end of the RNA, such as de-cap
ping or the insertion of hairpin loops. Nevertheless, given the improved techno
logy for joining RNA molecules in vitro, thus permitting circularisation (MOORE 
and SHARP 1992). it might be worth testing some well established IRES elements 
in circular form as the final definitive test that internal initiation is really as we 
imagine it, quite independent of any physical end of the RNA. 

7 General Models for Internal Initiation 
on the Picornavirus Internal Ribosome Entry Segments 

Detailed discussion of each of the two main types of picornavirus IRES (the 
entero-/rhinovirus IRES and the cardio/aphthovirus IRES) are given elsewhere in 
this volume (Hellen and Wimmer, this volume; Ehrenfeld and Semler, this 
volume). The purpose of this section is to emphasise the common features of 
internal initiation of picornavirus RNA translation. A more detailed discussion can 
be found in KAMINSKI et al. (1994b) and JACKSON et al. (1994). 

All picornavirus I RESs appear to be about 450 nt long, and a general model of 
how this segment directs internal ribosome entry is given in Fig.1. The essence of 
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Fig. 1. Internal InitiatIOn dependent on the picornaVIrus Internal ribosome entry segments (lRESs). The 
-450 nt IRES IS viewed as having several base-paired segments, with possible tertiary structure base 
pairing between these segments. This structure presents a number of short unpaired primary 
sequence motifs, Indicated by th,ckened lines, In the correct spatial organisation. These critical primary 
sequence motifs may be binding sites for proteins which promote Internal initiation, or they may be 
recognised directly by the ribosome (denoted by the shaded oval) . The ribosome entry site IS at an 
AUG triplet at the 3' end of the IRES and is located downstream of the oligopYrimidlne tract; the 
segment between this tract and the AUG triplet IS thought to serve as an unstructured spacer of 
defined length. The AUG codon IS the authentic InitiatIOn site for VIral polyprotein synthesis in the case 
of the cardloViruses. In the entero!rhlnoViruses It serves only as a ribosome entry site and is not used 
as an InitiatIOn site; the ribosomes are transferred from this entry site. probably by a scanning 
mechanism, to the next AUG codon downstream, which is the authentic initiation codon for viral 
polyp rote in syntheSIS 

this model is that most of the - 450 nt segment is required by virtue of its 
secondary. and presumably tertiary. structure in order to present a number of 
quite short sequence motifs. mostly of them in unpaired regions. in the correct 
three-dimensional spatial organisation in order to provide a ribosome entry site. 
This idea is based on the phylogenetic comparisons within each of the two main 
groups of picornavirus IRESs (the entero/rhinoviruses and cardio/aphthoviruses) 
which show strong conservation of secondary structure but comparatively few 
absolutely conserved nucleotide residues. the majority of which are clustered in 
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unpaired regions (KAMINSKI et al. 1994b; JACKSON et al. 1994). The importance of 
secondary structure is supported by the fact that phenotypic revertants of linker 
substitution and point mutations often include second-site suppressor mutations 
which restore the base pairing found in the wild type (KUGE and NOMOTO 1987; 
HALLER and SEMLER 1992). 

The actual ribosome entry site is at an AUG codon at the 3' end of the IRES, 
but the events following ribosome entry at this site differ according to the 
particular species of picornavirus: (a) in poliovirus and other enteroviruses as well 
as rhinoviruses, virtually none of the entering ribosomes initiate translation at this 
AUG triplet, but the ribosomes are transferred, most probably by a scanning 
mechanism, to the correct initiation codon which is invariably the next AUG codon 
downstream; (b) in FMDV, about 30% of the entering ribosomes initiate trans
lation at the AUG at the 3' end of the I RES, and the others initiate at the next AUG 
codon downstream, again most probably after scanning from the entry site AUG 
triplet (BELSHAM 1992); (c) in the cardioviruses virtually all the entering ribosomes 
initiate translation at the AUG at the 3' end of the IRES, though a few may use 
the next AUG codon located only a short distance downstream (HUNT et al. 
1993; KAMINSKI et al. 1994a). What determines this different behaviour towards the 
AUG triplet at the ribosome entry site? The context of the AUG may exert some 
effect, similar to the influence of context on AUG recognition by scanning 
ribosomes, since the context of the AUG triplet at the 3' end of the cardiovirus 
I RESs is better than that in polioviruses, according to the precedents established 
for the scanning ribosome mechanism (KOZAK 1989). However, the context of the 
AUG in poliovirus IRESs is not so poor that we would expect no initiation 
whatsoever at that site, and indeed, if the relevant segment of the poliovirus 
5' NCR is taken out of the IRES and placed into a construct that would be 
translated by a scanning mechanism, then this AUG is used quite efficiently as an 
initiation codon (M.T. Howell and R.J. Jackson, unpublished observations). It is 
almost as if a poor context has a much more serious negative influence on the 
utilisation of an AUG as an initiation site in the background of an IRES than in a 
scanning ribosome mechanism, which is reminiscent of the way in which AUG 
codons located very near the 5'-cap are recognised by scanning ribosomes 
less efficiently than would be expected on the basis of context criteria alone 
(KOZAK 1991). 

In all picornavirus IRESs without exception, the AUG at the putative ribosome 
entry site is located some 25 nt downstream of the start of a conserved pyrimidine 
tract, and between this tract and the AUG there is a segment which is quite 
variable between closely related strains and species but is always G-poor and thus 
possibly serves as an unstructured spacer of defined length (PILIPENKO et al. 1992; 
KAMINSKI et al. 1994a,b; JACKSON et al. 1990, 1994). Changing the length of this 
spacer in the EMCV IRES resulted in changes in the choice of initiation site 
between four closely spaced AUG codons in a way that suggested that the 
selection was partly, but not wholly, determined by the distance between the 
pyrimidine-rich tract and the preferred AUG codon (KAMINSKI et al. 1994a). Similar 
results have been obtained in the poliovirus system, in which the insertion of extra 
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sequences between the oligopyrimidine tract and the cryptic AUG at the 3' end of 
the IRES drastically reduced in vitro translation activity and infectivity, but pheno
typic revertants arose in which the spacing had been restored, either by deletion 
or by point mutations within the inserted sequences generating an AUG codon at 
the appropriate distance (PILIPENKO et al. 1992; GMYL et al. 1993). It is debatable 
whether the oligopyrimidine tract itself is an important primary sequence deter
minant of internal ribosome entry or should be regarded as just the start of the 
unstructured spacer upstream of the AUG triplet. In the case of the poliovirus 
IRES, a minimal UUUCC motif at the start of the tract has to be retained for 
efficient in vitro translation and for infectivity (PESTOVA et al. 1991; NICHOLSON et al. 
1991; PlliPENKO et al. 1992)' but the function of the cardiovirus I RESs is much less 
affected by complete substitution of the whole tract (KAMINSKI et al. 1994a). 

In the case of the poliovirus insertion mutants described above, which 
reverted by acquiring a new AUG codon as a result of point mutation, it can be 
inferred that only AUG was acceptable at that site, and neither GUG, UUG or AUU 
located at the appropriate distance from the pyrimidine-rich tract gave rise to 
viable viruses (PILIPENKO et al. 1992). However, in the wild-type background, 
mutation of the AUG to UUG, AAG or AUU reduced the efficiency of translation in 
vitro from the downstream authentic initiation codon by a maximum of 65%-75% 
(MEEROVITCH et al. 1991), and mutation to UUG gave a viable virus with a small 
plaque phenotype (PELLETIER et al. 1988b). Thus other sequences around the 
cryptic AUG in the wild-type genome must also playa role in the internal ribosome 
entry mechanism. Interestingly, although UUG and AUU have been shown to 
function as weak initiation codons in mRNAs translated by cap-dependent 
mechanisms, AAG has always been found to be inactive in this role (PEABODY 
1989). The fact that U UG, AAG or AU U at the putative ribosome entry site of the 
poliovirus IRES all gave very similar levels of (reduced) translation efficiency 
suggests that the recognition of the wild-type AUG at this ribosome entry site may 
involve a different process from the recognition of translation initiation codons by 
scanning 40S ribosomal subunits. 

8 Is e1F-4 Required for Internal Initiation? 

A long standing report which predated the discovery of elF-4 showed that 
translation of EMCV RNA in a highly fractionated mammalian system required the 
same set of initiation factors in roughly the same concentrations as did globin 
mRNA translation (STAEHELIN et al. 1975), and this conclusion is supported by more 
recent work with partially fractionated systems (SCHEPER et al. 1992). As for eIF-4, 
the fact that infection by poliovirus or FMDV results in a cleavage of the elF-4y 
component, which roughly correlates with the selective shut-off of host cell 
mRNA but not viral RNA translation (DEVANEY et al. 1988), leads naturally to the 
assumption that e1F-4 cleaved in its largest subunit is inactive for cap-dependent 
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translation and redundant for IRES-driven translation. The first of these assump
tions has been questioned by the observation that in certain regimes of poliovirus 
infection, virtually complete cleavage of elF-4y can occur with only a modest 
decrease in host cell mRNA translation (BONNEAU and SONENBERG 1987b; PEREZ and 
CARRASCO 1991). If e1F-4 is as limiting to the translational capacity as is generally 
assumed, this result seems incompatible with the idea that elF-4y cleavage 
inactivates the factor, and it leads to the suggestion that the normal shut-off of 
capped mRNA translation requires some other virus-induced perturbation of the 
translation apparatus, in addition to elF-4y cleavage. Nevertheless, it has been 
shown that extracts of poliovirus infected HeLa cells cannot provide active elF-4 
activity to a fractionated cell-free extract translating a capped mRNA (ETCHISON 
et al. 1984). Partially purified e1F-4 from infected cells, which consisted of eIF-4a. 
complexed with the elF-4y cleavage products, neither stimulated nor inhibited 
translation of capped mRNAs in reticulocyte Iysates, but slightly stimulated 
poliovirus RNA translation (BUCKLEY and EHRENFELD 1987). Of more critical rele
vance is the fact that overexpression of poliovirus 2A in transfected cells, or 
addition of recombinant picornavirus 2A to cell-free systems, or expression of 
FMDV L-protease in such systems, all lead to eIF-4ycleavage, a strong inhibition 
of capped mRNA translation, and no inhibition (or more usually a stimulation) of 
IRES-driven translation (SUN and BALTIMORE 1989; THOMAS et al. 1992; LIEBIG et al. 
1993). Thus even if el F-4y cleavage is in itself not sufficient to inactivate the factor 
selectively for cap-dependent initiation as opposed to internal initiation, then the 
poliovirus 2A or FMDV L-protease alone must be sufficient to supply the missing 
function to achieve such inactivation. 

All the observations listed above are consistent with the other widely held 
assumption that e1F-4 activity is not required for internal initiation driven by a 
picornavirus IRES. Nonetheless, it has been reported that addition of elF-4 to a 
reticulocyte lysate or partially fractionated system stimulates internal initiation 
(ANTHONY and MERRICK 1991; THOMAS et al. 1991; SCHEPER et al. 1992). However, as 
this internal initiation was mostly with IRESs that function inefficiently in the 
reticulocyte lysate, either synthetic IRESs, the poliovirus IRES, or the so-called 
IRES in cow pea mosaic virus (CPMV) M RNA. it might be due to the "capricious" 
or "illegitimate" internal initiation sometimes seen in such Iysates as discussed 
above. Indeed, supplementation of reticulocyte Iysates with additional elF-4 
stimulated initiation at the incorrect sites on poliovirus RNA rather than at the 
authentic site (SVITKIN et al. 1994). However, addition of elF-4 complex or eIF-4a. 
to a partially fractionated reticulocyte system was reported to stimulate internal 
initiation driven by the EMCV I RES (SCHEPER et al. 1992). although in another report 
from the same group the stimulation seemed to be much less, or saturated at 
lower levels of added elF-4 (THOMAS et al. 1992). A further indication of a possible 
role for e1F-4 in internal initiation comes from experiments in which dominant 
negative eIF-4A mutants were added to reticulocyte Iysates: these strongly 
inhibited the translation of all mRNAs, whether cap-dependent or IRES-depen
dent, and in all cases the inhibition was reversed much more effectively by wild
type e1F-4 than free eIF-4A (PAUSE et al. 1994). Thus there are growing suspicions 
that elF-4 function may be required for internal initiation, but if this is the case, 
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then the fact that the viral2A or L-proteases selectively inhibit only cap-dependent 
initiation implies that elF-4 with a cleaved elF-4ycomponent must be able to carry 
out this function in internal initiation (THOMAS et al. 1992; LIEBIG et al. 1993). 

9 Trans-Acting Factors Specific for Internal Initiation 

The apparent inability of any picornavirus IRES to function in the wheat germ 
system, which is fully competent for translation initiation by the 5' end-dependent 
scanning mechanism, implies that internal initiation, at least on these IRES 
elements, may need trans-acting protein factors in addition to the canonical 
initiation factors that catalyse initiation on most cellular mRNAs. In addition, the 
low efficiency and low fidelity of translation of enterovirus and rhinovirus RNA 
translation in unsupplemented rabbit reticulocyte lysate (DORNER et al. 1984; 
PHILLIPS and EMMERT 1986; BORMAN et al. 1993). which utilises the EMCV and 
FMDV IRESs very efficiently, suggests that there may be specific trans-acting 
factor requirements for the different subgroups of picornaviruses. However, this 
distinction between the entero/rhinovirus IRESs and the cardio/aphthovirus IRESs 
in the reticulocyte Iysates may not be as absolute as is sometimes supposed. It 
needs to be emphasised that poliovirus RNA is translated quite efficiently and 
accurately at very low RNA concentrations (PHILLIPS and EMMERT 1986; SVITKIN et al. 
1994) and, even in the case of EMCV RNA. saturation of the translation capacity 
is achieved at rather low RNA concentrations in comparison to typical capped 
mRNAs translated by a scanning mechanism. Thus a case could be made that 
initiation on the poliovirus and EMCV IRESs requires the same set of trans-acting 
factors which are present in relatively low concentrations in the reticulocyte lysate 
and which have a much higher affinity for the EMCV IRES than the poliovirus IRES. 

Trans-acting factors required for IRES utilisation are best investigated by 
functional assays. A more common approach is to examine the binding of proteins 
to the IRES element, using UV cross-linking or gel retardation assays, and then to 
try to establish the functional significance of such binding by testing mutant IRES 
elements. Both methods of investigating binding proteins have strong disadvan
tages. With UV cross-linking methods it is sometimes easy to forget that the 
method only detects those proteins which bind in a suitable orientation and 
proximity for formation of a covalent bond by UV irradiation, and many binding 
proteins may go undetected. Nonetheless, it has the advantage that the full-length 
IRES can be used as the target RNA. whereas gel retardation assays, though 
detecting all reasonably high affinity complexes, have the disadvantage that only 
relatively short subdomains of the whole IRES can be used. Not only will the use 
of subdomains eliminate the protein/RNA interactions dependent on long range 
tertiary structure interactions in the RNA. but the results of UV cross-linking 
assays with subdomains provides a salutory warning that subdomains may bind 
or cross-link to proteins which are not cross-linkable to the whole IRES. The pat
tern of proteins cross-linkable to the intact IRES is not the sum of the proteins 
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cross-linkable to all the individual domains but is usually much simpler. This 
probably reflects the fact that isolated domains adopt a different folding than in 
the intact IRES, thus allowing the binding and cross-linking of proteins that are not 
bound or are not cross-linkable to the intact IRES. As a means of getting round this 
inherent disadvantage of the gel retardation assay, HALLER and SEMLER (1992) 
showed that unlabelled intact IRES could outcompete the appearance of the gel 
retardation complex formed with radiolabelled domain VI, as defined in this 
volume by Ehrenfeld and Semler (this volume), or domain VII according to the 
numbering systems of Belsham et al. (this volume). 

The only way in which to demonstrate that RNA binding proteins detected by 
these methods are functionally important in internal initiation is to show strict 
correlation between loss (or gain) of protein binding and loss (gain) of internal 
initiation in mutated IRESs bearing subtle mutations rather than gross deletions. 
This goal has only been attained in one case: the binding of pyrimidine tract 
binding protein (PTB) to the EMCV IRES was shown to be abrogated by mutations 
which disrupted base pairing in the vicinity of the putative PTB binding site and 
also abolished internal initiation, with both properties restored by the com
pensating mutations that restored base pairing (JANG and WIMMER 1990). Apart 
from this one example, there is virtually no direct evidence that any of the other 
cross-linkable proteins actually play any role in internal initiation, and one cannot 
help wonder if the veritable deluge of recent publications which merely catalogue 
the cross-linkable proteins risk discrediting the whole field in the eyes of the 
outside world. 

One approach to functional tests for trans-acting factors is to attempt to 
immunodeplete a cell-free extract of the putative factor. Immunodepleting HeLa 
cell extracts of PTB or the autoantigen La resulted in a selective loss of 
IRES-driven translation, but this activity could not be restored by addition of 
recombinant protein (HELLEN et al. 1993; Belsham et aI., this volume). The 
conclusion drawn was that the functional component must be a complex of PTB 
or La with other proteins, rather than singular PTB (or La), although strictly 
speaking the data do not exclude the possibility that PTB and La are entirely 
irrelevant and it is only the putative associated proteins that are responsible for 
IRES-dependent translation initiation. However, using an RNA affinity column 
approach we have been able to deplete reticulocyte Iysates of PTB, with the 
outcome that the efficiency of translation of the upstream (cap-dependent) 
cistron was unperturbed, but there was no translation of the downstream cistron 
driven by the EMCV IRES. Addition of recombinant PTB at physiologically relevant 
concentrations (10-12 /J.g/ml) completely restored the capacity for IRES-driven 
translation (A. KAMINSKI, S.L. HUNT and R.J. JACKSON, in preparation). 

Another functional test for factors required for internal initiation is based on 
the fact that translation driven by the poliovirus or rhinovirus IRES in a reticulocyte 
lysate is inefficient unless components from HeLa, Krebs II ascites or L-cells are 
added (DORNER et al. 1984; PHILLIPS and EMMERT 1986; SVITKIN et al. 1988; BORMAN 
et al. 1993). One of these copurifies with PTB through four columns (S.L. Hunt and 
R.J. Jackson, unpublished observations). The other is largely if not entirely free of 
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PTB, but copurifies with a 97 kDa protein that is specifically cross-linkable to the 
rhinovirus IRES element (BORMAN et al. 1993). Neither activity copurifies with the 
auto-antigen La, or contains significant amounts of La (S.L. Hunt and R.J. 
Jackson, unpublished observations), which has been also claimed to stimulate 
poliovirus IRES utilisation in reticulocyte Iysates (MEEROVITCH et al. 1993; SVITKIN 
et al. 1994). It is important to appreciate that this claim is not based on the 
approach of systematically purifying the HeLa cell activity which stimulates the 
ability of reticulocyte Iysates to carry out translation dependent on the poliovirus 
IRES. Rather, a 52 kDa HeLa cell protein which binds in UV cross-linking assays to 
a particular stem-loop at the 3' end of the poliovirus I RES (MEEROVITCH et al. 1989) 
was identified as La, and as a consequence La was then tested for an influence on 
IRES-driven translation (MEEROVITCH et al. 1993). Recombinant La does indeed 
stimulate poliovirus RNA translation in reticulocyte Iysates (MEEROVITCH et al. 1993; 
SVITKIN et al. 1994; Belsham et al., this volume), but only at very high concen
trations, many fold higher than would be present in a mixed HeLa/rabbit re
ticulocyte cell-free system capable of efficient translation of poliovirus RNA. One 
possible explanation is that these high concentrations of La in these assays are 
actually inhibiting the initiation at incorrect sites which occurs when poliovirus 
RNA is translated in the unsupplemented reticulocyte lysate (DORNER et al. 1984; 
PHILLIPS and EMMERT 1986); as a consequence of this inhibition, initiation at the 
correct site might be stimulated by default. 

Although PTB binds to all picornavirus IRESs in UV cross-linking assays, the 
entero/rhinovirus IRESs seem to bind a wider spectrum of proteins than the cardio/ 
aphthovirus IRESs. In addition the pattern of proteins which are cross-linkable to 
other IRESs, such as that of BiP mRNA or hepatitis C virus (HCV) RNA. appears 
quite different and does not seem to include PTB as a strongly labelled protein. 
Moreover HCV IRES function does not seem to be impaired in the PTB-depleted 
lysate described above which is defective for EMCV IRES utilisation (J.E. Reynolds, 
A. Kaminski and R.J. Jackson, unpublished observations). If it is indeed the case 
that internal initiation on the HCV IRES, and perhaps other non-picornavirus 
IRESs, really does not require PTB, then the idea that PTB is an essential catalyst 
of the internal initiation process, in much the same way as the canonical initiation 
factors catalyse cap-dependent initiation, must be called into question. It is 
possible that the function of PTB is more to promote the correct folding of the 
RNA higher order structure of certain I RESs. 

10 The Evolution and Possible Advantages 
of Internal Ribosome Entry Segments 

Where did the animal picornavirus IRESs originate from? Obviously it is pertinent 
to look at the picorna-like viruses of plants and insects. Plant comoviruses, which 
show homology with animal picornaviruses in their capsid structures, gene order, 
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and the covalently linked protein rather than a cap at the 5' end, have two RNA 
species: translation of the B RNA of the type member CPMV is initiated at the 5' 
proximal AUG codon at nt 207, and translation of the M RNA component at the 
second to fourth AUG codons (at nt 161, 512 and 524), whilst the out-of-frame 5' 
proximal AUG at nt 115 is presumed to be silent, perhaps because of its poor 
context. It has been claimed that the segment from nt 164 to nt 512 of the M RNA 
can direct internal initiation of translation in dicistronic mRNA assays in both the 
reticulocyte lysate and the wheat germ system (VERVER et al. 1991; THOMAS et al. 
1991), although the efficiency was very low in some of these assays (THOMAS et al. 
1991; SCHEPER et al. 1992). Moreover, the result could not be repeated in animal 
cell transfection assays (BELSHAM and LOMONOSOFF 1991). It seems possible that 
the in vitro result was due to the capricious or illegitimate internal initiation 
exhibited by the reticulocyte lysate, as discussed above, which may perhaps also 
occur in the wheat germ system. A clear difference between 5' NCRs of animal 
picornaviruses and comoviruses is that, whereas the former have AUG triplets at 
about the expected statistical (random) frequency, there appears to have been 
selection against such upstream AUGs in the comoviruses, even though CPMV 
M RNA does have one such AUG (at nt 115) which is not absolutely conserved. The 
long 5' NCR of the comovirus RNAs are generally U-rich (- 35%-40%) and G-poor 
(12%-15%) and thus are probably not highly structured. In the absence of strong 
evidence to the contrary, it seems reasonable to conclude that the comovirus 
RNAs are not translated exclusively by internal initiation and that the predominant 
if not the sole mechanism is 5' end-dependent scanning, which because of the 
nature of the 5' NCR is not perceptibly influenced by a 5' cap structure. 

It would be interesting to know whether the insect viruses such as cricket 
paralysis virus, which are thought to resemble the animal picornaviruses in many 
respects, have a 5' NCR closer to that of the animal picornaviruses or to the plant 
picorna-like viruses. This issue does not appear to have been addressed. 

If the animal picornaviruses have acquired these highly structured IRESs 
relatively late in evolution, where did they come from? One possibility is that they 
arose by reiteration of a previously shorter 5' NCR and then mutation towards the 
present day IRES structure. However, it is difficult to see how the virus evolved 
successfully through the intermediate stages, when the 5' NCR would have 
been too structured to allow efficient 5' end-dependent scanning, yet had not 
developed to the point where internal ribosome entry is efficient. An alternative 
explanation is that the animal picornaviruses acquired their IRES sequences from 
cellular RNAs via some type of recombination event. In this respect it is interesting 
to note recent reports of poliovirus acquiring a short length of ribosomal RNA 
sequence (CHARINI et al. 1994) and pestivirus acquiring cellular ubiquitin mRNA 
coding sequences (MEYERS et al. 1991) by what would appear to be a copy choice 
recombination. 

To date, there are a disproportionately large number of examples of internal 
initiation amongst viral RNAs rather than cellular, and although most viral exam
ples are uncapped genomic RNAs, there is one case of a capped tricistronic 
mRNA translated by internal initiation (Llu and INGLIS 1992). Of course this 
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preponderance of viral examples may be fortuitous in the sense that it is easier 
to spot likely candidates amongst viruses. In the absence of any systematic 
screening method to select or detect cellular examples in cDNA libraries, these 
can only be discovered on an individual trial and error basis. Nevertheless it is 
pertinent to ask why this mode of initiation is relatively common amongst viral 
RNAs. One suggestion relates to the fact that the extreme 5' end of viral RNAs has 
other functions, notably as the repository of signals for RNA replication, which 
might demand secondary structure (ANDINO et al. 1993) of sufficient stability to 
block 5' end-dependent scanning. However, this is clearly not an absolute rule 
since some positive strand RNA virus genomes, such as tobacco mosaic virus and 
the alphaviruses, have evolved so as to allow efficient RNA replication whilst 
maintaining a fairly unstructured 5' NCR that is not only permissive but is actually 
highly favourable to cap-dependent translation by a ribosome scanning mecha
nism (SLEAT et al. 1988). 

In those viral RNAs with an IRES element, it is generally assumed that the 
RNA replication signals and the IRES element lie in distinct nonoverlapping 
domains of the 5' NCR. Thus with EMCV and FMDV RNAs, all the RNA replication 
signals are assumed to lie upstream of the poly(C) tract, and all the signals 
necessary for internal initiation are supposedly downstream of the tract. Likewise, 
in the rhino/enteroviruses the division between the upstream RNA replication 
signals (ANDINO et al. 1993) and the IRES is generally thought to be at around nt 
100, where bovine enterovirus has a large insert and H RV-14 a small insert. The 5' 
boundary of the poliovirus IRES was in fact mapped as lying downstream of this 
point (NICHOLSON et al. 1991). However, this view of the RNA replication signals 
and the IRES as distinct nonoverlapping and noninteracting elements may be 
oversimplistic. It has been reported that mutations in the first 100 nt of the 
poliovirus 5' NCR, outside the region normally considered the IRES, can reduce 
the efficiency of expression of a linked luciferase reporter cistron in vivo (SIMOES 
and SARNOW 1991). 

Conversely, there has been some recent evidence that the IRES element of 
polioviruses actually contains signals important for RNA replication. Until recently 
it has been impossible to detect this type of overlap, as IRES mutations which 
compromise viral RNA translation necessarily result in an RNA replication defect 
since some of the nonstructural viral proteins required for RNA replication can 
only function in cis (KIRKEGAARD 1992). This problem can be overcome by the use 
of viruses containing two IRES elements; the poliovirus IRES, in which mutations 
may be introduced, drives the synthesis of only the P1 capsid precursor, whilst a 
downstream EMCV IRES drives the expression of all the nonstructural proteins, 
which are therefore competent for replication of the template RNA strand in cis 
(MOLLA et al. 1992). This approach has shown that some poliovirus IRES mutants 
are not merely deficient in P1 translation, but also show severe RNA replication 
defects (BORMAN et al. 1994). A counterargument to the idea that some RNA 
replication signals might lie within the IRES element is provided by the fact that 
a poliovirus construct (with a single IRES)' in which the poliovirus IRES has been 
replaced by that of EMCV, gives viable virus (ALEXANDER et al. 1994). This argues 
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that if there are RNA replication signals within the IRES, they are somewhat 
surprisingly interchangeable between poliovirus and EMCV whose IRESs show 
only a rather limited homology (JACKSON et al. 1994). 

An overlap between the translation initiation and the RNA replication signals 
is intriguing as it may offer a solution to one of the conundrums of positive strand 
RNA virus replication: how is the complementary (negative) RNA strand syn
thesised in the face of a wave of ribosomes moving in the opposite direction? 
Since the time when this problem was first recognised many years ago, it has 
become if anything more acute with the growing appreciation that an elongating 
ribosome is very efficient in displacing certainly any complementary RNA or 
DNA annealed to the coding region (MINSHULL and HUNT 1986; LINGENBACH and 
DOBBERSTEIN 1988) and probably also efficient at displacing proteins bound to the 
coding region. One solution to this problem is to suppose that before negative 
strand RNA synthesis starts initiation of translation is temporarily inhibited, a 
mechanism which would presumably require that the replication complex posi
tioned at the 3' end of the positive (messenger) RNA strand should engage the 
IRES in some way. Hence the IRES may appear to include some signals essential 
for RNA replication, which may provide the explanation for the RNA replication 
defect of some poliovirus IRES mutants even in the background of a viral RNA 
where the nonstructural proteins are expressed from a separate and active IRES 
(BORMAN et al. 1994). Such a model carries the implication that it would be 
specifically the negative RNA strand synthesis that is inhibited by such poliovirus 
IRES mutations, a prediction which is so far untested. 

11 Concluding Remarks 

There are several important issues that have surfaced in this review and which 
need to be addressed in the near future. One is whether STNV RNA and the HSP 
mRNAs are really translated by an internal initiation mechanism or by an extreme 
cap-independent variant of the 5' end-dependent scanning mechanism. With 
respect to internal initiation, more data are needed on the mechanism and the 
identity and roles of the essential cis-acting RNA elements and the trans-acting 
protein factors, including the question of a possible role for e1F-4 in this mode of 
initiation. These questions need to be addressed not only regarding the two main 
types of picornavirus IRES, but also for other IRESs such as those in HCV RNA. BiP 
mRNA and the antennapedia mRNA of Drosophila (MACEJAK and SARNOW 1991; OH 
et al. 1992; lizuka et aI., this volume; Wang and Siddiqui, this volume), which at 
first glance show no resemblance to any picornavirus I RES either in their RNA 
sequence or structure, or in the IRES-binding proteins. Yet it seems instinctively 
quite improbable that distinct mechanisms of internal initiation are operative on 
the picornavirus IRESs and the non-picornavirus IRESs. It is extraordinary enough 
that there should be two apparently quite different modes of initiation, internal 
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initiation and 5' end-dependent scanning. Surely, all examples of internal initiation 
must exhibit some common features both at the level of the cis-acting RNA 
elements and the trans-acting factors, and in turn one would expect to find some 
shared underlying features of internal initiation and cap-dependent initiation. One 
of the greatest challenges for the future is to find these common features and to 
work towards some form of a unified model, in which the two mechanisms would 
be regarded as variants of each other rather than as entirely distinct. Another 
major challenge is to develop screening or selection methods that may be applied 
to cDNA libraries to identify cellular mRNAs with a functional IRES, rather than the 
present day approach of trial and error tests on each individual mRNA. 
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