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An amino-terminal methionine corresponding to a recombinant AUG initiation codon
sometimes affects the functions of proteins. To test the performance of translation
mediated by a dicistroviral internal ribosome entry site (IRES), which initiates pro-
tein synthesis with elongator tRNAs, we optimized the conditions for cell-free trans-
lation. Although the IRES is 188 nucleotides long, a further 50 nucleotides of the
upstream sequence stabilized translation efficiency. Optimal ion concentrations were
affected by the sequences of the constructs. In a wheat-germ system, IRES-mediated
translation produced 78 pg/ml of firefly luciferase from the AUG-deleted sequence,
suggesting that dicistroviral IRESs will be able to yield polypeptides with a specific
N-terminal amino acid other than methionine.

Key words: cell-free protein synthesis, Dicistroviridae, internal ribosome entry site,
translation initiation, wheat germ extract.

Abbreviations: Fluc, firefly luciferase; IGR, intergenic region; IRES, internal ribosome entry site; PSIV, Plautia

stali intestine virus; Rluc, Renilla luciferase; TSV, Taura syndrome virus; WGE, wheat germ extract.

Protein synthesis from cloned genes is a popular tech-
nique in biochemical research. In normal mRNAs, the
initiation of translation absolutely requires an initiator
tRNA (1, 2). The N-terminal methionine corresponding to
a recombinant AUG initiation codon, however, sometimes
affects the functions of proteins that do not carry an N-
terminal methionine in their authentic form, such as
secreted proteins and cleaved proteins. For example,
methionylation of interleukin-2 affects the interaction
between its N- and C-termini (3), methionylation of a
lipolytic enzyme reduces its maximum velocities towards
substrates (4), and methionylation of a lysozyme reduces
its solubility (5). To obtain proteins with an authentic N-
terminal amino acid, various methods have been devel-
oped (6—11), although some of these methods have limita-
tions in terms of the type of N-terminal amino acid or
require several experimental steps to produce the desired
N-terminal amino acid in addition to the normal protein
synthesis procedure.

Plautia stali intestine virus (PSIV) is a member of the
family Dicistroviridae (12). The intergenic region (IGR) of
dicistroviral RNA genomes contains an internal ribosome
entry site (IRES) (13—-16). It has been generally believed
that most of IRES elements form tertiary structures and
recruit ribosomes at an internal part of the mRNA inde-
pendently of the 5’ cap structure (17). The IGR-IRES ele-
ments of dicistroviruses consist of about 200 nucleotides
containing four stem-loops and three pseudoknots (18).
Unlike normal mRNAs, protein synthesis mediated by
the IGR-IRES elements of dicistroviruses starts at AUG-
unrelated codons by virtue of their own tertiary structure
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formation (19-22). A pseudoknot comprising a 5-base-
pair interaction is formed at the —1 position of the viral
coding region (19). This pseudoknot is located at the 3’
half of the IGR-IRES and determines the reading frame
of the mRNA (19) by positioning at the peptidyl tRNA
site on eukaryotic ribosomes (20).

The whole structure of the IGR-IRES (21, 22) has been
believed to mimic the functions of eukaryotic initiation
factors and initiator tRNA, because the IGR-IRES of
cricket paralysis virus, a member of the family Dicistro-
viridae, can start elongation cycles in the absence of any
initiation factors or initiator tRNA (23, 24). In addition,
an in vitro experiment has shown that there is no restric-
tion to the first decoded triplet in the IGR-IRES—medi-
ated translation initiation, in other words, IGR-IRES—
mediated translation can synthesize polypeptides that
have any desired N-terminal amino acid (25). These pre-
vious observations suggest that IGR-IRES elements
would be useful for obtaining authentic polypeptides in
vitro from cloned genes.

Previous analysis of the IGR-IRES of PSIV showed
that, although the viral coding sequence could be
replaced with AUG-deleted exogenous sequences, the
efficiency of IGR-IRES-mediated translation was
decreased by such replacements, suggesting that transla-
tion is sensitive to the flanking sequences (25). To adapt
IGR-IRES-mediated translation to a eukaryotic cell-free
translation system, we have tested the effects of various
5’- and 3'-flanking sequences, ion concentrations, and
amounts of template RNA. Under our optimized condi-
tions, IGR-IRES—mediated translation produced a pro-
tein product as efficiently as a cap-dependent translation
mechanism, suggesting that it will be possible to synthe-
size polypeptides with a specific N-terminal amino acid
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other than methionine by using the IGR-IRES of dicistro-
viruses.

MATERIALS AND METHODS

Plasmid Construction—Coding sequences of chloram-
phenicol acetyltransferase (CAT), enhanced green fluo-
rescent protein (EGFP), and Renilla luciferase (Rluc)
were used to test the effect of exogenous sequences. A
pCAT3-Control Vector (Promega), pEGFP (Novagen),
and a modified pRL-null vector (Promega), which had
been altered from adenine to guanine at nucleotide 312
by site-directed mutagenesis to create a Ncol recognition
sequence, were digested with Ncol and Xbal. Fragments
containing the coding sequences were ligated into a large
fragment of pT7LUC (13), which had been digested with
Ncol and Xbal, to generate pT7CAT, pT7EGFP, and
pT7Rluc, respectively. The PSIV sequence, nucleotides
5950 to 6240, was amplified by PCR from pT7CAT-5375
(13) using a forward primer with a HindIII sequence in
the 5’ part and a reverse primer with a Ncol sequence in
the 5’ part. The amplified fragments were digested with
HindIIl and Necol, and ligated into the corresponding
sites of pT7LUC to generate pT7-5950IRES6240-Fluc.
This plasmid, containing the coding sequence for firefly
luciferase (Fluc), was digested with HindIII, blunted
with Klenow enzyme, and digested with EcoRI. The
resultant 1.8-kb fragment, 5950IRES6240-Fluc, was ligated
into pT7CAT, pT7EGFP, and pT7Rluc, which had been
digested with Xbal, blunted and digested with EcoRI, to
generate pT7CAT-5950IRES6240-Fluc, pT7EGFP-5950-
IRES6240-Fluc, and pT7Rluc-5950IRES6240-Fluc, respec-
tively. The deletion of nucleotides 5950 to 5959, 5968,
5978 and 5988 was generated by ligation of the phospho-
rylated PCR products.

For the performance test in the improved WGE, the
CAT coding sequences were deleted from pT7CAT-IRES-
AaugFluc and pT7CAT-IRES-AaugRluc (25). Large frag-
ments obtained by the HindIIl and EcoRV digestion of
these plasmids were blunted and then ligated to generate
pT7IRES-AaugRluc and pT7IRES-AaugFluc, respectively.
Silent mutations were introduced by PCR-based muta-
genesis, yielding pT7IRES-AaugFluc(mut) and pT7IRES-
AaugRluc(mut), respectively.

In Vitro Transcription and Translation—Uncapped and
capped RNAs were prepared as described (16). In vitro
translation was done with WGEs obtained from Promega
and Toyobo (PROTEIOS™) according to the manufactur-
ers’ recommendations. Fluc and Rluc activities were
measured by a Steady-Glo Luciferase Assay System and
a Renilla luciferase assay system (Promega).

To evaluate upstream sequences and salt concentra-
tions, uncapped RNAs (40 pmol/ml) and amino acids (20
uM each) were incubated for 60 min at 26°C, and Fluc
activities in 5 pl of the reaction mixtures were measured.
To examine the effect of the amount of RNAs, Fluc activi-
ties in 1 pl of reaction mixtures containing various con-
centrations of RNAs were measured. To perform protein
synthesis with a dialysis system, 100 pl of a reaction mix-
ture containing 64 pmol of uncapped RNA was loaded
into a cup of a Micro DispoDialyzer system (Spectrum,
MWCO; 15 kDa). The cup was immersed in 3 ml of PRO-
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Fig. 1. Effect of different 5’ upstream sequences on IGR-
IRES-mediated translation. A: Diagrams of RNA constructs.
The numbers indicate nucleotide positions corresponding to the
PSIV genome. The open reading frame of the capsid protein (CP)—
Fluc fusion protein was used to evaluate translation efficiency. B:
Comparison of translation efficiency of the constructs shown in A.
Fluc activities in each reaction mixture are indicated as the mean +
SD (n = 3).

TEIOS™ Buffer (Toyobo) and incubated at 25°C. After 24
h, 9 ul of a solution containing 64 pmol of template RNA
and 30 pg of creatine kinase was added, and the mixture
was incubated for a further 24 h. The final amounts of
luciferases were enzymatically determined as described
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(25) using standards for Fluc (Toyo B-net) and Rluc
(Chemicon).

RESULTS

Stabilization of Translation Efficiency by Longer PSIV
Upstream Sequences—In a previous deletion analysis
that estimated the length of the IGR-IRES, about 250
nucleotides were suggested to be necessary for internal
initiation (13). However, the predicted secondary struc-
tures of the IGR-IRES elements in dicistroviruses sug-
gested that conserved structures were formed in the cen-
tral 200 nucleotides (I18) and no structural conservation
was detected in the downstream or upstream sequences.
A recent study has shown that the 3’ downstream
sequence, the viral capsid coding sequence, is not abso-
lutely required for IGR-IRES-mediated translation,
although replacing exogenous downstream coding
sequence did reduce translation efficiency (25). In con-
trast, the effect of the 5 upstream sequence on IGR-
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IRES-mediated translation has not been elucidated. To
analyze the effect of various upstream sequences on IGR-
IRES—mediated translation, the 3’ ends of the Rluc, CAT,
and EGFP coding sequences were inserted at nucleotides
5950, 5960, 5969, 5979, and 5989, that is, at positions
located 55-, 45-, 36-, 26-, and 16-bases, respectively,
upstream of the 5’ end of the PSIV-IRES (Fig. 1A, upper).
To determine the effect of these exogenous sequences on
IGR-IRES-mediated translation efficiency, constructs
without exogenous sequences were also examined (Fig.
1A, lower).

We found that the average Fluc activities of the four
5989 constructs were lower than those of the 5950 con-
structs (Fig. 1B). When the 3’ end of the EGFP sequence
was located at nucleotide 5979, the Fluc activity was
about 2.5 x 104, less than half of that of the CAT con-
struct. A more than twofold difference was also observed
among the 5969 constructs. For the 5960 and 5950 con-
structs, the difference in Fluc activities was normalized,
but the 5950 constructs showed a higher average Fluc
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activity than the 5960 constructs. In the previous prelim-
inary deletion assays, there was no significant difference
in translation activities when a longer 5’ part of the PSIV
sequence, nucleotides 5950-5375, was retained (I13).
Taken together, these observations suggest that about 50
nucleotides of the viral upstream sequence can stabilize
the translation activity of the IGR-IRES of PSIV.

Effect of Potassium and Magnesium Concentration—The
concentration of potassium and magnesium salts affects
translation efficiency (26, 27). To optimize the efficiency
of the IGR-IRES—mediated translation, we changed the
salt concentrations in commercially available WGE sys-
tems and monitored the translation efficiency of 5950-
IRES6240-Fluc RNA by measuring Fluc activity. Because
the IGR-IRES of Taura syndrome virus (TSV) is structur-
ally distinct from that of PSIV (16), the translation effi-
ciency of transcripts from pIGR-CP-Fluc (16) containing
the IGR-IRES of TSV was also monitored.

We first examined ion conditions using the Promega
WGE. This extract endogenously contains 53 mM potas-
sium acetate and 2.1 mM magnesium acetate in a stand-
ard reaction mixture. The highest Fluc activities were
observed at 173 mM of potassium acetate (Fig. 2A) and
2.6 mM magnesium acetate for translation by the PSIV-
IRES (Fig. 2B). In preliminary assays, the amount of
template RNA, 10, 40, or 160 pmol/ml, hardly affected
optimal ion concentrations. When the potassium ion con-
centration was adjusted with potassium chloride, the

translation efficiency of these
mutants, measured by enzymatic
activities, are shown. B: Effect of
RNA concentration on the canoni-
cal ribosome scanning and IGR-
IRES-mediated initiation mecha-
) nisms. C: Detection of IGR-IRES—
& & mediated translation products.
@Ib Qg/ Qg/ After 48 h of incubation, 4-pl alig-

N N uots of the reaction mixtures
were separated by SDS-PAGE
(10%) and stained with Coomas-
sie Brilliant Blue. Open and
closed triangles indicate Fluc and
Rluc, respectively.

creatine
kinase

optimum concentration was 113 mM (Fig. 2A). Although
the requirement for potassium ions was similar for both
PSIV and TSV IGR-IRES-mediated translation (Fig.
2A), the magnesium ion requirement differed. For TSV,
the optimum magnesium ion concentration was found to
be less than 2.1 mM (Fig. 2B). In comparison with PSIV,
the IGR-IRES of TSV contains an additional GC-rich
side-stem in domain 3 (16). Because correct folding of the
IRES region is required for effective translation, the dif-
ference in the GC content in domain 3 may account for
the different magnesium ion requirements.

To examine whether the ion concentrations optimized
for PSIV in the Promega WGE are universally applicable,
we tested another cell-free system (PROTEIOS™, Toy-
obo). This system endogenously contains 100 mM potas-
sium acetate and 2.5 mM magnesium acetate in a stand-
ard reaction mixture. Because the WGE in PROTEIOS™
has been prepared by an improved method (28), the
translation efficiency was about 40-fold higher than in
the Promega WGE for our constructs (Fig. 2, CD and AB).
The optimal final concentration of potassium acetate for
translation in PROTEIOS™ was 140 mM (Fig. 2C), 30
mM lower than that for translation in the Promega WGE
(Fig. 2A). We could not determine the optimal final con-
centration of magnesium acetate because it was lower
than the endogenous concentration (Fig. 2D). Extrapola-
tion of the curve in Fig. 2D, however, suggests that it

J. Biochem.

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Cell-Free Polypeptide Synthesis Using a Dicistroviral IRES

might be close to 2.5 mM, a value that is almost identical
to that determined with the Promega WGE (Fig. 2B).

We also carried out similar experiments using the con-
structs IRES-AaugFluc and IRES-AaugRluc (Fig. 3A).
These constructs contain AUG-deleted Fluc and Rluc cod-
ing sequences immediately downstream of the pseudo-
knot I (PK I) of the PSIV-IRES. Optimal ion concentra-
tions for these two constructs were within + 20% of those
of the 5950IRES6240-Fluc RNA construct (data not
shown), suggesting that exogenous sequences affect the
optimal salt concentrations for IGR-IRES-mediated
translation. Taken together, these results indicate that
optimal salt concentrations are distinct in each cell-free
system and are also affected by the nucleotide sequences
of constructs. Recently, a higher potassium chloride
requirement (130 mM) was reported for a system using
rabbit reticulocyte lysate and the IGR-IRES of cricket
paralysis virus (CrPV) (29). In reticulocyte lysate, we also
found that the IGR-IRES of PSIV showed a potassium
chloride requirement similar to that of CrPV (data not
shown).

Production of Non-Methionine Protein Using the
Improved WGE System—Because the efficiency of IGR-
IRES—mediated translation has been shown to be
improved by a lower GC content in the 5 part of the
AUG-deleted EGFP coding sequence (25), we introduced
silent mutations that reduced the GC content in the 5'
region of the Fluc and Rluc coding sequences. These
mutations resulted in a 6.2- and 1.3-fold increase in luci-
ferase activities for Fluc and Rluc, respectively (Fig. 3A).
These results show that the introduction of silent muta-
tions that decrease the GC content in the 5’ part of an
exogenous coding sequence is a potential method by
which to improve the efficiency of translation mediated
by the IGR-IRES.

We next tested optimal RNA concentrations in the
improved WGE system. Fluc and Rluc activities
increased in the reaction mixtures with increasing
amounts of uncapped IRES-AaugFluc(mut) and IRES-
AaugRluc(mut) RNAs, respectively (Fig. 3B). In contrast,
in reaction mixtures containing capped RNAs, Fluc and
Rluc activities showed a maximum at 160 and 320 pmol/
ml, respectively. For the Fluc coding sequence, the IGR-
IRES was able to produce translation products as effi-
ciently as a cap-dependent canonical ribosome scanning
mechanism at higher RNA concentrations. For the Rluc
coding sequence, however, the efficiency of IGR-IRES—
mediated translation was about one-fifth of that of the
scanning mechanism.

When IRES-AaugRluc(mut) and IRES-AaugFluc(mut)
RNAs were translated by a dialysis membrane-based
system, proteins with the expected molecular masses
were observed by Coomassie Brilliant Blue staining on a
polyacrylamide gel (Fig. 3C). Quantification of the trans-
lation products from the RNAs showed that 78 pg/ml of
Fluc and 88 pg/ml of Rluc, respectively, were produced in
the reaction mixture.

DISCUSSION

Insertion of a dicistroviral IGR-IRES sequence immedi-
ately upstream of the coding sequence achieves cell-free
synthesis of proteins without an N-terminal methionine.
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Several methods have been reported to obtain proteins
that do not have an N-terminal methionine, including (i)
cleavage of N-terminal methionine by a chemical
transamination reaction and phenylene-1,2-diamine
treatment (6); (i) generation of mutated initiator tRNAs
that have anticodon triplets corresponding to codons
other than AUG and that accept amino acids correspond-
ing to the mutated anticodon triplets (7); (iii) modifica-
tion of methionine aminopeptidases to permit larger
penultimate amino acids for cleavage (8); and cleavage of
the leader peptide sequence in a fusion protein by pro-
teases such as (iv) a picornaviral 2A protease (9), (v)
inteins (10), and (vi) deubiquitylating enzymes (11).
Methods (i) and (ii) are complex because they require
skilled techniques for organic chemistry and for produc-
ing a mutated initiator tRNA. Furthermore, in methods
(iii), (iv), and (v), there are restrictions on the available
N-terminal amino acid that can be used because proteo-
lytic cleavage does not occur when unfavorable residues
are located in cleavage sites. Although method (vi) would
be suitable for high-throughput analysis, most deubiquit-
ylating enzymes do not cleave proline at the N-terminus.
In contrast to these methods, IGR-IRES-mediated pro-
duction does not limit the initiating amino acid (25) and
does not require additional experimental procedures.

Previous replacement of the viral capsid coding
sequence with exogenous coding sequences showed that
the translation efficiencies of constructs with these exog-
enous sequences were less than 10% of the construct con-
taining the viral coding sequence (25). We consider that
this deficit may be accounted for by the requirement for
RNA folding in IGR-IRES-mediated translation. The
exogenous sequences interact with the IRES sequence,
and thus the amount of translation product decreases
because part of the tertiary structure of the IRES is dis-
torted by these interactions (25). The normal function of
the IGR-IRES of dicistroviruses is to translate viral cap-
sid proteins. Because capsid proteins of dicistroviruses
are one of the most abundantly produced viral compo-
nents in infected cells (30), we assume that the nucle-
otide sequence comprising the IRES has evolved to pro-
duce capsid proteins, in other words, the nucleotide
sequences of native IRES elements are optimized for
their own viral coding sequences. A few nucleotides in the
IGR-IRES that form loop sequences in domains 2a and 2b
are highly conserved among dicistroviruses (22), indicat-
ing that such nucleotides are essential for IRES function.
Most of the other nucleotides in helical regions, however,
are not conserved. This implies that it may be possible to
create an IGR-IRES sequence for the effective transla-
tion of a specific coding sequence. For example, where the
efficiency of IGR-IRES—-mediated translation was very
low in comparison with that of cap-dependent transla-
tion, as observed in for AaugRluc(mut) RNA (Fig. 3B), in
vitro evolution methods (31, 32) or sequence replacement
of helical regions in the IGR-IRES may be used to
improve translation efficiency.
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