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Preface

Whether or not an mRNA is translated is often thought to be a
simple function of its steady-state concentration and the ab-
sence of inhibitory proteins or RNA structures in the 5' and 3'
noncoding regions. The articles presented in this volume show
an unexpected flexibility of the eukaryotic translational appara-
tus in the mechanism of translational initiation and provide new
opportunities for regulation.

Most or all mRNA molecules synthesized by RNA poly-
merase Il in eukaryotic cells contain a 5' terminal m’GpppG
dinucleotide, also known as the "cap structure.”" RNAs carrying a
cap structure have been shown to be more resistant to attack by
exoribonucleases than their uncapped counterparts. Further-
more, the cap facilitates transport of the RNAs from the nucleus
to the cytoplasm. In the cytoplasm, the cap functions as a
binding site for the cap binding protein complex elF-4, which
enhances the translation of the RNAs by the eukaryotic trans-
lational apparatus. Specifically, it has been postulated that bind-
ing of elF-4 to the 5' terminal cap facilitates the recruitment of
ribosomal subunits onto the mRNAs via their free 5' ends (cap-
dependent translation). Accordingly, uncapped RNAs are
generally translated more poorly than capped RNAs. However,
during the past 6 years both viral and cellular mRNAs have been
discovered that can be translated cap-independently. Such
RNAs either lack a 5' terminal cap structure, like picornaviral
mRNAs, or contain a cap structure but still require little or none
of elF-4 for efficient translation, like adenoviral and certain
cellular mRNAs. It is the topic of this volume to describe the
features and properties of MRNAs that can be translated cap-
independently and to discuss possible physiological roles of
cap-independent translation.

In the first chapter, Jackson and colleagues review the role
of the cap structure and cap binding proteins in translational
initiation and outline the criteria for cap-independent translation.
Specifically, the concepts of cap-independent translation by
internal initiation and by low elF-4 requirement are introduced.
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Chapters 2-5 (Hellen and Wimmer, Ehrenfeld and Semler,
Belsham and colleagues, and Wang and Siddiqui) describe cap-
independent translation by internal ribosome binding of picorna-
viral and hepatitis C viral mRNAs. Using a proposed unifying
nomenclature (WimMER et al. 1993) for picornaviral type | and
type Il internal ribosome entry sites (IRESs), these chapters
provide a detailed analysis of the structural features of the IRES
elements and describe the surprising findings that the poly-
pyrimidine tract binding protein (PTB) and the La antigen, both
proteins that are normally involved in nuclear RNA biogenesis,
stimulate picornaviral translation in the cytoplasm. Late adeno-
viral mRNAs are capped, lack extensive secondary structures
and can be translated without significant amounts of elF-4.
Schneider describes in chapter 6 the nonlinear scanning of late
adenoviral 5' noncoding region, whereby major RNA hairpin
structures are skipped by the scanning ribosomal subunits. It
has been known for a long time that heat shock treatment of
eukaryotic cells results in the inhibition of translation. However,
mRNAs encoding the heat shock proteins are selectively trans-
lated under this condition. Rhoads and Lamphear describe in
chapter 7 the known molecular bases for this phenomenon. A
diminished amount of elF-4 is at least one factor that contributes
to cap-independent translation of heat shock mRNAs in heat-
shocked cells. Lastly, lizuka and colleagues describe in chapter
8 the known cellular mRNAs that can be translated cap-indepen-
dently by internal ribosome binding. That certain yeast mRNAs
can be translated by internal initiation in a cell-free system from
yeast raises the possibility that internal initiation may function in
intact yeast cells.

The examples of mMRNAs that can be translated cap-inde-
pendently indicate that regulation at the translational initiation
step can be exerted by affecting the point of ribosomal entry or
the mode of ribosomal scanning on an mMRNA molecule. The
use of cap-independent translation can clearly be influenced by
the concentration of cytoplasmic translation factors, such as
elF-4, or of nuclear proteins, such as PTB and La. This raises the
question whether mRNAs with long 5' noncoding regions,
found in mRNAs that encode many regulatory proteins, are
always translated as poorly as is predicted by the 5' cap-
dependent initiation model. Can some of these mMRNAs be
translated more efficiently when the concentration of functional
translation factors or other proteins is altered in the cell? Eluci-
dation of the mechanism and biological role of cap-independent
translation in eukaryotic cells will reveal the importance of this
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novel mechanism of gene expression in cell physiology and
organismal development.

Denver P. SARNOW
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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 b'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 mMRNAs 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. The 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 mMRNAs 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 elF-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 elF-4F). As usually
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Table 1. Classification of eukaryotic mRNA according to the mode of translation inrtiation

Cap-dependent translation initiation
Most cellular capped viral mRNAs

"Marginally cap-dependent"/"pseudo cap-independent" translation initiation

Alfalfa mosaic virus RNA 4 AMV RNA 4
Adenovirus late mRNAs (or mRNAs with adenowvirus tripartite leader)

Heat shock protein mRNAs HSP mRNAs
Satellite tobacco necrosis virus RNA STNV RNA

Potyvirus RNAs

Internal initiation of translation (IRES-dependent translation initiation)

Picornavirus RNAs Human rhinoviruses HRV RNA
Enteroviruses, e.g., poliovirus PV RNA
Cardioviruses, e.g., encephalomyocarditis virus EMCV RNA
Aphthoviruses (foot and mouth disease virus) FMDV RNA
Hepatitis A virus

Hepatitis C virus RNA HCV RNA

Coronavirus 3a/b/c mRNA

Immunogloublin heavy chain binding protein mRNA BiP mRNA

Antennapedia mRNA (Drosophila)
(Human LINE, L1Hs mRNA)

Undecided (controversial)
Plant comovirus RNAs, e.g. cowpea mosaic virus RNA CPMV RNA

mRNAs are classified as translated by internal initiation if they have been shown to give a positive result
inthe dicistronic 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 dicistronic mMRNA assay are classified as
‘marginally cap-dependent’ or "pseudo cap-independent.” Although the downstream cistron of the
naturally dicistronic L1Hs mRNA appears to be translated by internal initiation, the efficiency 1s very low
(MCMILLAN and SINGER 1993). The classification of CPMV M RNA s 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, elF-4 from mammalian cells consists of three polypeptide chains: an
elF-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 elF-4A subunit; and an
elF-4a subunit (formerly known as elF-4E), which is the only one to have direct
affinity for the b' cap structure (RHoaps 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
elF-4B, elF-4 has bidirectional RNA helicase activities of which the 5'-3" helicase
requires a 5' capped substrate and is inhibited by m’GTP (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 m’GTP-Sepharose, is inactive in all
functional assays that have been attempted and appears to be defective in
assembly into the elF-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-tRNA, 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 mMRNAs,
whilst such affinity is displayed uniguely by initiation factor elF-4 via its elF-4a
component, has given rise to a subtly modified form of this model. Initiation factor
elF-4 is thought to bind to the capped 5' end of the mRNA and to promote RNA
unwinding via the action of its elF-4A helicase component in concert with
initiation factor elF-4B (Sonenserc 1988). It was previously considered that this
unwinding might be continued by free (uncomplexed) elF-4A, again in concert
with elF-4B (SonenBerc 1988), but recent in vitro translation experiments with
dominant negative elF-4A mutants have thrown some doubt on this (Pause et al.
1994). These mutant elF-4A derivatives were strong inhibitors of translation of all
types of mMRNA, and the inhibition could be overcome more efficiently by addition
of elF-4 complex than free elF-4A, leading to the suggestion that elF-4A recycles
through the elF-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 mMRNA unwinding has started in the vicinity of the
5' cap, the primed 40S ribosomal subunit then binds near the 5' end of the mMRNA
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 mMRNA 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 RHoaps 1978; Weser et al. 1978; BEraManN and LobisH
1979; Herson et al. 1979; Wobnar-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 elF-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 elF-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; TimMMER et al. 1993b). Supplementation of
reticulocyte lysates with extra elF-4 increases the translation of a-globin mRNA
relative to B-globin mRNA (SArkAR et al. 1984), whilst addition of cap analogues
has the converse outcome (VWeBER 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 mMRNAs 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 mMRNA 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 AG, = —RTInK 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 ~ 295° to ~ 315° 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 b’
end dependent scanning mechanism would require no involvement of elF-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 elF-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 B-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 (Wobnar- FiLipowicz et al. 1979), the translation of uncapped mRNAs was found
to be susceptible to inhibition by cap analogues (LobisH and Rose 1977; Herson
et al. 1979; Beremann and LobisH 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'-b' helicase activity
(Rozen et al. 1990), but as its affinity for the uncapped form is much lower, higher
concentrations of elF-4 are required.

The question of whether elF-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 (LobisH 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 Mg?* andfor polyamine
concentrations (KemPer and StoLarsky 1977; CHu and RHoabps 1978; WEBER et al.
1978; BEreMANN and LobisH 1979; Wobnar-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 (m’GMP, m’GDP,
m’GTP or m’GpppG) 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 Mg?* 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 MEeRRICK 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; CrHu and RHoaDs 1978; WEBER et al.
1978; BeramanN and LobisH 1979; Wobnar-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
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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 (Sonenser 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-4o mRNA, which results in: (1) a gradual decrease in the
cellular content of elF-4a, reaching close to zero after 48 h; (2) a parallel decrease
in the cellular content of p220 (elF-4y), and therefore presumably also a decrease
in elF-4(F) complex; and (3) a decrease of overall protein synthesis (De BENEDETTI
et al. 1991; RHoaps 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 (JosH-BARve et al. 1992; RHoaps et al. 1993). The
unavoidable conclusion is that translation of HSP mRNAs requires very little, if
any, elF-4.

The fourth assay determines whether the efficiency of translation of a given
mRNA is affected by perturbation of elF-4 activity, either as a result of cleavage
of the elF-4y component or dephosphorylation of elF-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 (ScHerer et al. 1992; THomas et al. 1992) or addition of
recombinant protease to the system (Liesic 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 (LieBic et al. 1993), or indirectly via a proteinase cascade triggered by 2A
(Wvckorr 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 elF-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; MaceJsak and Sarnow 1991).

Perturbation of elF-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 mMRNA 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 Sonenserg 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
(SonENBERG 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 elF-4; the apparent K | 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 K, 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 ' 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 mMRNAs 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 mMRNA
translation is shut off, as a result of the (not quite complete) dephosphorylation of
elF-4o0 (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 elF-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 elF-4
dephosphorylated in the o subunit. The possibility that this 5' end-dependent
mechanism is actually a nonlinear form of scanning involving a so-called
ribosomal shunt (FuTTerer 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
(Muroz 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 mMRNAs with the HSP26 mRNA 5' NCRis 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-4o mMRNA (JosHI-BaRve et al. 1992; RHoaDs et al.
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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 elF-4a, in sharp contrast to the behaviour
of other mRNAs (ZaraTa 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 LinpauisT 1985; LiNpauisT and PETERSEN
1991). Although a 5' NCR length of 150-250 nt and a 456%-50% A-content is
common to all Drosophila HSP mRNAs attempts to mimic its properties with a
synthetic A-rich 5' NCR were unsuccessful (LinoauisT 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 (McGaARRY and LinpauisT 1985; LiNbQuIST
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 Hel a
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 (20%).
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 mRBRNAs (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 K, for elF-4, which is unaffected by
capping, unlike the case with any other mRNA tested (FLETCHER et al. 1990; TIMMER
etal. 1993a). In the wheat germ system, modification to the 5' NCR results in little
change in the apparent K, for elF-4 yet there is a decrease in translation efficiency
which can be largely reversed by capping the RNA (TiMMmer et al. 1993a). In
contrast, deletions in a ~100nt 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 K 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 (TimmeRr 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 lysates (CARRINGTON and Freep 1990). In the
RNA transfection assay, the stimulation was independent of whether an un-
methylated Gppp or a normal m’Gppp 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 mMRNA assays,
the most reasonable presumption is that the AU-rich (72%) and G-poor (<10%) 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 (HamsiDGE and Sarnow 1991). In addition, in the case
of the naturally dicistronic L1THs mRNA, in which the second open reading
frame (ORF) is thought to be translated by internal initiation involving a rather
inefficient IRES that s 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 elF-4 is supposely diminished as a
result of dephosphorylation of the elF-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 NH,-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 of the 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
(AcoL 1991).

With the wisdom of hindsight, it is perhaps unfortunate that picornaviruses
(especially polioviruses) have become the paradigm for internal initiation, as it
seems 1o 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 IRES, whilst two others show convincing evidence
for an efficient IRES (Tsukivama-KoHaRra 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 play a very
important role in the case of the hepatitis C virus IRES (ReynoLbds J.E., Kaminski A,
Grack, K., Ciarke B.E., Rowtanps D.J. and Jackson R.J., submitted). How many
potential IRESs 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; PHiLuips 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 thatitis not a case
of “capricious” or "illlegitimate" internal initiation of this type.
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Another potential artefact of the dicistronic mMRNA 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 unigue 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 mMRNAs.

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. In 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 mMRNA 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 &'
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 IRESs 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 (IRESs). The
~450 nt IRES 1s 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 thickened 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 rnbosome (denoted by the shaded oval). The rnbosome entry site Is at an
AUG triplet at the 3' end of the IRES and is located downstream of the oligopyrimidine tract; the
segment between this tract and the AUG triplet 1s 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 cardioviruses. In the entero/rhinoviruses 1t serves only as a ribosome entry site and is not used
as an initiation site; the rbosomes 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
polyprotein 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 SEmMLER 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 FMDYV, about 30% of the entering ribosomes initiate trans-
lation at the AUG at the 3' end of the IRES, 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
IRESs 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 (PiLienko 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; PiLipEnkO et al. 1992), but the function of the cardiovirus IRESs 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%
(MeerowviTcH et al. 1991), and mutation to UUG gave a viable virus with a small
plague phenotype (PELLETIER et al. 1988b). Thus other sequences around the
cryptic AUG in the wild-type genome must also play a role in the internal ribosome
entry mechanism. Interestingly, although UUG and AUU have been shown to
function as weak initiation codons in mMRNAs translated by cap-dependent
mechanisms, AAG has always been found to be inactive in this role (PeasoDy
1989). The fact that UUG, AAG or AUU 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 elF-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
mMRNA translation (STAEHELIN et al. 1975), and this conclusion is supported by more
recent work with partially fractionated systems (ScHereR et al. 1992). As for elF-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
mRBNA but not viral RNA translation (Devaney et al. 1988), leads naturally to the
assumption that elF-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 Sonenserc 1987b; Perez and
Carrasco 1991). If elF-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 mMRNA (ETcHisON
et al. 1984). Partially purified elF-4 from infected cells, which consisted of elF-4a
complexed with the elF-4y cleavage products, neither stimulated nor inhibited
translation of capped mRNAs in reticulocyte lysates, but slightly stimulated
poliovirus RNA translation (BuckLey and EHRenreLD 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 elF-4y cleavage, 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; Liesic et al.
1993). Thus even if elF-4ycleavage 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 elF-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 "lllegitimate” internal initiation sometimes seen in such lysates as discussed
above. Indeed, supplementation of reticulocyte lysates 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 elF-4o
to a partially fractionated reticulocyte system was reported to stimulate internal
initiation driven by the EMCV IRES (ScHerer 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 elF-4 in internal initiation comes from experiments in which dominant
negative elF-4A mutants were added to reticulocyte lysates: these strongly
inhibited the translation of all mMRNAs, whether cap-dependent or IRES-depen-
dent, and in all cases the inhibition was reversed much more effectively by wild-
type elF-4 than free elF-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 viral 2A or L-proteases selectively inhibit only cap-dependent
initiation implies that elF-4 with a cleaved elF-4y component must be able to carry
out this function in internal initiation (THomas et al. 1992; Liesic 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 EmMmerT 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 lysates 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 presentin 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, HaLLErR 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 (Janc 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 Hel a
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 al., 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 lysates 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 ug/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 Hel a, Krebs |l ascites or L-cells are
added (Dorner et al. 1984; PHiLLiPs and EMMERT 1986; Svitkin et al. 1988; BorMAN
etal. 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 lysates (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 lysates to carry out translation dependent on the poliovirus
IRES. Rather, a 52 kDa Hel a cell protein which binds in UV cross-linking assays to
a particular stem-loop at the 3' end of the poliovirus IRES (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 lysates (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 IRESs.

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 mMRNA assays in both the
reticulocyte lysate and the wheat germ system (VERver et al. 1991; THowmas 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 Lomonosorr 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 itis 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 (MEvers 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 (Liu and Incus 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 HRV-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 (KirRkecaarD 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 (Borwman 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; LiNnGENBACH and
DosBersTEIN 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 elF-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 (Macesak and Sarnow 1991; OH
et al. 1992; lizuka et al., this volume; Wang and Siddiqui, this volume), which at
first glance show no resemblance to any picornavirus IRES either in their RNA
sequence or structure, or in the IRES-binding proteins. Yet it seems instinctively
guite 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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1 Introduction

The positive-sense genomic RNAs of picornaviruses such as encephalomyo-
carditis virus (EMCV) have been widely used in studies of translation, resulting in
significant advances, such as identification of mammalian Met-tRNA (SmitH and
Marcker 1970) and recognition of the initiation factor elF-4A (WicLE and SmiTH
1973; Brar etal. 1977). Analysis of picornavirus translation also revealed a
fundamental difference between eukaryotic and prokaryotic mRNAs: initiation of
translation is limited to a single 5' proximal site (JacoBsoN and BALTIMORE 1968;
SMITH 1973), indicating that picornavirus genomes, and by implication all other
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eukaryotic mRNAs, are monocistronic. The EMCV genome does indeed contain
a single large open reading frame, but further studies of picornavirus mRNAs
revealed fundamental differences from standard eukaryotic mMRNAs (such as the
absence of a 5' terminal capping group, and the presence of multiple AUG triplets
and stable secondary structure upstream of the initiation codon) that proved
incompatible with conventional models for the initiation of eukaryotic translation
(Kozak 1991). The discovery that EMCYV initiation results from entry of ribosomes
into an internal segment of the 5'NCR (Jang et al. 1988) has revitalized studies of
EMCV translation, and its internal ribosome entry site (IRES) is now used both as
a model for analysis of this novel mechanism of eukaryotic gene expression, and
as a genetic element, for example in expression vectors, to promote cap-indepen-
dent internal initiation of translation.This review shall focus on EMCV translation,
but will also consider translation of other cardioviruses and of the related aphtho-
viruses and hepatoviruses.

The picornavirus family consists of a large number of animal viruses whose
positive-sense RNA genomes have a similar genetic organization and share
common structural properties. Their genomes are covalently linked to a small
protein (VPg), 3'polyadenylated, have exceptionally long 5'NCRs (600-1500 nt)
and encode a single polyprotein of approximately 250 kDa (Stanway 1990).
Picornaviruses are divided into five genera on the basis of biological and physi-
cal properties, and sequence analysis indicates a probable common ancestry
(PaLmeENBERG 1989). These genera have been divided into two groups on the basis
of primary sequences, and similarities in the secondary structures of their
IRES elements (JacksoN et al. 1990; Jang et al. 1990). The genera Enterovirus
(e.g., poliovirus) and Rhinovirus constitute the first group, and they thus have
type 1 IRES elements. Type 2 IRES elements belong to members of the genera
Aphthovirus (e.g., foot-and-mouth disease virus; FMDV), and Cardiovirus (e.g.,
EMCV). The secondary structure of Hepatovirus (e.g., hepatitis A virus; HAV)
IRES elements resembles that of type 2 IRES elements, but in functional assays
in vitro the HAV |RES is remarkably inefficient. Finally, echovirus 22(EV22),
which may represent a sixth genus (Hyppia et al. 1992) also appears to have
type 2 IRES.

2 Characteristics of Encephalomyocarditis Virus
Translation In Vivo and In Vitro

Initiation of EMCYV translation is exceptionally efficient (Jen et al. 1978), and syn-
thesis of viral proteins is apparent soon after infection (ButterwoRrTH et al. 1971).
EMCV has a broad host range, and its RNA is translated efficiently in a variety of
mammalian cell lines and even in Xenopus oocytes (Laskey et al. 1972). Infection
is associated with disaggregation of polysomes synthesizing cellular proteins and
a gradual inhibition of host cell protein synthesis (DaLcarno et al. 1967; JeN and
THacH 1982; LawreNce and THacH 1974). Translation of cellular mRNAs is probably
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inhibited because they have a lower affinity than EMCV RNA for initiation factors
(BaGLioni et al. 1978; Gouni et al. 1976: HackeTT et al. 1978). Inhibition of host cell
protein synthesis can be relieved by decreasing the concentration of monovalent
ions in the extracellular medium; conversely, hypertonic conditions promote viral
translation (ALonso and Carrasco 1981). Inhibition thus differs from the "shut-off"
that results from poliovirus infection (Jen et al. 1980; Mosenkis et al. 1985), which
is associated with proteolysis of elF-4Fy (ETcHison et al. 1982). However, EMCV
RNA can be translated in poliovirus-infected cells, indicating that its initiation
does not required elF-4Fy and is thus cap-independent (DetJen etal. 1981).
This conclusion is supported by recent studies involving dicistronic polioviruses
(ALEXaNDER et al. 1994; MoLLa et al. 1992).

EMCV RNA is translated efficiently in different eukaryotic cell-free lysates,
including rabbit reticulocyte lysate (RRL) and lysates derived from chick embryo
fibroblasts, Hela cells, murine L cells, Krebs Il and Ehrlich ascites carconima cells
(GoLint et al. 1976; MatHEWS and Korner 1970; PeELHaM 1978; PELHAM and JACKSON
1976; Svitkin and AcoL 1978). This ability distinguishes EMCYV translation from that
of some other Picornaviruses, such as poliovirus (DornEr et al. 1984). However,
EMCV RNA is not translated in wheat germ lysate (JEN and THacH 1982) or in the
yeast Saccharomyces cerevisiae (Evstarieva et al. 1993) Optimal EMCV trans-
lation requires unusually high salt concentrations: protein synthesis occurs over a
narrow range of Mg?* concentrations, and is maximal at 4-5 mM (MaTHEWS and
Korner 1970; Svitkin and AcoL 1978). The optimum K* concentration (120 mM) is
also high; stimulation of authentic product synthesis in RRLs was activated by
KClI, or low concentrations of KSCN, but not by potassium acetate, although this
salt is known to stimulate translation of cap-dependent mRNAs (Jackson 1991a).
EMCV translation is relatively insensitive to cap analogues such as m’pG,
indicating that formation of initiation complexes on Cardiovirus mRNA is cap-
independent (Canaani et al. 1976). Capping EMCV mRNAs had no effect on their
translation efficiency, consistent with this observation (OubsHoorn et al. 1990).
Formation of initiation cqmplexes on EMCV RNA is uniquely independent of ATP
(Jackson 1991D).

3 Primary Structure
of the Encephalomyocarditis Virus 5'NCR

The 5'terminal of the EMCV RNA genome differs from that of cellular mRNAs in
that it is neither capped nor does it carry unblocked 5'phosphates (Frissy et al.
1976), but is instead covalently linked to a small virus-encoded protein (GoLini
et al. 1978; Hruy and RoBeRTs 1978; VARTAPETIAN et al. 1980) Removal of the VPg
moiety from mengovirus RNA does not affect its ability to initiate translation
(Perez-Bercorr and GANDER 1978); similar results have been obtained using FMDV
RNA (Sancar et al. 1980). These properties are common to all picornaviruses
(WimMER 1982).
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Determination of complete or partial nucleotide sequences of EV22 and over
35 aphthovirus and cardiovirus strains and isolates has revealed that their 5'NCRs
are closely related and have several unusual properties, including their extreme
length (710-1500 nt) and the presence of multiple AUG triplets (Duke et al. 1992;
Escarmis et al. 1992; Hypria et al. 1992; Law and Brown 1990; PriTcHARD et al. 1992;
SaNGER et al. 1987; SosnovTsev et al. 1993: VARTAPETIAN et al. 1983; Stanway 1990;
ZIMMERMANN et al. 1994). A poly(C) tract of 60~420 nt is present near the 5' end of
the genome in all FMDV isolates, in some Cardioviruses including EMCV, mengo-
virus and Maus-Elberfeld virus, but not Theiler's murine enphalomyocarditis virus
(TMEV), and not in either EV22 or HAV (Biack et al. 1979; Brown etal. 1974;
Crumakov and AcoL 1976; CHumakov et al. 1979; CoLLer et al. 1990; Escaramis et al.
1992; PorTer etal. 1974). The FMDV poly(C) tract is largely single-stranded and
probably adopts an extended helical conformation (BraHms et al. 1967). A poten-
tially unstructured pyrimidine-rich tract occurs at a similar position in all other
picornavirus genera and is the site of extensive sequence microheterogeneity
between isolates (Brown etal. 1991; LE and Zuker 1990; Povry etal. 1992).
Nucleotides upstream of the poly(C) tract are termed the "short" or 'S" fragment
and range in length from 140 ntin EMCV to 370 ntin FMDV. They are not required
for translation of genomic FMDV and EMCV RNAs but are essential for infectivity
and are probably cis-acting signals for genome replication. This observation
suggests that the 5'NCR of these viruses may have a modular organization
reflecting these two functions (Sangar et al. 1980; CHumakov et al. 1979).

EMCV and mengovirus 5'NCRs contain 758-859 nt, and those of FMDV
strains 1200-1500 nt depending on the length of the poly(C) tract. There is less
variation in the length of 5'NCR in viruses that do not contain such a tract; the
TMEV, HAV and EV22 5'NCRs contains 1064 nt, 734 nt, and 709 nt respectively.
Sequence identity between the 5'NCRs of EV22 and members of the cardiovirus
and aphthovirus genera is largely restricted to the 450-550 nt preceding the
initiation codon. This region in the FMDV 5'NCR is 40% identical to corresponding
segments of both EMCV and TMEV (Kunn et al. 1990), and sequence identity is
even higher between members of the same genus. The sequences of TMEV and
EMCV in this region are 68% identical {Pevear et al. 1987), and analysis of
complete or partial FMDV 5'NCR sequences indicates that the 3'proximal 500 nt
are 80% identical in 17 different strains. These long conserved segments of the
5'NCR upstream of the initiation codon correspond to the IRES (see Sect. 3). The
5'NCRs of Hepatoviruses are related to the 5'NCRs of these three picornavirus
genera, although not closely (Brown et al. 1991; Jang et al. 1990).

Sequence alignment of type 2 IRES elements reveals that regions of nucleo-
tide sequence identity are localized into discrete blocks. Many of these motifs
correspond to structural domains within the IRES, particularly to apical portions of
hairpins (Figs.1-3), and interestingly, some appear also to be present in type 1
IRES elements. The presence of near-identical sequence motifs in all type 2 IRES
elements suggests that they could be cis-acting elements involved in sequence-
specific interactions with trans-acting factors. Sequence variation is also tightly
clustered; most of the nonconserved residues in the FMDV IRES occur in just
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three locations: the central stem of domain |, domain K and the region between
domain L and the initiation codon (Fig. 2). The role of these and similar RNA
segments (such as domain G, and residues downstream of domain L in cardio-
viruses; Fig. 1) is unlikely to be sequence-dependent, but may instead be related
to their length or structure.

Initiation of EMCV translation occurs at a single site (AUGg,,) which was
identified by matching sequences derived from the viral genome (PALMENBERG
et al. 1984) and viral proteins translated from it in vitro and in vivo (Smith 1973;
Ucarova et al. 1984). However, all aphthoviruses and hepatoviruses, and many
cardioviruses have dual initiation sites; those of HAV and FMDV are in the same
reading frame and are separated by 3 nt, and 78 or 84 nt, respectively, whereas
those of TMEV are 10 nt apart and are thus in overlapping reading frames (Beck
et al. 1983; CLARKE et al. 1985; Kong and Roos 1991; PritcHARD et al. 1992; SANGAR
etal. 1987; Tesar et al. 1991). Utilization of these codons is not strictly dependent
on conventional context rules; for example, the first initiation codon in FMDV A,
is bypassed frequently even though it has a good context (AUUAUGA), whereas
in other serotypes it has a less favourable context (e.g., UAAAUGG in type A24),
but is nevertheless recognized efficiently (SanGar et al. 1987; see a discussion by
JANG et al. 1990).

4 Secondary and Tertiary Structure
of the Encephalomyocarditis Virus 5’'NCR

Initial investigation of the stricture of Aphthovirus and Cardiovirus 5'NCRs con-
centrated on the S fragment and the poly(C) tract (NEwToN et al. 1985; VARTAPETIAN
et al. 1983). Nucleotides immediately downstream of the poly(C) tract in different
FMDV isolates can potentially form three or four pseudoknots (CLARKE et al. 1987;
Escarmis et al. 1992), and nucleotides immediately upstream of the EMCV poly(C)
tract and its HAV equivalent can form two pseudoknots (Brown et al. 1991; Duke
etal. 1992; Wimmer and MurbpiN 1991). The function of these structures is
unknown. Proposed tertiary interactions at the 3' end of Aphthovirus, Cardiovirus
and Hepatovirus 5'NCRs involve conserved elements upstream and downstream
of domain L (LE et al. 1993).

Efforts to determine the secondary structures of the remainder of these
RNAs were revitalized by identification of IRES elements within FMDV, EMCV
and TMEV 5'NCRs, and by demonstration of the functional importance of their
integrity. The availability of a large set of nucleotide sequences has facilitated
determination of potential secondary structures using computational and phylo-
genetic approaches (Duke et al. 1992; PiLirEnko et al. 1989). Conclusions reached
in this way have been supported by mutational studies (e.g.,Janc and WIMMER
1990) and by the analysis of RNA sensitivity to chemical and enzymatic modi-
fication (Evstarieva et al. 1991; PiLipenko et al. 1989).
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A consensus structure of the EMCV 5'NCR downstream of the poly(C) tract
is shown in Fig. 1. Domains are named according to Duke etal. {(1992); the
structure is based on analysis by these authors and by PiLipenko et al. (1989). The
majority of nucleotides are base-paired, forming a series of hairpins. A number of
nucleotides are invariant in the sequences of 17 cardioviruses, and are concen-
trated in domains D, H, |, J, K and L. Most sequence variation takes the form of
transitions and, to a lesser extent, compensatory double mutations, so that these
changes cause little or no structural alteration. There are differences between the
models developed by these two groups, in particular concerning the structure
adopted by nt 393-403, the base-pairing between nt 459-518 and nt 600-670, the
size and nucleotide constituents of domain L, and the possibility of structural
motifs downstream of this domain. Phylogenetic comparison supports the possi-
bility that nt 393-403 could form a small hairpin (Fig. 1), but provides little support
for the existence of hairpins downstream of domain L. There are currently no
compelling thermodynamic or phylogenetic arguments to discriminate between
the two proposed structures of the central stem in domain |. Models have been
developed for the structure of the FMDV IRES (PiLipenko et al. 1989; Fig. 2) and the
EV22 5'NCR (Fig. 3) that are closely related to the structure of the EMCV IRES;
some similarities between the structures of these elements and the HAV IRES
are also apparent (BrRown et al. 1991; Le et al. 1993).

It is notable that many of the nucleotides that are invariant in different EMCV,
TMEV and mengovirus strains also occur in identical locations in the FMDV and
EV22 5'NCRs. A likely implication of these observations is that type 2 IRES
elements consist of a number of cis-acting elements assembled on an RNA
"scaffold" of conserved architecture.

5 The Internal Ribosomal Entry Site

Translation of mMRNAs containing segments of the EMCV 5'NTR linked to repor-
ter genes confirmed suggestions (CHumakov et al. 1979) that the 5'NCR segment
downstream of the poly(C) tract was sufficient to direct efficient translation
in vitro (KrAussLIcH et al. 1987; Parks et al. 1986). The 500 nt between the poly(C)
tract and the EMCV initiation codon contain ten AUG triplets (see Fig. 1), yet
sequence analysis of polypeptides synthesized in vivo and in vitro indicated that
only the 11th AUG triplet at nt 834 is a functional initiation codon (SmiTH
1973; Ucarova et al. 1984). These results cannot be readily reconciled with the
"scanning’ model for the initiation for translation (Kozak 1991). A likely alternative
explanation is that ribosomes are able to bypass these potential initiation codons
and initiate translation at AUGg,, by a scanning-independent mechanism. This
hypothesis was confirmed by Jang and colleagues, who constructed plasmids for
the transcription of bicistronic mMRNAs, as depicted in Fig. 4, and found that a
segment (nt 260-833) of the EMCV 5'NCR placed in the intercistronic region was



Translation of EMCV RNA by IRE 37

Fig. 1. (Legend see p. 40)
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Fig. 2. (Legend see p. 40)
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Fig. 3. (Legend see p. 40)
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able to direct efficient translation of the downstream cistron in vitro and in vivo,
even under circumstances in which translation of the upstream cistron was
inhibited (Jang et al. 1988, 1989). This segment of the EMCV 5'NCR was termed
the internal ribosome entry site or IRES. An identical experimental approach was
used to identify a similar genetic element in the poliovirus 5'NCR, and sub-
sequently, in the 5'NCRs of all other picornavirus genera (Belsham and Brangwyn
1990; Borman and Jackson 1992; GLass et al. 1993; Kunn et al. 1990; PeLLETIER and
SONENBERG 1988).

Despite the overwhelming evidence for internal ribosomal entry, the pheno-
menon has been discounted as an artifact, caused either by degradation of
dicistronic mRNAs in vitro or by their splicing/aberrant transcription in vivo, as a
result of which monocistronic mRNA fragments would be translated by a con-
ventional scanning mechanism (see, for example, Kozak 1992). The construction
of viable dicistronic polioviruses (Fig. 8), in which the open reading frame (ORF)
was interrupted by insertion of the EMCV IRES (MoLLa et al. 1992; see Sect. 10)
rendered such criticism redundant. Titration of this virus indicated that each virus
particle had the propensity to initiate an infectious cycle (MoLLa et al. 1992). The
viral genome must therefore have functioned with the internal IRES element
intact.

Four lines of evidence suggest that the structural integrity of the EMCV IRES
is essential for its function. First, hybridization of short oliogodeoxynucleotides to
nt 309-338 of the 5'NCR had no effectr, and to nt 420-449 little effect on the ability
of the 5'NCR to direct translation of monocistronic mRNAs in RRL. Hybridization
of any of nine additional oligodeoxynucleotides to sequences between nt 460-854
inhibited translation severely (SHiH et al. 1987). Similar results were subsequently
reported by Sankar et al. (1989). Second, linker insertion at nt 577 and nt 777
reduced initiation 6- and 12-fold, respectively, whereas linker insertion at nt 506
had a negligible effect on translation (Duke et al. 1992). As much as 125 nt could
be inserted at nt 490 without effect on IRES function, whereas deletion of only

Legend to Figs.1-3

Fig. 1. Consensus secondary structure of the Cardiovirus IRES, based on the sequence of encepha-
lomyocarditis virus (EMCV) strain R and the secondary structures proposed by DUKE et al. (1992) and
PILIPENKO et al. (1989). Domains D-L are named alphabetically as proposed by Duke et al. (1992).
Nucleotides and AUG triplets (indicated by thick /ines) in the EMCV 5' NTR are numbered, and the
initiation codon AUGg;,, 1s boxed. Shaded blocks indicate nucleotides that are conserved in 18 different
cardiovirus strains. (For references see Sect. 3)

Fig. 2. Secondary structure of the Aphthovirus IRES, based on the sequence of foot and mouth
disease virus (FMDV) strain O,K (FORSS et al. 1984) and on the secondary structure proposed by
PILIPENKO et al. {1989). Nucleotides in the FMDV 5' NTR are numbered, the initiation codon 1s boxed,
and domains D-L are named alphabetically in accordance with the nomenclature for EMCV (DUKE
et al. 1992). Shaded blocks indicate nucleotides that are conserved in 17 different FMDV strains and
serotypes. (For references see Sect. 3)

Fig. 3. Secondary structure of the echovirus (EV) type 22 IRES, based on the sequence of the Harris
strain of EV22 (HYPPIA et al. 1992), and the secondary structures proposed for Cardiovirus and
Aphthovirus IRES elements (DUKE et al. 1992; PILIPENKO et al 1989). Nucleotide positions in the EV22
5' NTR are numbered, the initiation codon 1s boxed, and domains D-L are named alphabetically as
proposed for the Cardiovirus IRES (DUKE et al. 1992). Nucleotides that are conserved in EV22 (HARRIS)
and encephalomyocarditis virus (EMCV) (R) are shaded



41

Translation of EMCV RNA by IRE

(6861 ‘8861 ‘[ 18 ONvI) suodal
snoinesd wioly peidepy ‘pPeiedipul Ue si Z PUe | SUOSIO JO UoISSaIdX3 "Uono8jul SNHAOHOM JO UOIDBUI YO0W Jaylie Jale Y t s|j9d |-S0D
Ul Pa1E|SURI} PUE "OAIA Ul PaQIIOSUB} SEM € YNY SB818UM '(THY) 81eSA| 81A00|Nd11al 1igges Ul pele|suel} pue OJUA Ul PaqLIOSUel} 8Jam Z pue |
SYNY 'seulf Bez—-Biz Yoiyl se umelp a1e 82eds SIUOJISIOIBIUI 8UL Ul YIN,G (ADINT) SNIIA SHPIEO0ALIO|eYdaOUS By} JO sluawbes ‘pajedipul se
(esesaysuelljAlaoe |0o1uBYdWEIOYD [BUBIOET) YD) PUe ‘(apiidedAjod aseulwesp suiSouape Uewny/uiqo|B-¢ dugewiyd) vav-94g ‘(eseuisioid yz
snuiAoIod) .,.vZ ‘(88S 8uaBOoOUO |e1iA) YIS S9USB Jaliodas ayi 01 puodsa.i0o pue paxoq aie suoibal Buipod pue ‘sauly bez-biz Uiy} se uMoYs ale
(€) uIqo|B-g pue (z'1) sniiAolod JO SHON,G 941 "UONE|SUEIL OAIA Ul PUB OJIIA Ul 1O} PBSN SYYNHW JIUOJISIOIP JO Uoissaldxe pue 8inonas “p "Big

= 2
- |3 |-s0) - \
+ Pa31934ul-01|0d o €
1vd vav-9y
+ + S|j8d 1-S0) €

9129}Ul-)20
P JUPIION 1vd vav-9%

- + Tuy 2
+ + T3y L
0?2 vis
uoissaadx3  uoissaidx] < > —y > >

2 uonsn | uons) walsAs Aessy 2 uonsp ouonspPIAY | uonsy



42 C.U.T. Hellen and E. Wimmer

three nt at nt 560 abolished translation (WiTHERELL and WiMmER 1993). Third,
mutations within H, J and K domains of the IRES severely impair initiation (JaNG
and WiMmEeR 1990; OupsHooRN et al. 1990; ScHerer et al. 1991). Significantly,
additional compensatory substitutions that restore the secondary structure of
domain H also restored IRES function (Jang and WiMmer 1990). The fourth line of
evidence comes from deletion analysis (Borovsaain et al. 1991; Duke et al. 1992;
Evstarieva et al. 1991; Jang 1989; JanG et al. 1988, 1989; Jane and Wimmer 1990;
Kaminski et al. 1990). Nucleotide substitution and serial deletion of the EMCV
5'NCR from its 3' border showed that the number, but not the sequence of
nucleotides in the region upstream of AUGg,, are critical for wild-type IRES
activity: deletion of 9 nt reduced initiation fivefold, whereas substitution of these
residues had no effect. However, IRES function was almost totally abrogated by
deletion of two additional nucleotides. The EMCV IRES does not have a precise 5'
border: serial deletions from nt 280 result in a progressive loss of function.
Deletion of domains D, E and F (see Fig. 1) halves translation efficiency, and
further deletion of domain G reduces translation to 20% of wild-type levels.
Translation is reduced further by partial or total deletion of domain H, and IRES
function is abolished by deletion past nt 500. Domains H, |, J and K thus appear
to be critical for IRES function, whereas domains D, E, F, and G appear to
supplement its activity. Consistent with this conclusion, all internal deletions
within these four core domains abrogated or severely impaired IRES function. In
general, the effect of an alteration to the IRES appears to be more pronounced in
the context of dicistronic mMRNAs (compare results of Duke et al. 1992 and of JANG
and WimMMER 1990).

The borders of other type 2 IRES elements have also been determined using
deletion analysis; larger segment of these 5'NCRs appear to be required for IRES
function. TMEV translation was not impaired by deletion of nt 1-500 or of the ten
nt immediately upstream of the initiation codon AUG, .. but was abolished by
deletion of an additional 94 nt from the 5' end or of an additional 16 nt from the 3'
end of the 5'NCR (BAnDYoPADHYAY et al. 1992; HunT et al. 1993). Lengthening the
sequence between domain L and AUG, 4, (albeit by only two nt) did not affect
translation. The FMDV IRES has a similar size (nt 369-805 of the 5'NCR, or about
435 nt) and the loss of 30 nt from the 5' terminal or about 50 nt from the 3' terminal
abolished IRES function (BeLsHamM and Branawyn 1990; Kunn et al. 1990). Muta-
tions throughout this region indicated that domains H, |, J and L are most
important for FMDV IRES function. There are some discrepancies between
reports concerning the borders of the HAV IRES (Brown et al. 1991, 1994; GLass
etal. 1993), but it appears that almost the entire 5'NCR downstream of the
unstructured pyrimidine-rich tract (i.e., nt 1560-734) is required for efficient trans-
lation, although further truncation at the 5' end may leave some residual activity.

These observations indicate that the structure of IRES elements is critical for
their ability to promote initiation, in clear distinction to the lack of important struc-
tural features in cellular mMRNAs (such as B-globin) which are translated by a cap-
dependent mechanism (Kozak 1994). They also provide an attractive explanation
for the structural conservation of IRES elements in EMCV, EV22, FMDV, and HAV.
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6 Cis-Acting Elements
Within Type 2 Internal Ribosome Entry Sites

Most sequence variation in type 2 IRES elements takes the form of compen-
satory substitutions that serve to maintain IRES structure. The implication that
IRES structure is important for function has been confirmed; as noted above,
small deletions or insertions in EMCV, HAV and FMDV IRES elements severely
impaired their function (BorovJaGiN et al. 1991: Duke et al. 1992; EvsTaFiEvA et al.
1991; Guass et al. 1993; KUHN et al. 1990). However, the conservation of specific
sequence motifs suggests that type 2 IRES elements also contain cis-acting RNA
elements. A number of potential structures of this type have been identified, but
only three have been characterized in detail.

The importance of EMCV domain H in IRES function was revealed by deletion
analysis (Borowiagin et al. 1991; Jang and WimMer 1990). This domain consists of
a five nt loop, and an internal eight nt bulge separating two short helices (Fig. 1).
Deletion of the upper stem or disruption of its base pairing by substitution impair-
ed initiation severely; significantly, compensatory substitutions which restored
the structure of this stem also restored translational efficiency (BorovJacin et al.
1991; Jang and WimmeER 1990). A three nt insertion into domain H of TMEV
severely impaired IRES function in vivo and attenuated neurovirulence, but
curiously had no effect on TMEV translation in RRL (BANDYOPADHYAY et al. 1993).
The trans-acting factor p57/PTB (see Sect. 8) binds specifically to EMCV RNA
transcripts consisting of domain H with or without flanking residues; this inter-
action was abolished both by the deletion and by the substitutions in it that were
described above, but binding was restored by the same compensatory sub-
stitutions that restored translational activity (BorovJagiN et al. 1991; HeLLEN et al.
1993; Jang and WimMER 1990; WITHERELL et al. 1993). A probe corresponding to
just the loop and upper helix of this domain did not bind p57. Two additional p57
binding sites within the EMCV 5'NCR (encompassed by nt 315-377 and nt
740-837) have been identified, but they have not yet been characterized in detail
(BorovJaGIN et al. 1991; WITHERELL et al. 1993; WiTHereLL and WimMmeR 1994). The
structure and sequence of domain H in the FMDV IRES resembles that of the
corresponding domain in EMCV, and it also binds p57/PTB specifically {Luz and
Beck 1990, 1991). It plays an important role in FMDV translation, since deletion of
three nt from the internal bulge halved the efficiency of FMDV translation (KUHN
etal. 1990). N[U — C] substitution within the upstream p57 binding site in the
5'NCR of an FMDV isolate from persistently infected cells enhanced translation in
vivo, although the basis for this effect is not known (MARTINEZ-SALAS et al. 1993).
Binding of p57 to a second, downstream site in the FMDV IRES (nt 1227-1287 in
Fig. 2) was reduced by substitutions within a pyrimidine-rich tract downstream of
domain L that also impaired translation (Luz and Beck 1991).

EMCV RNA transcripts corresponding to domain H competitively inhibit
binding of p57 to the poliovirus IRES, which has a lower affinity for this factor, and
can inhibit IRES-dependent translation of poliovirus RNA but not cap-dependent
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translation of B-globin (Luz and Beck 1991; Pestova et al. 1991). However, RNA
transcripts corresponding to domains J and K are able to inhibit cap-dependent
translation, an observation suggesting that these domains may interact with
factors involved in both initiation mechanisms (Duke et al. 1992; EvsTAFIEVA et al.
1991), which may include elF2/2B (ScHerer et al. 1991). Mutations in these
domains impair IRES-dependent translation of EMCV RNA, and the ability of
IRES-specific RNA transcripts to act as competitive inhibitors of translation (Duke
et al. 1992; OubsHooRrN et al. 1990:; ScHerer et al. 1991).

A pyrimidine-rich tract (Yn, where n =6-9 nt) upstream of picornavirus
initiation codons was first noted in the FMDV serotypes C, and O,K (Beck et al.
1983). These two motifs separated by a random spacer Xm (where m=15-20nt)
were soon recognized as a characteristic of all aphthoviruses and cardioviruses
(CLARKE et al. 1987; Forss et al. 1984; OHARA et al. 1988). All FMDV isolates except
SAT-3 also have a Yn-Xm motif upstream of the second initiation codon {CLARKE
et al. 1987). A similar Yn-Xm-AUG motif occurs at the 3' end of the IRES in all
other picornavirus 5'NCRs (Fig. 5; Janc et al. 1990). The 3' borders of the IRES and
the 5'NCR coincide in cardioviruses, hepatoviruses and presumably in EV22, so
the AUG triplet of the Yn-Xm-AUG motif is the initiation codon, whereas in entero-
viruses and rhinoviruses it is inactive in translation. Sequence similarity in this
region extends downstream of the AUG triplet (Fig. 5; HunT et al. 1993; Pestova
et al. 1994), even though these residues are noncoding in type 1 IRES elements
and part of the viral polyprotein downstream of type 2 IRES elements.

The influence of all four components of this motif on initiation directed by
type 2 IRES elements have been investigated experimentally. Deletion analysis

Virus Nt. Yn Xm AUG - ACAAYYA
PVIM 556 GUGUUUCCUUUU. ...... 15 ... CUUAUGGUGACAAUCACAGA
HRV2 547 GUGUUUCACUUU. . .... 1/4 CUUAUGGUGACAAUAUAUAC
EMCV-RR 798 GGUUUUCCUULG. ...... 14 .... UAUAUGGCCACAACCAUGGA
FMDV A12 >1000 GCACCUULLUCU. ...... 14 ... UUUAUGAACACAACCAACUG
EV22 706 UGGUUUCCUULUL. . ..... 13 ... AUUAUGGAGACAAUJUAAGAG
HAV-LA 710 GUUUUUCCUCAU. ...... 9 .... AUAAUGAAUAUGUCCAAACA
HCV-H 329 AUCAUGAGCACGAAUCCUAA
Consensus XUUAUGRxXACAAYYA

Fig. 5. Alignment of nucleotide sequences at the 3' border of the IRES elements of representative
members of the five picornavirus genera Enterovirus: poliovirus type 1 (Mahoney); PV1M, Rhinovirus
(human rhinovirus type 2; HRV2), Cardiovirus (encephalomyocarditis virus Rueckert strain; EMCV-R),
Aphthovirus (foot-and-mouth disease virus type A12;FMDV A12) and Hepatovirus (hepatitis A virus
Los Angeles strain; HAV LA), of echowvirus 22 (EV22) and of hepatitis C virus (HCV). The HCV and EV22
sequences are as described (TSUKIYAMA-KOHARA et al. 1992 and HyppiA et al. 1992, respectively);
references to all other picornavirus nucleotide sequences are given in a review (STANWAY 1990). The
alignment of pynmidine residues (Yn) and the conserved AUG triplet of the Yn-Xm-AUG motif and
the downstream ACAAYYA motif have been noted previously (HUNT et al. 1993; JANG et al. 1990;
NICHOLSON et al. 1991; PESTOVA et al. 1991, 1994)
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first implicated the Yn tract as a potential cis-acting element in the EMCV IRES
(Jang and WimMmER 1990);substitutions within this tract reduced FMDV transla-
tion up to 20-fold (KUHN et al. 1990). The Yn tract has been considered as part of
a tertiary interaction with the A-rich bulge between J and K domains (LE et al.
1993) or the site of a quaternary interaction with either the 3' end of 185 rRNA
(Beck et al. 1983) or with a regulatory protein such as p57 (KUHn et al. 1990).
None of these possibilities appears compatible with the observation that subs-
titution of the entire Yn tract by A residues had only a modest effect on EMCV
translation (Kaminski et al. 1994). The Xm spacer separating Yn and AUG ele-
ments is the least conserved region in all IRES elements, although its length is
constant. Substitutions within it have no effect on initiation efficiency (Davies and
Kaurvan 1992) and it may simply act as a relatively unstructured segment which
maintains the initiation codon at an appropriate distance from the IRES (PiLIPENKO
et al. 1994).

Some cardiovirus and aphthovirus isolates contain AUG triplets in the spacer
(Escarmis et al. 1992; PaLMENBERG et al. 1984; SanGer et al. 1987) and UGAROVA
noted that one such EMCV triplet (AUGg,) is not active in translation even-
though its context (ACGAUGA) is more favourable for initiation than the context
(UAUAUGA) of the initiation codon (AUG,,,) of the viral polyprotein (Ucarova
1987). Similar observations probably apply to the FMDV serotype A24 (SANGAR
et al. 1987) and suggest that initiation promoted by type 2 IRES elements involves
entry of initiation-competent ribosomes at the initiation codon without scanning
upstream sequences. Initiation at AUGg,, occurred in preference to initiation at
AUGg,, on translation of mRNAs containing only the last 96 nt of the EMCV b’
NCR (Kaminski et al. 1990). The upstream triplet is thus inherently capable of
initiating translation in the absence of the IRES, confirming the hypothesis that
the IRES causes initiating ribosomes to bypass AUGg,, and to bind directly at
AUGg,,. This observation suggests that there may be IRES-specific determinants
of initiation codon recognition.

A reduction in the length of the Xm spacer in EMCV reduced initiation at
AUG,,, and led to preferential initiation at AUG,, four triplets downstream of
AUG,, (Jane and WiMMER, unpublished results). By contrast, an insertion of eight
nt in the spacer upstream of AUG,,, did not switch initiation from AUG,, to
AUG,; Kaminski et al. 1994. A minimum separation of AUG,, from upstream
IRES elements is thus necessary for initiation at this codon, but there must be
additional determinants that promote its recognition. The local context is a
second determinant, since an A — U substitution at the —3 position impaired ini-
tiation at AUGg,, and, curiously, resulted in initiation at three downstream
codons (Davies and Kaurman 1992). The sequences downstream of AUG,,
appear to be a third determinant: residues downstream of the AUG triplet at the
3' border of all IRES elements have a similar sequence (Fig. 5) and their
substitution in EMCV impaired the efficiency of initiation (Davies and Kaurman
1992; Hunt et al. 1993).
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7 Trans-Acting Factors Involved in Internal Ribosome
Entry Site-Dependent Translation

The EMCV IRES is active in a broad range of mammalian, avian and amphibian
cells, but it is not translated in wheat germ lysates which are able to support
translation of B-globin mRNA (Jen and THacH 1982; unpublished data). Translation
of EMCV RNA by internal initiation may therefore require novel activities that are
not required for cap-dependent translation. Conversely, some factors required for
cap-dependent initiation of translation may not be required for IRES function,
since EMCV RNA is translated in poliovirus-infected cells, in which elF-4y is
cleaved and its interaction with elF-3 is altered (ETcHison et al. 1982; ETcHison and
SMitH 1990). However, some characteristics of the inhibition of host cell protein
synthesis in Cardiovirus-infected cells are consistent with Cardiovirus IRES
elements possessing a higher affinity than host mRNAs for a limiting factor that
is involved in both mechanisms.

Cap-dependent initiation of eukaryotic protein synthesis is a complex pro-
cess in which ribosomal sununits bind initiator tRNA, attach to an mRNA template
and translocate to the first downstream AUG triplet that has a favourable se-
guence context for initiation, thereby aligning this codon with the anticodon of the
intiator tRNA, and assemble to form an initiation complex. A pathway describing
the sequential use of initiation factors has been proposed to account for this
process, although biochemical details of some steps remain obscure (reviewed
by HersHEY 1991; Kozak 1991; MEerrick 1992; TracHseL 1991). Reports concerning
the role of canonical initiation factors in Cardiovirus translation are not wholly
consistent, probably because different cell types and protocols were used in the
preparation of fractionated protein synthesizing systems, and because purifi-
cation of some factors may not have been sufficiently rigorous to exclude
contamination. The factor elF-4A was first identified because of its specific
requirement for EMCV RNA translation (WicLE 1973; WiGLE and Smith 1973) and
was subsequently also found to stimulate translation of mengovirus and FMDV
RNAs much more than translation of {(capped) globin mRNA (Brar et al. 1977).
The involvement of elF-4A in EMCV translation is supported by the impairment of
translation by dominant negative mutants of elF-4A in RRL (Pause et al. 1994).
However, the RNA binding activity of elF-4A is low, sequence nonspecific and
strictly ATP-dependent (ABramson et al. 1987), and its involvement in IRES
function is therefore puzzling in light of the ATP-independence of preinitiation
complex formation on EMCV RNA (Jackson 1991b). elF-4B greatly enhances the
affinity of elF-4A for RNA (ABramsoN et al. 1988) and it has also been implicated in
EMCV translation (GoLini et al. 1976; BaiLconi et al. 1978), although these claims
should be treated cautiously (SonenseRG 1987). Nevertheless, stimulation of IRES-
dependent initiation by the ssRNA binding factors elF-4A, elF-4B, elF-4E and elF-
4F has recently been demonstrated using artificial bicistronic mRNAs and wild-
type EMCV mRNA (AnTHONY and MERRIck 1991; Paust et al. 1994; ScHEPER et al.
1992). The involvement of elF-4E and elF-4F is surprising because earlier reports
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had indicated that these factors did not stimulate translation of EMCV and
mengovirus mRNAs (DanieLs- McQueeN et al. 1983; Epery et al. 1984; SONENBERG
et al. 1980). The activity of elF-2 is regulated by phosphorylation (Jackson 1990)
and it is therefore a plausible candidate for a limiting factor whose preferential
binding to Cardiovirus RNA would inhibit host cell protein synthesis. Filter-binding
assays have shown that mengovirus has a 30-fold higher affinity for elF-2 than
globin mRNA (Rosen et al. 1982), and nuclease protection assays have shown
that elF-2 binding sites on mengovirus mMRNA coincide with ribosome binding
sites (Perez-Bercorr and Kaemprer 1982). Domains J and K may constitute a high
affinity elF-2/2B binding site within the EMCV IRES (ScHeper et al. 1991). How-
ever, no stimulation of EMCV translation was observed in RRL on addition of
either elF-2 or elF-2B, indicating that the concentration of these factors was not
limiting (SviTkIN et al. 1994).

An alternative approach that has been used to identify factors that interact
with the EMCV IRES is UV cross-linking of cellular polypeptides present in cell-
free lysates to [*P-UTPI-labeled IRES-specific RNA transcripts. A large number of
RNA-binding proteins become labeled in this assay: the principal moieties
are termed p36, p43, p50, p52, p57/58, p69 and p110, corresponding to their
molecular weights{BoroviacIN et al. 1990; Jang and WiMmER 1990; Pestova et al.
1991; WitHERELL and WiMMER 1994). The HAV IRES binds to four major poly-
peptides: p30, p39, p57 and p110 (CHang et al. 1993). p57/58 refers collectively to
polypeptides that are resolved by SDS-polyacrylamide gel electrophoresis as a
set of two to four closely migrating bands: they are the most prominently labeled
polypeptides after UV cross-linking to the EMCV IRES and also interact strongly
with the FMDV IRES (Luz and Beck 1990, 1991). Two of the polypeptides listed
above have been identified: p57 is the pyrimidine tract-binding protein (PTB), a
member of the heterogenous nuclear ribonucleoprotein family (Borman et al.
1993; HeLLen et al. 1993,1994). p52 is the La autoantigen, which is involved in
RNA polymerase Il transcription termination and also has a predominantly
nuclear localization (MeerovitcH et al. 1993). pb2 was initially identified by its
ability to bind to a segment of the poliovirus 5'NCR {MeeroviTcH et al. 1989); this
factor can also be immunoprecipitated from the set of cytoplasmic polypeptides
that become labeled after UV cross-linking to the EMCV IRES (Fig. 6). However,
no role for this polypeptide in EMCV translation has been reported.

8 The Role of p57/PTB in Internal Ribosome
Entry Site-Dependent Initiation of Translation

There is considerable evidence to suggest that p57 is involved in initiation of
picornavirus translation directed by both type 1 and type 2 IRES elements. The
EMCV IRES contains three p57/PTB binding sites corresponding to domains E/F,
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PV1(M) nt. 70817 EMCV nt. 260-837

— p8 —

p57 :’”
ps2 I

— pS0

a-la o-PTB o-PTB o-La

Fig. 6. Immunoprecipitation of p57 by ant-PTB antibodies {lanes 3 and 5} and of cross-linked p52 by
ant-La antibodies (lanes 7 and 6) after UV cross-linking of polypeptides in a translation competent Hela
cell-free extract to [P?p-UTP}-labeled RNA transcripts corresponding to poliovirus 1(M) (nt 70-817; lanes
1-3) or to EMCV (nt 260-837; lanes 4-6). The crosslinked and immunoprecipitated polypeptides were
resolved by electrophoresis in an SDS/10%-20% polyacrylamide gradient gel. The positions of cross-
finked poly-peptides are indicated between the two panels

domain H and nt 740-837; binding sites corresponding to the latter two domains
have been identified in the FMDV IRES {Luz and Beck 1991). Cross-linking of p57/
PTB to the central EMCV binding site was abolished by deletion of the &' half of
domain H, or disruption of its structure by nucleotide substitution, and was
restored by compensatory mutations that restored the structure and funcrtion of
this domain (Jang and Wimmer 1990). There is thus a strong correlation between
the structure of the EMCV IRES, the efficiency with which it promotes translation,
and the strength of its interaction with p57/PTB. A similar correlation has been
noted for the FMDV IRES (Luz and Beck 1991). A role for p57/PTB in type 2 IRES
function is further supported by the observation that immunodepletion of this
factor from a Hela cell free lysate impaired EMCV translation but did not affect
translation of B-globin MRNA (HeLLen et al. 1993). The formation of 48S pre-
initiation complexes on EMCV mRNA in vitro was inhibited by sequestration of
endogenous p57 using EMCV IRES-specific transcripts, but was rescued by
addition of recombinant PTB-1 (Borovjagin et al. 1994). Four observations suggest
that p57/PTB is also involved in type 1 IRES function: (1) it is UV cross-linked to
poliovirus and Rhinovirus IRES elements (BormaN et al. 1993; HeLLEN et al. 1994;
Luz and Beck 1991; Pestova et al. 1991); (2) poliovirus translation and binding of
p57 to its IRES are competitively inhibited by RNA transcripts corresponding to
domain H of the EMCV IRES (Pestova et al. 1991); (3} immunodepletion of p57/
PTB impaired poliovirus translation (HeLLen et al. 1993); and (4) Rhinovirus trans-
fation in RRLs is stimulated greatly by Hela cytoplasmic fractions containing p57/
PTB (Borwman et al. 1993). p57 is detected in higher concentration in Hela, BHK,
and Krebs it cell extracts than in RRL and appears to be present mainly in the
ribosomal salt wash, with only trace amounts apparent in the postribosomal
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fraction (BorovJacin et al. 1990; HeLLen et al. 1994 Jang and WiMMmER 1990; Luz
and Beck 1991).

PTB, also known as hnRNP |, is a predominantly nuclear protein (GHeTT! et al.
1992). It was initially identified by UV cross-linking to the pyrimidine tract
upstream of the 3' splice site in pre-mRNAs (GARcia-BLanco et al. 1989) but it can
also bind other pre-mRNA elements that do not all contain long pyrimidine tracts
{BENNETT etal. 1922b; MuLuean et al. 1992). Its binding is ATP-independent
(Garcia-BLanco et al. 1989; MULLEN et al. 1991) and optimal at low Mg?* and K*
concentrations (MicHaup and Reep 1991; NorTton and Hynes 1993). PTB is capable
of self-association, and interacts specifically with a 100 kDa PTB-associated
splicing factor (PSF); it copurifies with PSF and a 33-35 kDa polypeptide which
has been identified as hnRNP A1 (BoTtHwELL et al. 1991; PatTon et al. 1993). Anti-
PTB serum can block splicing at an early stage, probably before formation of the
first "commitment"’ complex (Moore et al. 1993), but the role of PTB in splicing has
not been precisely defined. It is not a major constituent of "committed" pre-
spliceosomal complexes nor is it required for their formation, but it can never-
theless be detected in spliceosomes by immunoprecipitation (BennerT et al.
19923, b; Jamison et al. 1992; Patton et al. 1991). PTB associates readily with
specific pre-mRNAs in splicing extracts, probably in competition with other
polypeptides such as hnBRNP C, but it is also readily displaced by salt treatment
and is released from in vivo isolated hnRNP complexes by nuclease digestion
before other hnRNPs (BenneTT et al. 1992a; GHetTi et al. 1992). The role of PTB
may therefore be to interact with pre-mRNAs at an early stage in spliceosome
assembly and then to exchange with another factor, such as U2AF (BENNETT et al.
19924, b). PTB could thus determine splice-site selection by influencing the site
of binding of this or other factors to pre-mRNAs (e.g., MuLLEn et al. 1991).
However, a negative role for PTB in splicing has also been suggested (MULLIGAN
et al. 1992; NortoN and Hynes 1993).

cDNAs of four human PTB isoforms and murine and rat homologs have been
sequenced, revealing that PTB isoforms contain 528-557 amino acid residues
and are generated by alternative splicing (BotHweLL et al. 1991; BRUNEL et al. 1991;
GHeTTI et al. 1992; GIL et al. 1991; PatToNn et al. 1991). PTB contains four repeated
domains of 80 amino acids which can be aligned with RNA recognition motif
(RRM) consensus sequences found in other RNA binding proteins (KeEnan et al.
1991). The RRM domain contains a highly conserved octamer (RNP-1) sequence
separated from a hexamer (RNP-2) sequence by 30-35 amino acid residues, and
although PTB lacks these canonical sequences, the pattern of conserved hydro-
philic residues in each domain suggests that they adopt a similar structure. The
two NH,-terminal RRM domains in murine PTB are sufficient for specific binding
to the pyrimidine tract in pree-mRNAs (BotHweLL et al. 1991).

Binding of PTB to IRES elements is also ATP-independent and optimal at
low K* concentrations; however, ionic interactions contribute less than 40% of
the total free energy on formation of PTB-RNA complexes (BorovuagiN et al. 1990;
Luz and Beck 1991; WiTHEReELL et al. 1993). The remainder may come from
conformational changes on binding or from hydrophobic interactions between
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PTB molecules. PTB is capable of self-association, but the stoichiometry of its
interaction with the IRES has not yet been determined. Proteins containing
multiple RRM domains can interact simultaneously with several RNA sequences
and individual RRM domains can have distinct RNA binding specificities (Burp
et al. 1991; NieTFeLD et al. 1990). PTB could bind to more than one of the binding
sites within an IRES at a time since it contains four RRM domains; moreover,
these binding sites could have dissimilar sequences and/or structures.

The functional interaction of pb7/PTB with an IRES element is likely to
depend on additional factors. This conclusion is based on two observations; first,
the binding specificities of both PTB from nuclear extracts and of p57 from
ribosomal salt wash fractions were reduced on purification, but could be restored
by addition of HeLa S10 cytoplasmic extracts to recombinant PTB (GiL et al. 1991;
HeLLEN et al. 1993,1994; WiTHERELL et al. 1993). Second, stimulation of type 1
IRES-dependent initiation in RRL by a 97 kDa polypeptide is dependent on the
presence of p57/PTB, which itself has little stimulatory activity (BormaN et al.
1993). However, p97 appears to be antigenically distinct from PSF, the 100 kDa
polypeptide associated with PTB in splicing extracts (T. Pestova, personal com-
munication).

The molecular basis for the involvement of PTB in picornavirus translation has
not yet been established; it may act as a nucleation site for general initiation
factors or even constitute the recognition site for ribosome binding. Alternatively,
it could modulate the structure of the IRES so that factors or ribosomes are able
to bind to it directly.

9 A Comparison Between Type 1 and Type 2
Internal Ribosome Entry Sites

Picornavirus IRES elements have been divided into two major groups on the basis
of functional characteristics and structural similarities {Jackson et al. 1990; Jang
et al. 1990). Although sequence conservation between members of each of the
two groups is extensive and quite strong (Sect. 3; Le and Zuker 1990; Rivera et al.
1988), the only conservation that has been noted between the two groups is the
pyrimidine-rich tract within the Yn Xm-AUG motif (Jang et al. 1990; NicHoLsoN
etal. 1991; Pestova et al. 1991). Reexamination of the sequences of poliovirus
(PV) and EMCV 5'NCRs reveals that there are additional sequence similarities
between these representative type 1 and type 2 IRES elements (Fig. 7). The
region of sequence conservation corresponds to nucleotides between domain G
and the initiation codon region in EMCV, and to nucleotides encompassed by
domains [I-VI of the PV 5'NCR. Sequence conservation therefore extends beyond
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the 3' borders of the two IRES elements (Fig. 5), which is notable since these
residues are noncoding within type 1 IRES elements but constitute part of the
polyprotein coding region downstream of type 2 IRES elements. Initiation occurs
about 30 nt downstream of the Rhinovirus IRES and up to 154 nt downstream of
Enterovirus IRES elements (Borman and Jackson 1992; Dorner et al. 1982;
Pestova et al. 1994). Nucleotides within both IRES elements are base-paired rto
form a series of hairpins (see Sect. 4 and Figs. 1 and 7). Some domains within
these two elements appear to be structurally related and to have similar relative
positions. For example, the domains EMCV-H and PV-lll have a similar length,
contain internal bulges and are preceded by short hairpins, whereas EMCV-I and
PV-V both contain long central stems whose distal third is interrupted by three or
four internal hairpins. The PV IRES appears to lack structures equivalent to EMCV
domains K and L, and there are many smaller structural differences between it
and the EMCV IRES, but the level of sequence conservation and structural
similarity suggests that the tertiary structures of these two elements may
resemble one another.

The two IRES groups function most efficiently in vitro under different
conditions, specifically with respect to ATP dependence and optimum ionic and
RNA concentrations (Sect. 2; Jackson 1989, 1991a, b; Pestova et al. 1994; ViLLA-
Komarorr et al. 1975). Type 1 IRES-dependent initiation is inefficient in some cells
and cell-free extracts {such as Xenopus oocytes and RRL) in which type 2 IRES
elements function efficiently (Borman and Jackson 1992; Dorner et al. 1984;
Laskey et al. 1972; PeLLETIER et al. 1988), but is stimulated by supplementation of
RRL with protein factors from Hela or Krebs Il ascites cells (Dorner et al. 1984;
Svirkin et al. 1988), indicating that RRL is deficient in a factor that is required for
type 1 IRES function. Initiation of PV translation occurs downstream of the IRES
(whereas the initiation codon coincides with the 3' border of type 2 IRES
elements) but this deficiency appears not to correspond to factors required for
ribosome scanning (Svitkin et al. 1994). The initiation codon for the PV polyprotein
can be placed at the 3' border of the IRES by deletion of the intervening 154 nt
spacer (Pestova et al. 1994), but translation in RRL is still inefficient, so the
stimulatory activity present in Hel.a and Krebs cells appears to be required for
internal entry per se rather than for initiation events subsequent to ribosome
binding. The 52 kDa La polypeptide (MeeroviTcH et al. 1993; Svitkin et al. 1994) and
a high Mr (>300 00 kDa) complex which contains p57 and p97 (SviTkiN et al. 1988;
Borman et al. 1993) are candidates for the stimulatory activity, and are discussed
in detail elsewhere in this volume. Several RNA binding proteins can be UV cross-
linked to type 1 and to type 2 IRES elements, including p52, p57 and p110
(Sect. 7). Theroles (if any) of p52 and p110in EMCYV translation are not known, but
a common requirement for p57 by both types of IRES element (Sect. 8) indicates
that they contain functionally related cis-acting elements and may be mecha-
nistically related.



52 C.U.T. Hellen and E. Wimmer



Translation of EMCV RNA by IRE 53

10 Applications of the Encephalomyocarditis Virus
Internal Ribosome Entry Site

IRES elements function in the absence of viral gene products and additional viral
sequences and can therefore be used in heterologous contexts. The EMCV IRES
promotes efficient initiation in a particularly broad range of eukaryotic cells. It has
therefore been used both to simply enhance expression levels and, specifically,
to exploit the internal ribosome entry mechanism. A variety of expression
systems utilize bacteriophage T3 or T7 promotors and thier respective RNA
polymerases to achieve high levels of expression in mammalian cells. Transcripts
synthesized by these polymerases are not capped and may contain structural
elements (hairpins) inhibitory to capping or scanning, but inclusion of an IRES
element downstream of the promoter yields RNA that is translated efficiently in
variety of cell types by avoiding the limitations of 5' end-dependent initiation. The
first application of the EMCV IRES to enhance expression at the level of trans-
lation was reported by ELrRoY-STEIN et al. (1989), who incorporated the element
into the vaccinia virus expression system, and several related publications
followed (DenG et al. 1991; ELRoY-STEIN et al. (1989; ELrov-STeIN and Moss 1990;
MIROCHNITCHENKO et al. 1994; VENNEMA et al. 1991; Znou et al. 1990). The EMCV
IRES was identified by translation of bicistronic mRNAs (JanG et al. 1988, 1989),
and the same principle has been exploited in constructing bicistronic vectors for
high level expression of foreign genes (Apam et al. 1991; GratTas et al. 1991;
MoraGaN et al. 1992; Kaurman et al. 1991). One cistron in such an mRNA typically
encodes a reporter gene (such as chloramphenicol acetyltransferase) and the
second contains a selectable marker (such as neomycin phosphotransferase). The
presence of a single transcription unit avoids potential problems of promoter
suppression, and the presence of an IRES reduces the probability of deletion of
the reporter gene. This strategy has obvious potential applications in gene
therapy, particularly since multiple protein subunits or heterologous polypeptides
can be expressed (JanG et al. 1989). The EMCV IRES does not contain fortuitous
splice sites (and is thus not spliced after transcription in vivo), so integration into
host DNA of vector sequences containing the IRES fused to either a reporter gene
or a selectable marker can result in transcription from endogenous promoters and
can consequently be used for the selection of specific recombinants (Woop et al.
1991) or the detection of (developmentally regulated) transcription (Kim et al.
1992).

The picornavirus genome is monocistronic and encodes a single polyprotein
which is proteolytically processed to yield a large number of distinct proteins.
Insertion of an IRES into PV RNA generates a dicistronic genome which should be

k
Fig. 7. Sequence and structural similarities between representative type 1 and type 2 IRES elements.
The secondary structure of the (type 1) IRES of poliovirus type 1 (Mahoney) has been drawn to
emphasize similarities with the (type2) EMCV IRES; conserved nucleotides in these two IRES elements
were identified by sequence and structural comparison and are indicated by shading. Nucleotides in the
PV1(M)5'-NTR are numbered, and domains |I-VIl are named as described by HELLEN et al. (1994)
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a viable self-replicating entity, provided that the insertion does not disrupt the
coding sequence of an essential gene product and does not interfere with
proteolytic processing of the polyprotein. Three insertion sites have been iden-
tified that meet these criteria and have yielded viable dicistronic polioviruses
(Fig. 8). The scissile bond between P1 (capsid protein) and P2-P3 (nonstructural
protein) regions was chosen as the first insertion site because this bond is
cleaved cotranslationally, and the P1 partial polyprotein is subsequently cleaved in
trans. The resulting virus W1-P1/E/P2,3-1 was genetically stable but its replication
was impaired; partial deletion of the EMCV IRES abolished viral replication (MoLLA
et al. 1992). These results confirm the existence of the EMCV IRES and provide
a novel strategy for genetic dissection of the PV polyprotein. Insertion of the
EMCV IRES between 2A"° and 2B yielded a viable virus W1-P1, 2A/E/2BC, P3-1
with impaired replication characteristics, indicating that 2A"® can function in trans
in all events subsequent to its separation from P1 (MoLLa et al. 1993). Dicistronic
genomes lacking 2AP° failed to replicate, as did genomes in which 2A”° had been
modified by partial deletion or active site substitution, suggesting a role for this
polypeptide in genome replication. Insertion of the EMCV IRES into all other
cleavage sites of the polyprotein abolished viral replication, possibly due to
aberrant proteolytic processing of the P2-P3 region and/or disruption of an active
precursor (e.g., 2BC, 3AB or 3CD; WimmeR et al. 1993). However, insertion of the
EMCV IRES at nt 630 in the PV 5'NCR produced the viable, genetically stable virus
W1-PNENPO which has two different IRES elements arranged in tandem
(Fig. 8); replacement of the PV IRES with the EMCV IRES yielded the virus W1-
P108ENPO in which translation is dependent solely on the heterologous EMCV
IRES (ALExaNDER et al. 1994).

To investigate the potential of dicistronic PVs as expression vectors, the
coding sequences for chloramphenicol, acetyltransferase and luciferase were
inserted between the tandem IRES elements in W1-PNENPO, yielding the
dicistronic PV genomes pDICAT and pDILUC. Both RNAs were replication
competent, but only the former RNA was encapsidated, yielding the genetically
unstable virus W1-DICAT (ALexaNper et al. 1994). The pDICAT and pDILUC
genomes are 17% and 31% longer than the 7500 nt long wild-type RNA,
respectively, so 7800 nt, may correspond to the upper packaging limit of PV
virions. Other coding sequences could obviously be substituted for these reporter
genes; expression of heterologous coding sequences might be used to elicit
antigenic responses, whereas duplicated PV genes could be used to complement
genetic defects in mutant PV genomes (WimmER et al. 1993).

11 Summary

Picornavirus 5' NCRs contain IRES elements that have been divided into two
groups, exemplified by PV (type 1) and EMCV (type 2).These elements are
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Plasmid  Genetic Organization Virus
5'NTR P1 P2 P3 3'NTR

1. pT7L PV1(M)

2. pT7PVE2A W1-P1/E/P2,3-1

3. pT7PVAE2A (-)

4. pT7PVE2AX (-)

5.  pT7PV2AE2B W1-P1,2A/E/2BC,P3-1

6. pT7PV2BE2C (-)

7.  pT7PVE2B ()

8.  pPNENPO W1-PNENPO

9. pP108ENPO W1-P108ENPO

P1,2,3
.} wi-picat

10. pDICAT :E"N‘%m e
LuC P1,2,3
11, pDILUC ﬂ'—'irv\/\mmn: - ()

Fig. 8. Genetic organization of dicistronic poliovirus mRNA genomes. The 5' terminal, 108 nt fragment
of the PV1 (M) 5' NTR Is shown as a cloverleaf, the downstream segment of the 5'-NTR (including the
IRES) I1s shown as thin zig-zag lines, and the segments of the encephalomyocarditis (EMCV) 5' NTR
inserted into the poliovirus genome are shown as thick zig-zag lines. The EMCV segments correspond
to nt 260-848 (in plasmids 1 and 4), to nt 260-833 (in plasmids 5-11), and to nt 435-833 (in plasmid 3).
The stippled rectangles represent poliovirus coding regions, and cross-hatched rectangle$ represent
chloramphenicol acetyltransferase (CAT) and luciferase (LUC) coding regions, as indicated. Viruses
recovered after transfection of mRNA transcripts into Hela cells are described using standard
nomenclature; (-} indicates that a viable virus was not recovered. Adapted from previous reports
(ALEXANDER et al. 1994; MOLLLA et al. 1992, 1994; WIMMER et al. 1993)

functionally related and have an intriguing level of structural and sequence
similarity. Some conserved RNA sequences and/or structures may correspond to
cis-acting elements involved in IRES function, so that there may also be simi-
larities in the mechanism by which the two types or IRES promote initiation. The
function of both types of IRES element appears to depend on a cellular 57 kDa
polypeptide, which has been identified as the predominantly nuclear hnRNP



56 C.U.T. Hellen and E. Wimmer

protein PTB. However, a specific function for p57/PTB in translation has not yet
been established. These two groups can be differentiated on the basis of their
requirements for trans-acting factors. The EMCV IRES functions efficiently in a
broader range of eukaryotic cell types than type 1 IRES elements, probably
because the latter require additional factor(s). A second distinction between
these IRES element is that initiation occurs directly at the 3' border of type 2 IRES
elements, whereas a nonessential spacer of between 30 nt and 154 nt separates
type 1 IRES elements from the downstream initiation codon.
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1 Introduction

The positive strand genomic RNAs of picornaviruses present several unique
structural features to the metabolic machinery of a eukaryotic cell. Such features
include the absence of a 5' terminal m’G cap group that is usually required for
efficient translation, the presence of a small protein (VPg) covalently attached to
the 5' end of the viral RNA, an unusually long (600-1200 nts) stretch of 5' non-
coding region (5 NCR) sequences upstream of the initiator AUG, the arrange-
ment of these 5' NCR sequences into extensive and complex secondary and
tertiary structures, and the presence of multiple AUG codons upstream of the
initiator AUG that may place limitations on the ability of cytoplasmic ribosomes to
"scan" these sequences prior to selecting the correct initiation codon used for
protein synthesis. Compelling evidence for internal entry of ribosomes and RNA-
protein interactions at internal sites within the 5' NCR of picornavirus RNAs came
from in vitro and cell culture translation studies using dicistronic mRNAs for polio-
virus (PELLETIER and SoNEnBERG 1988, 1989), encephalomyocarditis virus (EMCV;
Jane et al. 1988, 1989; MoLLA et al. 1992), foot and mouth disease virus (FMDV;
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BeLsHam and BrangwyN 1990) and hepatitis A virus (HAV; GLass et al. 1993; BRown
et al. 1994). The collective results from these experimental approaches demon-
strated that downstream cistrons containing a picornavirus 5' NCR could be
translated under conditions in which the upstream cistron was prevented from
being translated. The conclusion from such studies was that ribosomes bind
internally to the 5' NCR of picornavirus RNAs without the usual mode of scanning
from the free 5' terminus. This chapter will describe the structure of the poliovirus
(PV) 5" NCR and will outline how genetic and biochemical approaches have been
used to demonstrate the multifunctional nature of this structure. First, the role of
the PV 5' NCR in viral gene expression will be examined. The current model for
the structure of the PV 5' NCR will then be presented, followed by a description
of insights gained from viable mutants and attenuated viruses containing 5' NCR
lesions. Finally, data summarizing the formation of RNA-protein complexes that
direct internal binding of ribosomes for initiation of translation will be described.

2 Roles of the 5' NCR in Viral Gene Expression

Chapter 1 in this volume documents the importance of the 5' NCR in the internal
ribosome entry and cap-independent translation mechanisms utilized by PV
RNAs. The sequences and structures required for these reactions will be the
subject of the remainder of this chapter. It is important to note, however, that
structural features of the 5' termini of viral RNAs are also required for RNA
replication and perhaps genome packaging signals, as well as for translation
initiation. The ends of the viral RNAs must provide binding signals for the viral
RNA polymerase and any other viral and cellular polypeptides that comprise the
replication complex. ltis likely that separate domains in the 5' NCR are utilized for
the replication and translation functions, although some overlap may exist. ANDINO
and coworkers have shown that the 5' terminal 100 nts form a cloverleaf-like
structure that serves as the key determinant for polioviral RNA synthesis (ANDINO
et al. 1990). This structure binds the viral proteinase-polymerase precursor 3CD
and a 36 kDa ribosome-associated cellular protein, both of whose interactions
with the viral RNA are required for RNA replication (Anpino et al. 1993). Mutations
that disrupt this complex formation abolished RNA replication but did not affect
translation of the RNA, suggesting that the domains regulating the two functions
are independent. The construction of viable chimeras in which the internal
ribosome entry site (IRES) of one picornavirus is replaced with that of another, as
long as the 5' terminal replication signals are retained, will allow finer mapping of
the terminal domain. ALExaNDER et al. (1994) generated a chimeric PV genome in
which EMCV IRES sequences (nts 260-840) were inserted into a PV cDNA that
had been deleted for PV 5' NCR sequences (nts 109-742). Virus particles
containing this chimeric RNA were recovered and were shown to have growth
characteristics similar (but not identical) to those of wild-type PV. Similar results
have been obtained with chimeras constructed between HAV and EMCV sequ-
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ences (Jia, TEsAR, SUMMERS, and EHRENFELD, manuscript in preparation). Thus, both
the 5' terminal replication signals and the internal EMCV IRES sequences appear
to function relatively independently in the viral RNA, suggesting a functional
separation of domains, as indicated in Fig. 1.

Downstream of the 3' boundary of the poliovirus IRES lies a region (nts
640-742) relatively conserved in length (100-104 nts) but hypervariable in nucleo-
tide sequence. No regular motifs in computed secondary structure and no con-
served subregions or common features among different serotypes have been
identified (Tovopa et al. 1984; Povry et al. 1992). Results from insertion and
deletion mutagenesis showed that this region had little or no effect on virus
replication in cultured cells (Kuge and Nomoto 1987; Kuce et al. 1989; lizuka et al.
1989). In fact, it is entirely missing in the human rhinovirus (HRV) genome
(CALLAHAN et al. 1985; Stanway et al. 1984). Its role in the enterovirus life cycle may
be related to host cell interactions and/or viral pathogenesis rather than translation
initiation or RNA replication.

3 The Structure of the Poliovirus 5' NCR

3.1 Arrangement into Stem-Loop Domains

A useful understanding of the structure of the 5' NCR will require determination
of the entire spatial organization of each structural domain that forms a regulatory
element. Although this level of analysis of RNA structure is currently beyond
available technology, some reasonable progress has been made in inferring
secondary structure foldings of the linear RNA sequence. Several different folding
procedures (manual and computer-assisted) were applied to predict a secondary

RNA Replication Non-conserved
Domain Sequences

e __IRES Sequences |

1 ~100 ~630 743

Fig.1. Functional domains of the 5' NCR of poliovirus RNA. The 5' noncoding region (5' NCR) of
poliovirus RNA 1s depicted by the elongated rectangle preceding the initiation codon (at nt 743) and the
NH,-terminal of the polyprotein (depicted by the horizontal arrow). The RNA replication domain and the
translation domain (1.e., IRES sequences) are thought to function, in part, as autonomous elements. It
should be emphasized that the junctions between functional domains are not well-defined and the
nucleotide numbers shown in the figure (~100 and ~630) are only rough estimates of sequence/function
demarcations. Additional information on the different functional domains i1s provided in the text
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structure map of the 5' NCR of PV RNA (Rivera et al. 1988; PiLipEnko et al. 1989;
SkINNER et al. 1989; Le and Zuker 1990); fortunately all predicted similar overall
structures, with some differences in the details of specific regions of individual
stem-loop domains. A drawing of a consensus structure is presented in Fig. 2.
The nomenclature of the stem-loop domains is taken from Harser and WIMMER
(1993); alternative designations have been utilized by other investigators, as
indicated in the figure legend.

The predicted models differ slightly in the folding of the cloverleaf, com-
prising domain |, of the central region of domain IV, from which several hairpin
loops protrude, and of the base or linker regions of domains V and VI.
Enzymatic and chemical probings for nucleotides involved in base pairing confirmed
many of the structural predictions in domains Il (NAJsTA and Sarnow 1990), IV and V
(SKINNER et al. 1989; Piupenko et al. 1989) and VI (PiLipenko et al. 1989). In addition, an
analysis of sequence variation found in independent isolates supported the
existence of most of the proposed stem-loop structures by revealing extensive
structure-conserving substitutions in the stems (Poyry et al. 1992). A few regions
with absolutely conserved sequences, as well as regions with high sequence
variability, were observed. These analyses were consistent with the structural
predictions and attest to the success in predicting a pattern of RNA structural
elements based on the thermodynamics of nucleotide secondary interactions.
There have, however, been no direct measurements of the overall RNA structure
in the PV 5' NCR; indeed, at present there is little technology developed for
physical measurements that lead to the solution of large RNA structures, as are
available for comparable analyses of proteins. Although limitations in interpreting
highly complex nuclear magnetic resonance spectra limit applications of this
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Fig. 2. The predicted stem-loop structures in the poliovirus type 1 5'NCR. The diagram represents a
consensus based on previous structural predictions indicated in the text. Domains are numbered
according to HARBER and WIMMER (1993). In this representation, domain | i1s depicted as a cloverleaf
composed of the 5' terminal ~100nts. Other authors have designated two separate stem-loop struct-
ures near the 5' terminus (I and Il or A and B), resulting in a presentation of seven domains, previously
called I-VIl or A-G
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technigue to RNA molecules in the range of 50 nts or less, X-ray crystallographic
methods may soon increase in application.

The division of the long 5' NCR of PV RNA into domains, as indicated in
Fig. 2, has provided an important framework for an experimental approach to
dissecting its functions. For example, deletions or other genetic manipulations
can be interpreted in terms of their effect on particular stem-loop regions, and
subclones of specific cDNAs can be used to generate transcripts representing
individual domains which, in turn, provide probes for protein binding studies. At
the same time, this division into secondary structure-determined domains poses
some constraints on our thinking, since these domains most certainly interact
with one another in ways that preclude their functioning as independent units.
Thus, a single functional domain or regulatory element may include discontinuous
seqguences from the linear sequence representation and exclude sequences
located in between on the linear map. Nevertheless, there is some evidence that
individual domain transcripts can assume structures that are at least similar to
functional elements within the intact 5' NCR. For example, transcripts represent-
ing only domain VI and parts of the upstream linker region (nts 559-624) can
efficiently bind a 52 kDa protein which regulates initiation of translation of RNA
sequences from the complete 5' NCR (MeerovitcH et al. 1989); and transcripts
containing only domain IV sequences compete for both translation (BLyn, DILDINE,
SEMLER, and EHRENFELD, unpublished observations) of PV RNA and for cross-linking
of specific proteins to the full-length 5' NCR (GeBHaARD, BLYN, and EHRENFELD,
unpublished observations). Similarly, full-length 5' NCR RNAs bind proteins only
slightly more efficiently than domain IV fragments, as indicated by competition in
mobility shift assays (BLyN, DILDINE, SEMLER, and EHRENFELD, unpublished observa-
tions). Despite these examples, smaller RNA fragments have also been shown to
bind proteins not bound by the same sequences in the context of the entire
5" NCR, suggesting that a different structural configuration is assumed by the
smaller RNA (GesHarD and EHRENFELD 1992); and some proteins are bound by
RNAs containing contiguous sequences from domains V and VI that are not
bound by domains V or VI RNAs independently (HaLLER and SemLer 1995).

3.2 Boundaries of the Internal Ribosome Entry Site

Early studies demonstrated that the entire polio 5' NCR was not essential for
viability of the virus (Kuce and NomoTo 1987; Kawamura et al. 1989). Deletion of nts
600-726 from the 3' end of the 5' NCR generated virus that grew well, whereas
extension of the deletion upstream to nt 564 produced virus with a small plaque
phenotype which was assumed to result from impaired translation (Kuce and
NomoTo 1987; PiLipEnko et al. 1992a). The latter mutation involves disruption of
domain VI (Fig. 2), and placed the downstream border of the IRES between nts
564 and 600. Other laboratories measured translation efficiencies of reporter
RNA constructs in Hela cell or rabbit reticulocyte lysates which were
supplemented with Hela cell fractions to provide protein factor(s) required for
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utilization of the IRES. PELLETIER et al. (1988a) observed that removal of nts
632-732 from the 5' NCR had no effect on translation, whereas deletions further
upstream (to nt 462) markedly reduced translational activity. Thus, this approach
placed the 3' border of the translation element between nts 462 and 632, consis-
tent with the earlier studies of mutant virus growth.

Similar approaches to define the 5' border showed that removal of the first
79 nts had no effect on translation in vitro (PeLLETIER et al. 1988a; PELLETIER and
SoNENBERG 1988), whereas removal of 139 nts slightly reduced translational effici-
ency. TRoNo et al. {(1988a) measured translation of a reporter cistron linked to the
5 NCR in transfected cells. Mutations throughout the region between nts
130-600 had detrimental effects on translation, suggesting that most of this
region is important either for direct interaction with the translational machinery or
to maintain secondary and tertiary structures for this interaction. Thus, the
segment of RNA that includes sequences required for cap-independent internal
ribosome binding and initiation are confined within the boundaries of nts 130~
600, a region which embraces secondary structure domains |-V and part of the
sequences in domain VI. Some mutations outside of this region have been
reported to influence translation efficiency. For example, linker insertion muta-
genesis of the 5'NCR was reported to produce a mutant virus that exhibited a
fivefold decrease in viral translation caused by a lesion in the stem-loop formed by
nts 10-34 (Simoes and Sarnow 1991).

3.3 Domains of the Internal Ribosome Entry Site

3.3.1 Domain ll

Domain Il consists of a simple stem-loop (approx nts 120-165) with one internal
bulge. Naturally occurring viral isolates show variations in the size and sequences
of the nucleotides comprising the bulge (Povry et al. 1992). The last base pair of
the stem and the loop of the hairpin form a highly conserved motif, C-N-A-N-C-C-
A-G, that is repeated in the corresponding position of the stem-loop in domain V
andis present in other enteroviruses as well (PiLIPENKO et al. 1989). Such repeated
and conserved motifs might account for the finding of apparent multiple binding
sites for individual proteins (e.g., HELLEN et al. 1994). Point mutations that dis-
rupt the stem or change the loop sequences were debilitating for translation
(NicHoLson et al. 1991). Precise deletion of this stem-loop eliminated expression
of a reporter protein used as the second cistron in a bicistronic RNA (Percy et al.
1992).

3.3.2 Domainlll

A stem-loop with an internal bulge constitutes domain Il {approx. nts 180-225).
Early experiments using polio-coxsackie B3 5' NCR chimeras identified a genetic
locus at nt 220 that, upon perturbation, conferred a temperature-sensitive (ts)
phenotype to the recombinant virus and had detrimental effects on viral protein
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synthesis (SeMLER et al. 1986; Jonnson and SEMLER 1988). Short insertions or
deletions at this position in stem-loop Il generated viruses with altered pheno-
types resulting from impaired translational activity (Kuce and Nomoto 1987; TRono
et al. 1988b; DiLDINE and SEMLER 1989). A revertant virus was recovered, however,
with a complete deletion of the stem-loop in domain Il (DiLDINE and SEMLER 1989).
Thus, this structure is not essential for translation. Indeed, precise deletion of this
stem-loop in a bicistronic reporter construct had little effect on protein expression
in transfected cells (Percy et al. 1992). Alterations in this domain, when present,
might affect the overall tertiary structure of the IRES, however, as suggested by
the finding of second site revertants of insertion (at nt 220) mutants within domain
V (Kuce and Nomoto 1987).

3.3.3 Domain IV

This domain (approx. nts 230-445) includes a highly complex structure, with
multiple stem-loop segments protruding from a central bulge whose predicted
structure differs in detail in the several proposed models. Elimination of the entire
domain prevented any protein expression in vivo (Percy et al. 1992), although
translation activity of RNAs with complete or partial deletions in this domain was
not abrogated in some in vitro systems (BIENKOWSKA-SzEwCzYK and EHRENFELD
1988; Pestova et al. 1989). Internal deletions and small insertions in this region
result in viruses with defective translation activity (TRono et al. 1988 b; Kuce and
NomoTo 1987; NicHoLsoN et al. 1991). The locations of these mutations were in
several subdomains of this large domain. Interactions between this domain and
domain V have been proposed based on the observation of coupled mutations
between nt 398 (in domain V) and nt 481 (in domain V) in PV type 2. These
interactions have been postulated to contribute to a potential pseudoknot
(PiLiPENKO et al. 1992b).

3.3.4 Domain V

This domain (approx. nts 460-540) represents a hairpin structure that includes
several internal bulges. Deletion of the entire domain eliminated translation
(HaLLer and SemLeER 1992; Percy et al. 1992). Domain V has a key function in
translation initiation, since almost any mutation that disrupted base pairing or
even partially destroyed the overall structure of this element was lethal to virus
replication and to translation in vitro (Kuce and NomoTo 1987; Trono et al. 1988b;
PELLETIER et al. 1988a; DiLbiNeE and SEMLER 1989; Pestova et al. 1989; DILDINE et al.
1991; Haler and Semier 1992). Naturally occurring isolates contain frequent
variations in sequence of the terminal stem, always matched by compensating
changes that retain the base pairing (Poyry et al. 1992). The loop of the hairpin is
the conserved motif also found in the loop of domain |1. This domain of the 5' NCR
has attracted much attention, since it includes the major determinant of attenu-
ation in the Sabin vaccine strains of PV (Evans et al. 1985; Omata et al. 1986; Moss
et al. 1989), and even single point mutations in the stem of this extended hairpin
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appear to modulate the efficiency of translation (Svitkin et al. 1985, 1990), perhaps
in a cell-specific or tissue-specific manner (AcoL et al. 1989; La Monica and
RacanieLLo 1989). There is evidence that domain V participates in important ter-
tiary structures (L et al. 1992) and that its function(s) in protein binding or
formation of structural recognition signals may be dependent upon interactions
with domain VI (HaLLER and SemLer 1995).

3.3.5 Domain VI

The 3' border of the IRES was identified by deletion and mutational analysis to lie
within the stem-loop structure comprising domain VI (approx. nts 580-620).
Removal of the 3' half of this hairpin loop had no effect on virus replication (Kuce
and Nomoto 1987; MeeroviTcH et al. 1989) or translation initiation (MEeerovITCH
et al. 1989; NicHoLson et al. 1991) nor did other deletions (Percy et al. 1992) or
mutations within this region (HALLER and SemLER 1992; PiLiPENKO et al. 1992a). By
contrast, point mutations in the 5' half of the hairpin loop resulted in marked
reductions in translational activity, especially when such lesions were targeted at
an AUG triplet (at nt 586), each nucleotide of which is essential. Deletion of the
entire structure was lethal (Percy et al. 1992). Thus, the integrity of this structure
is not essential for ribosome binding and translation initiation, although portions of
the primary sequence and perhaps its ability to participate in higher order inter-
actions with other regions of the 5'NCR are important factors in translational
efficiency.

Just upstream of the base of the stem-loop in domain VI, in the linker region
between domains V and VI, lies a highly conserved, 21 nt pyrimidine-rich region
that is highly sensitive to mutation (Kuce and Nomoto 1987; lizuka et al. 1989;
NicHoLSON et al. 1991; MeeroviTcH et al. 1991; Pestova et al. 1991). It has been
proposed that this pyrimidine-rich region may hybridize to a complementary
segment in 18 S ribosomal RNA (NicroLson et al. 1991; PiLipenko et al. 1992a) (or
to a region in 28S ribosomal RNA; lizuka et al, 1989), although no experimental
support for this proposal has been obtained nor has the potential importance of
such an interaction been evaluated. The pyrimidine-rich region precedes the
essential AUG in the hairpin stem in domain VI by a critical spacing of about 20 nts
(PiLipenko et al. 1992a). Site-directed mutagenesis suggests that it is the 5' half of
the pyrimidine-rich region (UUUCC at nts 5569-563 of PV type 1) that is critical
(MeeroviTcH et al. 1991; NicHoLsoN et al. 1991; PesTova et al. 1991). The conserved
spacing between the pyrimidine-rich region and the AUG at the 3' terminus of the
IRES suggests that the entire motif constitutes an element that has been
postulated to be the site at which ribosome binding occurs (Jackson et al. 1990).
Bienkowska-Szewczyk and EHReNFELD (1988) reported that nts 567-627, which in-
clude this conserved element, contained sequences that were essential for
efficient translation initiation in a rabbit reticulocyte lysate supplemented with
HelLa cell factors. This region was subsequently demonstrated to be the binding
site for at least one cellular polypeptide involved in PV translation (MEeErovITCH
et al. 1989, 1993; see below).
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4 Insights Gained from Studies on Poliovirus RNAs
Containing 5' NCR Lesions

The advent of plasmids containing bacteriophage SP6 or T7 promoters, combined
with commercially available phage RNA polymerases, has provided the means
for generating highly purified mRNAs containing defined lesions. These RNAs
can be used in transfection experiments in cultured cells to determine the effects
of mutations on different steps in the virus replication cycle. Using in vitro trans-
lation of synthetic mMRNAs in rabbit reticulocyte lysate, Hela cell S-10 extract, or
a mixture of both, different investigators have used deletion and mutation analy-
sis to provide evidence for 5' NCR translational requirements in the absence of
the potential pleiotropic effects that such lesions may have in vivo. This tech-
nology was exploited by NickLiN et al. (1987) to show that deletion of the first 670
nts of the 5' NCR of PV1 RNA produced a template that was a much better mRNA
in rabbit reticulocyte lysate than one containing the intact 5' NCR. A further refine-
ment of the loci that are inhibitory for PV RNA translation in reticulocyte lysates
was made by deletion analysis of the type 2 5' NCR fused to a chloramphenicol
acetyl transferase (CAT) marker gene (PeLLeTiER et al. 1988b). These studies
narrowed the cis-inhibitory locus to between nts 70 and 381 of the viral genome.
Of particular interest was the observation that the cis-inhibitory domain was not
active in Hel.a cell extracts (i.e., it did not inhibit translation directed by the PV 5'
NCR). This finding was consistent with previous reports that extracts from Hel a
cells stimulated translation and suppressed aberrant initiation of protein synthesis
when PV RNA was used as mRNA in reticulocyte lysates (Brown and EHRENFELD
1979; DornER et al. 1984; PHiLLIps and EMMERT 1986). Taken together, the above
studies suggested that Hel a cells may contain factors that interact with the PV &'
NCR to potentiate viral translation, either by relieving the inhibitory effects
induced by the sequences between nts 70 and 381 or by specifically interacting
with other regions of the 5' NCR to increase binding of proteins required for
translation initiation.

Given the ability to recover virus after transfection of cDNA (RacaniELLo and
BaLTiMORE 1981; SEMLER et al. 1984) or after transfection of RNA made by in vitro
synthesis using plasmid DNA templates and bacteriophage RNA polymerases
(Mizutant and CoLonno 1985; Van Der WERF et al. 1986), an extensive molecular
genetic analysis of picornavirus 5' NCRs has provided evidence for specific
sequence requirements in productive viral infections. The effects of mutations of
upstream AUG codons in the 5' NCR of PV2 (Lansing) genomic RNA were ana-
lyzed by PeLLETIER et al. (1988c). In these studies, the seven upstream AUG
codons in the PV2 5' NCR were individually converted to UUG codons via site-
directed mutagenesis. Only the mutation that affected AUG 7 had a deleterious
phenotypic effect on recovered virus. The mutant virus had a small plague pheno-
type, produced tenfold lower yields in a one-step growth experiment, and had a
slight reduction in viral RNA synthesis (PeLLETIER et al. 1988c). Importantly, the
mutant displayed a defect in translation that suggested a role for this AUG codon,
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which is 5' proximal to the initiator AUG used in polyprotein synthesis. As shown
in Fig. 2, the AUG at nt 586 is proposed to be part of a base paired stem in the
stem-loop VI structure. Following site-directed oligonucleotide mutagenesis, in
vitro translation experiments suggested that the sequence of the AUG itself is
important within the context of the nts 580-620 stem but not in its contribution to
the putative base-paired nature of the stem (MeeroviTcH et al. 1991). Other experi-
ments with infectious cDNA constructs and viable mutant PVs have provided
evidence that AUG 586 is recognized within the context of a conserved
pyrimidine-rich region that is located just upstream at nts 569-575 (Kuge and
Nomoto 1987; HaLLER and SeEMLER 1992; PiLirEnko et al. 1992a). Jackson et al.
(1990) have speculated that the AUG at nt 586 (which is conserved in all
enteroviruses) may be recognized during initiation of protein synthesis. This ini-
tiation event would be important in regulating ribosomal access (perhaps via scan-
ning) to the next AUG downstream (i.e., at nt 743 to initiate polyprotein synthesis)
rather than in synthesizing a small peptide, since the reading frame for such a
peptide has variable lengths and coding capacities among enteroviruses. In
support of the possibility that the 40S ribosomal subunit may scan from the AUG
586 sequence to the start site for polyprotein synthesis, Nomoto and colleagues
showed that if an AUG codon was inserted in the highly variable region (located
downstream of AUG 586 and proximal to the authentic initiator AUG at nt 743),
viruses with small plague and slow growth phenotypes were recovered (Kuae
et al. 1989). These viruses gave rise to large plaque variants, and RNA sequence
analysis showed that the genomes of such viruses had either deleted the AUG
codon or had mutated one of the three nucleotides in this triplet. Recent work by
Pestova et al. (1994) showed that AUG 586 could be used as an initiation codon
if its surrounding nucleotide sequence was altered by site-directed mutagenesis
to conform to the more favorable context found near authentic AUG initiation
codons (Kozak 1989). As described below, the role of AUG 586 in poliovirus
translation may involve formation of specific RNA-protein complexes with one or
more cellular RNA binding proteins.

Additional lessons learned from viable picornavirus mutants containing
lesions in the 5' NCR of genomic RNAs came from the analysis of selected and
directed mutations that produce PVs with attenuated neurovirulence phenotypes.
It was originally shown by Evans et al. (1985) that a major determinant of neuro-
virulence for type 3 PV was found at nt 472 in the 5' NCR. These studies were
extended to type 1 (Omarta et al. 1986) and type 2 (Moss et al. 1989; Macapam
etal. 1991) PVs to show that, while genetic loci in the coding region influenced the
attenuation phenotype of the Sabin strains, primary determinants of attenuation/
neurovirulence could be mapped to the 5' NCR of viral RNA. Experimental
evidence for attenuation/neurovirulence determinants that map to the 5' NCR
was generated using viral recombinants (from infectious cDNAs) and pathogene-
sis studies in monkeys or mice (Nomoto et al. 1987; La Monica et al. 1987,
Kawamura et al. 1989) or by nucleotide sequence analysis of viruses from stool
isolates of vaccinees (Evans et al. 1985; Minor and DunN 1988). In addition, pheno-
typic analyses of attenuated and neurovirulent polioviruses using cell culture and
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in vitro translation have provided further evidence for the role of the 5' NCR in the
biological properties of these viruses. For example, it has been shown that RNA
isolated from Sabin type 3 poliovirions was translated in vitro with reduced
efficiency compared to RNAs from neurovirulent strains of type 3 (Svitkin et al.
1985). The translational deficiency was later conclusively shown to be the result
of nt 472 C > U mutation in the 5' NCR of Sabin type 3 genome (Svitkin et al.
1990). The nt 472 locus in the PV 5" NCR region occurs within the stem-loop V
region (refer to Fig. 2). This region of the PV type 1 (Mahoney) genome was a
target for linker scanning mutagenesis followed by in vitro translation assays
and RNA transfection experiments (HatLer and SemLer 1992). Results from such
experiments suggested that the base-paired regions within stem-loop V are
critical to virus translation functions. Interestingly, two pseudorevertant viruses
arising from lethal lesions near the attenuation/neurovirulence locus (nt 480) had
partially restored base pairing in that region of stem-loop V. These viruses had
growth properties and translation efficiencies similar to those of wild-type PV in
Hela cells or in cell-free extracts made from Hel a cells. However, the properties
of revertants grown in neuroblastoma cells or translated in a cell-free system
containing extracts from neuroblastoma cells were like those of the attenuated
Sabin strains, i.e., they grew to lower titers than wild type in neuronal cells and
they translated less efficiently than wild type in cell-free extracts from neuronal
cells (HALLER and SeMLER, unpublished).

A cell culture model was also used to test the effects of the above 5' NCR
mutation at nt 472 on the ability of PVs to replicate in a human neuroblastoma cell
line (La Monica and RacaniELLo 1989). Recombinant viruses differing only by the
nt 472 mutation replicated with equal efficiencies in Hela cells. However, infec-
tion of a neuroblastoma cell line with these two viruses showed that the virus
containing the uridine residue at nt 472 grew to a lower titer in these cells,
consistent with its attenuation phenotype for mice. The attenuated virus (PRV7.3)
also had a reduced translation efficiency during infection of the neural cells,
consistent with the above in vitro translation results for Sabin 3 RNAs. Finally,
deletion mutagenesis of the 5' NCR of genomic RNA from PV1 showed that
deletion of nts 563-727 produced Sabin- and Mahoney-derived viruses that had
delayed kinetics of viral translation in cultured cells and had reduced lesion scores
in monkey neurovirulence tests (lizuka et al. 1989). These data suggest that
specific nucleotide sequences in the 5' NCR play an important role in picornavirus
pathogenesis, in part, at the level of translation initiation.

A possible role for viral gene product enhancement of IRES-mediated trans-
lation initiation has been suggested by transfection experiments with reporter
gene constructs linked to the 5' NCR of PV RNA. HamvBibge and Sarnow (1992)
showed that the presence of a functional 2A proteinase could increase cap-
independent translation efficiency of a transfected reporter gene containing the
PV 5' NCR. Control experiments suggested that this enhancement was specific
forthe PV 5' NCR. These results were consistent with those of other investigators
who suggested that infection by PV modifies the requirements for specific
nucleotide sequences in the viral 5' NCR necessary for internal binding of
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ribosomes and subsequent initiation of translation (Percy et al. 1992). It should be
noted that these latter studies were carried out in cells infected with recombinant
vaccinia viruses, possibly modifying gene expression through nonspecific effects
on cap-independent or cap-dependent translation. Interestingly, the same experi-
mental approach (i.e., vaccinia infection/DNA transfection) was employed to
provide evidence that the 5' NCR of PV RNA itself could complement translation
defects of reporter genes containing defective 5' NCRs of PV (StonE et al. 1993),
a result that could also explain the above-mentioned data of Percy et al. (1992).
More recently, the involvement of 2A in cap-independent translation of PV RNA
was suggested by the detection of second-site revertants with lesions in 2A that
were selected during growth at elevated temperatures of ts viruses containing
mismatched base pairs in predicted stem structures in the 5' NCR of type 2 and
type 3 RNAs (Macapam et al. 1994). The above studies have pointed to some fairly
unusual mechanisms that PV gene expression may exploit to up-regulate viral-
specific, cap-independent translation during an infectious cycle. The precise steps
involved , the nature of the cellular effector molecules that may mediate such
transactivation, and the cell type dependence (if any) remain to be determined.

5 RNA-Protein Interactions in the 5' NCR
of Poliovirus RNA

The presence of internal sequences within picornavirus 5 NCRs that interact
directly with cellular components used in protein synthesis led to the search for
specific RNA-protein interactions that control translation initiation during picorna-
virus infections. The initial experimental approaches were based upon electro-
phoretic mobility shift assays originally developed to analyze RNA splicing
mechanisms (Konarska and SHarp 1986). In addition, UV cross-linking reactions
have been used to further define RNA-protein interactions within the 5' NCR of the
poliovirus genome. Such assays were used to show that Hel a cell proteins bind to
specific regions of PV RNA (DeL AnceL etal. 1989; NaJra and Sarnow 1990; PesTova
et al. 1991; GesHARD and EHRENFELD 1992; DiLDINE and SEMLER 1992; HALLER and
SEMLER 1992; HALLER et al. 1993; MeeroviTcH et al. 1993; HALLER and SEMLER 1995;
HELLEN et al. 1994; BLyN, DILDINE, SEMLER, and EHRENFELD, unpublished data).

A number of the RNA-protein interactions described for the PV 5' NCR appear
to have a functional relationship to translation initiation. DeL ANGEL et al. (1989)
demonstrated that an RNA-protein complex formed with sequences proximal to
and including stem-loop Il (nts 97-182) was comprised of a number of distinct
cellular proteins that included eukaryotic initiation factor 2a (elF-2a). HeLLEN et al.
(1994) recently presented evidence that a 57 kDa protein from Hela cells can be
UV cross-linked to a PV transcript containing the nts 70-288 RNA sequence
(which includes part of stem-loop |, all of stem-loops Il and llI, and part of stem-
loop IV). The 57 kDa protein is identical to the splicing factor, polypyrimidine tract
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binding protein (PTB) (HeLLEN et al. 1993) and, as will be described below, binds to
other sequence elements within the PV 5' NCR (HeLLEN et al. 1994). This same
polypeptide has been identified in reticulocyte lysates, and it binds specifically
to the nts 403-447 stem-loop structure of EMCV RNA (Jang and WiMmER 1990).
The 57 kDA polypeptide (PTB) may be identical to a 58 kDa protein isolated from
Krebs-2 ascites cells that binds to the nts 315-485 region of EMCV RNA
(BorovJaGIN et al. 1990) and to a 57 kDa protein that binds to the analogous region
of the 5'NCR of FMDV RNA (Luz and Beck 1990).

For stem-loop Ill (nts 186-220), RNA-protein complexes were shown by
electrophoretic mobility shift assays and by UV cross-linking to involve a 50 kDa
cellular protein that may be membrane-associated (NaJTA and Sarnow 1990;
DiLoine and SEMLER 1992). The binding site for the 50 kDa protein was mapped to
the single-stranded loop region at the top of stem-loop Il (NaJiTA and Sarnow
1990). Additional studies showed that the RNA-protein interaction directed by
stem-loop Il required the presence of a correctly base-paired stem structure but
not a specific nucleotide sequence within the stem itself (DiLbiNe and SEMLER
1992). Itis of interest that a previous report had described a deletion of the stem-
loop I hairpin structure (refer to Fig. 2) in the 5' NCR of PV1 RNA that relieved a
ts phenotype of a mutant with a four nt deletion at nts 221-224 (DiLbiNe and
SeMLER 1989). In addition, this structure is deleted in the nucleotide sequence of
bovine enterovirus (EARLE et al. 1988). Thus, the stem-loop IIl RNA-protein inter-
action does not appear to be absolutely required for virus growth in cell culture.
However, the revertant PV that had deleted the stem-loop Ill sequences did not
have wild-type growth properties. In addition, mRNAs from reconstructed
templates containing the stem-loop Il deletion reproducibly directed in vitro
translation at levels 50%-90% of those produced by RNAs containing wild-type
PV sequences. Perhaps the role of RNA-protein interactions encoded by stem-
loop Ill is indirect, either in the formation of higher order structures needed for
maximal translation efficiency or in facilitating functions that require association
with cellular membranes e.g., viral RNA replication (see SemLEr et al. 1988 for
review).

Different complexes between cellular proteins and regions of the 5' NCR
thought to be crucial for translation initiation (i.e. stem-loops IV and V) have been
detected in mobility shift and UV cross-linking assays. GeBHARD and EHRENFELD
(1992) used UV cross-linking of sequentially truncated PV 5'NCR transcripts to
identify two proteins (M, 38 kDa and 48 kDa) that bound to stem-loop IV. Deletion
analysis of stem-loop IV sequences revealed that much of the extensive pre-
dicted RNA secondary structure in this region of PV RNA is required for formation
of specific RNA-protein complexes (DiLDINE and SemLer 1992). For stem-loop V,
there is evidence that the isolated, intact secondary structure may not bind
cellular proteins in a functionally significant manner. No specific RNA-protein
complexes could be reproducibly detected by mobility shift assays when an RNA
corresponding to a complete (predicted) stem-loop V sequence (nt 448-556) was
incubated with crude extracts from Hela or cultured neuroblastoma cells (HALLER
and SemLeEr 1995). However, when stem-loop V sequences were incubated with



78 E. Ehrenfeld and B.L.Semier

purified PTB (p57) or cytoplasmic extracts from human cells, a complex with a 57
kDa protein could be detected by UV cross-linking (HELLEN et al. 1994). It is
possible that interaction between adjacent stem-loop structures within the PV 5'
NCR creates binding sites for cellular proteins not present in the separate forms
of such structures. In support of this possibility, a recent report describes the
binding of a 36 kDa protein to an RNA transcript containing stem-loops V and VI
(HaLLeEr and SemLER 1995). This protein was not bound to template RNAs con-
taining either stem-loop V alone or stem-loop VI alone. Although a functional role
for the 36 kDa protein was not ascertained in the above-mentioned study, it is
tempting to speculate that the higher order structure of the PV 5' NCR, resulting
from different domains of the RNA interacting with each other, produces novel
protein binding sites that may facilitate internal ribosome entry.

An RNA-protein complex specific for the nts 559-624 region of the PV 5' NCR
(stem-loop VI) was shown to contain a cellular polypeptide (p52) that was not a
known translation factor (MeerovitcH et al. 1989). This protein was abundant in
extracts from Hela cells but was present in limiting quantities in reticulocyte
lysates or wheat germ extracts. A separate study identified a~54 kDa protein with
properties very similar to those of p52, suggesting that the two are, in fact, the
same polypeptide (GesHARD and EHRENFELD 1992). These data are consistent with
the above-mentioned findings that PV RNA is translated efficiently in extracts
from Hela cells but not in reticulocyte lysates. More recent studies have shown
that pb2 is identical to the La autoantigen, a protein that is involved in processing
RNA polymerase Il transcripts (MEeeroviTcH et al. 1993). Addition of purified p52/
La to in vitro translation reactions using the rabbit reticulocyte lysate increases
the efficiency of translation initiation at the authentic AUG start codon of PV
mRNA and "corrects" the aberrant initiation products normally observed in this
translation system.

The significance of the RNA-protein interactions directed by stem-loop VI
warrants further consideration in light of other biochemical and functional data. It
had been previously shown that a PV 5' NCR truncated prior to the stem-loop VI
sequences (i.e., deletion of nt 1-566) could provide the required sequence deter-
minants for in vitro translation of poliovirus RNA in a rabbit reticulocyte lysate
supplemented with an extract from uninfected Hel a cells (BIENKOWSKA-SZEWCZYK
and EHRENFELD 1988). The b' sequences of the truncated transcript still contained
part of the conserved pyrimidine-rich region, whose precise spacing (~20-30 nts)
from a downstream AUG codon was shown to be crucial for translation initiation
and PV infectivity (HALLER and SEMLER 1992; PiLipenko et al. 1992a; Janc et al. 1990;
Pestova et al. 1991). Deletion mutations (either directed or selected) which
remove all or part of the stem-loop VI sequences are only functional in translation
if the proper spacing between the pyrimidine-rich region and a downstream AUG
has been restored. Thus, the formation of translation initiation complexes with
this region of the PV 5' NCR may involve the recognition by La {(p52) and other
cellular proteins (DeL ANGEL et al. 1989; HaLLer and SEMLER 1992; GeBHARD and
EHRENFELD 1992; MeeroviTcH et al. 1989, 1993; HaLLEr and SemLer 1995) of two
sequence elements (the pyrimidine-rich region and a downstream AUG) sepa-
rated by about 20-30 nucleotides. Such a model predicts that a single RNA
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binding protein will have two different domains that contact the RNA or that two
proteins with individual RNA binding domains interact with each other via a
protein—protein interaction that may be facilitated by individual interactions with
the specific RNA sequences. Ultimately, these complexes must be recognized
by the translation apparatus of the cell to generate a functional initiation complex
that has now bypassed the need for a 5' terminal cap structure and the limitations
conferred by a translation mechanism that relies on scanning of a ribosome
through all 5' proximal sequences that are upstream of an authentic AUG codon.

6 Concluding Remarks

The work summarized in this chapter represents only a preliminary approach to
understanding the interaction between the PV 5' NCR and cellular proteins that
mediate translation initiation from the PV IRES. Although members of all genera
in the Picornaviridae family direct synthesis of their proteins from an IRES, these
elements are very different in sequence and predicted structure among the diffe-
rent groups. For example, the entero- and rhinoviruses share considerable
conservation of IRES structure, as do the cardio- and aphthoviruses; however,
there is almost no similarity in the pattern of motifs between these two groups.
It is not yet clear whether the hepatoviruses contain an independent type of
IRES structure, or one that is related to the cardio/aphtho virus element. One con-
served feature present in all of the picornavirus IRES elements is the pyrimidine-
rich tract about 25 nts upstream of an AUG. This feature may represent the actual
site of ribosome entry and thus have the same function in all picornaviral
translation initiation reactions. Other portions of the IRES structure, however,
may reflect specific interactions with different cellular factors. A full under-
standing of this complex reaction will ultimately require identification and charac-
terization of all of the trans-acting factors involved, as well as a complete picture
of the cis-acting elements and their spatial organization within the RNA. It may be
anticipated that the spectrum of mRNA-specific, cell-specific, and general trans-
lation factors utilized by viral RNAs will match the complexity of the transcription
factor pattern required to regulate gene expression from viral DNAs.
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1 Introduction

The picornavirus family is widespread in nature and these viruses replicate in a
wide variety of hosts and tissues (reviewed by Rueckert 1990). There are five
genera of picornaviruses, these are: Rhinovirus, Enterovirus (includes poliovirus),
Cardiovirus (includes encephalomyocarditis virus (EMCV), Aphthovirus (foot-and-
mouth disease virus (FMDV) and Hepatovirus. In each case the viral genomes
consist of a single-stranded, positive sense, RNA molecule of between 7.4 and
8.3 kb. The genome is linked to a viral encoded peptide, VPg, atits 5' terminal but
most of the RNA within an infected cell lacks this feature and simply has a
terminal phosphate group. The RNA acts as a mRNA but also has to act as the
template for negative strand RNA synthesis to allow RNA replication and the
production of positive sense RNA. Many of the picornaviruses cause a dramatic
alteration in the protein synthetic profile of infected cells. This is a result of new
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synthesis of viral proteins and also the inhibition of host protein synthesis. The
enteroviruses, rhinoviruses and aphthoviruses inhibit host cell protein synthesis
as aresult of the cleavage of the p220 component of the cap-binding complex (eiF-
4F) (ETcHison et al. 1982; Devaney et al. 1988) and possibly by other uncharacterized
mechanisms. The cardioviruses also inhibit host protein synthesis but do not
induce p220 cleavage (Mosenkis et al. 1985). The viral protein synthesis is cap-
independent.

The initiation of protein synthesis on eukaryotic mRNAs is a complex process
and is the target of regulation by several different mechanisms. The vast majority
of eukaryotic mRNAs possess a cap structure at their 5' terminals which is
required for efficient recognition by a complex of protein synthesis initiation
factors (including elF-4F) and hence for translation. On most mRNAs protein
synthesis begins at the AUG codon closest to the ' terminal which usually
resides within 50-100 residues (reviewed by Kozak 1989). However, in some
cases alternate AUG codons are used and these exceptions allowed the deriva-
tion of a consensus sequence for efficient initiation. Certain elements upstream of
the initiation codon can affect the efficiency of initiation. Secondary structure is
inhibitory. The presence of AUG codons between the 5' terminal and the authen-
tic initiation site can also inhibit translation.

Against this background the genomes and RNAs produced by picornaviruses
would be expected to be very poorly translated. As already indicated these RNAs
lack the cap structure. The initiation codon is positioned some 650-1300 bases
(depending on the virus) downstream from the &' terminal. Furthermore, these
long 5' noncoding regions (NCR) are predicted to form extensive secondary
structure and contain multiple AUG codons (reviewed by Jackson et al. 1990,
MeerowitcH and SoNENBERG 1993). Despite these features the RNAs produced by
EMCV and FMDV are extremely efficient mRNAs when translated in rabbit
reticulocyte lysate and replicate and translate very efficiently within cells. Polio-
virus (PV) has been the prototype picornavirus but despite its efficient growth in
cells its RNA transiates rather inefficiently in rabbit reticulocyte lysate. However,
in Hel a cell extracts or in rabbit reticulocyte lysate supplemented with Hela cell
lysate the translation occurs much more efficiently (BrRown and EHRENFELD 1979;
DornER et al. 1984). This observation is important since it suggests that cellular
factors, in addition to those required for classical translation, are necessary for
efficient PV RNA translation.

2 Evidence for Internal Initiation of Protein Synthesis

The information summarized above indicates that a novel mechanism of initiation
of translation is used by picornaviruses. The key experiment to elucidate the
nature of this mechanism was the construction of plasmids which express
artificial bicistronic mRNAs (PeLLETIER and SoNeNBERG 1988; JanG et al. 1988). In
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eukaryotic systems the first open reading of such an mRNA is efficiently ex-
pressed but the second open reading frame is translated at around 1% of this
efficiency (see, e.g., NicHoLson et al. 1991, Drew and BeLsHam 1994) presumably
by a low level of reinitiation. The introduction of a picornavirus 5' NCR in the
correct orientation, between the two open reading frames, led to efficient
expression of the second open reading frame as well (Fig 1). It is now clear from
many studies that the translation of the second reading frame directed by a
picornavirus 5' NCR is totally independent of initiation of the first open reading
frame (eg PeLLETIER and SoneNnBERG 1989, Jang et al. 1989, BeLsHam and BRANGWYN
1990). Suppression of cap-dependent translation inhibits translation of the first
open reading frame but the cap-independent translation directed by the picorna-
virus 5' NCR is unaffected. This is consistent with the fact that many picorna-
viruses inhibit host cell cap-dependent protein synthesis. The initial identification
of internal initiation of protein synthesis directed by the 5' NCR of PV and EMCV
has been followed by the identification of functionally analogous regions from
representatives of each of the picornavirus genera (BeLsiam and Branawyn 1990;
KuHnn et al. 1990; BrowN et al. 1991; Borman and JacksoN 1992). It has become
apparent that the five genera include three basic types of element, each having
the ability to direct internal initiation. The elements from the rhinoviruses and
enteroviruses are similar to each other, as are the elements from the cardioviruses
and FMDV, but these two types of element are quite distinct from each other.
Hepatitis A has an analogous element which has some similarity to the cardiovirus
element but is significantly different (Brown et al. 1991). The rest of this review
will concentrate on studies on the PV 5' NCR. Other chapters in this book will
discuss the analogous elements from other picornaviruses. The element which is

SYNTHESIS OF
X X Y
AN\ . -

AN\ +

AN\ 4

Fig. 1. Principle of the assay for internal initiation of protein synthesis using bicistronic mRNAs. mRNAs
containing open reading frames encoding protein X or X and Y as indicated can be translated in vitro or
in vivo. The results of such expression studies are indicated. The presence of the IRES directs the
synthesis of the protein Y independently of the expression of X. The 5' terminal of the mRNA has a cap
structure (indicated by the circle) which facilitates recognition of the RNA by elF-4F, when the p220
component of this complex Is cleaved (see text). Translation of X is essentially abolished but the IRES
directed translation of Y continues
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responsible for directing internal initiation of protein synthesis will be called here
the internal ribosome entry site (IRES) since this term has gained widespread
usage for all the picornaviruses although previously the term "ribosome landing
pad" has been used in this laboratory for the PV element {PELLETIER and SONENBERG
1988).

3 Definition of the Poliovirus Internal Ribosome
Entry Site

The 5' NCR of PV is approximately 745 bases in length (Fig. 2}. An early task was
the identification of the region within this sequence which is necessary and
sufficient for IRES function. Deletion analysis from the 5' and 3' terminals was
performed and the residual sequences were assayed within monocistronic
mRNAs by in vitro translation (PeLLETiER et al. 1988a). This assay suggested
minimum limits for the IRES of 320-631, and it was shown that the region
between 140-320 enhanced the activity. More recent studies, using assays
based on the analysis of bicistronic mRNAs in vivo, have modified this slightty and

m??m

237
441

PV IRES

Fig. 2. Predicted secondary structure of the poliovirus (PV) 5' noncoding region {modified from
SKINNER et al. 1989). The essential region of the PV 5' NCR for IRES activity includes the region from
domain 1ll to the 5' side of domain Vi but domain VIl enhances its activity. Domain IV Is not reguired,
its deletion has Iittle effect on IRES activity. The polypyrimidine tract is indicated by the solid rectangle.
The initiation codon, AUG-8 in type |l poliovirus (Lansing) is at nt 745
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a consensus (NicHoLsoN et al. 1991; Percy et al. 1992) seems to suggest that the
region from 127-620 is required for optimal IRES activity (this includes domains
1-VI1). The domain VII (583-620) is not essential for IRES function but certainly
enhances its activity. Further deletion analysis has shown that an internal region,
domain IV (189-223), can be deleted with little effect on IRES function
(NicHoLosoN et al. 1991; Percy et al. 1992; Stone et al. 1993; HALLER et al. 1993).
The dispensability of domains IV and VIl is in accord with the fact that viable PVs
lacking these elements have been isolated (lizuka et al. 1989; PiLipenko et al. 1992;
HaLLer et al. 1993). To some extent trying to define precise boundaries for the
IRES may be unhelpful since the activity of a functional core may be dependent on
its freedom to adopt its native conformation. Domain VIl is just to the 3' side of a
conserved polypyrimidine tract (see below) and contains an AUG codon (AUG-7 in
PV type Il Lansing) which alone amongst the upstream AUG codons confers an
advantage to the virus (PELLETIER et al. 1988b). Mutagenesis of this codon pro-
duces a virus with a small plague phenotype. Modifications of this sequence in
type | PV also adversely affected the virus and isolation of revertant viruses
showed that the virus selected for an arrangement in which the polypyrimidine
tract was followed by an AUG codon about 22 bases downstream (PiLiPENKO et al.
1992). Itis important to stress that this AUG codon is not the initiator codon which
is found ~150 bases downsteam. Hence the PV IRES is separated from the initi-
ator AUG by a considerable spacer. In rhinoviruses much of this spacer is missing.
Evidence suggests that the initiation complex "scan" through this spacer region,
since inclusion of a 72 base insertion is not deleterious unless it contains an AUG
codon (KuGe et al. 1989). In the cardioviruses and aphthoviruses the 3' terminal of
the IRES is adjacent to the initiator AUG, although in FMDYV a special case exists
since a second AUG codon is used as an initiator codon which is some 84 bases
further downstream. Evidence indicates that this region is also "scanned" with
only a single ribosome entry point (BeLsHam 1992).

4 Structure of the Internal Ribosome Entry Site

The region defined as the PV IRES is about 450 bases in length, similar in size to
that defined in EMCV and FMDV. Each of these elements is predicted to contain
extensive secondary structure. Biochemical support for the predicted secondary
structures has been obtained by probing with RNAses and reagents which have
specificity for single-stranded or double-stranded regions of RNA. Such studies,
together with phylogenetic comparisons, have been used to derive the structure
for the PV 5' NCR shown in Fig. 2 (see SkiNNER et al. 1989). Other enteroviruses
and rhinoviruses which differ significantly in sequence can be predicted to fold in
this manner as a result of compensatory base substitutions. The structure
predicted for the cardioviruses and FMDV is totally distinct (PiLipenko et al. 1989).
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Unfortunately in neither case is there much evidence for tertiary interactions
within the IRES.

The question therefore arises as to how these diverse elements achieve the
same function. As mentioned in the introduction the RNAs of EMCV and FMDV
translate very efficiently in rabbit reticulocyte lysate whereas the PV IRES
functions relatively poorly in this system unless it is supplemented with Hel a cell
proteins, thus suggesting a role for proteins other than the well defined initiation
factors in the initiation of protein synthesis directed by the PV IRES. The role of the
canonical initiation factors in internal initiation of protein synthesis is not yet well
defined. Although it is clear that intact elF-4F is not required it is possible that the
cleavage products of p220 produced in picornavirus infected cells may still be
functional. Recent studies using dominant negative mutants of elF-4A have
shown that these inhibit IRES directed translation as well as cap-dependent
translation (Pause et al. 1994) indicating an essential role for this initiation factor.

Another important finding was the demonstration that key attenuating muta-
tions in PV occurred within the region of 472-481 (WEesTrop et al. 1987; Nomoto
et al. 1987; Ren et al. 1991). This region is located within domain VI of the IRES. It
has been demonstrated that such attenuated viruses replicate poorly in neuro-
blastoma cells (La Monica and RacanieLLo 1989) and their RNA is translated less
efficiently than the wild-type RNA in Krebs-2 ascites cell extracts (Svitkin et al. 1985,
1990). The attenuated viruses still replicate efficiently in Hela cells. Recognition of
the IRES by cellular proteins may be critical to the tropism of the virus.and in the
case of PV to its ability to induce damage within the nervous system.

5 Role of the Polypyrimidine Tract
in Internal Ribosome Entry Site Function

A polypyrimidine tract close to the 3' terminal of the IRES is a highly conserved
feature of all picornaviruses. In type |l PV this polypyrimidine tract is 15 bases long
and includes a single A residue. Mutagenesis suggested that the 5' terminal
region UUUCC is critical for function both in vitro and in vivo since replacement of
the two Cs of the three Us with G residues severely diminished the efficiency of
internal initiation (NicHoLson et al. 1991). Similar results have been obtained on
studies with both EMCV and FMDV (Jang and Wimmer 1990; Kunn et al. 1990).
However, recently some evidence has been obtained which indicates a rather
minor role for the polypyrimidine tract in some systems. A large number of
mutants which altered the length and sequence of the EMCV tract had rather
modest effects on the translational efficiency (in vitro and in vivo) and indeed the
change of all the pyrimidines to A residues only decreased translational efficiency
by about 30% (Kaminski et al. 1994). Similar results have also been obtained with
another cardiovirus, Theiler's murine encephalomyocarditis virus (TMEV)
(T.D.K. Brown, personal communication). This may suggest that under conditions



The Role of the La Autoantigen In Internal Initiation 91

in which the IRES elements can function very efficiently the role of the poly-
pyrimidine tract is rather limited. Alternatively it may be that the important role of
this motif is to maintain an unstructured region of RNA. Introduction of G residues
into the polypyrimidine tract may introduce secondary structure and hence
interfere with function.

6 Identification of Proteins Interacting
with the Poliovirus Internal Ribosome Entry Site

In order to detect cellular proteins which interact with the IRES two types of assay
have been performed. A mobility shift assay was used to show that Hela cell
extracts specifically interact with a RNA transcript of residues 559-620
(MEeeroviTcH et al. 1989). This segment of RNA was chosen for study since it
contains the polypyrimidine tract and the AUG-7 codon described above as
playing animportant role in the efficient translation directed by the PV IRES. It was
shown that a complex formed between a component of the Hela cell lysate and
the 559-620 probe which was distinct from that generated with other known
initiation factors. The protein responsible was mainly located in the S100 fraction
of the cell. This interaction was assessed as specific since it was competed by the
PV RNA transcript but not by other RNAs. The formation of this complex was
readily observed with Hel a cell lysate. In contrast only a weak signal indicative of
this complex could be detected in rabbit reticulocyte lysate. Analysis of the Hela
cell lysate complex generated in this assay indicated that the transcript was
interacting predominantly with a protein of 52 kDa and hence termed p52. This
protein can also be readily detected by UV cross-linking the same transcript to
total Hela cell lysate, RNAse digestion and analysis by SDS-PAGE. An array of
different protein species have been detected by this UV cross-linking procedure
to bind to regions of the PV 5'NCR in different laboratories. In addition to pb2 these
include proteins of 57 kDa, 50 kDa, 48 kDa, 38 kDa and others including
elF-2 (Pestova et al. 1991; NaJita and Sarnow 1990; DeL ANGEL et al. 1989; GEBHARD
and EHRENFELD 1992). Since the PV 5'NCR has a number of functions to perform
the significance of any interaction with a protein to the process of translation has
to be established. For example, it has been demonstrated that a p50 species is
recognized by domain IV (Nasta and Sarnow 1990), but the significance of this
interaction is far from clear since viable PVs lacking this feature can be isolated
(HALLER et al. 1993) and indeed bovine enterovirus lacks this element (EARLE et al.
1988). Itis clear that some further evidence for the role of any particular protein in
internal initiation must be obtained before much credibility can be assigned to
such data alone.

Using the gel shift mobility assay it was possible to purify the 52 kDa protein
from Hela cells (MeeroviTcH et al. 1993). The purified protein was analysed in an
RNA binding assay and shown to have a high affinity for the 559-624 transcript
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with an affinity constant of 4x10™° M. The availability of purified protein permitted
its identification. Microsequencing of a tryptic peptide showed complete identity
over 22 amino acids with the human La autoantigen. To confirm the identity of
pb2 as La, further analyses were performed. An anti-La monoclonal antibody
specifically recognized the p52. Furthermore, it recognized and "supershifted" the
PV RNA-protein complex observed in the gel mobility shift assay. The La protein
(reviewed by Tan 1989) is known as the target for autoimmune recognition in
patients with systemic lupus erythematosus and Sjogren’s syndrome. It has
previously been characterized as an RNA-binding protein and has a characteristic
RNA recognition motif (termed an RRM). La is reported to bind to the 3' terminals
of RNA polymerase Il transcripts and function in the maturation of these mole-
cules (GotTLiER and STez 1989). The protein is predominantly localized within the
nuclei of cells.

7 Functional Significance of the Interaction
Between La and Poliovirus RNA

As mentioned above it has long been known that PV RNA translates inefficiently
in rabbit reticulocyte lysate. Furthermore the translation produces proteins dis-
tinct from those observed in vivo (BrRown and EHReNFELD 1979; Dorner et al. 1984).
These aberrant products were shown to result from multiple initiation events
within the 3’ region of the RNA (Dorner et al. 1984). By contrast, Hela cell extracts
translate PV RNA with great accuracy and under certain conditions the generation
of infectious virus from the de novo synthesized components can be observed
(MoLLa et al. 1991). Addition of Hela cell extract to rabbit reticulocyte lysate
stimulates the translation of PV RNA and suppresses the production of the
aberrant proteins (Brown and EHRENFELD 1979; Dorner et al. 1984; PHiLips and
EMMERT 1986; Svitkin et al. 1985, 1988). An important observation was that
addition of purified La, expressed in E. coli, was also able to stimulate PV RNA
translation in rabbit reticulocyte lysate (MeeroviTcH et al. 1993; SvitkiN et al. 1994),
and furthermore it showed the same correction activity as observed with Hel a
cell lysate (Fig. 3). Thus, the stimulatory and correction activities detected in Hela
cell lysate can be achieved by the single polypetide La. It is noteworthy that a
truncated La protein (residues 1-194 out of 408 in the wild-type molecule), which
still contains the RRM and binds to the PV RNA, fails to stimulate PV translation
or to correct the production of aberrant products (Svitkin et al. 1994). Hence,
merely binding of the protein to the RNA is insufficient to explain its activity. Other
proteins, eg. GEF and elF-2, can also stimulate PV RNA translation within rabbit
reticulocyte lysate but do not have the correction activity (SviTkiN et al. 1994).
Recent experiments have shown that recombinant La can also stimulate the
translation from the PV IRES within the context of a bicistronic mRNA (Fig. 4)
(unpublished results). The CAT/PV IRES/LUC mRNA was translated in the pre-
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Fig. 3. Stimulation and correction of PV RNA translation in vitro by La. PV RNA was translated in rabbit
reticulocyte lysate alone or supplemented with Hela cell ribosomal salt wash (RWF) or with
recombinant La protein. The authentic PV protein products (as observed in PV infected cells, lane M)
and the aberrant initiation products Q, R, S, Y and Z are indicated. Note the increased production of P1
and 1ts cleavage products VPO, VP3 and VP1 in the presence of RWF and La and the reduced synthesis
of the aberrant products

sence or absence of La. A marked reduction in the level of CAT synthesis was
observed upon addition of La but the production of LUC was stimulated several
fold. In the absence of the IRES no stimulation of LUC production was observed.
It has been shown previously that La has no effect on the translation of several
other viral RNAs (MEeeroviTcH et al. 1993). Since all picornaviruses replicate in the
cytoplasm and translation occurs in this cell compartment it was surprising that
the PV RNA should interact with a protein which is predominantly localized to the
cell nucleus. However, it has recently been demonstrated that following PV
infection a marked redistribution of La occurs so that La is readily observed within
the cytoplasm (MeeroviTcH et al. 1993). It is of course necessary that some cyto-
plasmic La must be present in uninfected cells to allow the initial cycles of
translation to occur upon the initial infection. Indeed, some staining of the cyto-
plasm of uninfected cells by anti-La antibodies has been reported (HaBeTs et al.
1983). A prediction from these results is that the depletion of La from Hela cell
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Fig. 4A,B. Sumulation of PV IRES directed translation by La from an artificial bicistronic mRNA.
A bicistronic mRNA encoding chloramphenicol acetyl transferase (CAT) and luciferase {(LUC) separated
by the PV 5’ NCR was transcribed from pGEMCAT/PV/LUC and B translated in rabbit reticylocyte lysate
alone or with recombinant La protein. The stimulation of LUC synthesis was about fivefold

lysate should inhibit PV RNA translation. This experiment has been attempted
using antibodies specific for La and indeed inhibition of PV RNA translation
occurred (YVS, unpublished results). However, it was not possible to restore
translation by the addition of purified La. This could indicate that the immunodeple-
tion procedure is insufficiently specific. However, a second possibility is that La is
complexed to other proteins and hence the immunodepletion of La also depleted
other necessary factors. Similarly, immunodepletion of the p57 (polypyrimidine
tract binding protein, PTB) from a Hela celi lysate inhibited the translation of both
PV RNA and EMCV RNA, but again no restoration of translation was achieved with
the addition of PTB (HeLLEN et al. 1993). The major species of protein which cross-
links to the EMCV and FMDV IRES is p57 {Jang and WimmER 1990; Kunn et al. 1990).
The recent identification of p57 as PTB (Borman et al. 1993; HeLLEN et al. 1993) was
again unexpected since this protein has shown to be a factor implicated in RNA
splicing within the cell nucleus. Evidence for cytoplasmic location has also been
obtained, however. To date, no evidence for a function of the interaction of p57
with the PV RNA has been reported. In EMCV, mutations in the 5' terminal motif of
the EMCV IRES (stem-loop E), were reported to inhibit both PTB binding and IRES
function (Jang and Wimmer 1990), but these are not necessarily linked and some
studies have shown that efficient IRES function can be detected in vitro in the
absence of this interaction (Duke et al. 1992).
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Fractionation of Hela cell lysate has also been used to detect proteins which
stimulate the activity of the rhinovirus IRES (Borman et al. 1993). Column frac-
tions were also tested, using a UV cross-linking assay, for their ability to interact
with the rhinovirous IRES. It was shown that the stimulatory activity was se-
parable from the bulk of the p57 (PTB) but did comigrate with a minor fraction of
this protein which seemed to be associated with a 97 KDa protein. This species
also cross-linked to the rhinovirus 5' UTR. No data was presented on the total
composition of the active fractions however, so it is not certain that either the p57
or the p97 were the functional molecules. It was suggested that the two mole-
cules acted synergistically. Purification of the p97 is required before the
significance of these data can be assessed.

8 Speculation

It may be that a complex of several cellular proteins (distinct from the standard
initiation factors) are required for internal initiation of protein synthesis. Pre-
sumably such a complex would also function on the cellular mMRNAs which also
translate by such a mechanism, e.g. BiP (Macesak and SArRNow 1991). An intri-
guing recent finding is that defective PV IRES elements which lack essential
elements can be complemented by the co-expression of an intact homologous
IRES element (Percy et al. 1992; Stone et al. 1993) (analogous results for the
complementation of the FMDV IRES have also been obtained (Drew and BeLsSHAM
1994). An attractive model to explain this phenomenon is that a functional
preinitiation complex, presumably containing La and PTB and other proteins,
assembles on the intact PV IRES and then transfers to the defective elements,
which of necessity include the region around the La binding site (Percy et al.
1992), and hence translation can be initiated. It may be that such a transfer of a
preinitiation complex is a normal part of internal initiation, perhaps partially
analogous to the ribosome shunt mechanism proposed for cauliflower mosaic
virus 35S RNA translation (FutTerer et al. 1993). The transfer may normally
happen in cis but the option to transfer in trans may occur when a high concen-
tration of RNAis present or when initiation of translation occurs in a complex with
multiple RNAs in close proximity.
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1 Introduction

Human hepatitis C virus (HCV) infects hepatocytes and the viral infection often
develops into chronic disease, liver cirrhosis and hepatocellular carcinoma (SATo
et al. 1990; PLacemanN 1991; Ruiz et al. 1992). Currently HCV infections account
for about 80% of posttransfusion hepatitis worldwide. To date HCV has not been
successfully grown in any cultured cells (SHimizu et al. 1993) which precludes the
biological studies of this virus. The discovery of the human HCV stems from an un-
precedented use of molecular cloning techniques rather than by the conventional
method of virus isolation (CHoo et al. 1989). Nucleic acids extracted from the sera
of chimpanzees infected with infectious non-A, non-B hepatitis plasma were used
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to prepare a A gt11 library which was then immunoscreened with non-A, non-B
hepatitis serum (CHoo et al. 1989). The viral RNA genome cloned as a cDNA was
characterized by nucleotide sequence determination to uncover the genetic order of
the coding potential. Further comparison of the complete HCV genome to other
known viral genomes placed this virus in the family of Flaviviridae (MiLer and
PurceLL 1990; HougHToN et al. 1991). Members of this virus group include human
flaviviruses (e.g., Yellow fever virus, Dengue virus and St. Louis encephalitis virus)
and animal pestiviruses (e.g., bovine viral diarrhea virus and hog cholera virus).
The viral genome of HCV is represented as a single-stranded RNA molecule
with positive polarity, composed of about 9400 nucleotides (Kato et al. 1990;
CHoo et al. 1991; IncHAUsPE et al. 1991; OkamoTo et al. 1991; Takamizawa et al.
1991). The viral RNA contains a single large open reading frame (ORF) encoding
a polyprotein of 3010-3033 amino acids that is subsequently processed into
individual viral proteins by both viral and cellular proteases (Fig. 1) (Grakour et al.
1993; HuikaTA et al. 1993; SeLsy et al. 1993). The viral RNA genome contains a
relatively long 5' noncoding region (5'NCR) and a short 3' NCR with a possible
poly-A or poly-U tail (HaN et al. 1991; Han and HougHTon 1992). While remarkable
nucleotide diversity exists among HCV subgroups, the 5' NCR maintains a very
high degree of nucleotide conservation (>93%) (Okamorto et al. 1991). The 5' NCR
varies in length from 332 to 341 nucleotides depending upon the subtype (Han
etal. 1991: Takamizawa et al. 1991; CHeN et al. 1992; Tanaka et al. 1992). From the
phylogenetic sequence comparison, HCV appears to be more closely related to
pestiviruses than flaviviruses. For instance, both HCV and pestiviruses contain a
relatively long 5' NCR with several AUG codons, whereas flaviviruses contain a
short 5' NCR of about 95-132 nucleotides in length without an AUG (except tick-
borne encephalitis virus) (Rice et al. 1986; CoLLeTT et al. 1989a; PLeTnev et al. 1990).
A type 1 cap structure (m’GpppAmp) has been found at the 5' end of flavivirus
RNA (CHamgers et al. 1990) which may have resulted from the action of the

HCV Genome
Structural Non-Structural
5 —{ e ]E'1 [E/2/NS1]N'SZ| NS3 [ Nsa | NS5 FA,ory, 3
capsiq envelope ) membrane helicase RNA-dependent
protein glycoproteins protein protease RNA polymerase

HCV 5" Noncoding Region

.329 -310 257 -246 127 +
HCV-1 [AUG AUG_AUG AUG AUG lauG

Fig. 1. A Genome organization of the hepatitis C virus (HCV) RNA and polyprotein processing
scheme. B The 5' noncoding region of HCV-1 subtype. Location of various AUG codons in the region
1s indicated
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proposed methyltransferase activity in the flaviviral NS5 protein (Koonin 1993).
The translation of flaviviral RNAs is mediated by a cap-dependent scanning
mechanism, and usually initiated at the 5' end proximal AUG triplet (CHAMBERS
et al. 1990). In contrast to flaviviruses, multiple AUG triplets have been found in
the long 5' NCR of HCV and pestiviruses. The methyltransferase gene found in
the flavivirus NSb region has not been found in the HCV genome. Several
experimental approaches have failed to detect a cap structure at the 5' end of
pestivirus genomic RNA (CotLeTT et al. 1989b; Brock et al. 1992). It is not known
whether 5" end of HCV RNA contains a cap structure. By analogy to pestiviruses,
itis likely that the HCV genomic RNA is uncapped. While several AUG codons are
located upstream of the translation initiation site of the HCV polyprotein, these do
not appear to function as alternative start sites (Tsukivama-KoHARA et al. 1992).
Additionally, a complex secondary structure has been proposed for the 5' NCR of
the HCV RNA from phylogenetic comparative sequence analysis (Brown et al.
1992} (Fig.2). This further precludes the possibility of the cap-dependent scanning
mechanism for efficient translation of the HCV RNA. These features indicate that
translation of HCV RNA may take place by a strategy different from that involving
a cap-dependent scanning mechanism (Kozak 1992).

Picornaviruses symbolize the viral mRNAs that utilize a cap-independent
internal ribosome binding mechanism of translation {Jackson et al. 1990; AcoL
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Fig. 2. Map of the computer predicted RNA secondary structure of the 5'NCR of HCV RNA (adapted
from BROWN et al. 1992). The nucleotide numbered as +1 position refers to the first A residue of the
initiator AUG. The sequences of the two pyrntimidine tracts and its locations are shown
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1991). This mechanism involves binding of the ribosome to a RNA sequence that
has been termed the "internal ribosome entry site" (IRES) (Janc et al. 1989) or
"ribosome landing pad" (RLP) (PeLLETIER and SonenBeRG 1988) within the 5' NCR of
the viral RNAs. The picornavirus RNAs contain an unusually long 5' NCR (600 to
over 1,000 nucleotides) with multiple AUG triplets and the viral RNAs lack a m’G
cap structure found in all eukaryotic mRNAs. In this respect, the 5' NCRs of HCV
and pestiviruses resemble those of picornaviruses. These characteristics have
prompted investigations into the possibility of translation of HCV and pestivirus
RNAs by a mechanism similar to that employed by picornaviruses. In this review,
we attempt to summarize recent work on the translational regulation of HCV and
pestivirus RNAs and draw comparisons with those of picornaviruses.

2 Translation of Hepatitis C Virus RNA
Is Mediated by Internal Ribosome Entry

2.1 Hepatitis C Virus RNA Contains
an Internal Ribosome Entry Site Within Its 5' NCR

The first line of evidence in demonstrating the presence of an IRES element
within the 5' NCR of HCV comes from in vitro translation studies by Tsukiyama-
Konara et al. {1992). Using an HCV RNA containing the 5' NCR and some coding
sequences of the polyprotein (nt —=324 to +1772, +1 position refers to the A
residue of the initiator AUG of the viral polyprotein), they have shown that both
capped and uncapped HCV RNAs were active as mRNAs with similar trans-
lational efficiencies in rabbit reticulocyte lysates. The translation products from
the HCV RNA were confirmed as natural viral polypeptides using anti-HCV anti-
bodies. Translation was shown to start at the internal AUG preceding the large
open reading frame. In a dicistronic RNA which consists of chloramphenicol
acetyl transferase (CAT) reporter gene as the first cistron and the partial coding
sequences of the HCV polyprotein as the second cistron, efficient translation of
both genes in rabbit reticulocyte lysates was demonstrated. In coxsackievirus-
infected Hela cell extracts, in which the cap-dependent translation is sup-
pressed, only the hepatitis C viral coding sequences were translated. These
results provided the first direct evidence that HCV RNA is translated by an internal
ribosome binding mechanism. Similarly, KeTTiNeN et al. 1993) found that addition
of cap analogue in in vitro translation reactions had no effect on translation of the
uncapped RNA with the HCV 5'NCR and had little effect on translation of the
capped RNA at higher concentrations of the cap analogue. The yield of the first
cistron from a dicistronic RNA was significantly increased by capping of the RNA,
but expression of the second cistron was unaffected. Both reporter gene products
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were detectable by SDS-PAGE analysis at the earliest time point of translation of
the dicistronic RNA, indicating simultaneous initiation of translation of the two
genes. These observations together suggest that translation of the HCV RNA is
most probably cap-independent.

In support of the in vitro analyses of the translational regulation of the HCV
RNA, experiments carried out in this laboratory (Wang et al. 1993) have employed
an in vivo system by introducing in vitro synthesized RNA into HepG2 cells, a
hepatoblastoma cell line. The 5' NCR of HCV was inserted between two reporter
genes, those for CAT and luciferase (LUC). The expression of the LUC gene from
these RNAs is dictated by the HCV 5' NCR. Since the in vitro synthesized RNAs
were uncapped, the first cistron encoding the CAT protein was poorly translated
in transfected cells. CAT activity was not detectable in the cell lysates. However,
expression of the second cistron (LUC) occurred when the full-length (nt -341 to
-1) or a nearly full-length 5' NCR (nt =304 to —1) were present upstream of the
cistron. Since this expression occurs independent of CAT translation, it is unlikely
that LUC expression resulted from ribosome reinitiation. These data obtained
from in vitro and in vivo experiments provide the unequivocal evidence for the
presence of an IRES element within the HCV 5' NCR. RNA transfections of both
hepatic and nonhepatocyte-derived cell lines were equally efficient, suggesting a
lack of liver cell-specific preference for translation of the HCV RNA.

Recently, in an effort to study the cap-independent translation in yeast, lizuka
et al. (1994) observed that the HCV 5'NCR is capable of programming cap-
independent translation of uncapped monocistronic RNA in yeast cell extract. The
efficiency of translation was enhanced more than twofold when the message
was polyadenylated. In the presence of cap analogue (m’GpppG), translation of
the RNA was not inhibited, but appeared to be enhanced. However, translation of
capped and polyadenylated luciferase mRNA, lacking an IRES element, was
inhibited in the presence of the cap analogue. The success of using the yeast
system for investigating mechanism of IRES function provides future prospects
of identifying factors involved in internal initiation of translation.

Interestingly, hepatitis A virus (HAV), a liver-tropic virus belonging to the
picornavirus family, also uses the internal ribosome binding mechanism of
translation (Grass et al. 1993; BrowN et al. 1994). Translation of HAV RNA is
inefficient in reticulocyte lysates and results in aberrant initiation (Jia et al. 1991;
Brown et al. 1991). However, addition of cell extracts prepared from fresh mouse
liver into the reticulocyte lysates specifically stimulated the cap-independent
translation of the HAV RNA (GLass and Summers 1993). Similar extracts prepared
from the kidney, heart or brain of the mouse and from other cultured cells did not
show this stimulation. We have not observed any enhancement of the HCV
5'NCR-mediated translation following addition of the cell extracts from cultured
HepG2 cells or Hela cells (Wang and Sippiauil, unpublished data). However, it will
be interesting to determine whether translation of the HCV RNA could be
stimulated by addition of the extracts from the fresh liver tissue.
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2.2 Hepatitis C Virus Internal Ribosome Entry Site Element
Is Active in Picornavirus-Infected Cells or Extracts

Poliovirus translation occurs in a cap-independent manner (Jackson et al. 1990;
AcoL 1991). The viral infection also results in a shut-off of host protein synthesis.
Cleavage of p220, a component of elF-4F, has been suggested as a possible
mechanism which initiates these events (Lee and SoNenserc 1982). We have
introduced RNA containing an HCV 5'NCR (T7C1-341) into the poliovirus-infected
HepG2 cells at a time when cellular protein synthesis is inhibited {Wang et al.
1993). Translation of the uncapped T7C1-341 RNA occurred efficiently in both
uninfected cells and the infected cells (Table 1), whereas translation of normally
capped RNA without the HCV 5'NCR (T7-LUC) was dramatically decreased in
infected cells. Similar results were also obtained in in vitro translation studies
using coxsackievirus-infected cell lysates under conditions of cap-dependent
translation inhibition (Tsukivama-KoHara et al. 1992). These data further support
that HCV RNA is translated by a cap-independent mechanism. In this respect,
HCV utilizes a translational regulatory mechanism that is similar to that of
picornaviruses.

2.3 Mapping of the Hepatitis C Virus Internal Ribosome
Entry Site Element

Deletion analysis was used to define the minimal sequences within the 5' NCR
that constitute the HCV IRES element. In vivo translation studies by Wane et al.
{(1993) indicate that the 5' noncoding sequences downstream of nt —304 are
essential for efficient translation. We have also found that the sequence at the 3'
end of the 5' NCR is critical for IRES function because a short deletion of nine
nucleotides at this end abolished the translation. However, deletion of up to
nt =257 from the 5' end significantly reduced the efficiency of translation, while
the 5' end deletions beyond nt—-257 were totally inefficient in initiating translation
from an internal site. Similar results were also obtained from in vitro translation
studies in rabbit reticulocyte lysates. Deletion mutagenesis of the 5'NCR by
Tsukivama-KoHara et al. (1992) show that deletion of up to nt—231 did not adversely

Table 1. Translation of RNAs in poliovirus-infected and uninfected HepG2 cells

LUC activity (light units/5x10° cells

RNA Uninfected Infected
T7-LUC (capped) 1672 190
T7C1-341 (uncapped) 2453 1208
pPB310 (uncapped) 2626 1081

LUC, luciferase.
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affect translation. While this deletion was not tested in vivo, another possible
explanation for this discrepancy is the variation of salt concentrations used in
in vitro translation experiments. As shown by KetTinen et al. (1993), translation
directed by the HCV 5'NCR was influenced by salt concentrations. Similarly the
translation of EMCV (encephalomyocarditis virus) and FMDV (foot and mouth
disease virus) were shown to be affected by salt concentrations (Jackson 1991).
KetTineN et al. (1993) made an interesting observation that coding sequences of
the HCV capsid protein may also be involved in HCV IRES function. The data from
other laboratories (Tsukivama-KoHara et al. 1992; Wang et al. 1993) did not show a
requirement of the HCV coding sequences forinternal initiation of translation. Itis,
however, possible that the HCV coding sequences could contribute to maximal
efficiency of translation initiation by the 5'NCR. Further studies are needed to
pursue this interesting finding.

Using site-directed mutagenesis, Reynowps et al. (1994), showed that the 5'
proximal AUG of the multiple AUG triplets within the 5'NCR is critical for IRES
function. This AUG triplet, located in a loop of domain Il {Fig. 2), is conserved in all
HCV subtypes. Based on mutational analysis it appears that sequences in this
domain mark the 5'boundary of the HCV IRES.

3 Hepatitis C Virus Internal Ribosome Entry Site Element

3.1 The Hepatitis C Virus Internal Ribosome Entry Site Element
May Not Require a Pyrimidine Tract for Translation Initiation

A conserved feature found in all 5'NCR of picornavirus RNAs that conduct
translation by cap-independent mechanism (Jackson et al. 1990) is the presence
of a pyrimidine tract followed by an AUG triplet, the Yn-Xm-AUG motif (WimMmER
et al. 1993). Extensive studies on the pyrimidine tract by deletion and point
mutations have demonstrated that this motif is essential for picornavirus IRES
function (Jane and WiMMER 1990; Kunn et al. 1990; MEeeroviTcH et al. 1991; PiLIPENKO
etal. 1992). The pyrimidine tract must be properly spaced from the AUG triplet for
maximal efficiency of translation (PiLiPEnko et al. 1992). Scanning the HCV 5'NCR
sequences reveals the presence of two putative pyrimidine tracts (Fig. 2). The
first pyrimidine tract is located between nt—-222 and-212, immediately upstream
of the domain lll structure. This pyrimidine tract, at the primary sequence level, is
not followed by an AUG triplet, an important feature of the Yn-Xm-AUG motif.
However, according to the predicted secondary structure of the 5'NCR, a base
pairing interaction between part of the pyrimidine tract and a distant nucleotide
sequence (nt =217 to - 209 and nt-27 to - 19) brings the pyrimidine tract about
20 nucleotides from the initiator AUG codon (Brown et al. 1992). The second
putative pyrimidine tract is located within the apical loop of the domain Il
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structure (Fig. 2) and includes an AUG triplet about 16 nucleotides downstream.
This sequence combination appears to contain the characteristic features of the
picornavirus IRES elements (Tsukivama-KoHara et al. 1992).

A recent study from this laboratory addressed the functional role of the Yn-
Xm-AUG motif in HCV IRES function by introducing point mutations in defined
regions of the two pyrimidine tracts (WanG et al. 1994). Base substitutions in the
nucleotide sequences of the first pyrimidine tract that participate in base pairing
proved deleterious for translation initiation. Compensatory mutants which main-
tain the base substitutions in the pyrimidine tract but restore the helical structure
regained efficient translation. One of the compensatory mutants, in which almost
half of the pyrimidine bases were altered to purines, did not show any appreciable
decrease in translational efficiency compared to the wild-type 5'NCR. Additional
mutations in the second pyrimidine tract and the relevant downstream AUG also
maintained efficient translation initiation. These results indicate that both pyrimi-
dine tracts are dispensable for HCV IRES function. Qur data also support the RNA
folding model proposed by Brown et al. (1992). In a different model, proposed by
Tsukivama-KoHARA et al. (1992), the base pairing interaction between nt -217 to
—209 and nt -27 to — 19 was not included. This latter model, therefore is not in
agreement with the mutagenesis data.

The mutational analysis of the EMCV 5'NCR recently reported by Kaminski
et al. (1994) show that complete substitution of the pyrimidines by purines in the
pyrimidine-rich tract resulted only in a negligible decrease in translational effici-
ency. They concluded that the pyrimidine-rich tract was not essential for EMCV
IRES function. These findings, combined with the results on HCV, indicate that
the primary sequences of the pyrimidine tract may not be critical elements of the
IRES. While the pyrimidine tract may have some other functional role in the
overall regulation of IRES-mediated translation, its previously envisioned role as
an indispensable component of IRES needs to be reevaluated.

3.2 A Possible Pseudoknot Structure Is Critical
for Hepatitis C Virus Internal Ribosome Entry Site Function

A closer examination of the nucleotide sequences of the HCV 5' NCR reveals that
a possible pseudoknot structure could be formed in the region near the initiator
AUG (Fig. 3). The first pyrimidine tract-related helical structure of the HCV 5'NCR,
described above, is also included in this putative tertiary structure. Point muta-
tions in each of the complementary strands of the second putative stem within
the probable pseudoknot structure abolished translation (Fig. 4) (WanG et al.
1995). When the base pairing interaction was restored with a compensatory
mutation, translation was partially recovered. This partial recovery of the
translational efficiency from the compensatory mutation may also suggest that
the primary sequences in the mutated regions are important. Based on these
mutagenesis studies, we propose that a probable pseudoknot structure which
also includes the helical structure related to the first pyrimidine tract may be
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formed. These structural elements together may constitute the critical com-
ponent of HCV IRES. This tertiary structural folding would also be consistent with
RNAse mapping analysis of that region in the 5'NCR (Brown et al. 1992). How-
ever, detailed studies carefully probing into the structures of that region will be
needed to substantiate mutational data.

Sequence analysis of all the HCV isolates thus far sequenced show that the
regions implicated in secondary and tertiary interactions discussed above are all
highly conserved. Similar pseudoknot structures can be predicted in the 5'NCR
of the pestivirus RNAs in the same region. Recent studies with pestivirus 5'NCR
show the presence of an IRES element (PooLE et al. 1995; also see Sect. 4).

Pseudoknot structures have been implicated in translational regulation
(ScHIMMEL 1989; LEaTHERS et al. 1993), i.e., in ribosomal frameshifting and
translational read-through (BRiErLEY et al. 1989; CHAMORRO et al. 1992; FenG et al.
1992; Tzeng et al. 1992; WiLLs et al. 1991). In the case of ribosomal frameshifting,
a pseudoknot structure functions to stall ribosomes engaged in translating the
RNA (BrierLey et al. 1991; Tu et al. 1992). This pausing increases the efficiency
of ribosomal frameshifting. The structural feature in a pseudoknot cannot be
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replaced by a hairpin structure composed of an equivalent set of base pairs
(BRrIERLEY et al. 1991; Somoayi et al. 1993). If distinct configurations of a pseudoknot
are destroyed, the relevant biological function is affected. Pseudoknot structures
have also been implicated to serve as recognition sites for protein binding. For
example, a pseudoknot structure in the 5' NCR of bacteriophage T4 gene 32
mRNA is recognized by the protein product of the mRNA (SHamoo et al. 1993), the
interaction interfering with further translation of gene 32 mRNA. Thus, it is
possible that the pseudoknot structures in the HCV 5' NCR could serve as
efficient binding sites for ribosomes and/or relevant initiation factors involved in
internal initiation of translation.

Existence of conserved pseudoknot structures have recently been proposed
for picornavirus 5'NCR and RNA 3 of infectious bronchitis virus (LE et al. 1992,
1993,1994). The latter is also capable of directing internal ribosome binding {Liu
and INGLis 1992). According to this model, the pyrimidine-rich tract of picornaviruses
is predicted to be involved in the formation of pseudoknot structures. In light of
the proposal, it is likely that mutations in the pyrimidine tract of the 5' NCR of
picornaviruses could affect these structures {(Jang and Wimmer 1990; Kunn et al.
1990; MeeroviTcH et al. 1991; PiLipenko et al. 1992). This provides an alternative
explanation for the inhibitory effect of mutations in the pyrimidine-rich sequen-

LUC-—

LUC Activity (in vitro) 2.3 1.2 32.2100

Fig. 4. Mutational studies In one stem of the suspected pseudoknot structure of the HCV 5'NCR.
pHC5NC construct consists of a wild-type HCV 5'NCR upstream of the coding sequences of the reporter
gene (luciferase). pHC5NC/327 contains nucleotide substitutions at nt —15 — =13 from CGU to GCA,;
pHC5NC/307 contains the nucleotide substitutions at nt—35--33 from GCG to UGC; and pHC5NC/307/
327 1s a compensatory mutant containing mutations both at nt —15 ~-13 and nt -35 - -33. SDS-PAGE
pattern of the **S-labeled translation products of the RNAs In rabbit reticulocyte lysates i1s shown.
Position of luciferase protein (LUC) 1s marked. The bottom line indicates the percentage of luciferase
activity from these RNAs in in vitro translation. The luciferase activity 1s normalized against the value
obtained with pHC5NC, which 1s arbitrarily set at 100
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ces, which may have resulted from structural perturbances rather than primary
sequence alterations. Further mutational studies in the relevant sequences
predicted to be involved in the tertiary structures are needed to substantiate the
model.

3.3 Integrity of Domain lll Structure in Translation Initiation

According to the RNA folding model of HCV 5'NCR (Brown et al. 1992), there are
at least four structural domains preceding the initiator AUG. Domain Ill represents
the largest secondary structure with multiple stable stem-loops (Fig. 2) and
includes a pyrimidine tract within its apical loop. Mutagenesis of this pyrimidine
tract, described earlier, indicated that the motif was dispensable for IRES
function. This also suggested that the primary sequence in the apical loop of
domain Ill is not important for HCV IRES function. A three base substitution in the
stem structure immediately downstream of the apical loop, which is expected
to result in broad structural alterations in the upper portion of domain lll, also
exhibited only a modest effect on translation initiation (Wang et al. 1994). These
mutations suggest that the upper portion of the domain |l may not be essential
for HCV IRES function. A deletion of 127 nucleotides that eliminated a major part
of the domain Il structure, however, resulted in dramatic reduction of the trans-
lational efficiency (WaNG et al. 1994). This indicates that integrity of the domain llI
structure is crucial for translation initiation. Interestingly, in the two groups of
picornavirus IRES elements, although similar multiple stem-loop structures are
found, their secondary structural arrangements are different (PiLpenko et al.
1989; SkINNER et al. 1989; Brown et al. 1991; Duke et al. 1992). This may imply that
certain structural alterations in this domain can also be tolerated. Major deletions
in these structural domains of poliovirus and EMCV 5'NCR abrogated translation
initiation {NicHoLsoN et al. 1991; Duke et al. 1992; Percy et al. 1992).

3.4 The 3" Border of the 5'NCR

Picornaviral IRES elements require a spacing of about 20 nuleotides between the
AUG and an upstream structural motif for efficient translation {Jackson et al. 1990;
Kaminiski et al. 1994). In the case of HCV the mutations in the nucleotide se-
guences upstream of the initiator AUG dramatically affected the efficiency of
IRES function. A nine nucleotide deletion mutation was introduced at the 3'
border of the HCV 5'NCR upstream of the initiator AUG. This deletion led to the
loss of IRES function (WanG et al. 1993). Similarly, the insertion of a random
sequence of 32 nucleotides immediately upstream of the initiator AUG also resul-
ted in a significant reduction of translation initiation. Interestingly, in a report by
Yoo et al. (1992), 5'NCR constructs that contained an additional 30 nucleotides
between the 3'border of the 5'NCR and the AUG of the reporter gene failed to
exhibit IRES function. These results suggest that proper spacing between a
functional motif of the HCV 5'NCR and the initiator AUG is required for efficient
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translation. In light of the predicted tertiary structure which involve base pairing
interactions of nucleotides in the immediate vicinity of the initiator AUG, proper
spacing between these elements might be required for HCV IRES function. Thus,
both deletion and insertion mutations may lead to disruption of the spatial
relationship between the AUG and the predicted superstructure of the HCV
5'NCR and cause a dramatic reduction of translational efficiency. An alternative
explanation is that these mutations may have simply destroyed the proposed
superstructure in the vicinity of the initiator AUG with deleterious effects on
translation. In any event, these observations implicate the initiator AUG as an
essential component of the HCV IRES. In this respect and regarding the ability to
efficiently direct internal initiation of translation in vitro in reticulocyte lysates,
HCV IRES appears to be similar to the cardiovirus apthovirus group of IRES
elements of picornaviruses.

Site-directed mutagenesis studies of the initiator AUG showed that internal
initiation was only slightly compromised ( a decrease of 10%-20%) when AUG
was replaced by AUU or CUG; but if substituted by AAG, GAG, or GCG, the in vitro
translated product was slightly smaller in size. This indicates that initiation
switched to downstream codons (ReynoLbs et al. 1995).

4 Translation of the Pestivirus RNA

As discussed earlier, the 5'NCR of the pestiviruses shares several features with
the 5'NCR of HCV. There are short regions of conserved primary nucleotide
sequences in the 5'NCR that are shared between HCV and the pestiviruses (BukH
et al. 1992). The predicted secondary structures of the 5'NCR of the two groups
of viruses display remarkable similarities (Brown et al. 1992; Deng and Brock
1993). Bovine viral diarrhea virus (BVDV), the prototype virus of the pestiviruses,
has a 5'NCR of about 385 nucleotides (NADL strain) with six AUG triplets (CoLteTT
et al. 1988; MoerLooze et al. 1993). In vitro translation studies have demonstrated
that these AUGs are not used as alternative start sites for translation (VWiSKERCHEN
et al. 1991). Addition of cap analogue to the in vitro translation reaction had no
qualitative or quantitative effect on the translation of BVDV RNA, suggesting a
cap-independent mechanism of translation. The use of a translational hybrid ar-
rest assay (SHiH et al. 1987), has provided additional evidence in support of the
involvement of an internal ribosome binding mechanism in translation of BVDV
RNA (PooLE et al. 1995). The rationale of this approach is that translation of a
mRNA will be normally affected by antisense oligonucleotides complementary to
the 5'NCR if translation is directed by the ribosome scanning mechanism. This
effect is caused by ribosome arrest in the hybrid regions during the scanning
process. However, oilgonucleotides interacting with regions that are outside of
the IRES element will have no effect on translation if it occurs through internal
ribosome entry. PooLE et al. (1994) found that oligonucleotides complementary to
the regions between nt 154 and the translation initiator AUG at nt 386 inhibited
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translation of BVDV RNA, but the oligonucleotides annealed to regions both
upstream and downstream of those regions had no effect. This suggests that
sequences between nt 154 and the 3'boundary of the BVDV 5'NCR may contain
an internal ribosome entry site.

PooLE et al. (1995) have cloned the 5'NCR of BVDV upstream of the second
cistron in a dicistronic construct. Translation of the first cistron from both RNAs
with either a complete 5'NCR of BVDV or a deletion form is equally efficient in
rabbit reticulocyte lysates. However, the complete 5'NCR was able to direct
translation of the second cistron in the dicistronic RNA efficiently, whereas the
deleted 5'NCR was unable to do so. These preliminary results demonstrate that
pestivirus RNA genome is translated by an IRES-mediated mechanism.

5 Conclusions and Future Prospects

Human HCV, a recently added member of Flaviviridae, provides yet another
example of a RNA virus which conducts translation by internal ribosome entry.
Other flaviviruses except pestiviruses do not share this important translational
regulatory scheme. While nothing is known about the mode of viral entry, the
early events of infection, and the biological processes that lead to viral hepatitis,
the recent findings presented here on IRES-mediated translation hold great
promise. These studies are likely to open up avenues of investigation directed
toward elucidating fundamental questions relevant to HCV gene expression, the
consequences of which manifest in liver disease.

HCV infects hepatocytes, which indicates that the liver cell translational ma-
chinery can support IRES-mediated internal initiation of translation. Since these
functions rely heavily on the interactions of trans-acting cellular factors, future
work will focus on mapping structural elements which can function as target sites
for RNA-protein interactions. Of interest in this respect are the HCV subtypes
which display variable efficiencies of translation (Tsukivam-KoHARA et al. 1992). The
nucleotide variations of the 5'NCR of these HCV subtypes may provide insight
into functionally important structures of internal initiation. Although, we noted
that 5'NCR translates with similar efficiencies in both hepatocytic (HepG2, Huh 7)
and nonhepatocytic (Hela) cells, the primary hepatocytes in liver tissues may
behave differently. Therefore, it is of considerable importance to explore possible
liver cell-specific translation in order to understand the role and mechanism of
internal initiation of translation in the liver cell environment.

Finally, the future therapeutic strategies to combat viral hepatitis and perhaps
hepatocellular carcinoma may be influenced by consideration of the novel oppor-
tunities this translational scheme may offer.
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1 Adenovirus Life Cycle

Adenoviruses (Ads) are DNA viruses that infect humans, animals and birds, with
different serotypes displaying different tissue tropisms (BeLapi 1972). Ad was
originally isolated because infection results in cytopathic effects and alterations in
basic cellular metabolism. The Ad genome is temporally organized into early and
late transcription units that are activated before or with the onset of viral DNA
replication, respectively. Six early transcription units encode products required for
productive viral replication and transformation of the infected cell. Regions E1A
and E1B are required for cellular transformation and transactivation of the other
viral transcription units (FUNT and SHenk 1989). Regions E2A and E2B are required
for adenoviral DNA replication. Regions E3 and E4 are required for a variety of
early viral functions, including suppression of histocompatability antigen expres-
sion (reviewed in WolLp and Goobing 1991), transcriptional transactivation and
regulation of nuclear to cytoplasmic transport of cellular and viral mRNAs
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(reviewed in ScHNEIDER and ZHaNG 1993). The products of the early transcription
units comprise only a very minor proportion of cellular mRNA and protein
synthesis, and there is no evidence for selective viral translation or inhibition of cell
protein synthesis during the early part of the Ad life cycle.

The late phase of Ad infection is marked by viral DNA replication, initiating at
10-16 h after infection. Whereas early viral transcription is initiated from pro-
moters dispersed throughout the viral genome, there is a single major late
promoter (MLP), located at 16.4 map units on the viral genome, that is activated
by DNA replication. The MLP generates five families of late transcripts (L1-L5) by
differential splicing and polyadenylation of a large primary transcript that termi-
nates within the right end of the genome at 99 map units (reviewed in GINSBERG
1984). Every late viral mRNA contains a common 5' noncoding region of 200
nucleotides called the tripartite leader (BerGeT et al. 1977), derived by splicing
three small exons located upstream of the late transcripts. Most of the late Ad
mRNAs encode structural polypeptides involved in packaging viral genomic
DNAs that comprise the viral particle. Ad also synthesizes large amounts of two
viral encoded RNA polymerase |l products during late infection called virion-
associated (VA) RNAs | and Il (reviewed in THIMMAPAYA et al. 1993; MATHEWS and
SHENk 1991). VA RNA | is required for translation of mRNAs at late times during
infection because it counters a cellular antiviral response mediated by the
interferon stimulated p68 kinase.

Ad infection of cells in culture occupies a life cycle lasting about 2-4 days,
during which time large quantities of late viral polypeptides and infectious
particles are produced. The late phase of infection is associated with almost
exclusive translation of late Ad mRNAs and inhibition of cell protein synthesis
(reviewed in SchneiDER and ZHAaNG 1993), and impaired transport of cellular mRNAs
from the nucleus to cytoplasm (BeLtz and FLNT 1979). Cellular synthesis of DNA,
RNA and proteins is usurped for the production and assembly of viral particles
which are released when cell lysis occurs. The block to cellular protein synthesis
occurs during progression into the late phase of Ad replication. Late viral mRNAs
generally represent the majority (~90%-95%) found in polyribosomes, but only a
fraction of the total cytoplasmic pool of MRNAs (reviewed in ScHNEIDER and ZHANG
1993). Therefore cellular mRNAs are suppressed from translating and late Ad
tripartite leader mRNAs are preferentially used.

Ad inhibition of cellular translation is not related to the viral block in transport of
host mRNAs from the nucleus to cytoplasm. Studies showed that the cytoplasmic
abundance of most cell mRNAs does not significantly decline during late infection
(BaBicH et al. 1983). It was also shown that Ad inhibition of cellular protein synthesis
can be prevented by the drug 2-aminopurine without relieving the normal block in
transport of host mMRNAs (Huang and ScHNEIDER 1990). These results imply that
translation of cellular mMRNAs is specifically prevented during late Ad infection while
late Ad mRNAs are preferentially utilized.
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2 Translational Regulation
by the Tripartite Leader 5' Noncoding Region

2.1 Adenovirus Tripartite Leader 5' Noncoding Region
Is Required for Translation of mRNAs
During Late Viral Infection

At late times after infection most late mRNAs are transcribed from the MLP,
giving rise to five families of 3' coterminal mRNAs, all of which share a common
5' noncoding region called the tripartite leader. Mutational analysis of the tripartite
leader and its reconstruction into recombinant Ad vectors demonstrated that the
intact leader was required for translation of mMRNAs at late but not early times
after Ad infection (Logan and SHENK 1984 BerkNer and SHARP 1985). The tripartite
leader was also shown to enhance translation of mRNAs in transfected cells
(Kaurman 1985). These studies led to the suggestion that the tripartite leader may
be involved in preferential translation during late Ad infection.

2.2 The Tripartite Leader Reduces the Requirement
for Cap Binding Protein Complex (elF-4F)

Several studies found that late Ad mRNAs possess unusual translation properties
in that they are resistant to inhibition by super-infecting poliovirus (CastriLLo and
Carrasco 1987; DoLpH et al. 1988). Poliovirus infection results in inhibition of cap-
dependent cellular protein synthesis which correlates with proteolytic degra-
dation of a 220 kDa polypeptide (p220) (ETcHisoN et al. 1982; GriFo et al. 1983), a
component of initiation factor elF-4F. This factor is a cap-dependent RNA helicase
that stimulates protein synthesis by unwinding the 5' end of mRNAs, facilitating
binding of 40S ribosomes to mMRNA (SonNenBerg et al. 1982; Rav etal. 1985;
Lawson et al. 1986; reviewed in FREDERICKSON and SoNeNBERG 1983). elF-4F contains
three proteins: elF-4E, a 24 kDa protein which specifically binds cap structures;
elF-4A, a 45 kDa ATP-dependent RNA helicase; p220, a 220 kDa protein of
unknown function (reviewed in RHoaps 1988; THacH 1992). Degradation of p220
during poliovirus infection prevents or alters cap-dependent RNA helicase activity
associated with elF-4F, which is not essential for translation of picornaviral
mRNASs because they internally bind ribosomes (PELLETIER and SONENBERG 1988;
JANG et al. 1988). As might be expected, elF-4F helps to overcome the barrier to
translation conferred by stable secondary structure in 5' noncoding regions.
Stable secondary structure in the 5' noncoding region correlates with an increa-
sed requirement and decreased binding of elF-4F, while relaxed 5' structure
enhances the binding and decreases the requirement for elF-4F (Ray et al. 1985;
LawsoN et al. 1986; BrowniNG et al. 1988; FLeTcHER et al. 1990). Therefore, the
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ability of an mRNA to translate in the absence of elF-4F activity, or in the presence
of minimal amounts of this factor, represents a unique translation strategy
available to only a small number of mRNAs. Picornaviral and several cellular
mRNAs have been found to possess little if any requirement for elF-4F because
they internally initiate translation (PeLLETIER and SoNeNBERG 1988; Jane et al.1988;
Sarnow 1989; Macesak and Sarnow 1991). A few mRNAs require little if any elF-
4F because they possess 5' noncoding regions with minimal 5' secondary
structure, such as alflafa mosaic virus 4 (AMV 4) mRNA (FLeTcHER et al. 1990), and
heat shock hsp70 and hsp83 mMmRNAs (Linpauist and PeTErRsoN 1991; ZapaTa
etal. 1991).

The tripartite leader was shown to be sufficient to confer translation indepen-
dent of elF-4F activity in poliovirus infected cells (DoLpH et al. 1988). Heterologous
{non-Ad) mRNAs containing a cDNA copy of the tripartite leader were found to be
efficiently translated when expressed from plasmids in transfected cells in the
presence of infecting poliovirus or Ad. Thus, "elF-4F-independent" translation by
the tripartite leader does not require Ad gene products, but rather is conferred
solely by the 5' noncoding region.

2.3 The Tripartite Leader Does Not Direct
Internal Ribosome Entry

The mechanism by which the tripartite leader reduces or eliminates the require-
ment for elF-4F was investigated in detail (DoLpH et al. 1990). Several mechanisms
can be envisioned for tripartite leader translational activity. (1) Promotion of internal
initiation through an internal ribosome entry site (IRES), as described for picornaviral
mRNAs (reviewed in Jackson 1991). (2) Internal initiation utilizing unique nucleotide
sequences or secondary structures in a prokaryotic-type interaction between 18S
rRNA and the mRNA. (3) Translation initiating at an unstructured 5' end, as shown
for hsp70, hsp83 and AMV 4 mRNAs (reviewed in THacH 1992). (4) Cap-dependent
but nonlinear ribosome entry through ribosome "jumping” or "shunting".

The tripartite leader was shown to be incapable of directing internal ribosome
entry in a manner described for picornavirus mRNAs. When constructed as the
second cistron of a dicistronic mMRNA and examined by transfection of plasmids
into cells, the tripartite leader could not promote internal translation initiation
{DotLpH et al. 1990). However, the picornaviral IRES elements readily direct inter-
nal translation from dicistronic mRNAs {PeLLETIER and SONENBERG 1988; JANG et al.
1988). Infection of transfected cells with polio or Ad virus also did not alter the
inability of the tripartite leader to direct internal ribosome entry. It is therefore
unlikely that the tripartite leader facilitates internal ribosome binding in a manner
analogous to IRES elements. It is also unlikely, although not fully excluded, that
the tripartite leader directs mRNA:rRNA interactions akin to the Shine-Dalgarno
sequence of prokaryotes. Although the tripartite leader contains three regions
complementary to a conserved hairpin structure in the 3' end of 18S rRNA,
deletion of these elements had no detectable effect on translation efficiency or
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elF-4F independence (DoLpH et al. 1990). It should be noted, though, that the
effect of coordinate deletion of all three elements on translation was not exa-
mined, leaving open the possibility that any one element may be sufficient.
Nevertheless, evidence was obtained indicating that the 5' end of the tripartite
leader contains an unstructured conformation (DoLprH et al. 1990). It was therefore
concluded that the tripartite leader probably assumes a conformation indepen-
dent of the mBNA to which it is attached, but one which provides a relaxed 5' end
since its structure was unaltered by the body of the mMRNA (ZHanG et al. 1989) and
because it confers elF-4F independence to all mRNAs to which it is linked.
Consistent with these results, duplication of the 5' end of the tripartite leader
(nucleotides 1-33) in the antisense orientation created a stable hairpin structure,
reduced translational efficiency and most importantly rendered the mRNA fully
dependent on elF-4F for its translation (DoLrH et al. 1990). Secondary structure
analysis of the RNA indicated that the 5' end of the leader may be unstructured
(ZHanG et al. 1989). The first 22 nucleotides and most of leader 1 (1-44 nucleo-
tides) was found to be relatively devoid of structure as determined by enzymatic
probing using single-strand specific nucleases. Whether the reduced 5' proximal
secondary structure and ribosome shunting are involved in tripartite leader
mediated translation initiation will be addressed at the end of this review.

2.4 Adenovirus Dephosphorylation of elF-4E
Impairs Activity of elF-4F During Late Infection

Since the tripartite leader confers the ability to translate in poliovirus infected
cells, apparently independent of elF-4F, the activity of initiation factor elF-4F was
implicated as a target for Ad control. Early experiments showed that elF-4F is not
inactivated by proteolysis of the p220 component in late Ad infected cells as oc-
curs during poliovirus infection (DoLpH et al. 1988). However, the activity of elF-4F
is also regulated by phosphorylation of the elF-4E (CBP) component. Reduced
phosphorylation of elF-4E correlates with a decreased ability of the factor to
associate with 40S ribosomes (JosHi-Barve et al. 1990), and with inhibition of
translation during heat shock (Duncan et al. 1987; LAMPHEAR and PanniErs 1991;
ZapaTa et al. 1991), and mitosis (Bonneau and SoneNBerGg 1987). Increased phos-
phorylation of elF-4E correlates with enhanced translation after activation of cells
by mitogens or serum (MoRLEY and TRAUGH 1989; MaRINO et al. 1989; KasPARr et al.
1990), and in cells transformed with the src oncogene (FReDERICKSON et al. 1991).
Overexpression of elF-4E in cells also results in aberrant and enhanced cell growth
(SmiTH et al. 1990), including transformation (DeBenepeTT and RHoaps 1990; LazaRis-
Karatzas et al. 1990). Again, phosphorylation of elF-4E is required for this effect.
The phosphorylation of elF-4E does not greatly alter its ability to bind specifically
to cap structures (RycHLik etal. 1986; HiremaTH et al 1989). Instead, phos-
phorylation of elF-4E may be required to promote elF-4F association with 40S
ribosomes or to enhance ribosome association with mRNA mediated by elF-4F
(JosHI-BARVE et al. 1990).
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Investigation of elF-4E phosphorylation in late Ad infected cells showed that
itis a target for Ad regulation (Huanc and Scrneiper 1991). By quantitating the level
of elF-4E which could be labeled in vivo with ¥P-orthophosphate, the level in
elF-4E was found to be reduced 10-20 fold at late times after Ad infection com-
pared to uninfected cells. The under-phosphorylation of elF-4E also occurred with
kinetics consistent with the shutoff of cellular protein synthesis during late
infection. A previous study demonstrated that treatment of cells with the kinase
inhibitor 2-aminopurine could block the shutoff of host protein synthesis during
the late phase of Ad infection with only minor (three- to fourfold) reductions in viral
DNA and late mRNA synthesis (Huang and ScHNEIDER 1990). Accordingly, 2-amino-
purine was found to prevent dephosphorylation of elF-4E, consistent with a role
for its dephosphorylation in the shutoff of host cell protein synthesis (HuanG and
ScHNEDER 1991). By resolving the steady-state population of unlabeled elF-4E into
phosphorylated and unphosphorylated forms using 2-dimensional isoelectric
focusing immunoblot analysis, the fraction of phosphorylated elF-4E was found to
be reduced to about 5% that of the total protein in late Ad infected cells, but
dephosphorylation of elF-4E during infection was largely blocked by treatment of
cells with 2-aminopurine. It is important to note that dephosphorylation of elF-4E
is not complete in late Ad infected cells, leaving ~56% of the factor in a phosphory-
lated form that could conceivably participate in formation of low levels of elF-4F.
Studies indicate that mRNAs lacking 5' proximal secondary structure either
require less elF-4F or recruit it more efficiently (reviewed in THacH 1992). Although
the study described above implicated dephosphorylation of elF-4E in Ad shutoff
of cell translation, it did not address whether the tripartite leader permits late Ad
mRNAs to translate in the absence of elF-4F activity, or efficiently recruits the low
levels of elF-4F that remain during the late phase of infection.

2.5 Adenovirus Tripartite Leader Requires Low Levels
of elF-4F for Translation

Studies conducted by Voorma and colleagues (THomas et al. 1992) were directed
toward determining whether the tripartite leader permits authentic cap-indepen-
dent translation or efficiently competes for the small amounts of active elF-4F that
remain in a late Ad infected cell. In vitro transcribed mRNAs containing the tri-
partite leader were compared to mRNAs containing the encephalomyocarditis
Virus (EMCV) IRES element for dependence on elF-4F. Activity of elF-4F was
destroyed in reticulocyte in vitro translation extracts by prior incubation with the
foot and mouth disease virus (FMDV) L-protease, which fully degrades the elF-4F
p220 subunit. Whereas IRES mediated translation still occurred in the absence of
intact elF-4F, tripartite leader driven translation was inhibited. Importantly, clea-
vage of p220 by the poliovirus 2A protease is generally not complete in cells or
extracts (e.g., ALvey et al. 1991; DoLprH et al. 1988; THomas et al. 1992), although
cleavage by the FMDV L-protease does go to completion and occurs at a different
site (THomas et al. 1992). These results suggest two different interpretations: (1)
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the tripartite leader requires low levels of elF-4F to facilitate translation, or (2)
cleavage of p220 by the L-protease destroys elF-4F activity, but cleavage by the
2A protease either reduces or alters its activity. The distinction is an important one
and should be resolved in future studies because even internal initiation of
translation on poliovirus and cowpea-mosaic virus mRNAs has been found to be
stimulated by elF-4F (AnTHONY and MEerrick 1991; THomAs et al. 1991).

3 Mechanism for Cap-Independent Translation
of Late Adenoviral mRNAs
Mediated by the Tripartite Leader

A model was proposed (Huang and ScHNEIDER 1991; reviewed in ScHNEIDER and
ZHanG 1993) in which the ability of the tripartite leader to confer translation with
little requirement for elF-4F and viral dephosphorylation of elF-4E could account
for selective translation of late Ad mRNAs (Fig. 1). It was suggested that late Ad
mRNAs efficiently recruit the small amounts of active or altered elF-4F that
remain in late infected cells because of their lack of 5' proximal secondary
structure. In this regard, the tripartite leader may be similar to AMV-4 mRNA,
which also efficiently recruits limited amounts of elF-4F through its affinity for
unstructured 5' ends of capped mRNAs (FLETCHER et al. 1990). The tripartite leader
would therefore serve as a means to discriminate between late Ad mRNAs
that require minimal elF-4F and most cell MRNAs that typically possess a larger
requirement for the factor to enable translation.

The fact that elF-4F activity is largely impaired in late Ad infected cells by
dephosphorylation of elF-4E indicates that its ability to promote cap-dependent
RNA unwinding must be deficient. In addition to facilitating ribosome-mRNA
interactions, elF-4F might also aid in the 40S ribosome subunit search for an
initiating AUG since it displays 5'-to-3' unwinding activity for capped mRNAs, but
3'-to-b' unwinding in the absence of caps (Rozen et al. 1990). This raises the
question as to how the tripartite leader actually promotes initiation of translation.
A mechanism that relies purely on ribosome-cap association and subsequent
scanning by 40S subunits might be expected to require larger amounts of a cap-
dependent elF-4F helicase activity than one utilizing internal ribosome binding.
However, one mechanism that potentially requires lower levels of elF-4F, internal
ribosome binding, is not carried out by the tripartite leader in the context of a
discistronic mMRNA (DoLprH et al. 1990; Janc et al. 1989).

Since even internal translation initiation benefits from elF-4F activity (ANTHONY
and MEerrick 1991), all forms of ribosome initiation may require RNA unwinding
regardless of whether they occur in cap-dependent or independent manner. This
has been confirmed in a recent report, in which a dominant-negative inhibitor of
elF-4A, the RNA helicase component of elF-4F (GriFo et al. 1983; Rozen et al.
1990), was shown to prevent initiation complex formation by ribosomes on both
cap-dependent and independent mRNAS (Pausk et al. 1994). Thus, translation of
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Fig. 1. Model for suppression of cellular protein synthesis and selctive translation of adenovirus (Ad)
late mRNAs. Cap recognition by elF-4F (elF-4E + elF-4A + p220) 1s a rate-himiting step In translation
initiation. Dephosphorylation of elF-4E during late Ad infection severely reduces the pool of active elF-
4F. Tripartite leader mRNAs recruit the small amounts of active elF-4F very efficiently due to relaxed 5
proximal secondary stucture, effectively bypassing a limiting step in translation of host cell mRNAs.
({Figure originally published in ZHANG and SCHNEIDER 1993)

all mRNAs is likely to involve some RNA unwinding activity including those like
the tripatite leader or AMV-4 which are less dependent on cap structures. These
findings indicate that non-cap-dependent RNA unwinding occurs during transla-
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tion regardless of whether 40S ribosomes initiate via scanning by binding to cap
structures, or by other mechanisms such as direct binding to elements within the
5' noncoding region. They also raise the issue as to whether dephosphorylation of
elF-4F alters rather than inactivates elF-4F, perhaps making elF-4F more cap-
independent in activity. Consequently, in late Ad infected cells the combined
dephosphorylation of elF-4E and the reduced dependence of the tripartite leader
on elF-4F activity could promote a cap-dependent, but nonscanning, mechanism
for ribosome initiation utilizing signals within the 5' noncoding region.

Recent studies in the author’s lab have been directed toward detemining
whether the tripartite leader utilizes a cap-dependent scanning mechanism to
initiate ribosomes or whether other mechanisms may be at play that theoretically
are not as demanding of cap-dependent elF-4F activity. One mechanism, internal
ribosome entry, has been excluded for the tripartite leader as described above.
However, another semi- or nonlinear mechanism for initiation has also been
described, known as ribosome shunting or jumping, in which 40S ribosome
subunits require cap-dependent recognition of MRNAs, undergo limited scanning
from the 5' end and then undergo nonlinear translocation through the 5' non-
coding region to the initiating AUG. Although rare in eukaryotic cells, results
consistent with initiation via ribosome shunting have been described for transla-
tion of the cauliflower mosaic virus 35S mRNA FuTTeRreR et al. 1993) and possibly
for Sendai Virus X gene mRNA (CurraN and KoLakorsky 1988), as well as for several
prokaryotic mRNAs (BeEnHAR and ENGELBERG-KuLka 1993; Huang etal. 1988). A
hallmark of ribosome shunting is a dependence on cap-initiated scanning which
can be blocked by introduction of 5' proximal secondary structure. Translation is
unimpaired if secondary structure is inserted downstream in a region that is
bypassed by ribosomes.

To determine whether the tripartite leader might promote ribosome shunting,
secondary structure was inserted in two locations downstream of the cap site, at
30 and 200 nucleotides (the 3' end) of the tripartite leader. As shown in Fig. 2,
stem-loop structures were created by ligating seven copies of a 12 nucleotide
BamH! linker in tandem (AG > —80 kcal/mol). A control 5' noncoding region was
constructed in which an initiating AUG was placed in the unstructured 5' end of
the leader followed by the stem-loop structure. Cells were transfected with
plasmids encoding the wild-type and variant tripartite leaders coupled to the
hepatitis B virus surface antigen (HBsAg) coding region as a marker. Levels of
mRNA were determined by northern analysis, and levels of HBsAg protein by
immunoprecipitation of *S-methionine-labeled protein extracts and SDS-poly-
acrylamide gel electrophoresis. All constructs synthesized equivalent amounts of
mRNAs, thereby excluding effects of mRNA accumulation. However, when levels
of HBsAg were examined, it was clear that secondary structure did not block
translation when inserted downstream at the 3' end of the tripartite leader.
Moreover, introduction of an initiation codon in the 5' region of the tripartite leader
eliminated the ability of 40S ribosomes to translate downstream of the stem-loop
structure, probably because it promoted formation of 80S ribosomes which were
tethered to the mRNA. These results are therefore consistent with, but do not
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Fig. 2. Evidence for nbosome shunting in the adenovirus (Ad) tripartite leader. Seven tandem copies
of 12 nucleotide BamHI linkers or an initiating AUG were inserted In the tripartite leader as shown.
mRNAs were expressed from plasmids under the control of the Ad major late promoter (MLP) and E1 B
splice/polyadenylation signals. Immunoprecipitation analysis of *S-methionine labeled HBsAg protein
was performed as described previously. (From DoLPH et al. 1988)

prove, that the tripartite leader facilitates the cap-dependent but nonlinear mecha-
nism for ribosome initiation known as ribosome shunting.

In principle, ribosome shunting might facilitate translation because it possibly
confers a reduced requirement for translation initiation factors elF-4F or elF-4A,
although there is not yet any strong experimental evidence regarding this point.
Additionally, ribosome shunting may aid in distinguishing late Ad mRNAs from
cellular mMRNAs after dephosphorylation of elF-4E, thereby enhancing their selective
translation. Ongoing studies are now addressing the molecular mechanism for
ribosome shunting and its function in translational control by the Ad tripartite leader.
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1 Introduction

An early concept in the development of the field of translational control was that
mRNAs differ in their intrinsic efficiencies of binding to ribosomes (LobisH 1976).
Dozens of examples of mMRNAs have now been described for which differences
in efficiency of translation are attributed to differences in cap accessibility, secon-
dary structure, sequence context of initiation codons, primary structure motifs,
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etc. Some of the first MRNAs to be studied in the context of translational control
were those encoding the heat shock proteins (HSPs). Extensive investigations of
the HSP mRNAs and the changes in the translational apparatus which accompany
heat shock have provided one of the clearest examples of translational control.
Despite these efforts, the mechanism(s) which direct the switchover from
translation of non-HSP mRNAs to HSP mRNAs are not well understood. New
insight into this problem has been provided by the discovery of cap-independent
translation. The study of picornavirus infection, reviewed elsewhere in this
volume, has led to the view that some mRNAs are initiated by a mechanism which
is qualitatively different from that of most cellular mRNAs and which does not
require the cap at all, much less the cellular machinery which recognizes the cap.
It has now become apparent that there are numerous similarities between trans-
lation in heat-shocked cells and translation in picornavirus-infected cells and other
cells which predominately carry out cap-independent translation. The evidence
suggests that HSP mRNAs may be translated by the cap-independent route.

The purpose of the present article is to review the experimental results
supporting the existence of a cap-independent state of the translational apparatus,
the features of HSP mRNAs which enable them to be translated in this state, and
the changes in the translational apparatus during heat shock which lead to this
state. Space limitations do not permit a review of the extensive literature on the
heat shock response itself, the biochemical functions and activities of HSPs, or
the regulation of HSP production at the levels of transcription, mMRNA splicing, or
mRNA stability. The reader is referred to several excellent, recent reviews of
these topics (Linbauist and Petersen 1990; Pain and CLemens 1990; Pauul et al.
1992; SiERRA and ZapaTa 1994).

2 The Initiation of Translation

2.1 Cap-Dependent Translation

Figure 1 summarizes the various steps in the pathway of initiation as it is under-
stood for capped mRNAs. The detailed series of events is covered in several
recent reviews (HersHey 1991; Kozak 1992b; MeRRrick 1992; TvacH 1992; RHOADS
1993). However, it is necessary to recapitulate a number of points which are
relevant to the following discussion of the changes in the translational machinery
caused by heat shock and other situations leading to the cap-independent state.

Upon dissociation of the two ribosomal subunits after a round of translation,
the 408 subunit is converted to the lower density 43S, subunit by binding of the
large, multisubunit initiation factor elF-3 (step 1). The 43S initiation complex is
formed by addition of elF-2, Met-tRNA, and GTP (step 2). This initiation complex
binds mRNA at or near the cap and then scans until the first AUG in good
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Fig. 1. Model for initiation of protein synthesis. The designation of elF-2, elF-3, elf-4 and elF-5 as the
catalysts for each step indicates, in some cases, classes of initiation factors. Factors which are involved
In several steps, or whose stages of involvement are not known, are not listed. The wavy line at the left
end of MRNA signifies 5'-terminal secondary structure. (From RHOADS 1993)

sequence context is encountered (step 3). The bound GTP is hydrolyzed, the
initiation factors dissociate, the 60S ribosomal subunit joins, and the 80S initiation
complex is ready for synthesis of the first peptide bond (step 4).

Step 2 is catalyzed by polypeptides in the elF-2 group. elF-2 itself is a
heterotrimer consisting of @, B and y subunits and forms a ternary complex with
Met-tRNA and GTP. At the end of the initiation cycle, elF-2 is released with a
tightly bound GDP. Exchange of the GDP for GTP is catalyzed by the action of the
guanine nucleotide exchange factor elF-2B. Regulation of this step can occur
through phosphorylation of elF-2a (discussed in Sect. 5.2).

The binding of MRNA to the 43S initiation complex (step 3) is catalyzed by
polypeptides of the elF-4 group and is another major site for regulation of the
initiation rate. The elF-4 factors are an interacting group of polypeptides consisting
of elF-4E, a 25 kDa cap-binding protein; elF-4A, a 46 kDa ATP-dependent RNA
helicase; elF-4B, a 70 kDa RNA-binding protein that stimulates the helicase



134 R.E. Rhoads and B.J. Lamphear

activity of elF-4A; and elF-4y (formerly p220), a 154 kDa polypeptide that forms
complexes with the other elF-4 polypeptides but which does not have other
known biochemical activities. (The molecular masses sited are those of the
mammalian factors.) The elF-4 factors collectively recognize the mRNA cap and
unwind secondary structure, prior to or during scanning by the 40S subunit.

An important aspect of the action of elF-4 factors is their ability to form
complexes with each other and with elF-3. All four elF-4 factors plus elF-3 can be
bound to m’GTP-Sepharose (LampHear and Panniers 1990), even though only
elF-4E has intrinsic affinity for m’GTP. Various smaller complexes of the factors
have been isolated (reviewed in RHoaps 1991), but the best studied are the elF-
4E:elF-4A:elF-4y complex, which has been termed elF-4F (Sarer 1989), and the
elF-4E:elF-4y complex (BuckLey and EHRENFELD 1987; ETcHison and MiLBurN 1987,
LampHEAR and PanNIERS 1990; ZapaTa et al. 1994).

Although a number of investigators have proposed models for cap-dependent
initiation in which the elF-4F complex interacts with mRNA prior to its binding to
the 43S initiation complex (reviewed in JosHi et al. 1994), the subcellular distri-
bution of the initiation factors argues against this. elF-4y, but not elF-4E, is present
on the 43S initiation complex whereas both elF-4E and elF-4y are present on the
48S initiation complex and in approximately 1:1 stoichiometry (JosHi et al. 1994).
This suggests a model in which free elF-4E first interacts with mRNA at the cap
structure and then binds to elF-4y, which is already located on the 43S initiation
complex, thereby bringing the 5' end of the MRNA to the ribosome. In this model,
the elF-4F complex assembles on the ribosome rather than free in solution, and
unwinding of MRNA secondary structure occurs simultaneously with scanning
rather than prior to ribosome binding. The regulated association of elF-4E with
elF-4y is particularly relevant to the heat-shock-induced inhibition of translation
(see Sect. 5.3). The process of 48S initiation complex formation also requires
elF-4A, elF-4B and ATP (ANTHONY and MEerrick 1992), but it is not clear whether the
interaction of these factors with mRNA occurs before or after mRNA becomes
bound to the ribosome.

Phosphorylation of elF-4B, elF-4E and elF-4y is associated with increased
rates of translation, and a large number of mitogens, tumor promoters, polypep-
tide growth factors and oncogenes increase both phosphorylation of these
factors and protein synthesis (reviewed in HErsHEY 1991; RHoaDs 1993). Molecular
genetic evidence has also been presented for the importance of elF-4E
phosphorylation in controlling the initiation rate. Recent studies indicate that
phosphorylation of elF-4E increases its affinity for the cap by three- to fourfold
(MiNICH et al. 1994).

2.2 Cap-Independent Translation

The concept that there is a separate cap-independent pathway for initiation is
relatively new and is currently the subject of intense investigation, as attested to
by the studies described elsewhere in this volume. Early indications that the cell
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could translate some mRBRNAs by a cap-independent pathway came from the
observation that poliovirus infection inactivated the cap recognition machi-
nery, shutting off host mBNA translation but permitting viral mRNA translation
(TRacHSEL et al. 1980; TaHARA et al. 1981; ETcHison et al. 1982). A mechanism was
provided with the observation that picornavirus RNA undergoes internal initiation,
a process whereby the 43S initiation complex initially binds mRNA at some point
downstream of the cap (PeLLETIER and SoNENBERG 1988; JanG et al. 1989; BELsSHAM
and Brangwyn 1990; Kaminski et al. 1990; KUHN et al. 1990; Brown et al. 1991),
although the experimental support for such a mechanism has been questioned
(Kozak 1992a). This phenomenon has now also been observed with cowpea
mosaic virus (THomAs et al. 1991; VErveRr et al. 1991), hepatitis C virus (TSUKIYAMA-
KoHara et al. 1992), the human heavy chain immunoglobulin-binding protein
(GRP78/BiP) (Mactesak and Sarnow 1991), and the product of the Antennapedia
gene in Drosophila (On et al. 1992). The specific region within the 5' NCR which
is responsible for internal initiation is referred to as an internal ribosome entry site
(IRES).

The role of initiation factors in cap-independent initiation is unclear. Proteo-
lytic cleavage of elF-4y occurs during infection with some classes of picornavirus,
coincident with the loss of the cell’s ability to translate capped mRNASs (ETcHison
et al. 1982). The clear implication is that cap-independent translation does not
require elF-4y. Yet elF-4 has been shown to stimulate internal initiation (ANTHONY
and Merrick 1991; THomas et al. 1991). It has also been suggested that the
cleavage products of elF-4y are required for internal initiation, based on the
stimulatory effects of either expression of the poliovirus 2A protease in vivo
(HameIiDGE and Sarnow 1992) or the addition of rhinovirus 2A protease in vitro
(LieBic et al. 1993). Alternatively, 2A protease may have a direct role in internal
initiation; mutations in the poliovirus 5' NCR are suppressed by mutations in the
protease 2A gene (Macabam et al. 1994). Other cellular proteins, not previously
identified as initiation factors, may also participate in internal initiation. A 52 kDa
protein was identified on the basis of its ability to bind to the internal ribosome
entry site of poliovirus (MeeroviTcH et al. 1989) and was subsequently shown to
correct aberrant translation of poliovirus RNA in reticulocyte lysates (MEEROVITCH
et al. 1993). This protein was found to be identical to the La antigen, an RNA
polymerase Ill termination factor (MeerovitcH et al. 1993). A 57-58 kDa poly-
peptide was similarly identified on the basis of its binding to the IRES elements of
encephalomyocarditis virus (EMCV) (BoroviaciN et al. 1990; Jane and WiMMER
1990) and foot and mouth disease virus (FMDV) (Luz and Beck 1990). It was
subsequently shown to be the same as the polypyrimidine-binding protein involved
in 3'-splice site selection and spliceosome assembly on pre-mRNA (HEeLLEN et al.
1993). A variety of other proteins which bind to the poliovirus 5' NCR have been
identified (reviewed in MeeroviTcH and SoNeNsere 1993). How these or other proteins
compensate for the putative loss of activities upon proteolytic cleavage of elF-4y,
however, is unknown.
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3 Experimental Systems in Which Selective Translation
of Heat Shock Protein mRNAs Is Observed

Three separate experimental treatments of cells result in remarkably similar
alterations in translational specificity. In two of these cases, the nature of the
defect is understood, at least partially. The overall similarity of the three altered
translational states suggests that the defect in the third case is the same.

3.1 Heat Shock

The effects of heat shock on translational discrimination among mRNAs has been
studied in a variety of cell types (reviewed in Pain and CLemENns 1990). The best
studied systems involve cells from Drosophila (LinbauisT and PeTersen 1990; PauLl
et al. 1992; Sierra and Zarata 1994), Hela (DuncaN and HersHEY 1985; De BENEDETTI
and BacLioni 1986a), Ehrlich ascites tumor (Panniers and HensHaw 1984) and
Xenopus oocytes (Bienz and GurooN 1982). Though the magnitude of changes
varies between systems, the major characteristics of the response are the same.
The synthesis of normal (non-HSP) proteins rapidly decreases, the synthesis of
HSPs remains the same or increases, polysomes disaggregate, non-HSP mRNAs
shift to lower polysomes, and HSP mRNAs remain on higher polysomes. The
change in translational specificity does not require transcription of HSP genes or
the appearance of new HSPs in the cytosol. The non-HSP mRNAs are not
degraded or inactivated during this time but are capable of being translated upon
recovery. Return to normal temperatures restores the original rate and pattern of
protein synthesis, and this recovery is achieved without synthesis of new RNA or
protein. The defect produced by heat shock is preserved in cell lysates and can be
corrected by the addition of protein factors (discussed in Sect. 5).

3.2 Picornavirus Infection

Picornavirus infection of mammalian cells also results in a drastic reduction in
cellular protein synthesis, followed by a rise, after several hours, in the production
of viral proteins (reviewed in MeeroviTcH et al. 1990). Cellular polysomes disaggre-
gate and are replaced by virus-specific polysomes. Host mRNAs remain intact and
unmodified, but these mRNAs are unable to bind 40S ribosomal subunits in
poliovirus-infected cells. Although synthesis of virtually all cellular proteins decrea-
ses after poliovirus infection, the synthesis of HSP70 is more resistant (MuNoz
et al. 1984). Another HSP, termed glucose-regulated protein 78 or immuno-
globulin heavy-chain binding protein (GRP78/BiP), is actually synthesized at higher
rates in poliovirus-infected cells (Sarnow 1989). The defect in the translational
system is preserved in cellular extracts and can be corrected by the addition of
protein factors (TRACHSEL et al. 1980; TAHARA et al. 1981).
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3.3 Depletion of elF-4E and elF-4y with Antisense RNA

The third experimental situation in which HSP mRNAs are preferentially trans-
lated occurs when antisense RNA against elF-4E mRNA is expressed in Hela
cells (subsequently referred to as AS cells; JosH-BARVE et al. 1992). An episomal
vector was constructed from which 20 nucleotides of RNA complementary to the
5'-terminus of elF-4E mRNA could be expressed under control of a dioxin-
responsive enhancer (De BenepetTi and RHoaps 1991). Expression of antisense
RNA caused the elF-4E mRNA level to decrease 11-fold and the elF-4E protein
level to become undetectable (De Beneoetti et al. 1991). Depletion of elF-4E
caused protein synthesis to decrease drastically (Fig. 2). Addition of the inducer
of antisense RNA expression, TCDD, did not affect protein synthesis in control
cells or cells containing the vector without the antisense insert. Protein synthesis
was depressed 2.8-fold in AS cells without induction and a further 4.3-fold after
induction of antisense RNA.

Despite this decrease in overall protein synthesis, the steady-state levels of
HSP72/73 and HSP65 remained constant and those of HSP90 and HSP27 actually
increased. The rates of synthesis of HSP72/73 and HSP90 increased dramati-
cally even though their mRNAs levels either remained constant or decreased

116—
92

Peof

1 2 3 4 5 6

Fig. 2. Protein synthesis rates in control and Hela cells expressing antisense RNA against elF-4E
mRNA (AS cells). Approximately 10° cells per sample were labeled for 3 h with 30 uCi/ml [3,4,5-°HI-
leucine. Cells, transformed with the vector alone (RDB-0) or the same vector expressing antisense RNA
complementary to the first 20 nucleotides of elF-4E mRNA (RDB-AS), were grown in 0.2 mg/ml G418.
These, plus untransformed Hela cells, were incubated with (+) and without (-) the inducer of antisense
RNA expression, TCDD, for 48 h prior to labeling and were lysed and subjected to SDS-PAGE on 10%
gels. (From DE BENEDETTI et al. 1991)
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(JosHI-BaRvE et al. 1992). Polysomes were disaggregated (Fig. 3A), but non-HSP
and HSP mRBNAs behaved in opposite ways: actin mRNA shifted from high to
low polysomes (Fig. 3B) while HSP90 mRNA shifted from low to high polysomes
(Fig. 3C). The defect was preserved in extracts and could be corrected by the
addition of protein factors (De BenepeTTi et al. 1991). Surprisingly, however, elF-4E
alone was unable to restore activity whereas the elF-4 complex was. Direct
determination of the levels of elF-4 polypeptides revealed that elF-4y levels
decreased simultaneously with elF-4E upon induction of AS RNA, but elF-4A
levels remained constant (Fig. 4).

A: POLYSOME PROFILES
Hela AS
B: ACTIN
Polysomes
Top 40 60 80 (2 3 4 5 678910 ]
Hela AT AR EEREEE RN E BN
AS cEFERN
C: HSP 90
Polysomes
Top 40 60 80 [2 3 4 5 678910 I
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AS

Fig. 3A-C. Analysis of polysomal mRNA distribution in Hela cells expressing antisense RNA against
elF-4E mRNA (AS cells). Control Hela cells and AS cells treated with the antisense inducer TCDD
for 48 h were harvested and analyzed for polysomes. A Optical density profiles of polysomes. The
direction of sedimentation is left to right. B The polysomal distribution of -actin mRNA as determined
by hybridization to actin cDNA using a slot blot apparatus. The nbosomal subunits are indicated by 40
and 60, monosomes by 80, and polysomes by 2, 3, {disome, tnsome), etc. C Same as B except cDNA
to HSP90 was used for hybridization. (From JOsHI-BARVE et al. 1992)
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Fig. 4. Decay rates of elF-4A, elF-4E, elF-4y (p220), and protein synthesis in Hela cells expressing
antisense RNA against elF-4E mRNA (AS cells). AS cells were incubated with the antisense inducer
TCDD in multiwell plates for the times indicated. Protein synthesis rates were measured in cells
which were pulse labeled for 3 h with [PHlleucine (closed squares). elF-4E was measured in cells
labeled to equilibrium with [*H]leucine for 48 h. The cells were lysed and elF-4E was isolated by
affinity chromatography, subjected to SDS-PAGE, and the radioactivity quantitated by fluorography
(open squares). elF-4y (closed triangles) and elF-4A (hourglasses) were measured by western
blotting. All the values in this figure are expressed relative to AS cells not treated with TCDD. (From
De BENEDETTI et al. 1991)

3.4 Similarities Among the Systems

In all three systems, heat shock, picornavirus infection, and expression of
antisense RNA against elF-4E, the characteristics of the translational system are
qualitatively similar. Non-HSP protein synthesis is drastically decreased, HSP
protein synthesis remains the same or increases, bulk polysomes are disaggre-
gated, non-HSP mRNAs move from high to low polysomes while HSP mRNAs do
the opposite, and the defect can be corrected in cell-free extracts by the addition
of protein factors. In the picornavirus-infected cell, we can conclude that the
translational machinery has switched over to a cap-independent state because:
(1) picornavirus mRNA is uncapped; (2) initiation occurs by internal entry of the
43S initiation complex rather than by scanning from the 5'-terminus, and (3) one
component of the cap-recognition apparatus, elF-4y, is proteolytically inactivated
{although cleavage products remain). We can similarly conclude that the AS cell,
when AS RNA expression is fully induced, is in a cap-independent state, since two
components of the cap-recognition apparatus, elF-4E and elF-4y, are completely
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absent (including elF-4y cleavage products). By analogy, we would surmise that
the heat-shocked cell is similarly in the cap-independent state. Additional evi-
dence for this conclusion is provided by an analysis of individual components of
the translation system (Sect. 5). Furthermore, since HSP mRNAs are translated in
all three systems, we would conclude that these mRNAs are capable of utilizing
the cap-independent pathway.

4 By What Mechanism Are Heat Shock Protein mRNAs
Able to Be Translated in Cap-Independent Systems?

4.1 The Competition Model

A competition model for mRNA translation states that each mRNA has a unique
rate constant for initiation and that, when the capacity for translation is reduced, a
competition results whereby the "strongest” mRNAs are selected most frequently
by some critical component of the translational machinery (LobisH 1976). Several
groups have suggested that HSP mRNAs simply outcompete the normal cellular
messages for a limiting factor involved in translation (Hickey and WeBer 1982;
MuNoz et al. 1984; PanNiERs and HensHaw 1984; PanNIERs et al. 1985; Jackson 1986).
It is clear that HSP mRNAs are efficient at initiating translation (LinpauisT 1980;
Hickey and WEeBEer 1982; Jackson 1986). However, simple competition for transla-
tional components is insufficient to explain all of the data, the evidence from
Drosophila being particularly compelling. Typically in Drosophila, normal mRNA
translation becomes inhibited before HSP mRNAs become abundant in the
cytoplasm (LinpauisT 1981), although this is not always the case (Jackson 1986). In
addition, this inhibition of translation can occur in the presence of actinomycin D,
i.e., when HSP mRNA production has been blocked altogether (LinpauisT 1980).
This indicates that the translational inhibition is independent of the presence of
HSP mRNAs and does not result from the synthesis of HSPs themselves.
Furthermore, cotranslation of HSP mRNAs and normal mRNAs either in vitro or
in vivo does not result in competition (StorTi et al. 1980; KrUcer and BEnEcke 1981;
Linoauist 1981; Scotr and Parpue 1981). In addition, the coordinated fashion in
which translation of all non-HSP mRNAs become modulated during heat shock
and recovery (LinbauisT 1980; STorTi et al. 1980; DiDomMeNico et al. 1982) is contrary
to predictions of the Lodish theory, which is based on a continuous spectrum of
mRBNA efficiencies.

Further evidence against a competition model comes from studies with AS
cells (JosH-Barve et al. 1992). As shown in Fig. 3B, northern blot analysis of
polysome profiles from AS cells indicates that actin, an mRNA that is translated
efficiently in control cells, localizes with large polysomes in control cells (Hela).
However, in AS cells, when polysomes shrink in size and number, this typical
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mRNA sediments in the nonpolysomal and small polysomal regions of the gra-
dient. HSP90 transcripts, which are utilized relatively inefficiently under normal
conditions, localize to small polysomes in control cells but shift to large poly-
somes under AS conditions. This is inconsistent with the notion that HSP mRNAs
compete more effectively for translational components, since this would predict
that HSP mRNAs occupy large polysomes under control conditions as well. Also,
a return to normal translation after heat shock is accompanied by a decrease in
HSP synthesis without an appreciable decrease in HSP mRNA levels (De BENEDETTI
and BagLioni 1986b). This suggests that HSP mRNAs are actually outcompeted
for translation under normal conditions. This is at odds with the view that heat
shock mMRNAs are translated as "strong" messages.

4.2 Conserved Sequences in the 5' NCR
of Heat Shock Protein mRNAs

The signal for preferential translation of HSP mRNAs during heat shock appears
to be located within their 5'-NCRs (reviewed by Linoauist and PeTersen 1990).
There is an homologous region in the 5'-NCRs of Drosophila HSP22, 23, 26, 27,
and 70 mRNAs (but notably absent in that of HSP 83) which begins near the 5'-
terminus and extends for about 20 nts (INgoLia and Craic 1981; HacketT and Lis
1983). This region is necessary for translation under heat shock conditions
(HuLtmaRK et al. 1986). In addition, its location near the 5' terminus appears to be
important since messages that contain an insertion that moves this sequence to
an internal position within the 5'-NCR renders the message virtually untrans-
latable during heat shock (McGarry and Linbauist 1985). However, additional
features of the leader contribute to translation during heat shock, since in the
complete absence of this consensus sequence these mRNAs can still be
translated during heat shock (McGarry and Linoauist 1985). A very recent review
of 140 5'-NCRs of eukaryotic HSP mRNAs has revealed additional references
which may participate in internal initiation {(JosHi and Neuven 1995).

4.3 Secondary Structure and Cap Dependence

The 5'-NCRs of Drosophila HSP mRNAs are longer than usual and are rich in A
residues, a feature which should confer a low amount of secondary structure
(HoLmaRen et al. 1981; IngoLia and Craic 1981; HackerT and Lis 1983; HuLtvaRK et al.
1986). It is well known that mMRNA secondary structure can have profound effects
on mRNA translatability (reviewed in PeLLETIER and SonNeENBERG 1987). mRNAs with
reduced secondary structure show less dependence on the cap, and their binding
to ribosomes is resistant to inhibition by high salt, which stabilizes mRNA
secondary structure (HErson et al. 1979; Epery et al. 1984). Translation of HSP
mRNAs has been shown to be more resistant to high salt than non-HSP mRNAs
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(Hickey and WEBER 1982; Panniers et al. 1985; Jackson 1986; MaroTto and SIERRA
1988). However, reduced secondary structure does not completely explain HSP
mRNA selection; addition of A-rich sequences to the 5'-NCR of an HSP70 mRNA
lacking nts 2-205 is unable to restore its ability to be translated in heat-shocked
Drosophila cells (Linoauist and Petersen 1990).

The requirement of a given mRNA for elF-4 factors is proportional to the
extent of 5-NCR secondary structure (SoNeNBERG 1988; KoromiLas et al. 1992).
HSP mRNAs have reduced dependence on elF-4 factors. Antibodies directed
against either Drosophila elF-4E (ZapaTa et al. 1991) or elF-4y (ZapaTa et al. 1994)
inhibit translation of most non-HSP mRNAs but not of HSP mRNAs. In addition,
lysates from heat-shocked cells preferentially translate HSP mRNAs in the pres-
ence of cap analogs, a condition which severely inhibits translation of normal
capped mMRNAs (MaroTo and Sierra 1988). The lower dependence on elF-4 factors
thus provides HSP mRNAs with a selective advantage over non-HSP mRNAs under
conditions in which the levels or activities of these factors are decreased.

The special nature of the leader sequences of HSP mRNAs is not confined
to Drosophila. The 5'-NCR of the HSP GRP78/BiP directs internal initiation of
translation, based on studies using bicistronic constructs {MaceJak and SaRNOw
1991). Also, the presence of the 5'-NCR of yeast HSP26 reduces cap dependence
in a yeast cell-free system (GERsTEL et al. 1992). In summary, the leader sequences
of HSP mRNAs from various organisms contain information which is necessary for
translation under heat shock conditions and which confers a reduced dependence
on the cap and cap binding factors for translation.

5 Alterations in the Translational Apparatus During
Heat Shock: Generation of a Cap-Independent State

What changes in the translational machinery result in the selective repression of
non-HSP mRNAs and generation of a cap-independent state? Evidence from
several laboratories suggests that in both Drosophilaand mammalian systems the
alteration occurs at the level of polypeptide chain initiation, although elongation
may also be affected.

Progress in understanding this phenomenon has been greatly aided by the
fact that the changes in translational selectivity observed at the cellular level are
retained upon preparation of cell-free systems from heat-shocked cells (SToRrT
etal. 1980; Krucer and Benecke 1981; Panniers et al. 1985; Maroto and SIERRA
1988). Lysates from heat-shocked cells are impaired in their ability to translate
non-HSP mRNAs yet retain the ability to translate HSP mRNAs. Restoration of
normal patterns of translation can be obtained by supplementing these lysates
with fractions obtained from normal cells. The fact that recovery of non-HSP
mRNA translation upon return to normal temperatures does not require the
synthesis of new RNA or protein molecules (LinbauisT 1981; MuRoz et al. 1984,
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PanniERs and HensHaw 1984) implies that the factors involved are not irreversibly
inactivated during heat shock. The initial experiments suggested that the
restoring activity was present in a crude ribosomal fraction (Scotr and PaRDUE
1981). However, a later report suggested the discriminatory factor was presentin
a soluble fraction (SanpeRrs et al. 1986). The reason for the discrepancy is unclear
but may reflect differences in the fractionation conditions.

5.1 Ribosomal Protein S6

A number of candidates have been implicated as potential targets for reversible
inactivation during heat shock. Dephosphorylation of ribosomal protein S6 has
been observed in cultured tomato cells (ScHarr and Nover 1982), Drosophila cells
(GLover 1982), and mammalian cells (KEnNEDY et al. 1984) in response to elevated
temperatures. However, the role of dephosphorylation of S6 is unclear since the
translational block occurs before dephosphorylation (Tas and MarTini 1987), and
no significant rephosphorylation of S6 occurs upon recovery of normal protein
synthesis (OLsen et al. 1983). In addition, chemical agents which induce HSP
production and translational inhibition do not affect S6 phosphorylation levels
(OLseN et al. 1983).

5.2 Group 2 Translational Initiation Factors

A more promising candidate for alteration by heat shock is elF-2. Phosphorylation
of elF-2a hinders the productive guanine nucleotide exchange necessary for trans-
lation initiation (reviewed in PaiN 1986; Proup 1986). Changes in the level of
phosphorylation of elF-2o. have been observed upon heat shock of Hela cells
(Duncan and HersHey 1984; De Benepetmi and BacLiont 1986a) and Ehrlich cells
(Scorsone et al. 1987). The activity of elF-2 is reduced after heat shock (Duncan and
HersHeY 1984) as is guanine nucleotide exchange activity (RowLanps et al. 1988).

Despite these correlations between alterations in elF-2 factors and transla-
tional inhibition, the evidence for a cause-and-effect relationship is contradictory.
Addition of elF-2 and elF-2B to heat-shocked rabbit reticulocyte lysates stimulates
protein synthesis (ErRnsT et al. 1982). However, in the better characterized sys-
tems of heat-shocked Ehrlich cells (PanniErs et al. 1985) or Drosophila cells
(ZapaTa et al. 1991), addition of elF-2 to extracts does not stimulate translation,
whereas elF-4 does (see Sect. 5.3). Molecular genetic studies have shown that
the expression of phosphorylation-resistant forms of elF-2a in Chinese hamster
ovary cells lessens the inhibition of protein synthesis that results from heat shock
(MuRrTHA et al. 1993). This provides evidence that elF-2a phosphorylation plays a
role in the translational regulation during heat shock but suggests that additional
points of regulation exist as well. Another indication of this is the fact that, under
mild heat shock of Hela cells, significant inhibition of protein synthesis occurs
without a change in elF-2a phosphorylation (Duncan and HersHEY 1989).
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The heat-shock induced phosphorylation of elF-2a in Hela cells appears to be
due to the activity of an hemin-regulated inhibitor (HRI)-like kinase (Dt BENEDETTI
and BagLIonl 1986a). Although HRI was originally discovered in connection with
the translational inhibition that accompanies heme deprivation in reticulocytes,
other mammalian HRI-like kinases have been reported (OLmsTep et al. 1993),
suggesting a broader role of such enzymes in translational regulation. The mecha-
nism of activation of the kinase in stress conditions has been the focus of recent
attention (Matts and HursT 1989, 1992; Menpez et al. 1992; MaTtTs et al. 1992,
1993). HRI associates with several known HSPs, and the state of association is
regulated by various cellular parameters. HRI coimmunoprecipitates with HSP90,
HSP70, and a 56 kDa protein. Binding to HSP90 and p56 occurs only in the
presence of hemin, and inhibition of reticulocyte lysates through elF-2a phos-
phorylation by a number of stress conditions is inversely related to the level of
HSP70 and p56. These data are consistent with the hypothesis that rising levels
of denatured proteins that result from elevated temperatures and other stress
conditions compete with HRI for association with HSP70; this causes dissociation
of HSPs from the HRI and activation of the kinase. In support of this idea, a variety
of proteins, when denatured and added to a reticulocyte lysate, inhibit protein
synthesis, whereas the addition of the native proteins has no effect. Inhibition is
reversed upon the addition of cAMP or elF-2B. An antibody to HRI prevents the
rise in elF-2a phosphorylation caused by denatured protein, and this antibody fails
to coimmunoprecipitate HSP70 in the presence of the denatured protein.

Despite the evidence that elF-2a phosphorylation plays a role in the inhibition
of protein synthesis during heat shock, it is unclear how this event would
contribute to the cap-independent translation of HSP mRNAs. There is some
evidence for a role for elF-2 in mRNA discrimination (THomas et al. 1992),
supported in part by the fact that some viral 5'-NCRs appear to bind elF-2/elF-2B
efficiently (ScHeper et al. 1991) and therefore may aid in their selection. However,
the bulk of the evidence on mRNA discrimination implicates the elF-4 factors,
which are required for the binding of mRNA to the 43S initiation complex, rather
than the elF-2 factors (reviewed in RHoaps 1991; THAacH 1992).

5.3 Group 4 Translational Initiation Factors

Analysis of elF-4 factors has yielded much information on potential targets for
regulation during heat shock. A considerable amount of evidence links phos-
phorylation of elF-4 factors to their increased activity (see Sect. 2.1). The effect
of heat shock on both the phosphorylation and the activity of elF-4 factors has
been studied.

Both elF-4B and elF-4E are dephosphorylated in response to heat shock
(Duncan et al. 1987). Dephosphorylation of elF-4E occurs for both the free form as
well as the elF-4y-associated form of the factor (LAMPHEAR and PanniErs 1991).
Since phosphorylation of elF-4E increases its affinity for caps (MinicH et al. 1994),
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the dephosphorylation of elF-4E would be expected to be unfavorable for mMRNAs
translated by the cap-dependent route, but not to affect mMRNAs translated by the
cap-independent route. Some doubt is cast on this mechanism, however, by the
findings that elF-4E dephosphorylation does not occur under mild heat stress
conditions and that rephosphorylation of elF-4B to pre-stress levels can occur
prior to recovery of protein synthesis (Duncan and HersHey 1989). Regardless of
the uncertainty about the role of phosphorylation of elF-4 factors, it is clear that
heat shock alters the activity of factors involved in cap recognition. The activity of
an elF-4F/elF-3 fraction from Hela cells is reduced after heat shock {Duncan and
HersHey 1984). Furthermore, the translation of normal messages in lysates
prepared from heat-shocked Ehrlich cells is preferentially stimulated by the
addition of rabbit reticulocyte elF-4F (Panniers et al. 1985). The restoring factor
was purified from non-heat-shocked Ehrlich cell extracts by m’GTP-Sepharose
and Mono Q chromatography (LamprEaR and Panniers 1990). Figure 5 shows that
an elF-4E:elF-4y complex is obtained and that this complex cofractionates with
restoring activity. The activity is clearly separated from elF-4A, elF-4B, and elF-3.
The inhibition of translation seen in fractions containing free elF-4E is due to the
presence of m’GTP which elutes from Mono Q with elF-4E. Extensive dialysis
reveals a small amount of restoring activity is also associated with these fractions
(data not shown). However, comparison of restoring activity present in prepara-
tions of elF-4E with that of the elF-4E:elF-4ycomplex indicates that elF-4E is much
less efficient on a molar basis at restoring translation {LampHEAR and PANNIERS
1990). Drosophila heat shock lysates were shown to be stimulated in the same
manner by a complex containing elF-4E and elF-4y, but free elF-4E was relatively
ineffective (ZaraTa et al. 1991).

From the foregoing, it is clear that heat shock reduces both the phos-
phorylation and the activity of elF-4 polypeptides. It is tempting to speculate that
this represents cause and effect, and that the translational stimulation by the
Ehrlich cell complex containing highly phosphorylated elF-4E is simply due to
replenishment of phosphorylated elF-4E. This does not seem to be the case,
however, since free elF-4E fractions which are nearly 50% phosphorylated are
only about 5% as potent as the elF-4E:elF-4y complex (LAMPHEAR and PAaNNIERS
1990). Another possible mechanism is that lysates from heat-shocked cells have
reduced capacity to form elF-4E:elF-4y complexes. Heat-shocked Ehrlich cell
lysates have reduced restoring activity (LampHEAR and PanNiERs 1991), and less
elF-4yis retained on m’GTP-Sepharose columns with extracts from heat-shocked
Ehrlich {LamPHEAR and Panniers 1991), Hela (Duncan et al. 1987), and Drosophila
{ZapaTa et al. 1991) cells. Figure 6 shows the cap-binding proteins from control
and heat shocked Ehrlich cells fractionated by Mono Q chromatography. Less
elF-4E:elF-4y complex is obtained from heat-shocked cells whereas there is little
change in the recovery of elF-4E. One interpretation is that heat shock prevents
formation of the elF-4E:elF-4y complex, perhaps through denaturation of elF-4y.
Alternatively, the decreased phosphorylation of elF-4E or elF-4y may impair
complex formation.
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Fig. 6. Analysis of elF-4E:elF-4y from control and heat-shocked Ehrlich cells by Mono Q chromato-
graphy and SDS-PAGE. Equal amounts of protein from the high salt post-nbosomal supernatants of
control and heat-shocked Ehrlich cells were purified by m’GTP-Sepharose chromatography, and the
bound fractions (cap-binding proteins) were chromatographed on Mono Q columns as shown in Fig. 5.
Aliquots of peak fractions (20 pl) from control (lanes 1-4) and heat-shocked (lanes 5-8) cell superna-
tants were analyzed by SDS-PAGE. Proteins were visualized with silver stain. Lanes 1 and 5 represent
the peak of free elF-4E; lanes 2 and 6 and lanes 3 and 7 represent the first half and second half of the
elF-4E:elF-4y peak, respectively. Lanes 4 and 8 represent the elF-3 peak. Mobilities corresponding to
28 kDa and 220 kDa are indicated. (From LAMPHEAR and PANNIERS 1991)

5.4 Other Factors Involved in Protein Synthesis

Other elements of the protein synthesis apparatus may be involved in the
alteration of translation caused by heat shock, but their roles are not understood
at present. HSP70 proteins themselves may participate in protein synthesis. In
yeast the HSP70 proteins SSB are associated with active polysomes, and mutant
ssb1 and ssb2 strains have a slow growth phenotype which can be suppressed
by increased copy number of a gene coding for an elongation factor 1o-like protein
(NELsoN et al. 1992). Furthermore, a yeast Dnad homologue, SIS1, appears to play
a role in translation initiation, since temperature-sensitive sis? strains rapidly
accumulate 80S ribosomes and have a reduced number of polysomes (ZHonG and
ArNDT 1993). This phenotype can be suppressed by alterations in the 60S
ribosome. If HSP proteins are, in fact, required for normal translation, the
following model might explain the inhibition of protein synthesis caused by heat
shock: heat shock would lead to the generation of denatured proteins; these
would bind to and sequester HSPs; the HSPs would not be available to participate
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in protein synthesis, thereby causing inhibition. Recovery of translation would
occur when new HSPs were synthesized or when denatured proteins were
renatured, freeing up the sequestered HSPs.

6 Open Questions, Speculations, and Future
Directions

Despite the considerable amount of progress made to date in understanding the
dramatic alteration in mRNA selection which occurs upon heat shock, the two
central questions discussed in Sect. 4 and 5 remain unanswered: (1) How are
HSP mRNAs able to be translated when other cellular mRNAs are not? (2} What
is the reversible change in the translational machinery that generates the cap-
independent state?

Although it seems clear that HSP mRNAs utilize a cap-independent route for
initiation, the mechanism is not yet understood. Only in the case of GRP78/BiP has
internal initiation been demonstrated; similar studies have not yetbeen performed
for other HSP mRNAs. It should be noted, however, that the 5'-NCR of HSP
mRNAs is considerably shorter than that of picornaviral RNAs which contain a well
defined internal ribosome entry site. HSP mRNAs may utilize a mechanism of cap-
independent initiation other than internal initiation. It is noteworthy that the
adenovirus late mRNA tripartite leader confers cap-independent translation but
does not promote internal initiation (DoLrH et al. 1990).

The evidence reviewed in Sect. 5 indicates that both elF-2 and elF-4 undergo
some degree of alteration during heat shock. Considering the importance of
protein synthesis to cell survival, it is likely that there are multiple targets for its
regulation. Recent investigation provides insight into a potential mechanism for
the activation of an elF-2a kinase during heat shock. Clearly elF-4 activity is
regulated as well. If elF-4y is indeed a component sensitive to heat shock, it
remains to be determined what causes the inactivation; two possibilities are a
change in phosphorylation and denaturation of the polypeptide. Itis also unknown
what aspect of elF-4y's role is affected, some possibilities being its binding to the
43S initiation complex, its binding to elF-4E, and its participation in the unwinding
of mRNA secondary structure catalyzed by elF-4A and elF-4B. The fact that HSP
mRNAs can be translated in the absence of elF-AE and elF-4y does not rule out
the possibility that these components may play a modified role in HSP mRNA
translation during heat shock. Itis tempting to speculate that elF-4y loses its ability
to bind elF-4E and thereby to attach capped mRNA to the 43S initiation complex
(according to the model presented in Sec. 2) but retains its ability to participate in
unwinding. Such a bifunctional role for elF-4y might explain the apparently
confusing observations, cited in Sect. 2, that elF-4y is cleaved in picornavirus
infection but that it, or possibly its cleavage products, promote cap-independent
initiation.
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The subject of recovery of the translational apparatus from heat shock is also
poorly understood. If one or more activities of elF-4y are lost upon heat shock,
there may be a role of HSP70 or other HSPs in renaturing elF-4y, akin to the
demonstrated ability of the E. coli HSP70 (Dnak) to renature RNA polymerase
(Skowvyra et al. 1990). It is interesting that, in AS cells, which are unable to accu-
mulate detectable amounts of elF-4y, the translational apparatus is unable to re-
cover from heat shock (JosH-BARve et al. 1992).
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1 Introduction

Before RNA transcription is completed by RNA polymerase Il, the 5' ends of
eukaryotic mRNA molecules are modified. Mediated by a series of enzymatic
reactions, a 7-methyl GpppN (in which N can be any nucleotide) "cap" structure is
added to the 5' end of each primary transcript (BANERJEE 1980; SHATKIN 1976). This
cap structure is thought to protect the mRNA from exonucleolytic degradation
(FuruicHl et al. 1977; Green et al. 1983; Stevens 1978) and enhances nuclear
processes such as splicing and 3' end processing of pre-mRNAs as well as
nucleocytoplasmic transport of mature mRNAs (Epery and SonenBerg 1985;
GeoRGIEV et al. 1984; Konarska et al. 1984). In the cytoplasm, the cap structure
greatly facilitates the binding of ribosomes to mMRNAs (BaNerJEE 1980; GALLIE
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1991; SHatkiN 1976). The cap-binding protein complex elF-4F, composed of
proteins elF-4E, elF-4A and elF-4y (Epery et al. 1983; GriFo et al. 1983; TAHARA
et al. 1981), interacts with the cap structures. Because elF-4y and elF-4E have
been detected both in the nucleus and in the cytoplasm (ETcHisoN and ETCHISON
1987; Lesskowicz et al. 1992), it is thought that the cap binding protein complex
interacts with mRNA cap structures in both of these cellular compartments.

The initial finding that picornaviral mRNAs are uncapped (NomoTo et al. 1976,
1977) showed that certain uncapped mRNAs can be translated in a cap-
independent manner in vivo in mammalian cells. Subsequently, it was shown
that the cap-independent translation of picornaviral mRNAs proceeded by an
internal ribosome binding mechanism (JanG et al. 1988; PELLETIER and SONENBERG
1988; reviewed in the chapters by Hellen and Wimmer, Ehrenfeld and Semler,
and Belsham et al.). Since internal initiation of translation could be performed by
the cellular translational apparatus in uninfected cells (PELLETIER and SONENBERG
1989), the question arose whether cellular mRNAs could be translated cap-inde-
pendently as well. This question sounded like an oxymoron, because all eukaryo-
tic mRNAs are, by definition, capped. A low requirement of intact cap-binding
protein complex elF-4F for translation of certain capped mRNAs, notably late
adenoviral mRNAs (see chapter by Schneider) and heat shock mRNAs (see
chapter by Rhoads and Lamphear), has provided one criterium to describe cap-
independent translation of capped mRNAs. It is possible that some capped
mRNAs can be translated both by a 5' end-dependent scanning mechanism
(Kozak 1989) and by an internal ribosome binding mechanism like picornaviral
RNAs. Such RNAs may contain sequences mediating internal initiation, internal
ribosome entry sites {IRESs), in their 5' noncoding regions (5'NCR) that allow
them to be translated at times when elF-4F is nonfunctional and cannot bind to
the cap structure (BoNNEAU and SoNeEnBErG 1987; Huang and ScHNEIDER 1991).
Alternatively, an IRES located within the coding region of an mRNA could render
the mRNA functionally polycistronic, and translation could result in the production
of several protein products. This chapter summarizes studies of cap-independent
translation and internal initiation of cellular mMRNA in mammalian cells and in the
budding yeast Saccharomyces cerevisiae.

2 Experimental Systems
for Studying Cap-Independent Translation
and Internal Initiation

Most of the methods used to study cap-independent translation are discussed in
the chapter by Jackson and colleagues. We will briefly refer to some of those
methods and describe in more detail a novel method, one that uses circular RNA
molecules, to study internal initiation.
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2.1 Cap Analogs and Hybrid-Arrested Translation

Cap-dependent translational initiation requires the binding of the 40S ribosomal
subunit, loaded with translational initiation factors, at the capped 5' end of the
mRNA. The recruitment of 40S ribosomal subunits is thought to be facilitated by
the interaction with the cap-binding protein complex elF-4F bound to the terminal
cap structure (HersHeY 1991; Kozak 1991; MEerrick 1992). When cap analogs such
as m’GpppG dinucleotides are added to in vitro translation systems, they will
compete with the capped mRNAs for binding to the limited supply of elF-4F,
resulting in inefficient binding of 40S subunits to the mRNA and a decrease in
translation (Canaani et al. 1976; WEBER et al. 1987). Thus, mRNAs that can still be
translated efficiently in the presence of cap analogs are thought to require low
amounts of elF-4F. One explanation for a low requirement for elF-4F is that these
mRNAs contain unstructured 5'NCRs that can bind 40S subunits in the absence
of significant amount of elF-4F. The heat shock mRNAs (MaroTo SiErra 1988),
(see chapter by Rhoads and Lamphear) and the late leaders of adenovirus mMRNAs
(DoLrH et al. 1988, 1990), (see chapter by Schneider) may provide two such
examples. Alternatively, a low elF-4F requirement for translational initiation may
indicate that the mRNAs bear sequences that can mediate internal ribosome
entry. Examples include: (1) the vesicular stomatitis virus P mRNA (Herman 1987),
(2) picornaviral mMRNAs (see chapter by Hellen and Wimmer) and (3) certain
mRNAs that encode cellular proteins (see below).

The presence of an mRNA-DNA hybrid near the 5' end of an mRNA will result
in the inhibition of cap-dependent translation, because the RNA-DNA hybrid will
block the scanning 40S subunits from reaching the initiator AUG translational start
codon. Thus, failure to inhibit translation by an RNA-DNA hybrid located upstream
of the translational start codon is one good indication that the mechanism of
translation initiation is cap-independent and possibly occurs by internal initiation
(HErmaN 1986; SaNkAR et al. 1989; SHIH et al. 1987).

2.2 Dicistronic RNAs and Dicistronic Viruses

Many studies have employed dicistronic mRNAs to identify IRES elements that
can mediate cap-independent translation (JANG et al. 1988; PELLETIER and SONENBERG
1988). The first cistron in a capped dicistronic mRNAs can be translated by a cap-
dependent scanning mechanism. The second cistron should not be translated
unless preceded by an IRES element. Of course, it is important to test whether
the second cistron is indeed translated from the intact dicistronic mRNA and
not from uncapped, truncated mRNA species containing the second cistron
sequences. One can conclude that second cistron translation is conferred by
internal ribosome binding to the IRES element if only intact dicistronic mRNAs are
associated with polysomes under conditions in which cap-dependent translation
is inhibited, for example, in poliovirus -infected cells (Macesak and Sarnow 1991;
OH et al. 1992; PeLLETIER and SONENBERG1988).
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The presence of functional IRES elements can be verified by inserting the
putative IRES into the plus-stranded poliovirus RNA genome (MoLLA et al. 1992,
1993). Normally, the viral mRNA encodes a 220 kDa polyprotein whose NH,-
terminal portion encodes the structural proteins of the viral particle. The COOH-
terminal portion of the polyprotein encodes the replication proteins and the
proteases that are involved in the processing of the polyprotein. Molla and
coworkers disrupted the polyprotein coding region by insertion of an IRES
element between the capsid protein-coding and replication protein-coding
open reading frame. This artificial dicistronic RNA could be replicated after
introduction into mammealian cells and subsequently packaged into virions.
Amplification of the dicistronic RNAs was only possible if the introduced IRES
mediated translation of the viral replication proteins. That intact, and not broken,
dicistronic mRNAs were responsible for the initiation of second cistron translation
was suggested by the fact that the number of plaque-forming viruses was linearly
dependent on the virus stock concentration, indicating that each individual plaque
was the result of infection by a single poliovirus particle carrying a single
dicistronic RNA molecule (MoLLa et al. 1992). Although it is possible that sub-
genomic mRNAs were generated during the infectious cycle that could have
functioned as template RNAs for translation of nonstructural proteins, the initial
protein products clearly had to be translated from the incoming full-length
dicistronic mRNA.

2.3 Circular RNAs

As discussed above, translational studies with dicistronic mRNAs can reveal the
presence of sequence elements that mediate internal initiation. However, dicis-
tronic mRNAs are of only limited use in studying the mechanism of ribosomal
positioning by the IRES at the AUG start codon of the second cistron. This is due
to the possibility that 40S subunits, instead of binding directly to the IRES, could
first bind to the 5' end of the capped or uncapped mRNA and subsequently be
transferred to the IRES. Monitoring the translation of IRES-containing mRNAs
whose 5' ends were blocked in some way that prevented interaction with 40S
subunits would help in distinguishing between these possibilities.

It has been known for some time that eukaryotic ribosomes are unable to
bind to small circular RNAs, 25-110 nucleotides in length, in a cell-free system; in
contrast, prokaryotic ribosomes can bind to such small circular RNAs, although
with low efficiency (Konarska et al. 1981; Kozak 1979). From this, it was conclu-
ded that eukaryotic ribosomes could only bind to RNA via free 5' ends. However,
one would predict that IRES elements could function in RNAs without free
5' ends.

To test this prediction, we developed a method to produce large quantities of
circular RNAs up to 1000 nucleotides in length (CHeN et al. 1993; CHen and SaArRNOwW
1995). We used a modification of a method originally described by Moore and
SHARP (1992), outlined in Fig. 1. Briefly, DNA plasmids containing the promoter for
T7 RNA polymerase were linearized and used as templates for in vitro transcription
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reactions containing 500 yM each of CTP, ATP, UTP and guanosine nucleoside,
but only 50 pM of GTP. Thus, most of the transcripts begin with a 5' OH. Subse-
quently, radiolabeled phosphates were added to the 5' ends of the RNAs by T4
polynucleotide kinase. The radiolabeled RNAs were then annealed to DNA
“splints," deoxyoligonucleotides that contained sequences complementary to
both the ' and 3' ends of the RNAs. The resulting circular DNA-RNA hybrids
(Fig. 1) were then covalently closed by the addition of T4 DNA ligase (Moore and
SHarp 1992), which has been shown to ligate oligoribonucleotides efficiently
when hybridized to complementary deoxyribonucleotides (KLepre et al. 1970).
Interestingly, T4 DNA ligase has a much lower K_ for polyribonucleotides than
does RNA ligase (Romaniuk and UHLENBECK 1983). Finally, the circular RNA species
were separated in urea-containing polyacrylamide gels from the oligodeoxy-
nucleotides and unligated or broken linear RNA species. Radiolabeled circular
RNA species were distinguished from linear monomeric and dimeric RNAs by:
(1) their migration in urea-containing polyacrylamide gels, (2) their resistance to
dephosphorylation by bacterial alkaline phosphatase and (3) by their RNA frag-
mentation pattern after digestion with endoribonucleases. Figure 2 shows that

LcLCLC

661-
553~

300-

Fig. 2. Analysis of circular RNAs in urea-containing polyacrylamide gels.Production of RNA circles 300,
553 and 661 nucleotides In length, in pairs of lanes from left to right. An autoradiograph displaying the
linear (L) and circular (C) RNA specifies 1s shown. (from CHEN et al. 1993)
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this method is useful for the production of RNA circles ranging from 300 to 661
nucleotides in length. Circles up to 1200 nucleotides in length can be obtained
with lower yields (Chen and Sarnow, unpublished).

We have constructed circular RNAs containing the IRES element present in
the 5'NCR of the encephalomyocarditis virus RNA genome (JanG et al. 1988; JANG
and Wimmer 1990) and incubated these circles with eukaryotic ribosomes in the
presence of the elongation inhibitor sparsomycin. When the fate of the circles in
translation extracts was monitored by sedimentation in sucrose gradients, IRES-
containing circles were detected in a fraction sedimenting at 80S, indicating that
an intact ribosome was attached. After incubation in a rabbit reticulocyte trans-
lation lysate, the IRES-containing circles mediated translation of the predicted
protein product (CHeN and Sarnow 1994). Furthermore, we have monitored the
translation of circular IRES-containing RNAs containing a continuous open read-
ing frame. Analyses of the translation products demonstrated that ribosomes
were able to translate the circles many times resulting in the production of a very
long polypeptide chain (CHEN and Sarnow 1995). Thus, IRES elements can
mediate translational initiation in the absence of a free 5" end in the mMRNA,
probably by direct recruitment of ribosomal subunits. These findings indicate that
RNA circles should aid in studying the mechanism with which IRES elements
mediate translation initiation and should provide valuable tools for identifying
further RNA sequences that can function as IRES elements.

2.4 Poliovirus-Infected Cells

Since intact cap binding protein complex elF-4F is present only in limited amounts
in infected cells due to virus-induced proteolysis of the p220 component of elF-4F
(ETcHison et al. 1982), eukaryotic mRNAs that have a reduced requirement for intact
elF-4F are preferentially translated in poliovirus-infected cells. Indeed, several
mRNAs with reduced secondary structures in their 5' NCRs have been found to be
translated in poliovirius-infected cells at a time when p220 is proteolyzed. Such
mRBNAs include heat shock protein 70 mRNAs (Munoz etal. 1984) and late
adenovirus mRNA containing the tripartite leader (DoLpH et al. 1988, 1990).

In addition, mMRNAs that contain, like poliovirus RNA, an IRES element should
be translated in virus-infected cells at a time when the bulk of elF-4F is not intact.
Indeed, the first cellular mMRNA containing an IRES was identified by its translation
in poliovirus-infected cells (SarRnow 1989).

3 Identification of Cellular Internal Ribosome
Entry Site Elements

In studying the phenotypes of several poliovirus mutants which were defective in
viral RNA amplification, it was noted that the production of a 78 kDa cellular
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protein was not inhibited in mutant-infected cells when the translation of most
cellular mRNAs was inhibited (Sarnow 1989). Subsequently, the 78 kDa protein
was identified as glucose-regulated protein 78 (Lee et al. 1981, 1984), also known
as immunoglobulin heavy chain binding protein (BiP) (Munro and PeLHam 1986). It
was found that they steady state level of BiP mRNA was the same in infected and
uninfected cells; nevertheless, translation of the BiP mRNA was enhanced in
mutant-infected cells compared to uninfected cells (Sarnow 1989). This sug-
gested that the BiP mRNA could be translated cap-independently like poliovirus
mRNA. Subsequently, it was tested whether the mechanisms of translational
initiation of BiP and poliviral mRNA were similar.

3.1 The BiP Internal Ribosome Entry Site

Inspection of the human BiP gene sequence revealed a 220 nucleotide 5'NCR
devoid of AUG codons upstream of the initiator AUG codon (TiNGg and Lee 1988).
To examine the mechanism of translational initiation of BiP mRNA, RNA
molecules that contained the BiP 5'NCR upstream of a luciferase coding region
were synthesized in vitro by T7 BRNA polymerase. These RNAs were then
transfected into mammalian cells that had previously been infected with
poliovirus. It was found that RNAs containing the BiP 5'NCR were translated in
infected cells, while RNAs bearing different 5'NCRs were not translated (Maceiak
etal. 1990). These results showed that the 5'NCR of BiP was sufficient to
mediate translation in poliovirus-infected cells, even though the p220 component
of elF-4F was proteolyzed and translation of most cellular mRNAs was inhibited.

Next, it was tested whether the observed elF-4F-independent translation
mediated by the BiP 5'NCR was accomplished by an internal initiation mecha-
nism. When the translation of dicistronic mRNAs containing the BiP 5'NCR in the
intercistronic spacer region was monitored in mammalian cells, it was found that
the second cistron was translated when preceded by either the BiP 5'NCR or the
poliovirus 5'NCR. However, no second cistron translation was observed when
the intercistronic spacer region contained any of several other unrelated RNA
sequence elements of similar or shorter lengths as the BiP 5'NCR (MaceJak and
Sarnow 1991). The introduction of an RNA hairpin structure at the very 5' end of
the first cistron of the dicistronic RNA containing the BiP 5'NCR completely
abolished the translation of the first cistron but had no effect on the efficiency with
which the second cistron was translated (Macesjak and Sarnow 1991). This
suggested that the BiP 5'NCR does not facilitate readthrough of ribosomes from
the first to the second cistron; instead, the BiP 5'NCR can function as an IRES
element.

Current research focuses on the identification of protein factors that interact
with the BiP IRES. We noted that the BiP IRES functioned poorly when the RNAs
were introduced directly into the cytoplasm. In contrast, BiP IRES-containing
RNAs expressed in the nucleus as polymerase Il transcripts were translated
very well after their translocation into the cytoplasm (Macejak and Sarnow,
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unpublished). These findings suggested that BiP IRES-containing RNAs may
recruit nuclear factors that are subsequently involved in cytoplasmic translational
initiation. Two nuclear factors, the La antigen (MeeroviTcH et al. 1993) and the PTB
polypyrimidine binding protein (HeLLEN et al. 1993), have been found to bind to
picornavirus IRES elements (see chapters by Hellen and Wimmer and by Belsham
et al.); PTB, however, binds extremely poorly to the BiP IRES (E. Wimmer,
personal communication) and, therefore, is not a likely candidate to modulate
internal initiation mediated by the BiP IRES. We have continued to search for
nuclear proteins from human Hela cells that can specifically interact with the BiP
IRES. Two proteins that can bind specifically to the BiP IRES, approximately, 60
kDa and 95 kDa in size, have been detected in partially purified extracts. It is not
yet clear whether the specific binding of p95 and p60 to the BiP IRES is involved
in IRES function. Interestingly, both p95 and p60 could bind to two independent
domains in the BiP IRES (Fig. 3). Both RNA fragments spanning nucleotides
1-127 and 128-220 could be cross-linked to these proteins. Because each of
these RNA domains could direct internal initiation when placed into the intercis-
tronic spacer region of a dicistronic mRNA, a correlation between protein binding
and internal initiation sites can be made. That both p95 and p60 can also bind to
IRES elements present in poliovirus (PeLLETIER and SoneNBERG 1988), encephalo-
myocarditis virus (JAnG et al. 1988) and hepatitis C virus (Tsukivama-KoHARA et al.
1992; WaNG et al. 1993) makes p95 and p60 good candidates for modulating
internal initiation (Yang and Sarnow, unpublished).

3.2 The Antennapedia Internal Ribosome Entry Site

Searching for further candidate mRNAs that contain IRES elements, it was
brought to our attention that many Drosophila mRNAs contain long 5'NCRs often
burdened with several AUG codons. Cavener complied the features of 403 differ-
ent mRNAs noting that the average Drosophila 5'NCR contains 248 nucleo-
tides and that 42% contain one or more AUG codons upstream of the predicted
start codon (CaveNer and CaveNer 1993). In contrast, only 9% of characterized
vertebrate mRNAs contain long leader sequences with upstream AUG codons
(Kozak 1987a). Most certainly, there is a bias in the Drosophila database collection
towards genes involved in developmental regulation, because most Drosophila
genes were identified following the characterization of mutant phenotypes.

The Antennapedia (Antp) gene of Drosophila melanogaster provides an
example of mMRNAs with exceptionally long 5'NCRs. Two promoters produce
transcripts with quite different 5'NCRs and identical coding regions (LauGHON et al.
1986; STROEHER et al. 1986). Promoter P1-derived mRNAs are 1512 nucleotides in
length and comprise upstream noncoding exons A, B, D and part of E. Promoter
P2-derived mRNAs, 1727 nucleotides in length, contain noncoding exons C,D and
part of E. To translate P2-derived mRNAs by the scanning mechanism (Kozak
1989), 43S ternary complexes would have to scan 1727 nucleotides and bypass
15 AUG codons, six of which are embedded in consensus sequences for transla-
tional initiation in Drosophila (Cavener 1987). A similarly difficult scenario exists for
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P1-derived mRNAs. Thus, Antp mRNAs are predicted to be translated extremely
poorly by a scanning mechanism (Kozak 1989). Alternatively, Antp mRNAs could
be translated efficiently either if the 5'NCRs harbored IRES elements or if they
contained features that allowed scanning 43S complexes to bypass long
structural elements, known as a "shunting" mechanism (FUTTERER et al. 1993).

To test whether Antp mRNAs contain an IRES element, the translation of
dicistronic mRNAs containing the 5'NCR of the P2-derived transcript in the
intercistronic spacer region was monitored in cultured Drosophila cells. It was
found that the sequences encoded by exons D and E (Fig. 4), present in both P1-
and P2-derived transcripts, could function as an IRES (OH et al. 1992). Insertion of
an AUG codon into the 3' border of the 250 nucleotide exon D-E sequence
resulted in the usage of this AUG as a translational start codon. This indicated that
the 5" border of exon D functions as the entry site for 43S ribosomal subunits.
Inspection of sequences in exon D-E revealed the presence of a 55 nucleotide
RNA sequence that is highly conserved (nucleotides 41-96 in Fig. 4) among
Drosophila species whose common ancestors lived 60 million years ago (Hooper
etal. 1992). Specifically, there are only four nucleotide changes in the 55
nucleotide RNA sequence from Drosophila melanogaster, Virilis and subobscura
(Hoorer et al. 1992). Preliminary experiments have shown that this 55 nucleotide
RNA sequence is required for Antp IRES function (Oh and Sarnow, unpublished).

It is possible that translational initiation by internal ribosome binding in
Drosophila is used at particular times during development. For example, many
maternal and early zygotic mRNAs are thought to be translated when the embryo
is at a single cell syncytium undergoing rapid mitotic divisions. However, in
mammalian cells, cap-dependent translation is known to be severely impaired
during mitosis, because of the underphosphorylation of the capbinding protein
elF-4E (Bonneau and Sonensere 1987; Huang and ScHNEIDER 1991). If the same is
true in the Drosophila embryo, it is not clear how early embryonic mRNAS such as
biocoid (BERLETH et al. 1988) and nanos (WanG and LEHMANN 1991) are translated
efficiently. A cap-independent translation mechanism such as internal ribosome
binding could provide a means by which mRNAs are translated in the absence of
functional, cap binding protein complexes.

4 Translation in Saccharomyces cerevisiae

The major features of the translational apparatus in yeast and in multicellular
eukaryotes are similar (Cican and DonaHue 1987). In fact, homologs for many
genes that encode translation factors in higher eukaryotes have been found in
yeast (Table 1), suggesting that the initiation, elongation and termination path-
ways of protein biosynthesis are quite similar.



|OW/|eoN Z'0/— =DV 40 anjea ABIaus-8a14 1S9MO| Pa30IPaId B Sey 8INJONUIS SIY| "UOPOD 1elS [BUOIIRISURS} HNY By} JUasaidal Sapilosjonu [eulwsdl- g
QY] 'Lt palequinu apioajaNU Ylim SLBIS (] UOXT 9MIs AllUS SWO0S0qI [BUISIUI BIpadeuusiuy 83 JO (1861 ¥3193ILS Pue HINNZ) 8inonls palopaid pue souanbag 'y ‘Bid

oy
2
O< wud
A 4 A 4 799
v <4 5 Y
! 22 oY /ﬁ VY,0"\ o
(D v¥ Y vM\Lov
5
UD EUU/ ¥\
o A \ 5 on
° a oo
V2 o PN <<Du¢ a nd\ 5°
5%y von @ vy v N
\, 9 oty o ¥ ¥ a '
9 0 VAAEIETN 4 O\ LA
Wwoed o 074 200 05\ ny ¥ 9%\Y n
2 o¥ Onyf /¥y nlg\'of o¥ e v 0
2 n v/, e%Y R
9 ¥ 04 59 \ 5%\ ;0
2 ¥ v o0t 5% \ n?
¥ 9 n-v A v028 Y, 28
2 ¥ ¥—0 v 404 /.DD v 091
9 v n-vo ¢ 25\
¥ ¥ v ) ¢ \ 50
.&p ¥ v o2 nN-YV a2 w
% ,0-Y v 9 Y ¥ -2 v O\
- \ R
muwlw qs% & o Y0y ¢¥o wWovv
- \
0¥ s 59 nlY, 0q 9y AT
v, _ g Yo\ 9o RN v
3-9 2 o\ o/ /9 o8 v oYy
¥ A ny 7 ¥y, n N Y —o81
D—-2 UD AR "4 UU \\D< BN UUU v
¥ 2 59%% 5¥,a0 /(<u P ¥ 0y \\4 oz/w< v “¥n
0¥ ¥ LA N P 0n 5Y 0¥
n 9507\ ¥ v
n=\\,n? n-v
f) A\ o-y
9 o]
¥, ¥ AL
n 5 b)
af
¥ /(:u< > N



Translation in Eukaryotic Cellular mRNA Molecules 167

Table 1. Translational initiation factors in Saccharomyces cerevisiae

Yeast gene Vertebrate Properties/method of isolation Reference
homolog

SuI2 1) elF2-o Suppressor of initiation codon CiGAN et al. (1989)
mutation

SUI3 (1) elF2-8 Suppressor of initiation codon DONAHUE et al. (1988)
mutation

GCD11() elF2-y Negative regulator of GCN4 HANNIG et al. (1993)
expression

GCD1(l), GCD2() elF-2B Regulators for GCN4 expression CiGAN et al. (1993)

GCD8(l), GCD7 (I) Yeast guanine nucleotide-

GCN3(ne) exchange factor

TIF1 (ne), TIFZ (ne)  elF-4A Suppressors of mitochondrial LINDER and SLONIMSK!

(tif1, tif2: 1) missense mutations (1989)

TIF3 (sg, cs) elF-4B Isolated with an antibody directed ALTMAN et al. (1993)
against elF-4E

STM1 (sg, cs} elF-4B Isolated as suppressor of elF-4A COPPOLECHIA et al. {1993)

elF-4E(l) elF-4E Isolated by screening of a yeast ALTMANN et al. (1987)

cDNA library in Agt11 with affinity
purified anti-elF-4E antibody

CDC33 elF-4E Isolated as cell cycle mutant BRENNER et al. {1988)

TIF4631 (sg, cs) elF-4Fy Isolated with an antibody directed GOVYER et al. (1993)

TIF4632 (ne) against elF-4E

(tifd631, tif463211)

TIF5(h) elF-5 Catalyzes 80S formation CHAKRAVARTI and MAITRA

(1993)

TIF1A(sg) elF-bA Its hypusine modification Is SCHNIER et al. (1991)

TIF518B(ne) essential for cell viability

(tif51A, tif518: 1)

Sult ? Suppressor of initiation codon YOON and DONAHUE
mutation (1992)

SSL1T 1) ? Suppressor of RNA hairpin YOON et al. (1992}

structure In 5’ noncoding region;
affects UV resistance

SSL2 (1) ERCC-3 Suppressor of RNA hairpin structure  GULYAS and DONAHUE
in 5' noncoding region (1992)
GCN2(ne) DAl-kinase Phosphorylates elF2-a DEVER et al. (1992)
GCN1 (ne) homolog of Required for GCN2 activation MARTON et al. (1993)
fungi EF-3
SIS homologof  Regquired for transiational initiation ~ ZHONG and ARNDT (1993)
DnaJ
PRT1() = CDC63 ? Affect translational initiation HANIC-JOYCE et al. (1987)

Phenotypes of mutants: |, lethal; sg, slow growth; cs, cold-sensitive; ne, no effect.

4.1 Comparison of 5’'NCRs in Lower and Higher Eukaryotes

Yeast mRNAs have some properties that are distinct from mRNAs in higher
eukaryotes. Specifically, the chemical composition of the 5'-terminal cap
structure, the length and nucleotide composition of the 5'NCR and the nucleotide
sequences surrounding the translational start AUG codon vary between yeast and
higher eukaryotic mRNAs.

The cap structure, present at the 5'end of mRNAs, is known to effect
translation initiation by enhancing the rate of initiation and conferring stability of
mRNAs (Everett and Galue 1992; Gatue 1991). The cap structures on higher
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eukaryotic mMRNAs are usually composed of m’GpppN,mN, or m’GpppN,m-N, m
5'-terminal nucleotides (in which N can be any nucleotide and m denotes a methyl
group). In contrast, yeast mMRNAs contain more simple m’GpppN cap structures,
known as cap-0 structures (De KLoeT and ANDREAN 1976; SripaTi et al. 1976).

At less than 100 nucleotides, the average length of a yeast 5'NCR is slightly
shorter than that of a higher eukaryotic mRNA (CicaN and DonaHue 1987). Short
5'NCRs (<21 nt) have been shown to confer reduced translation to mRNAs in
yeast, probably due to the fact that 80S ribosomes sterically inhibit the binding of
43S complexes at the 5' end of the mRNA (van DeN HEUVEL et al. 1989). However,
there is also precedence that yeast tcm 1 mRNA can be translated in the
complete absence of a 5'NCR (Maicas et al. 1990).

Yeast 5'NCRs are enriched in adenine residues, suggesting that they are
relatively devoid of significant secondary structures. In fact, the predicted average
free energy for a yeast 5'NCR is -7 kcal/mol. Insertions of stable RNA hairpin
structures into the 5'NCRs of CYC7 and H/S4 reduced their translational effici-
ency by 20- to 100-fold (Baim and SHermaN 1988; CicaN et al. 1988b). The presence
of an RNA hairpin in a yeast 5'NCR with a predicted free energy of —-28kcal/mol
inhibited translation by at least 98% (Veca Laso et al. 1993). These effects are
likely to be due to the inhibition of scanning of 43S subunits, supporting the
conclusion that most yeast mRNAs are translationally initiated by the scanning
mechanism as are most mRNAs in higher eukaryotes (Kozak 1989).

In contrast to the vertebrate sequence ACCAAUGG (Kozak 1986, 1987)
surrounding the translational start AUG codon, the yeast translational initiation
start site consensus is (A/Y)A(A/U)JAAUGUCU (Ciean and DonaHue 1987). In
addition, the effect of altered context sites on translational efficiency is less
pronounced in yeast than in higher eukaryotes (Bam and SHermaN, 1988; CicaN
et al. 1988; SHErMAN and StewarT 1982). The presence of upstream AUG codons
in the 5'NCRs is rare; only approximately 5% of yeast genes contain upstream
open reading frames, compared with 9% of characterized vertebrate mRNAs
(Kozak 1987) and 42% of Drosophila mRNAs (Cavener and Cavener 1993).

4.2 Genes Involved in Translational Initiation

Using genetic approaches, many yeast genes encoding translational initiation
factors have been identified. Table 1 lists some of these initiation factors. For a
more detailed description of some of these factors, the reader is refered to
reviews by Cican and DonaHUE (1987) and HinnesuscH 1990 (HinnesuscH and
Liesman 1991).

Two sets of genetic approaches have been crucial to the identification of the
yeast homologs of the elF-2 complex and its regulators. First, a selection was
employed for suppressors that restored the translation of a H/S4 yeast gene that
lacked an AUG initiator codon (Cigan et al. 1988b). In this way, SUI2 (elF-2a) (Cican
et al. 1989), SUI3 (elF-2B) (DonAHUE et al. 1988), and SU/T, an additional factor that
functions in concert with elF-2 (Yoon and DonaHUE 1992), were identified. These
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experiments clearly showed that other factors besides tRNAM (Cigan et al.
1988a) are involved in directing the ribosome to the correct translational start site
for protein biosynthesis. In another approach, the isolation and characterization of
both positive and negative regulators of GCN4 expression have uncovered many
translational initiation factors such as elF-2y (HanNiG et al. 1993), each member of
the elF-2B complex (Cican et al. 1993), the elF-2 kinase, GCN2, (Dever et al. 1992)
and its activator GCNT (MaRToN et al. 1993).

TIFT and TIF2, both homologs of elF-4A, were identified as suppressors of
missense mutations in the mitochondrial oxi2 gene (LINDER and Stonimskr 1989).
Interestingly, STM1 (elF-4B) was isolated as a suppressor of a temperature-
sensitive tif7 mutant (CoppoLeccHiA et al. 1993), possibly suggesting a physical
interaction between the two gene products.

The genes encoding polyadenosine binding protein (PAB; SacHs and Davis
1989) and its associated nuclease. PAN; SacHs and Dearborrr 1992) are not listed
in Table 1. Genetic analysis has shown that although both of these proteins play
important roles in translational initiation, their exact function(s) remains unknown,
and no homologs have been identified in higher eukaryotes.

4.3 Mechanisms of Initiation

4.3.1 Cap-Dependent Initiation

Most yeast mRNAs are likely to be translated by the cap-dependent, 5' end-
dependent scanning mechanism known to operate in the translation of most
higher eukaryotic mMRNAs (CicaN and DonaHuE 1987; HinnesuscH and LiEBman 1991;
Kozak 1989). As in higher eukaryotes, binding of a cap binding protein complex to
the capped mRNAs is a prerequisite for recruitment of 40S ribosomal subunits. In
contrast to the higher eukaryotic cap binding protein complex elF-4F, composed
of elF-4E, elF-4A and elF-4y (p220), yeast elF-4F contains elF-4B (TIF3) instead of
elF-4A (ALTMANN et al. 1993). From this, it was concluded that yeast elF-4B
contributes to the known RNA helicase activity of elF-4F (Rozen et al. 1990)
thought to be important for the unwinding of secondary structure present in the
5'NCRs of the mRNAs. The 40S ribosomal subunits, recruited onto the mRNAs
near their 5' ends, subsequently scan the mRNA in a 5' to 3' direction until an
appropriate AUG is encountered which is used as the start site of protein
synthesis.

4.3.2 Initiation by Reinitiation

The yeast GCN4 mRNA contains a 5'NCR that is 590 nucleotides in length. This
unusually long leader contains four open reading frames. The synthesis of the
GCN4 protein, initiated at the fifth open reading frame, occurs only during amino
acid starvation (HINNEBUSCH 1990).

Over the past few years, Hinnebusch and coworkers have elucidated the
mechanism of GCN4 mRNA translation and its regulation. Briefly, under
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nonstarvation conditions, 40S subunits are thought to scan the GCN4 5'NCR in a
5' to 3' direction. After translation of the first open reading frame, 40S subunits
resume scanning of the 5'NCR, reacquire initiator tRNA and initiation factors and
are competent to reinitiate protein synthesis at the fourth open reading frame,
after which 40S dissociate from the mRNA. Thus, the fifth open reading frame,
that of the GCN4 protein, is not translated. During amino acid starvation condi-
tions, reinitiation does not occur until the fifth open reading is reached by the
scanning 40S. This delay is caused by the accumulation of uncharged tRNA
molecules, which result in the activation of GCN2 kinase which phosphorylates
elF-2a.. Phosphorylated forms of elF-2a. sequester elF-2B, a factor that is involved
in recycling elF2-GDP to elF2-GTP. As a consequence, only low concentrations of
elF2-GTP complexes are present in amino acid-deprived cells, reloading of
‘empty" scanning 40S complexes is delayed, and reinitiation occurs at the fifth
instead of the fourth open reading frame of the GCN4 mRNA (Dever et al. 1992).

4.3.3 Translation of Double-Stranded RNAs of Virus-Like Particles

Most laboratory strains of S. cerevisiae have cytoplasmic virus-like particles
(VLPs) whose genomes consist of double-stranded RNAs (BrRUenn 1980; WICKNER
1992). The best characterized species of VLPs are known as L-A and M1. L-A
particles contain a single 4600 base pair double-stranded RNA, M1 VLPs contain
one or two double-stranded RNAs, 1800 base pairs in length. M1 RNA encodes
a secreted toxin, responsible for the "killer" phenotype of M1-containing cells. M1
is a satellite of L-A and is encapsidated in particles composed of the L-A -encoded
coat proteins (BRUENN 1980; WIckNER 1992).

The genomic RNAs of L-A and M are naturally uncapped (Bruenn and Kerz
1976). Thus, it seems likely that L-A and M RNAs are translated cap-independ-
ently, although it has not been tested whether polysomal RNAs are uncapped as
well. Russell and coworkers (RusseLL et al. 1991) have introduced capped and
uncapped luciferase mMRNAs bearing L-A and M1 5'NCRs into yeast spheroplasts
and subsequently monitored the translational efficiencies of these RNA species.
[t was found that the 5'NCRs of L-A and M1 did not confer a special cap
independence to these hybrid mRNAs; however, the poliovirus 5'NCR did not
confer cap independence in this transient expression system either (RusseLL et al.
1991). The latter finding may have been due to the presence of an RNA species
that is known to inhibit the translation of RNAs containing the poliovirus IRES
specifically (Cowarp and Dascupta 1992).

That L-A mRNA could be translated cap-independently in vivo has been
suggested by studies of host genes that are involved in the maintenance of VLPs.
One of these genes is known as SK72 (WipbNer and Wickner 1993). This gene was
identified because mutant alleles confer a super-killer phenotype to yeast, in
which the copy number of L-A and M RNAs is greatly increased. To test the effect
of ski mutants on translation of capped and uncapped RNAs, RNAs were
expressed under the control of polymerase | or polymerase Il promoters.
Translation of RNA polymerase I|-derived, uncapped viral transcripts, but not that
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of RNA polymerase |l-derived, capped viral mRNAs, occurred in skiZ cells,
suggesting that SK/2 normally represses the translation of uncapped mRNAs
(WibNEr and Wickner 1993). For example, SK12 may hydrolyze uncapped viral
RNAs like the gene product of XRN1, a 5' to 3' exonuclease which is responsible
for the degradation of uncapped RNAs in yeast (Hsu and Stevens 1993; MUHLRAD
et al. 1994; Stevens and MauriN 1987).

4.3.4 Cap-Independent Initiation

Cap-independent translation in yeast extracts mediated by several different viral
5'NCRs has been reported. For example, ALTMANN and colleagues (1989, 1990)
prepared translation-competent extracts from yeast cells that were depleted of
elF-4E. In these extracts, cap-independent translation of alfalfa mosaic RNA4 and
of mRNAs containing the 5'NCR or poliovirus was very efficient, while the
translation of several non-yeast reporter mRNAs was cap-dependent (ALTMANN
et al. 1989, 1990). In contrast, Cowarp and Dascurta (1992) did not detect any
translation of polioviral mMRNAs both in vivo in yeast cells or in vitro in yeast
extracts. The investigators attributed the inhibition of polioviral mRNA translation
to the presence of a small RNA inhibitor, which was subsequently characterized.
Curiously, translation mediated by the encephalomyocarditis IRES was not
inhibited in these extracts (Cowarp and DascupTa 1992).

Recently, we have established an in vitro translation system from yeast
extracts and tested the translation of capped and uncapped mRNAs lacking or
containing IRES elements (lizuka et al. 1994). Several capped reporter mBNAs
could be translated in this extract at least fivefold better than uncapped mRNAs
and cap-dependent translation was abolished when 1TmM of the cap analog
m’GpppG was added to the system. We also observed efficient translation in
this system of mRNAs containing the IRES elements of hepatitis C virus and
coxsackievirus. These IRES elements mediated translation when located at the
very 5' end of a reporter message or when placed between two open reading
frames in dicistronic mRNAs. This finding strongly suggests that the yeast
translational apparatus is able to perform cap-independent translation by internal
ribosome binding. Because the IRES elements of coxsackievirus and of poliovirus
are very similar in sequence and structure, we expected that the presence of the
poliovirus IRES inhibitor, noted by Cowarp and DasgurTa (1992), would inhibit the
function of the coxsackievirus-IRES as well. However, it is possible that different
yeast strains contain different amounts of the poliovirus-IRES inhibitor, that this
inhibitor was lost or inactivated during preparation of the extracts, or that the
inhibitor is extremely specific for polioviral RNA.

We have searched for naturally occurring yeast 5'NCRs that might mediate
cap-independent translation. Using the in vitro translation system as an assay, we
showed that the 5'NCRs of two yeast genes. TFIID and HAP4, supported
translation at an enhanced rate in the presence of cap analogs, conditions under
which the translation of reporter RNAs lacking these noncoding sequences and
the majority of polydenylated yeast mRNAs were inhibited. This cap-independent
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translation was probably due to internal initiation, because these 5' NCRs also
stimulated the translation of the second cistron in dicistronic mRNAs. However,
the mechanism of cap-independent translation of mRNAs bearing TF//D and
HAP4 5'NCRs is not known yet; clearly, both noncoding regions do not require
significant amounts of cap binding protein complexes to mediate translational
initiation. We are currently studying the physiological role of cap-independent
translation in yeast, focussing on TF/ID and HAP4 mRNAs as promising candi-
dates.

5 Summary and Future Directions

Ample evidence has accumulated that capped eukaryotic MRNAs can be trans-
lated without significant amounts of intact cap binding protein complex elF-4F.
Some of these MRNAs are translated by a 5' end-dependent scanning mecha-
nism, while other mRNAs use an internal initiation mechanism reminiscent
of prokaryotic translational initiation. An intense search is being undertaken for
factors that bind to IRES elements and mediate internal initiation. This is a
formidable task that requires elaborate purification schemes and faithful in vitro
translation assays. The use of a genetically manipulatable system such as yeast
may help in identifying genes whose products are involved in internal initiation.
ldentification of such yeast genes and isolation of their higher eukaryotic
homologs may help in understanding the molecular mechanism of internal
initiation. Another important question addresses whether the cap-independent
translation and internal initiation mechanisms are regulated during cell growth.
Again, genetically manipulatable systems such as yeast and Drosophila may
provide useful answers. That cap-independent translation is greatly diminished
during mitosis in mammalian cells may be starting point to investigate whether
cap-independent translation is predominately a mitotic event or whether other
physiological roles for cap-independent translation exist.
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