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The question of whether hepatitis C virus (HCV) RNA
is translated by a mechanism of internal ribosome
entry has been examined by testing whether insertion
of HCV sequences between the two cistrons of a
dicistronic mRNA promotes translation of the down-
stream cistron in rabbit reticulocyte lysates. Deletion
analysis showed that efficient internal initiation
required a segment of the HCV genome extending
from about nucleotides 40-370 and that deletions from
the 3'-end of this element were highly deleterious. As
the authentic initiation codon for HCV polyprotein
synthesis is at nucleotide 342, this demonstrates that,
besides 5'-UTR sequences, a short length of HCV
coding sequences is required for internal initiation.
This finding was confirmed in transfection assays of
BT7-H cells and was shown to be independent of the
nature of the downstream reporter cistron. The strong
requirement for coding sequences is in sharp contrast
to internal initiation of picornavirus RNA translation.
As a probable correlate with this, it was also found that
the efficiency of internal initiation was only marginally
compromised when the authentic initiation codon was
mutated to a non-AUG codon, again in sharp contrast
with the picornaviruses. The finding that coding
sequences are required for internal initiation has
important implications for the design of experiments
to test for internal initiation of translation of cellular
mRNAs.
Keywords: hepatitis C virus/internal ribosome entry/trans-
lation initiation

Introduction
Hepatitis C virus (HCV) is the major causative agent
of non-A, non-B hepatitis worldwide, being transmitted
principally by blood and blood-derived products (Choo
et al., 1989). Infection can frequently lead to chronic
hepatitis or cirrhosis and is associated with the develop-
ment of hepatocellular carcinoma (Saito et al., 1990).
HCV has a single-stranded RNA genome of positive
polarity, -9450 nucleotides in length, with a single large
open reading frame (ORF). This encodes a polyprotein of

-3010 amino acid residues (variations depending on the
isolate) which is cleaved by virus-encoded and cellular
proteases to yield the various viral capsid and non-
structural proteins. Although the order of the viral struc-
tural and non-structural proteins within the polyprotein
resembles that found in flaviviruses and pestiviruses (Choo
et al., 1991; Takamizawa et al., 1991), the 5'-untranslated
region (5'-UTR) of HCV is much longer than that of the
flaviviruses and more closely resembles the 5'-UTR of
pestiviruses in terms of length and putative secondary
structure (Han et al., 1991; Brown et al., 1992). The
sequence of the HCV 5'-UTR is strongly conserved
amongst different strains and isolates (Bukh et al., 1992),
much more conserved than any other region of the viral
genome, a fact which has been exploited in diagnostic
methods based on PCR techniques. It is 341 nucleotides
long, containing three to five AUG triplets (depending on
the individual strain or isolate) and has the potential to
form extensive secondary structure (Brown et al., 1992;
Tsukiyama-Kohara et al., 1992). In these respects the
HCV 5'-UTR shares many properties with picornavirus
5 '-UTRs.

It is now well established that initiation of translation
of picornavirus RNAs is by a mechanism of internal
ribosome entry, rather than by ribosome scanning from
the 5 '-end of the RNA (Jackson et al., 1990, 1994). Internal
initiation requires a defined segment of the picornavirus 5'-
UTR which is generally known as the IRES (for 'internal
ribosome entry segment') and is -450 nucleotides long,
but does not include the extreme 5'-proximal sequences
of the viral genome. Insertion of a picornavirus IRES
between the two cistrons of a laboratory-generated di-
cistronic construct results in a very significant stimulation
of translation of the downstream cistron both in vitro and
in vivo, to the extent that the yield of downstream cistron
translation product may exceed that from the upstream
cistron (Jang et al., 1988; Pelletier and Sonenberg, 1988).
This stimulation is independent of whether the dicistronic
mRNA is capped or not and controls show that it cannot
be explained by cleavage of the dicistronic RNA into two
monocistronic mRNAs. Thus the unambiguous conclusion
is that the picornavirus RNA segment promotes direct
internal ribosome entry to initiate translation of the down-
stream cistron.
The common features of the 5'-UTRs of HCV and the

picornaviruses have prompted the question of whether
HCV RNA is also translated by internal initiation, but the
results reported so far have been controversial. Using
dicistronic constructs in which the downstream cistron
was the first part of the HCV polyprotein coding sequence
located in the same relative position to the HCV 5'-UTR
as in the viral genome itself, Tsukiyama-Kohara et al.
(1992) showed by in vitro translation in rabbit reticulocyte
lysates or HeLa cell extracts that the HCV genome has
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a quite efficient IRES. On the other hand, in a very
comprehensive set of experiments involving both in vitro
and in vivo assays, Yoo et al. (1992) could find no
evidence for internal initiation, though in this case the
dicistronic constructs used standard reporter cistrons and
a linker was placed between the 3'-end of the HCV 5'-
UTR segment and the initiation codon of the downstream
cistron. More recently, several groups have confirmed the
existence of an HCV IRES (Wang et al., 1993; Fukushi
et al., 1994; Rijnbrand et al., 1995) and are all agreed
that deletions in the 3'-end of the HCV 5'-UTR abrogate
IRES function. However, there is still some controversy
as to the exact boundaries of the IRES and whether the
IRES lies entirely within the 5'-UTR. While some groups
have used standard reporters with no HCV coding
sequences retained (Wang et al., 1993), others have
retained a short length of viral coding sequences (Rijnbrand
et al., 1995) and yet others have used HCV core protein
coding sequences as the downstream reporter cistron of
the dicistronic constructs (Tsukiyama-Kohara et al., 1992;
Fukushi et al., 1994).
We have examined these questions and have paid

particular attention to the possible requirement for HCV
coding sequences for efficient internal initiation of transla-
tion. We show here that the HCV genome does indeed
have an efficient IRES, but that quite unlike any picorna-
virus IRES, the 5'-proximal HCV polyprotein coding
sequences are required for internal ribosome entry. These
findings have important implications for the design of
experiments to test for IRESs in cellular mRNAs and
other species of positive strand RNA viruses.

Results
Strategy for testing for an HCV IRES and for
mapping the 3' boundary
In order to test the ability of HCV sequences to direct
internal initiation, a standard dicistronic mRNA translation
assay was used. The constructions followed the design
previously used in this laboratory to study the IRESs of
human rhinovirus type-2 and Theiler's murine encephalo-
myelitis virus (Borman and Jackson, 1992; Hunt et al.,
1993). The upstream cistron codes for Xenopus laevis
cyclin B2 and the downstream cistron is a slightly truncated
form of the influenza virus non-structural protein (NS)
coding region as described previously (Borman and
Jackson, 1992). The truncated form of this viral protein
is designated as NS'. The control dicistronic plasmid,
previously named pXLJ Con (Borman and Jackson, 1992),
but renamed pXLJO for this work, has a short length of
polylinker sequences between the two cistrons, which,
together with the BamHI site immediately after the AUG
initiation codon of the NS' cistron, facilitate the insertion
of putative IRES sequences (Figure 1).
The starting point for testing whether there is an IRES

within the 5'-proximal part of the HCV genome was a
cDNA clone spanning nucleotides 40-405, according to
the sequence of Han et al. (1991), which is now considered
to be the complete sequence starting from the very 5'-end
of the viral RNA. Reconstruction of the 5'-proximal 40
nucleotides of the HCV genome sequence was found to
have no influence on internal initiation (data not shown),
in agreement with the conclusions of Wang et al. (1993)

regarding the 5'-boundary of the IRES, and thus most of
the constructs used in this work started at nucleotide 40,
except those for the experiment shown in Figure 5. As
the authentic initiation codon is at nucleotide 342 in this
sequence, our starting clone included 64 nucleotides of
HCV coding sequences. Deletions were made from the
3'-end of these HCV sequences and the truncated segment
incorporated first into a monocistronic construct with a
downstream in-frame NS' cistron, and thence into the
dicistronic test plasmid (Figure 1). For the majority of
these constructs, the sequence immediately downstream
of the HCV sequences is ..CCAUGGAUCC.., where the
AUG shown in bold is the initiation codon of the actual
NS' ORF, and the two C residues function as a linker
between the HCV sequences and the NS' coding
sequences. In the case of pXL40-395.NS', the fusion
between HCV and NS' sequences had to be made at the
in-filled BamHI site in order to maintain the correct
reading frame and thus the two C residues and the AUG
codon are missing (Figure 1). As the HCV initiation codon
is in-frame with the NS' ORF in all constructs, initiation
at this HCV initiation codon should lead to the synthesis
of an NS' protein extended at the N-terminus by 3, 4, 10
and 17 amino acid residues of HCV core protein sequences
respectively for XL40-351.NS', XL40-354.NS', XL40-
372.NS' and XL40-395.NS' mRNAs (Figure 1), under
the assumption that the initiating methionine residue will
be cleaved off as a consequence of the neighbouring serine
(Sherman et al., 1985, 1993). In construct pXL40-339.NS',
the 3' end-point of the HCV segment was such that the
NS' initiation codon was in the equivalent position to the
authentic viral initiation codon (Figure 1) and so the
product of translation of this transcript would be full
length NS' with no N-terminal extension. It should also
be noted that this construct in fact has precisely the same
sequence upstream of the initiation codon as is found in
the HCV genome: the linker of two C residues brought
in with the NS' cDNA sequences fortuitously making an
exact replacement of two C residues deleted from the
HCV sequences by Bal31 treatment (Figure 1).

All constructs were made in a pGEM-2 vector, thus
allowing capped and uncapped transcripts to be prepared
by transcription with bacteriophage T7 RNA polymerase.
These transcripts were translated in rabbit reticulocyte
lysates in the presence of [35S]methionine over a range of
RNA concentrations and the relative yields of cyclin from
the upstream cistron and NS' from the downstream cistron
were assessed by autoradiography following gel electro-
phoresis of the translation assay samples.

It was found that for uncapped RNAs, the yield of
translation product from the upstream cistron (Xenopus
laevis cyclin B2) was relatively constant for all constructs
at any given RNA concentration (Figure 2). The yield of
cyclin was generally stimulated by capping the transcript
(Figure 2), although the degree of stimulation varied
between the different transcripts, possibly reflecting
differences in the degree of carry-over of m7GpppG cap
analogue from the transcription reaction.

In the case of the two transcripts with the longest
lengths of HCV coding sequences (pXL40-395.NS' and
pXL40-372.NS'), there was efficient translation of the
downstream cistron, indicative of internal initiation of
translation. Consistent with this interpretation, the yield
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Fig. 1. Schematic diagram, not to scale, of the constructs used to test for an HCV IRES and to map its boundaries. In (a) the cloning strategy is
depicted: the HCV 5'-UTR segment shown as an open bar; the start of the HCV coding sequences as a black bar; and linker sequences depicted by
thin lines. Restriction enzyme sites are represented as follows: Asp718 (A), BamHI (B), EcoRI (E), HindIII (H), NcoI (N), SacI (Sc), SaIl (Sl), SmaI
(Sm), SphI (Sp). Plasmids pJO and pXLJO, previously named pXLJ Con, are described in Borman and Jackson (1992). The nomenclature of the
plasmids takes the form p40-x.NS' for monocistronic constructs with HCV sequences extending from nucleotide 40 to residue x numbered according
to the sequence of Han et al. (1991), and pXL4O-x.NS' for the corresponding dicistronic construct. In (b) a more detailed schematic diagram of the
dicistronic constructs is shown, with the approximate locations of the three AUG triplets in the HCV 5'-UTR segment from nucleotide 40, in
addition to the authentic HCV initiation codon. The NruI, StuI and BamHI sites used for the subcloning steps described in the text are shown. In (c)
is shown the sequence at the junction of the HCV and NS' sequences in the various dicistronic constructs bearing 3' deletions of the HCV segment.
The authentic HCV initiation codon is shown in bold, as is the AUG codon at the start of the NS' ORF. The sequences of the 'sense' and 'antisense'
reconstructions of pXL40-372.NS' (pXL40-372.SRec and pXL40-372.ARec, respectively) are given between the authentic initiation codon and the
start of the NS' coding sequences, and the single site mutation necessary to eliminate an in-frame stop codon in the antisense orientation is
underlined in the pXL40-372.SRec sequence.

of NS' polypeptide from these two RNAs was not
significantly affected by capping the transcripts, although
the yield of cyclin from these two mRNAs was quite
strongly influenced by capping (Figure 2). The efficiency
of the internal initiation is quite high, given that cyclin
B2 has 17 methionine residues and the downstream cistron
translation product would have nine in the case of pXL40-

372.NS' or 8 for pXL40-395.NS', again assuming that
the initiating methionine residue would be cleaved off as

a consequence of the neighbouring serine (Sherman et al.,
1985, 1993).
The most striking point, however, is that translation

from the downstream cistron was very much less efficient
with the transcripts of the other dicistronic constructs.
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Fig. 2. Mapping the 3' boundary of the HCV IRES by in vitro translation of 3' deletion mutants. Capped (+) and uncapped (-) transcripts of

pXLJO, pXL40-339.NS', pXL40-351.NS', pXL40-354.NS', pXL40-372.NS' and pXL40-395.NS' were translated in rabbit reticulocyte lysate at final

concentrations of: (a) 50; (b) 25; (c) 12.5 and (d) 6.25 gg/ml. Translation products were resolved by gel electrophoresis using a 20% polyacrylamide
gel and the resulting autoradiograph is shown. XL indicates the cyclin B2 cistron translation product and NS' indicates products derived from the
downstream cistron. The size of molecular weight markers is shown on the right in kDa.

With XL40-339.NS' and XL40-35 1 .NS' mRNAs the yield
of the NS' derived product was no greater than the
negative control, XLJO (Figure 2), whereas for XL40-
354.NS' it was very slightly above this background level.
Thus the 3' boundary of the HCV IRES lies between
nucleotides 354 and 372, which means that, given that
the authentic initiation codon is at nucleotide 342, a short
length of the HCV polyprotein coding sequence is required
for internal ribosome entry, unlike the case with any

picornavirus IRES investigated to date.

In vivo expression studies
In view of the unprecedented nature of these results, we

sought to confirm them by in vivo transfection assays, even

though it would be very surprising and quite unparalleled if
the requirements for internal initiation in vivo were less
stringent than in vitro. The same plasmid constructs were

used as for the in vitro translations and these were

transfected into BT7-H cells (Whetter et al., 1994) which
had been infected with a recombinant vaccinia virus that
expresses bacteriophage T7 RNA polymerase (Fuerst
et al., 1986). Subsequently, the cells were incubated with
[35S]methionine and the labelled proteins were analysed
by one-dimensional gel electrophoresis (Figure 3). With
the control plasmid, pXLJO, the labelled cyclin product
was clearly visible against the background of labelled
vaccinia encoded proteins (compare lanes 6 and 7 of
Figure 3) and transfections with various plasmids of the
pXL40-x.NS' series all gave a very similar yield of cyclin,
confirming that transfection efficiencies were consistent
and reproducible. Labelled NS' resulting from translation
of the downstream cistron could clearly be seen in the
case of transfections with pXL40-395.NS' and pXL40-
372.NS' (lanes 1 and 2 of Figure 3). On the other hand
it was barely visible in the case of pXL40-339.NS' (lane
5) and any labelled NS' in lanes 3 and 4 was at such low
yield that it is undetectable against the background of
vaccinia encoded proteins. Immunoprecipitation assays
verified the identity of the cyclin and NS' products, and
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Fig. 3. Mapping the 3' boundary of the HCV IRES by in vivo
transfection assays. BT7-H cells were infected with recombinant
vaccinia virus vTF7-3 and were transfected 60 min later with 5 ig of
the designated plasmid DNAs. Metabolic labelling with
[35S]methionine was carried out for a 2 h period starting 18 h post-
transfection and then the cells were processed for gel electrophoresis
using a 20% polyacrylamide gel. The resulting autoradiograph is
shown. The positions of the molecular weight standards (in kDa) are
shown in the right hand margin and the positions of the cyclin (XL)
and NS' translation products in the left margin.
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Fig. 4. Internal initiation requires HCV coding sequences per se and not just as a spacer. Capped transcripts of the designated constructs were
translated in rabbit reticulocyte lysate at final concentrations of: (a) 50; (b) 25; (c) 12.5 and (d) 6.25 gg/ml. Translation products were resolved by
gel electrophoresis using a 20% polyacrylamide gel and the resulting autoradiograph is shown. XL indicates the cyclin B2 cistron translation product
and NS' indicates products derived from the downstream cistron. The size of molecular weight markers is shown on the right in kDa.

confirmed that only pXL40-395.NS' and pXL40-372.NS'
gave a significant yield of NS' (data not shown). Thus
the results of the transfection assays precisely parallel the
in vitro data: efficient IRES function is observed with
pXL40-395.NS' and pXL40-372.NS', but not with any
construct that retained fewer codons of HCV coding
sequence.

The requirement for coding sequences is also seen
with other reporter cistrons
We next considered the possibility that these results reflect
not so much a positive effect of HCV coding sequences
on IRES function as a negative influence exerted by the
NS' coding sequences if they are brought too close to
the authentic initiation site. Nevertheless, this possibility
seemed unlikely since we have found no negative influence
of NS' coding sequences adjacent to the functional initia-
tion codon of picornavirus IRESs (Hunt et al., 1993).
Thus if there is an inhibitory effect of the NS' sequences
it is particular to internal initiation driven by the HCV
IRES, and it thus becomes almost a matter of semantics
whether the requirement for HCV coding sequences
reflects a positive contribution of such sequences or the
absence of a negative influence.
As a first step towards examining this question, we

took pXL40-339.NS', which has its initiation codon in
the normal position as in the HCV genome but lacks any
HCV coding sequences, and reconstructed the active
pXL40-372.NS' from it using synthetic oligonucleotides.
The reconstruction strategy was such that the oligonucleo-
tides could be inserted in either orientation. In one
orientation the authentic HCV coding sequences would
be regenerated (with a single site mutation) and in the
other a quite different sequence would be generated
(Figure 1). But in both orientations the NS' coding

sequences would be at the same distance from the authentic
initiation site. The single mutation was necessary to
eliminate an in-frame stop codon in the antisense orienta-
tion. These two reconstructions are referred to as pXL40-
372.SRec and pXL40-372.ARec (for sense and antisense
reconstruction, respectively).
The results of in vitro translation assays of capped

RNAs show that the translation of the IRES-dependent
downstream cistron of XL40-372.SRec was almost as
efficient as that of XL.40-372.NS' itself (Figure 4). The
small difference in efficiency may possibly be due to the
single point mutation by which pXL40-372.SRec differs
from pXL40-372.NS'. What is most striking, however, is
the fact that translation of XL40-372.ARec gave virtually
no NS' product whatsoever and IRES-dependent transla-
tion with this dicistronic mRNA was, if anything, even
less efficient than with XL40-339.NS', the parent for the
two reconstructions (Figure 4).
As a control to show that the translation of the NS'

cistron of XL40-372.ARec was defective only in the
context of IRES-dependent initiation, we deleted the
upstream cyclin cistron as well as most of the HCV 5'-
UTR up to the unique StuI site (Figure 1) from each of
these constructs, to generate monocistronic constructs
which would be translated by the normal 5'-end dependent
scanning mechanism. In vitro transcription of these mono-
cistronic constructs would generate an mRNA with a 5'-
UTR of 80 nucleotides length, the first 17 nucleotides
being polylinker sequences followed by nucleotides 279-
341 of the HCV genome, numbered according to the
sequence of Han et al. (1991). When capped transcripts
of these constructs were translated in vitro the yield of
NS' product from the monocistronic derivative 372.ARec
was as high as from the equivalent derivatives of 372.SRec
and 372.NS' (Figure 4). (The greater gel mobility of the
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product from 372.ARec, which is also found with the very
small amount of NS' product from the dicistronic XL40-
372.ARec, is probably due to the unusual amino acid
composition at the N-terminus, since no abnormalities or
unplanned additional mutations could be found on exten-
sive sequencing of this construct.) We can therefore
conclude that the translation of the NS' cistron of XL40-
372.ARec is defective only when such translation is by
internal initiation. This allows the further conclusion that
IRES function requires HCV coding sequences per se and
not just as a spacer to separate the NS' coding sequences
by a sufficient length from the functional initiation codon.

In a completely different approach to this problem, a
dicistronic construct was made with two other reporter
cistrons: chloramphenicol acetyl transferase (CAT) was
used as the upstream cistron and secreted alkaline phos-
phatase (SAP) in the downstream position. The constructs
were made with the complete HCV 5'-UTR as the inter-
cistronic spacer and included either no HCV coding
sequences (pCAT 1-341 .SAP) or the 5'-proximal 22 codons
(pCAT 1-407.SAP). These were translated in vitro as either
capped or uncapped mRNAs (Figure 5). As expected, the
yield of CAT translated from the upstream cistron was
significantly increased by capping the mRNAs, but was
largely independent of whether the intercistronic spacer
was polylinker sequences or the HCV 5'-UTR, or whether
HCV coding sequences were retained. Strikingly, synthesis
of SAP from the downstream cistron was observed only
in the case of the construct which included HCV coding
sequences and the yield was uninfluenced by capping the
transcripts (Figure 5), a classical indicator of internal
initiation. If no HCV coding sequences were present, the
yield of SAP was equally low regardless of whether the
complete HCV 5'-UTR or just polylinker sequences were
present as intercistronic spacer.

The results of both the reconstruction experiment and
the use of alternative reporter cistrons strongly indicate
that HCV coding sequences are an essential element of
the HCV IRES, and that the role of the coding sequences
is not just to separate possible inhibitory sequences from
close proximity to the functional initiation site.

The HCV IRES can promote internal initiation even
at non-AUG codons
In a series of experiments to investigate the consequences
of mutation of the AUG triplets in the HCV IRES, we
came across another property unique to the HCV IRES.
When the authentic initiation codon at nucleotide 342 of
XL40-372.NS' was mutated to AUU, we were surprised to
find that the efficiency of internal initiation of downstream
(NS') cistron translation was only slightly compromised
(Figure 6a). Under standard conditions we estimate the
relative efficiency to be -90%, but under extreme condi-
tions of sub-optimal Mg2+, or supra-optimal K+ concentra-
tions, the frequency of initiation was more severely reduced
at AUU than at AUG (data not shown).
The surprisingly high efficiency of internal initiation at

an AUU codon prompted an investigation of the properties
of other mutant alleles of the authentic initiation codon.
The substitution of a CUG was found to have only a
minimal influence on efficiency of translation of the
downstream cistron by internal initiation (Figure 6a). The
efficiency of utilization of a CUG at this site was similar
to that of an AUU. Mutation of the authentic initiation
codon to AAG, GAG or GCG caused a significant decrease
in translation efficiency, to -40-50% with respect to the
AUG parent (Figure 6a, lanes 5-7). However, on closer
inspection of the autoradiographs it can be seen that the
NS' product translated from these mRNAs is marginally
smaller than that obtained on translation of constructs

6015

-1



J.E.Reynolds et al.

a Dicistronic mRNAs
(JRES-dependent initiation)
zz

- <
X ¢ -r, X

XL

NS'

I2S

12 34 5

b

36

6 7 8 9 '()

Monocistronic controls
(scanning-dependent initiation)

b-
z

r-
I cS;

cap - + -

XL

I
.:D -, o o - '.. .. ". C-,

.-w .. '..) .. -'r
=) d .::) ::) -e. < .:) .::)
< -<', u u .,D --l" -. x

- 55

-36
NS'
NS -*lo._
ns ',-

- 14

1 2 '3 4 5 6 7 8 9 1lOIl 12

Fig. 6. Translation of (a) dicistronic mRNAs with different mutations
of the authentic HCV initiation codon and (b) monocistronic
derivatives of the same constructs with most of the HCV 5'-UTR
sequences deleted. (a) Uncapped transcripts of dicistronic constructs
pXL40-372.NS', pXLAUU.NS', pXLCUG.NS', pXLAAG.NS',
pXLGAG.NS', pXLGCG.NS' and the control pXLJO, were translated
for 90 min in rabbit reticulocyte lysate at a final concentration of
50 j.g/ml. (b) Capped (+) or uncapped (-) transcripts, as indicated, of
the monocistronic (IRES-deleted) derivatives of these same mutants
were translated for 90 min in rabbit reticulocyte lysate at a final
concentration of 50 gg/ml and an uncapped transcript of the
dicistronic pXL40-372.NS' was also translated as a reference control.
Translation products were resolved by gel electrophoresis using (a) a
10-30% polyacrylamide gradient gel or (b) a 20% polyacrylamide gel,
and the resulting autoradiographs are shown. XL indicates the cyclin
B2 cistron translation product, NS' indicates products derived from the
downstream cistron, NS" the product thought to be initiated at the
ACG codon (see text) and ns the product initiated at the AUG codon
at the start of the NS' coding sequences proper (Figure 1). The size of
molecular weight markers is shown on the right in kDa.

with AUG, CUG or AUU at the position of the authentic
initiation site (Figure 6a, compare lanes 2 and 3, and lanes
5-7 with lanes 8-10). Thus it would appear that mutation

of the AUG to AAG, GAG or GCG has resulted in a
switch in initiation site selection to another codon a short
distance downstream in the HCV coding sequences. Given
that the HCV coding region in XL40-372.NS' mRNA
has the sequence AUG.AGC.ACG.AAU.CCU.AAA.CCU.
CAA.AGA.AAA it seems most likely that it is the ACG
codon that is being used as the functional initiation codon
with these mRNAs, as this is the only codon in this region
which has been found to function as an initiation codon
in other mRNAs (Peabody, 1989; Mehdi et al., 1990;
Bock and Kolakofsky, 1994). It was also noted that with
these mutants there was a low yield of a somewhat smaller
product, which is almost certainly initiated at the AUG
codon at the start of the actual NS' sequences in the
reporter cistron (Figure 1), suggesting that the recognition
of the ACG as an initiation codon was slightly leaky.

These results prompted the question of whether the
unexpectedly high frequency of initiation when AUU or
CUG were substituted for the AUG initiation codon, and
the fairly high efficiency of utilization of the downstream
ACG in the case of the other substitution mutants, was a
characteristic of the internal initiation process promoted
by the HCV IRES, or whether some local context features
would allow efficient initiation at these sites even by
scanning ribosomes. Accordingly, the upstream cyclin
cistron and most of the HCV 5'-UTR were deleted to
generate monocistronic constructs that would be translated
by the scanning mechanism: the HCV 5'-UTR sequences
were cut at a unique StuI site and the downstream BamHI
site (Figure 1) and this short fragment was inserted into
HincII- and BamHI-cut monocistronic p40-372.NS'. When
transcripts of these constructs were translated in vitro,
it was found that capping the transcripts significantly
stimulated translation, as would indeed be expected if
these monocistronic mRNAs were translated by a scanning
mechanism (Figure 6b). With the wild-type (AUG)
sequence, most of the initiation occurred at the HCV
polyprotein initiation codon, but the scanning was some-
what leaky and thus there was initiation at the next AUG
codon, located at the start of the NS' ORF proper (Figure
6b). This leakiness is not entirely unexpected given that
the context of the HCV initiation codon is ACCAUGAGC,
for although the upstream context is ideal (Kozak, 1986,
1989), the downstream AGC is unfavourable for initiation
site recognition by scanning ribosomes (Grunert and
Jackson, 1994).

In the case of the mRNAs in which the HCV initiation
codon had been mutated, virtually all initiation was from
the downstream AUG at the start of the NS' coding
sequences, but there was a low yield of a somewhat larger
product, whose size suggests that it may have been initiated
at the ACG codon rather than at the AUU, CUG, AAG
or GAG codons substituting the normal HCV translation
initiation codon (Figure 6b). According to the recently
revised context rules (Grunert and Jackson, 1994), the
context of the ACG is somewhat more favourable to
recognition by scanning ribosomes than is the context of
the authentic initiation site and thus the preference for
initiation by scanning ribosomes at the ACG rather than
the AUU, CUG, AAG or GAG is not wholly surprising.
However, the important conclusion is that the high
efficiency of utilization of the AUU or CUG codon, and
the somewhat less frequent initiation at the ACG codon
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(Figure 6), of the various mutant dicistronic mRNAs is a

unique feature of IRES-driven internal initiation, which is
not seen when initiation is by the scanning ribosome
mechanism.

Discussion
The results presented here confirm that there is an IRES
in the HCV genome capable of conferring internal initia-
tion of translation of a downstream heterologous reporter
cistron, in support of the conclusions of Tsukiyama-
Kohara et al. (1992) and Wang et al. (1993), and in

contradiction with Yoo et al. (1992). In retrospect, the
failure of Yoo et al. (1992) to find evidence for an IRES
can almost certainly be explained by the design of their
constructs, which included an arbitrary spacer of -30
nucleotides between the 3'-end of the HCV 5'-UTR and
the initiation codon of the downstream reporter cistron.
This construct design would certainly compromise the
efficiency of internal initiation dependent on cardiovirus
IRESs (Kaminski et al., 1994a) and would seem to be
even more deleterious in the case of HCV.
The most surprising and noteworthy of the results

reported here is the finding that HCV coding sequences
are required for internal initiation; in other words, the
IRES extends into the coding region and its 3' boundary
lies some 12-30 nucleotides downstream of the authentic
initiation codon. As the same 3' boundary was observed
in the in vivo transfection experiments, this cannot be an

artefact of the rabbit reticulocyte lysate in vitro system
and, indeed, it would have been almost unprecedented for
the in vitro system to have proven to be more stringent
in requirements for IRES activity than in vivo. Moreover,
the requirement for HCV coding sequences is independent
of the nature of the reporter cistron fused to the viral
coding sequences, which strongly suggests that the HCV
coding region is required per se and not just as a neutral
spacer to separate the initiation codon from particular
reporter coding sequences that might possibly be inhibitory
if located immediately downstream of the AUG codon.
In further support of this conclusion, it has been found
that when the endogenous IRES in the poliovirus genome
was replaced by the HCV IRES, a viable chimeric virus
was only obtained if HCV core protein coding sequences
were included in addition to the HCV 5'-UTR (H-h.Lu
and E.Wimmer, submitted). Finally, in a search for a

potential IRES in the genome of the related pestivirus,
classical swine fever virus, we have noted a similar though
slightly less stringent requirement for coding sequences:
constructs which retain less than five codons of viral
coding sequence allow an efficiency of internal initiation
only 10-15% of that observed if 17 or more codons
are retained (S.P.Fletcher and R.J.Jackson, unpublished
observations).

In view of this overwhelming evidence that the HCV
IRES extends into the coding region, it is pertinent to ask
why Wang et al. (1993) obtained what appeared to be

quite efficient internal initiation using only HCV 5'-UTR
sequences. However, we note that there is considerable
fortuitous homology between the nucleotide sequences at

the 5'-end of the luciferase ORF and the HCV polyprotein
ORF (Figure 7). If the requirement for HCV coding
sequences in our hands is due to a need for base-pairing

HCV AUGAGCCACGAAUCCUAAACCUCAAa;AAAI I I 1111 1 11i11.I1.
LUC AUGGAAGMACOCCCAACUAAACAUCCGCKC

HCV AUQJAACBACGAUCCUAAACUCACAAUAACCcAAI 111 1~1 1
NB' AJAU CCCACCUUUCAGACGAUUcUCAUCVAUUC3

342 354 372
No.of isoltes l

24 AM AX ACO AAU CCU AA CM CAA AG AAA AC AAA CM

1 AUG AGC ACG AA CCU AAA CCU CAA AGA cAA ACC AAc COU

I

1

4
I

3

AUG AGC ACM ACU CC AAA C CAA AGA AAA ACC AAA CCC

AU AGC ACa A= CCC FAACCCA CAA AGA AAA ACC AAA aGU

AUG AGC ACG AAU CCU AAA CCU CAA AGA AAA AC AAA aGa

AXO AKC ACG AA1J CCU AAA CCO CAA AG AAA ACu AAA az3a

AUG AGC ACa ACt CCU AAA CCU CAA AGA AAA ACC AAA aGe

AUG AOC ACa AAW CCa AAA CCc CAA AGA AAA ACC AuA aGe

AUG A.GC ACa cuU CCa AAA CCc CAA AGA AAA ACC AAA aGa

AUG AGC ACa cuU CCU AAA CCU CAA AGA AAA ACC AAA aGa

1 AUG AGC ACe cuU CCc AAA CCC CAA AGAM AC AAA aGe

Consensus AUG AGC ACO AAU CCu AAa CCU CAA AGA ALA ACC AAA COU

a cu a c c u uc a a

c c

Met Ser Thr Aen Pro Lys Pro Gln Arg Lys Thr Lys Arg
LOu Gln Aen
Thr Ile

Fig. 7. Features of the start of the HCV coding sequences. In the top

part of the figure the first 36 nucleotides of HCV coding sequences are

separately aligned with the corresponding segment of the luciferase

(LUC) and NS' ORFs. Five different alignments were examined: the

direct comparison and alignments displaced by up to two residues in

either direction. The alignment shown, displaced by one residue, gave

the best match between HCV and NS' sequences of all five

alignments, but only the second best match between HCV and

luciferase coding sequences (the best match being achieved by a

displacement of two residues). A solid line denotes a perfect match

between the two sequences under comparison. A dashed line denotes a

match that could conserve any base-pairing which occurs in the case

of the HCV sequences; i.e. an A or a C in the HCV sequence (which
might be paired with a U or a G, respectively) could be substituted by

a G or a U, respectively, in the luciferase or NS' coding sequences
with only slight perturbation of base-pairing. The lower part shows the

variations in this sequence amongst 39 different worldwide isolates
examined by Bukh et al. (1992) for variations in the 5'-UTR
sequences. The coding sequences, which are not actually published in

Bukh et al. (1992) were obtained via the GenBank accession numbers

in that publication. The top line of this table is considered the

prototypic sequence (24 isolates); the sequence variations in the other

isolates are shown in lower case. At the bottom, the consensus
sequence is given in upper case letters, with invariant residues in bold

and all the variations shown in lower case.

between these coding sequences and some motifs in the

HCV 5'-UTR, then we conclude that similar base-pairing
would be much more likely if the downstream cistron is

the luciferase ORF rather than the NS' ORF (Figure 7).
Wang et al. (1993) did not actually test the influence of
HCV coding sequences and thus we do not know whether
they might have observed even higher internal initiation
efficiency if the viral coding sequences had been retained.

The high mutation rate on RNA viruses (Holland
et al., 1982; Domingo et al., 1985) generally leads to

considerable sequence variation in the wobble positions
of the coding sequences of different strains and different
isolates. For example, in a study of a 60 codon segment
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of the coding region of 62 different wild-type 1 poliovirus
isolates from five different continents, all the wobble
positions showed variations and any one isolate deviated
from the prototypic sequence in -40-60% of the wobble
positions (Rico-Hesse et al., 1987). In contrast, in an
analysis of 39 different worldwide and thus almost
certainly independent HCV isolates (Bukh et al., 1992),
no fewer than 24 were absolutely identical in the first 11
codons immediately downstream of the initiation codon
and six of these codons were invariant in the wobble
position over all 39 sequences (Figure 7). Of the 15
isolates that differ from the prototypic sequence, two show
variation in -30% of the wobble positions in these 11
codons, one in -20%, 10 in 10% of the wobble positions
and in two cases the variations are confined to non-wobble
positions (Figure 7). An analysis which extended the
comparison further into the coding sequences, albeit with
a smaller number of different strains and isolates, showed
that the typical RNA virus pattern of strain-dependent
variation in at least 80% of the wobble positions occurs
only after about the 50th codon (Simmonds et al., 1993).
Clearly, there seems to be strong selective pressure for
particular nucleotide sequences at the start of the HCV
ORF which cannot be explained solely as constraints
dictated by the need for a particular amino acid sequence.
An involvement of the nucleotide sequence of the start of
the coding region in the function of the IRES could
provide an explanation for this unusually high sequence
conservation.

According to the picornavirus paradigm for internal
initiation, a requirement for coding sequences (or more
strictly, for viral sequences immediately downstream of
the actual ribosome entry site) is quite unexpected. In the
case of the cardioviruses, encephalomyocarditis virus
(EMCV) and Theiler's murine encephalomyelitis virus
(TMEV), in which the actual ribosome entry site is at the
authentic initiation codon, internal initiation shows no
requirement specifically for immediate downstream viral
coding sequences, although certain motifs, especially G-
rich sequences, can be inhibitory if located just after the
AUG initiation codon (Hunt et al., 1993). This conclusion
is consistent with the numerous examples in the literature
of successful expression of various reporters linked to the
EMCV IRES without the inclusion of any viral coding
sequences. In the case of poliovirus, in which the actual
ribosome entry site is thought to be at a silent AUG triplet
some 160 nucleotides upstream of the functional initiation
codon, quite extensive mutation of the sequences immedi-
ately downstream of the silent AUG triplet had a rather
small effect on internal initiation efficiency, at least in vitro
(Meerovitch et al., 1991).

Another unprecedented feature of internal initiation
driven by the HCV IRES is the high efficiency even when
AUU or CUG is substituted for the normal AUG initiation
codon. Although CUG and to a lesser extent AUU
have been found to function as initiation codons in the
background of other mRNAs which are almost certainly
translated by the scanning ribosome mechanism (Peabody,
1989; Mehdi et al., 1990), these results with the HCV
IRES are remarkable for the almost unprecedented high
efficiency with which these non-AUG codons are used as
initiation sites. Only in the case of a GUG codon in the
human parainfluenza-1 virus P/C mRNA has such a high

initiation efficiency been observed relative to that with an
AUG codon in the same position (Bock et al., 1992).

In the case of EMCV IRES, in which the AUG codon
at the 3'-end of the IRES is both the ribosome entry site
and the authentic initiation codon (Kaminski et al., 1990),
mutation of this AUG to AUU results in a 75% decrease
in the overall yield of translation product and a switch in
initiation site to the next AUG codon downstream of the
site of mutation (unpublished observations). In polio-
viruses the AUG triplet at the 3'-end of the IRES is not
used to any detectable extent as a functional initiation
site, but appears to be an element of the ribosome entry
site from which the ribosomes are transferred to the
downstream authentic initiation codon by a process akin
to scanning (Jackson et al., 1990, 1994; Pilipenko et al.,
1992). However, even though this AUG at the 3'-end of
the IRES is not a functional initiation site, its mutation to
AUU, UUG or AAG results in a 3-fold decrease in the
yield of reporter gene product initiated at the next AUG
codon downstream in monocistronic constructs translated
in HeLa cell extracts (Meerovitch et al., 1991) and
mutation to UUG, GUG or ACG results in a viral clone
with a small plaque phenotype in vivo (Pelletier et al.,
1988; Pilipenko et al., 1992).

This contrast between the HCV IRES and the picorna-
virus IRESs in respect of the outcome of substituting a
non-AUG codon may again be explicable by the fact that
coding sequences, or sequences downstream of the relevant
AUG triplet, contribute to IRES function in the case of
HCV but not in the picornaviruses (Hunt et al., 1993). In
the picornavirus IRESs the AUG entry site codon is an
important determinant of internal initiation, as is its
distance from upstream elements such as the conserved
oligopyrimidine tract (Pilipenko et al., 1992; Kaminski
et al., 1994a), whereas sequences downstream of the AUG
seem relatively unimportant. In contrast, in HCV the
authentic initiation site lies between strong determinants
of internal initiation located both upstream and down-
stream, and thus it is easier to imagine a mutation to a
non-AUG codon being tolerated than in the case of the
picornavirus IRESs where all the determinants for internal
initiation lie upstream of the AUG codon, and downstream
coding sequences seem to play no direct role (Hunt et al.,
1993; Jackson et al., 1994).

It is clear that internal initiation driven by the HCV
IRES differs from the picornavirus paradigm in a great
many respects, but most notably in the requirement for a
short length of coding sequences. Apart from its intrinsic
interest, the most important general implication of these
results is that in the search for IRESs in cellular and other
viral mRNAs, the experimental design should allow for
the possibility that coding sequences could be important
for IRES function. Any negative results which have been
obtained in experiments following the usual practice of
inserting just the 5'-UTR into the dicistronic test construct
must now be considered as inconclusive until the test has
been repeated with coding sequences included in the
construction. We have set out elsewhere a revised strategy
for testing for IRESs which covers the possibility that
coding sequences or even 3'-UTR sequences may be an
integral part of the IRES (Kaminski et al., 1994b).
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Materials and methods
Plasmid constructs
The starting construct pDX 149 was obtained from Wellcome Diagnostics.
It consists of nucleotides 40-405 of the HCV genome sequence as

defined by Han et al. (1991) and was derived from a British patient
infected with virus of genotype lb. This sequence was flanked on the
5'-side by residual polylinker sequences (EcoRI, Sacl, Asp718, SmaI)
from previous subcloning steps and on the 3'-side by an EcoRI site.
The EcoRI fragment was subcloned into the EcoRI site of pGEM-1
(Promega) and a clone (pGHC6) selected with the orientation that

transcription by SP6 RNA polymerase would produce a sense transcript.
pGHC6 was digested with Sacl (there being two such sites, one in the

pGEM-1 polylinker sequences proper and the other from the residual

polylinker sequences of pDX149) and religated, generating pGHC6e,
which now has a unique EcoRI site downstream of the HCV sequences.
To generate deletions from the 3'-end of the HCV sequences, pGHC6e
was digested with EcoRI, and then with Bal31 nuclease for various

times (Figure 1). The resected ends were in-filled, then the HCV

sequence was released by digestion with Sacl and gel-purified. This

fragment was then ligated into cut pJO, a monocistronic NS' derivative

plasmid in pGEM-2 as vector which has been described previously
(Borman and Jackson, 1992). Two different insertion strategies were

used (Figure 1). For the majority of constructs, pJO was digested with

Asp718 and incubated with Klenow fragment of DNA polymerase I and

dGTP, to partially in-fill the ends, then the remaining overhang removed

by digestion with mung bean nuclease. It was then digested with Sacl
and the HCV segment inserted between the Sacl site and the partially
in-filled and blunted Asp718 site, generating monocistronic constructs

with the HCV sequences followed by the sequence ..CCATGGATCC...,
where the AUG codon is the start of the NS' ORF (Figure 1).
Alternatively, for the construction of p40-395.NS', pJO was first cut at

the unique BamHI site immediately downstream of this ATG triplet and

the ends in-filled completely, before digestion with Sacl and ligation of

the HCV sequences between the Sacl site and the blunted BamHI site.

These monocistronic derivatives were converted to dicistronic con-

structs by a similar strategy as described by Borman and Jackson (1992),
except that the insert was excised using Sall to cut on the upstream side,
but SphI rather than EcoRI on the downstream side. The excised insert

was gel-purified and ligated into the dicistronic control plasmid, pXLJO,
previously named pXLJ Con in Borman and Jackson (1992), which had

been cut with Sall and with SphI.
Point mutations were made in pXL40-372.NS' by site-directed muta-

genesis. The smaller Sall-BamHI fragment from pXL40-372.NS' was

subcloned between the Sall and BamHI sites of the phagemid vector

pKTO, to generate single-stranded dU-substituted template strand for site-

directed mutagenesis by the use of mismatched oligodeoxynucleotides as

described by Brierley et al. (1989) and based upon the method of Kunkel

(1985). To generate a variety of mutant alleles of the authentic HCV

initiation codon, an oligonucleotide was used with 4-fold redundancy in

the first position (corresponding to the A) and 3-fold redundancy (A, C
and T) in the middle position.

Monocistronic derivatives lacking most of the HCV 5'-UTR and

designed to be translated by the scanning ribosome mechanism were

generated by digestion of the appropriate dicistronic construct with

BamHI and Stul (Figure 1), followed by insertion of this short fragment
between the BamHI site and the Hincll site in the polylinker of the

monocistronic p40-372.NS'.
The dicistronic reconstructions pXL40-372.SRec and pXL40-

372.ARec were made from pXL40-339.NS' by first sub-cloning the

NruI-BamHI fragment from pXL40-339 NS' (Figure 1) between the

SmaI and BamHI sites in the cloning cassette of pGEM-1. The latter

was then opened at the unique NcoI site and ligated with a pair of

annealed synthetic oligonucleotides designed to have NcoI 5' protrusions
at both ends, and which could thus be inserted in either orientation. The

resulting plasmids were then digested with Stul and BamHI, and the

smaller fragment ligated with the large fragment of pXL40-339.NS'
previously cut with Stul and BamHI (Figure 1).
The CAT-SAP series of constructs have upstream and downstream

reporters of CAT and SAP, respectively. The SAP cDNA was amplified
by PCR with primers which introduced EcoRI and AatII sites at the 5'-

end and XbaI and Asp7 18 sites at the 3'-end of the gene, and the product
was cloned between the EcoRI and Asp718 sites of Bluescript KS+

(Stratagene) to produce pKSAP2. After verification of the sequence, the

AatII-Asp7l8 fragment from pKSAP2 was inserted between the AatII

and Asp7 18 sites of a pKS+ based plasmid (pKHC-341) which contains

the complete 5'-UTR of HCV plus a portion of the virus ORF coding
for the core protein, the HCV sequences being flanked by a Sall site
(introduced by linker mutagenesis) on the upstream side and an Asp718
site on the downstream side. Since the AatII site in pKHC-341 is within
the core coding region, cutting between nucleotides 406 and 407, the
resulting monocistronic construct (pKUSAP2) has the complete 5'-UTR
of HCV followed by the first 22 codons of core protein coding sequence
fused directly to the SAP ORF. The CAT gene was amplified by PCR
using primers which introduced an XbaI site at the 5'-end and a Sall
site followed by a BamHI site at the 3'-end. The product was cloned
between the XbaI and BamHI sites of Bluescript KS+ to generate
pKCAT2 and the sequence was verified. Then pCAT 1-407.SAP was

constructed by sub-cloning the Sall-Asp718 fragment from pKUSAP2
into pKCAT2 that had been digested with Sall and Asp718.

The control construct pCAT-SAP was made by digesting pCAT
1-407.SAP with Sall and AatII, blunting the ends using T4 DNA

polymerase and then religating. This eliminated all HCV sequences and
reduced the intercistronic spacer to a length of five residues. To construct

pCAT 1-341.HCV, plasmid pCAT 1-407.SAP was digested with NheI,
which cuts in the middle of the HCV 5'-UTR, and with SphI, which
cuts after the sixth codon in the SAP coding sequence, and this
fragment was replaced by the NheI-SphI fragment from pHCVSAP, a

monocistronic construct consisting of the entire HCV 5'-UTR with the
SAP reading frame fused directly to the authentic HCV initiation codon.

All plasmids were propagated by standard methods in Escherichia
coli TGI, using ampicillin selection (Sambrook et al., 1989).

Transcription reactions and translation assays
All plasmids with the NS' cistron were linearized by digestion with
EcoRI prior to transcription (Figure 1), whereas plasmids of the pCAT-
SAP series were linearized with Asp718. The production of capped or

uncapped RNAs by transcription with bacteriophage T7 RNA polymerase
was as described previously (Borman and Jackson, 1992; Grunert and
Jackson, 1994; Kaminski et al., 1994a). Capping efficiency was estimated
at -70% (Grunert and Jackson, 1994). Transcripts were translated in
micrococcal nuclease treated rabbit reticulocyte lysate under the condi-
tions described previously (Grunert and Jackson, 1994), with added KCI
at 100 mM and Mg2+ at 0.5 mM. Aliquots of the translation assay
samples were subjected to gel electrophoresis using 20% polyacrylamide
gels as described previously (Jackson, 1986; Dasso and Jackson, 1989).
Stained, dried gels were exposed to Hyperfilm 5-Max (Amersham
International) usually overnight.

Transfection assays
BT7-H cells (Whetter et al., 1994) in 6-well Costar plates were infected
with recombinant vaccinia virus vTF7-3 (Fuerst et al., 1986) at a m.o.i.
of 10. After 60 min at 37°C, the inoculum was removed and the cell
sheet washed once with OPTIMEM (Gibco-BRL). DNA transfection
was carried out using 5 jg plasmid DNA and 30 gg DOTAP (Boehringer
Mannheim) as described in the manufacturer's protocol. At 17 h post-
transfection the medium was replaced with methionine-free Eagle's
medium. After a further 60 min, 5 jCi [35S]methionine was added per
well and the cells incubated for a further 2 h. Cells were scraped
from the plates, pelleted by centrifugation and processed for gel
electrophoresis.
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