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In the oral poliovirus vaccine, three attenuated virus strains generated by Albert Sabin are used. However,
insufficient genetic stability of these strains causes major problems in poliovirus eradication. In infected cells,
translation of the plus-strand poliovirus RNA genome is directed by the internal ribosome entry site (IRES),
a cis-acting RNA element that facilitates the cap-independent binding of ribosomes to an internal site of the
viral RNA. In each Sabin vaccine strain, a single point mutation in the IRES secondary-structure domain V is
a major determinant of neurovirulence attenuation. Here we report how these decisive mutations in the IRES
confer a reduction in poliovirus translation efficiency. These single-nucleotide exchanges impair the interaction
of the standard translation initiation factor eIF4G with the IRES domain V. Moreover, binding of eIF4B and
the polypyrimidine tract-binding protein and the association of ribosomes with the viral RNA are affected by
these mutations. However, the negative effects of the IRES mutations are completely relieved by addition of
purified eIF4F. This indicates that eIF4G is the crucial factor that initially binds to the poliovirus IRES and
recruits the IRES to the other components of the translational apparatus, while impaired binding of eIF4G
plays a key role in attenuation of poliovirus neurovirulence.

Three attenuated poliovirus live-vaccine strains that had
been obtained after serial cell culture passages (40) are suc-
cessfully used in the oral poliovirus vaccine (OPV) for fighting
poliovirus. Nevertheless, the exclusive use of these OPV strains
for globally eradicating the virus is hampered by its insufficient
genetic stability (18), which causes major challenges for public
health organizations (27). In many cases, the genetic instability
of the OPV strains resides in the 5� untranslated region (5�-
UTR) of the poliovirus plus-strand genomic RNA (4, 43).
Here we report how these decisive mutations in the viral 5�-
UTR confer a reduction in poliovirus translation efficiency.

After infection of a susceptible cell, the plus-strand poliovi-
rus RNA is directly used for translation of viral gene products.
Initiation of translation is mediated by the internal ribosome
entry site (IRES), a cis-acting element in the viral 5�-UTR.
This highly structured RNA element (Fig. 1) (5, 37) is assumed
to serve as a binding site for translation initiation factors which
mediate the binding of ribosomes to an internal site of the viral
RNA (15, 34). This strategy of cap-independent synthesis of
the viral polyprotein allows poliovirus to shut down the cap-
dependent cellular translation (for an overview, see reference
2).

According to their RNA secondary structures, the IRES
elements of poliovirus and other members of the Picornaviri-
dae family are classified in three groups, the type I elements of
the enteroviruses and rhinoviruses including poliovirus, the
type II elements of the cardioviruses and aphthoviruses includ-
ing foot-and-mouth-disease virus (FMDV) and encephalomyo-

carditis virus (EMCV), and the type III element of hepatitis A
virus. Picornavirus IRES elements interact with two different
types of cellular RNA-binding proteins. On one hand, most of
the standard eukaryotic translation initiation factors (eIFs)
except the cap-binding protein eIF4E appear to be involved in
picornavirus translation (35). Using the UV cross-link assay,
direct physical interaction of initiation factors eIF4B and
eIF4G has been shown for the IRES of FMDV (23, 25, 39, 41)
and the closely related EMCV (35). In contrast, eIF4B and
eIF4G are not essential for translation mediated by the IRES
of the more distantly related hepatitis C virus (HCV) (36), a
member of the Flaviviridae family.

On the other hand, several cellular RNA-binding proteins
usually not involved in translation bind to picornavirus IRES
elements and modulate their activity (2). The different groups
of IRES elements appear to depend on these noncanonical
factors to different extents, with the poliovirus IRES probably
being the most demanding. In addition to the stimulation of
the poliovirus IRES by the 57-kDa polypyrimidine tract-bind-
ing protein (PTB) (14), which also stimulates the EMCV (16)
and FMDV (29) IRES, poliovirus IRES activity is modulated
by the 52-kDa La protein (24) and the poly(rC)-binding pro-
tein PCBP2 (3). This obvious complexity of interactions with
the poliovirus IRES may account for the fact that interaction
of the standard initiation factors that basically guide the ribo-
some to the viral RNA is best understood for the IRES ele-
ments of EMCV and FMDV. While a possible eIF4G-binding
site is not yet known for the poliovirus and rhinovirus IRES, it
has been shown that eIF4G and eIF4B bind to a large Y-
shaped RNA structure in the EMCV and FMDV IRES 3�
region (19, 23, 25, 35, 41).

Nevertheless, reasonable assumptions can be made about
the region of the poliovirus IRES that is possibly involved in
the binding of eIF4G. Domain I, the so-called cloverleaf, acts
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in viral RNA replication, whereas domains II to VI are in-
volved mainly in translation (5, 28). Domain V appears to be
the most important structure of the poliovirus IRES, since
nearly any mutation affecting its structure is deleterious for
IRES activity (10, 20, 33, 46). Moreover, attenuation of neu-
rovirulence is conferred mainly by each a single point mutation
in the IRES domain V sequence of the poliovirus Sabin vac-
cine strains (26) (Fig. 1). This is an A-to-G exchange in the
Sabin 1 vaccine strain (nucleotide 480 according to the Sabin 1
nucleotide numbering) (17), a G-to-A exchange in the Sabin 2
strain (nucleotide 481 in the Sabin 2 strain) (38), and a C-to-U
exchange in the Sabin 3 strain (nucleotide 472 in the Sabin 3
strain) (6). Consistent with a crucial role of domain V in
poliovirus IRES function, we recently found that eIF4B binds
strongly to domain V and is involved in ribosomal initiation
complexes with the poliovirus IRES (32).

Here we identify the poliovirus IRES domain V to be re-
quired for binding of eIF4G and show that the single nucleo-
tide exchanges involved in poliovirus attenuation reduce the

binding of translation initiation factors eIF4B and eIF4G as
well as the association of ribosomes with the poliovirus RNA.

MATERIALS AND METHODS

Plasmids. pMPolio contains, downstream of an SP6 RNA polymerase pro-
moter, the complete poliovirus type 1 (Mahoney) 5�-UTR sequence with the
authentic initiator AUG (positions 743 to 745) fused to the firefly luciferase
coding sequence (32). For construction of pMPolio-�I-III, pMPolio-�IV, pM-
Polio-�V, and pMPolio-�VI, the corresponding poliovirus 5�-UTR sequences
were precisely removed from pMPolio by PCR mutagenesis. pMPolio-S1, pM-
Polio-S2, and pMPolio-S3 were derived from pMPolio by introducing single
nucleotide exchanges (Fig. 1) in the domain V sequence of the otherwise un-
modified poliovirus type 1 IRES.

Preparation of RNAs. Plasmids were linearized with BsiWI in the luciferase
sequence. Labeled RNAs were synthesized using SP6 RNA polymerase in the
presence of 2.5 �M [�-32P]UTP (400 Ci/mmol; Amersham) plus 10 �M nonra-
dioactive labeling nucleotide (30). The resulting RNAs contained 9 nucleotides
of linker sequence at the 5� end, the complete or mutated poliovirus 5�-UTR
from positions 1 to 742, and 156 nucleotides of luciferase sequence. RNAs were
separated from unincorporated nucleotides by gel filtration on Sephadex G-50
columns (Pharmacia). Unlabeled competitor RNAs were synthesized in the
presence of a 500 �M concentration of each nucleotide. The RNA for translation
of FMDV L protease was transcribed from pFMDV14 (41).

Translations, initiation complex formation, and sedimentation analysis.
Translation reactions were usually performed with 0.2 pmol of RNA and 4.4 �l
of nuclease-treated rabbit reticulocyte lysate (RRL; Promega) in the presence of
potassium at a final concentration of 80 mM (38 mM endogenous potassium
acetate plus 42 mM added KCl) in a volume of 10 �l. Purified eIF4F (kindly
provided by Adri Thomas) or RNA transcribed from pFMDV14 (41) linearized
with BamHI were added if indicated. eIF4F was purified as described previously
(42). Initiation complex formation and analysis were performed essentially as
described before (31). Binding-reaction mixtures (75 �l) contained 25 �l RRL,
15 mM Tris-HCl (pH 7.5), 0.4 mM MgCl2, 10 mM dithiothreitol (DTT), 40 mM
KCl, and 0.05 pmol of the corresponding radiolabeled IRES RNA. Reaction
vials were kept strictly at 0°C all the time except for the incubation at 30°C. For
the binding reaction, samples were incubated at 30°C for the times indicated.
Each sample was loaded onto an ice-cold 10 to 35% sucrose gradient containing
50 mM Tris-HCl (pH 8.4), 6 mM MgCl2, 60 mM NaCl, and 10 mM DTT (1, 31)
and centrifuged for 4.5 h at 200,000 � g at 4°C in a Beckman SW41 Ti rotor.
Fractions were collected from the bottom and used for scintillation counting.

UV cross-linking assays and immunoblot analyses. UV cross-linking assays
were performed with 4.4 �l of RRL in the presence of 15 mM Tris-HCl (pH 7.5),
10 mM DTT, 0.5 mM MgCl2, 2% glycerol, 0.01% Tween 20, 0.1 �g of tRNA per
�l, KCl to a final potassium concentration of 80 mM, and 0.2 pmol of labeled
IRES RNA in a volume of 10 �l. Unlabeled competitor RNA or purified eIF4F
was added if indicated. The reaction mixtures were incubated for 10 min at 30°C
and irradiated with UV light for 20 min. Excess RNA was digested with RNase
A at 0.1 mg/ml at 37°C for 60 min. Proteins were separated on sodium dodecyl
sulfate–8% polyacrylamide gels and analyzed by autoradiography. Immunoblot
detection of eIF4G and its C-terminal cleavage product was performed as de-
scribed previously (41).

RESULTS

Translation of poliovirus IRES domain V mutants. Attenu-
ation of the poliovirus Sabin vaccine strains is mainly conferred
by a single point mutation in the IRES domain V sequence (6,
17, 26, 38). We have introduced these single nucleotide ex-
changes in the otherwise unmodified context of the poliovirus
type 1 (Mahoney) IRES sequence which was fused at the
authentic poliovirus initiator AUG at nucleotide 743 to the
firefly luciferase reporter gene sequence. The mutations
change an A to a G (referred to as the S1 construct), mimick-
ing the decisive mutation in the Sabin 1 vaccine strain IRES
sequence, a G to an A in the S2 construct, and a C to a U in
the S3 construct (Fig. 1).

The translation activity of these artificial Sabin-like IRES
elements was analyzed in an RRL which is competent for

FIG. 1. 5�-UTR of poliovirus type 1. The IRES includes the pre-
dicted secondary-structure domains II to VI, the oligopyrimidine tract
(py), and the silent AUG in domain VI. The authentic polyprotein
start codon is at position 743. In this study, the single nucleotide
exchanges that contribute to the attenuation of neurovirulence of the
respective poliovirus Sabin vaccine strains were generated artificially in
the domain V (blow-up) of the otherwise unchanged poliovirus type 1
IRES sequence. In these constructs (named S1, S2, and S3, respec-
tively), the luciferase sequence is fused directly to the poliovirus initi-
ator AUG at position 743.
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poliovirus translation and for the formation of ribosomal ini-
tiation complexes with the poliovirus IRES (32). In the reac-
tion mixtures containing 44% RRL, the RNA concentration
was about 20 nM, which was revealed to be not limiting in test
reactions (data not shown). Luciferase reporter protein activity
was measured after 15, 30, 45, and 60 min. As expected, the
translational activity of all three Sabin-like IRES mutants was
decreased compared with that of the unmodified poliovirus
type 1 wild-type IRES during the entire incubation period (Fig.
2), confirming that these single point mutations indeed account
for the described reduction in translation efficiency of the
Sabin vaccine strains (44, 45).

Domain V mutants affect ribosome association. To test if the
decreased translation efficiency of the Sabin-like poliovirus
IRES constructs is due to decreased efficiency of ribosome
association with the viral RNA, we analyzed the efficiency of
formation of ribosomal initiation complexes with the modified
IRES RNAs. Association of ribosomal subunits with the po-
liovirus IRES as well as with the distantly related FMDV and
EMCV IRES elements is an energy-dependent process (31, 32,
35). Accordingly, radioactive mutant Sabin-like and wild-type
poliovirus IRES RNAs were incubated in reticulocyte lysate
for different times at 30°C whereas all other steps were per-
formed strictly at 0°C. The total magnesium concentration in
these binding reactions was in the physiological range (0.5
mM) and therefore allows dissociation of ribosomes (7) to
generate empty ribosomal subunits, which are, in turn, re-
quired for the association of ribosomal subunits driven by the
RNA to be translated and the initiation factors involved. Once
formed, ribosomal initiation complexes were separated on su-

crose gradients under ionic conditions stabilizing ribosomal
subunits associated with the RNA (6 mM magnesium) (1),
thereby preserving the initiation complexes which had been
formed with the viral RNA during the previous incubation at
30°C. The efficiency of formation of ribosomal initiation com-
plexes was measured by the amount of radioactive IRES RNA
incorporated in the complexes. The radioactivity profiles of
typical gradient runs are shown as examples for the poliovirus
wild-type IRES and the S3 IRES in Fig. 3A. 48S complexes
represent IRES RNA associated with the small ribosomal 40S
subunit, and 80S complexes represent RNA associated with
completely assembled ribosomes also containing the large ri-
bosomal 60S subunit.

The efficiency of association of ribosomes with the mutant
IRES RNAs is seriously impaired compared with the wild-type
poliovirus IRES. This effect is already evident at the stage of
48S complex formation. After 2 min of incubation at 30°C,

FIG. 2. Translation efficiency of the artificial Sabin-like poliovirus
mutants. Translation reactions with the respective IRES followed by
the firefly luciferase sequence were performed at 30°C in RRL. Lucif-
erase activity readings were standardized by setting the 60-min reac-
tion with wild-type (wt) IRES as 100% and plotted against incubation
time.

FIG. 3. Poliovirus IRES domain V mutations affect ribosome as-
sociation. (A) Principle of the assay. Radiolabeled wild-type or mu-
tated IRES RNA, respectively, was incubated with RRL for 0.5, 1, or
2 min at 30°C. Initiation complexes were separated on 10 to 35%
sucrose gradients, and fractions collected from the bottom were used
for scintillation counting. The relative amount of radioactivity in each
fraction (% cpm) is plotted against the fraction number. The plot
exemplifies the radioactivity profiles obtained after 2 min with the
wild-type (wt) poliovirus 1 IRES (dotted line) and with the artificial
Sabin 3-like IRES (S3) (solid line). (B) Efficiency of formation of 48S
(a, c, and e) and 80S complexes (b, d, and f) with the Sabin-like S1, S2,
and S3 construct, respectively, compared with the wild-type IRES.
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markedly reduced amounts of 48S complexes were formed
with the mutated S1-, S2- and S3-IRES RNAs (Fig. 3B, panels
a, c, and e). The reduction in ribosome association also extends
to the 80S complexes (Fig. 3B, panels b, d, and f). These results
correlate with the reduced translation efficiencies of these mu-
tated IRES RNAs (Fig. 2), indicating that the serious reduc-
tion in translation efficiency observed with the Sabin vaccine
strains is caused at the stage of association of the small ribo-
somal subunit with the viral RNA.

Initiation factor eIF4G binds to the poliovirus IRES. From
the above results, we suspected that the Sabin-like mutations
would impair the binding of cellular protein factors to the viral
RNA that mediate the association of the ribosomal 40S sub-
unit with the IRES. With the distantly related FMDV and
EMCV IRES elements, it had been shown that eIF4B, eIF4G,
and eIF4A bind synergistically to the IRES 3� region (19, 23,
25, 35, 41). Moreover, eIF4B is involved in ribosomal initiation
complexes with the poliovirus IRES (32), suggesting that
eIF4G may also bind to the poliovirus IRES.

Therefore, we used the UV cross-link assay in combination
with immunoblotting to identify eIF4G binding to the poliovi-
rus IRES. After optimizing UV cross-link assay conditions, we
detected a band migrating at an apparent molecular mass of
about 200 kDa, which is supposed to be identical to eIF4G (Fig
4A, lane 1). On preincubation of the lysate with an RNA
expressing the leader (L) protease of FMDV (41), which spe-
cifically cleaves eIF4G (22), this band disappeared (lane 2),
while an additional band of about 110 kDa, most probably
representing the C-terminal cleavage product of eIF4G, ap-
peared. This was confirmed by an anti-eIF4G immunoblot
analysis using an antiserum directed against a C-terminal se-
quence of eIF4G (41). In the untreated lysate, eIF4G was
detected (lane 3) comigrating with the band detected in the
UV cross-link (lane 1). Following cleavage of eIF4G with L-
protease (lane 4), this 200-kDa band disappeared while a new
band of about 110 kDa appeared (lane 4) that exactly comi-
grates with the band appearing in the UV cross-link assay (lane
2). These results indicate that the band of about 200 kDa which
binds to the poliovirus IRES is identical to eIF4G.

eIF4G binds to domain V of the poliovirus IRES. To identify
the binding site for eIF4G in the poliovirus IRES, we precisely
removed the sequences of the predicted RNA secondary-struc-
ture domains (5, 37) from the poliovirus 5�-UTR (Fig. 1). In
the first mutant, domains I to III were removed, whereas in
each of the other deletion mutants, only one of the domains
IV, V, or VI, respectively, was removed. In UV cross-link
assays using the wild-type poliovirus IRES and these domain
deletion mutants, we found that domain V is essential for the
interaction of eIF4G with the poliovirus IRES (Fig. 4B, lane
4). Although label transfer from the radioactive RNA to the
eIF4G protein is not very efficient, binding of eIF4G to domain
V is specific, since no other deletion affected eIF4G binding.
Confirming our previous results (32), binding of eIF4B was
also seriously affected by the deletion of domain V. In conclu-
sion, the poliovirus IRES domain V is the major determinant
for the binding of both standard initiation factors eIF4G and
eIF4B.

Also, the binding of other proteins to the poliovirus IRES is
affected by the domain deletion mutants. At least two separate
regions appear to contribute to the binding of PTB, since

FIG. 4. eIF4G binds to the poliovirus IRES domain V. (A) Iden-
tification of eIF4G. (Left) UV cross-linking assay using normal RRL
(�) or RRL treated with FMDV leader protease (� L-protease).
L-protease RNA transcribed from plasmid pFMDV14 was preincu-
bated with RRL at 30°C for 15 min. Samples were then used for UV
cross-linking reactions with [�-32P]UTP-labeled wild-type poliovirus
IRES. Reaction mixtures were incubated at 30°C for 10 min and UV
irradiated for 20 min, and excess RNA was digested with RNase A.
Then 50% of each sample was applied to a sodium dodecyl sulfate–8%
polyacrylamide gel and analyzed by autoradiography. (Right) The
other 50% was separated on a gel, proteins were transferred to nitro-
cellulose, and eIF4G was immunostained using anti-eIF4G antiserum.
Molecular masses of marker proteins (M) are given in kilodaltons. 4G,
eIF4G; 4GC, C-terminal fragment of eIF4G. (B) Mapping of the
eIF4G-binding site. Either domains I to III or single domains IV, V, or
VI, were deleted from the poliovirus IRES. [�-32P]UTP-labeled do-
main deletion mutants were transcribed from templates linearized with
BsiWI 156 nucleotides downstream of the poliovirus AUG in the
luciferase sequence and used in UV cross-linking assays with RRL. 4G,
eIF4G; 4B, eIF4B. The putative p170 subunit of eIF3 is indicated by a
double asterisk. (C) Competitions. The binding of labeled wild-type
(wt) poliovirus IRES to RRL proteins was competed by unlabeled
wild-type or deletion mutant IRES RNAs in the molar excesses (exc.)
indicated.
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deletion of domains I to III as well as deletion of domain V
slightly reduced the efficiency of PTB binding (Fig. 4B, lanes 2
and 4, respectively). Moreover, a band of about 170 kDa that
migrates close to the eIF4G band completely disappeared
when domain V was deleted. This band most probably repre-
sents the p170 subunit of eIF3 (L. Saleh and M. Niepmann,
unpublished observations), which appears also to be involved
in specific recognition of domain V.

To confirm that the loss of detection of eIF4G in the UV
cross-link-assay was due to the loss of eIF4G binding to the
IRES and not to the loss of label transfer from the radioactive
RNA to the protein, we performed competition assays (Fig.
4C). Unlabeled wild-type, �I-III, �IV and �VI competitor
RNAs competed efficiently with the binding of eIF4G and
eIF4B to radiolabeled wild-type RNA. In contrast, even a
16-fold excess of unlabeled competitor RNA �V competed the
binding of labeled wild-type RNA to both factors only slightly
(Fig. 4C, lanes 13 to 15). Moreover, eIF4G and eIF4B were
still detected with a 64-fold excess of competitor (lane 16).
Thus, the loss of detection of eIF4G with the domain V dele-
tion observed in Fig. 4B is actually due to the loss of eIF4G
binding. Taken together, the above results indicate that the
major determinant for binding of eIF4G resides in the domain
V of the poliovirus IRES.

The attenuating mutations in domain V directly affect bind-
ing of eIF4G and eIF4B. The observation that the Sabin-like
point mutations in domain V of the poliovirus IRES seriously
affect ribosome association with the IRES and the fact that
domain V is the major determinant for binding of eIF4G and
eIF4B led us to the conclusion that these single nucleotide
exchanges may directly affect the binding of these translation
initiation factors and hence impair the association of the ribo-
some with the viral RNA. When UV cross-link assays were
performed with the Sabin-like IRES RNAs, we found that the
binding of eIF4B (Fig. 5A, left panel) and eIF4G (right panel)
was indeed seriously impaired by these mutations compared
with the effect of the wild-type IRES, while the binding of
another protein of about 50 kDa was not affected (left panel).
This effect of reduced binding of eIF4G and eIF4B was most
dramatic with the S3 construct (lanes 4 and 4�) and thus cor-
relates with the reduced translation efficiencies of these con-
structs (Fig. 2). Also in this experiment, the intensities of bands
representing PTB and the band supposed to be identical to the
p170 subunit of eIF3 were affected by the mutations. Compe-
tition experiments (Fig. 5B) confirmed that the observed re-
ductions in the intensities of the eIF4G, eIF4B, PTB, and p170
bands were due to reduced binding of these factors and not to
reduced label transfer only, while other bands were less
strongly affected by the competitions.

Purified eIF4F relieves the negative effects of the IRES mu-
tations. Since the Sabin mutations affected the binding of more
than one protein to the poliovirus IRES, we used purified
eIF4F to confirm that reduced binding of eIF4G is the primary
cause of impaired translation of the mutated IRES elements.
The eIF4F preparation (Fig. 6A) contains eIF4E, eIF4A, and
eIF4G, including two additional high-molecular-weight bands
also recognized by the antibody directed to the C-terminus of
eIF4G (Fig. 6A, lane 2), which represent proteolytic degrada-
tion products of eIF4G that often appear in eIF4F prepara-
tions (42).

When increasing concentrations of eIF4F were used in
translation reactions with the poliovirus IRES RNAs (Fig. 6B),
translation of the wild-type IRES was slightly improved, re-
flecting a slight increase in product concentration according to
the equilibrium of the reaction driven by increased eIF4F
concentrations. In contrast, the moderately impaired transla-
tion of the S1 and S2 constructs, and particularly the seriously
impaired translation of the S3 construct, were improved sig-
nificantly, in each case reaching translation efficiency levels
close to that of the wild-type IRES. Similar results were ob-
tained in these assays using either 0.02 or 0.2 pmol of RNA per
translation reaction, indicating that even at the higher RNA
concentration only the RNA or eIF4F, respectively, but not
other factors, was limiting. When the effect of added eIF4F was
monitored in the UV cross-linking assay (Fig. 6C), addition of
eIF4F resulted in significant improvement of eIF4G and eIF4B
binding to the S3 IRES (Fig. 6C, lane 16), approaching the
levels observed with the wild-type IRES. With the wild-type or
the S1 and S2 IRES elements, no increase in eIF4G band
intensity was observed (lanes 1 to 12). However, the binding of
eIF4B, as well as the binding of a band migrating close to
eIF4G, which corresponds to the p170 subunit of eIF3 (Saleh
and Niepmann, unpublished), and another band of about 110
kDa, which may represent the p116 or the p110 subunit of

FIG. 5. Weaker binding of initiation factors to mutated poliovirus
IRES elements. (A) UV cross-linking assay using RRL and either the
[�-32P]UTP-labeled wild-type (wt) poliovirus IRES or the artificial
Sabin-like mutants. (Left) Short exposure of X-ray film to the gel
(right) long exposure. 4G, eIF4G; 4B, eIF4B. (B) Competitions. The
binding of labeled wild-type poliovirus IRES to RRL proteins was
competed by unlabeled complete (wt) or mutated IRES RNAs in the
molar excesses (exc.) indicated. A double asterisk indicates the puta-
tive p170 subunit of eIF3; single asterisks indicate bands that are not
differentially affected by the competitions.
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eIF3, was improved. This effect is particularly evident with the
S3 construct (lane 16). Similar results were obtained when the
N-terminal portion of eIF4G, which is required for binding of
the cap-binding protein eIF4E, was cleaved off by the L-pro-

tease of FMDV (Fig. 6D and E). Also in this experiment, the
translation efficiency of the S3 construct was completely re-
lieved (Fig. 6D) and binding of eIF3 p170 was improved, while
a faint band representing the 110-kDa C-terminal cleavage
product of eIF4G (4GC in Fig. 6E) appeared at high eIF4F
concentrations (Fig. 6E, lane 4).

These results indicate that increased concentrations of
eIF4F drive the recruitment of the poliovirus IRES to the
ribosome. eIF4G is most probably mediating the interaction of
the IRES with the ribosome-bound eIF3 and perhaps other
components of the translational apparatus, irrespective of
whether eIF4G is in its unmodified or its cleaved form. Ac-
cordingly, increased eIF4F concentrations can relieve the dis-
advantage of the IRES Sabin mutations that cause impaired
binding of eIF4G.

DISCUSSION

Here we demonstrate that the reduction in poliovirus trans-
lation efficiency caused by the single nucleotide exchanges in
the IRES of the three poliovirus Sabin vaccine strains is me-
diated by impaired binding of the standard translation initia-
tion factor eIF4G to the poliovirus IRES domain V. This in
turn causes impaired association of ribosomes with the viral
RNA. The disadvantage of the Sabin constructs, particularly
that observed with the S3 construct, is relieved by addition of
purified eIF4F, which results in improved binding not only of
eIF4G but also of eIF4B and the p170 subunit of eIF3 to the
mutated IRES. This indicates that eIF4G is the crucial factor
that initially binds to the poliovirus IRES and recruits the
IRES to the other components of the translational apparatus,
particularly to the p170 subunit of the ribosome-bound eIF3,
thereby mediating association of the viral RNA with the small
ribosomal subunit. Our findings may have major implications
for understanding the attenuation of poliovirus neurovirulence
and the pathogenicity of other members of the enteroviruses
and rhinoviruses.

In recombination experiments, the single point mutations in
domain V were found to contribute to the attenuation of neu-
rovirulence of the respective Sabin vaccine strains (6, 17, 38),
and experiments using chimeras of the poliovirus and rhinovi-
rus IRES elements revealed that the IRES domains V and VI
may contain determinants of neuropathogenicity (8). Never-
theless, studies that clearly delimit the effects of these muta-
tions to translation deficiencies are rare. Translation directed
by the authentic Sabin 1 IRES was reduced in extracts from
reticulocytes (45) and from cells of neuronal origin but not
from HeLa cells (12). Translation of Sabin 3 RNA is reduced
in reticulocyte lysate (45), and this effect is attributed to the
C472U mutation (44). Moreover, poliovirus type 3 with a U
residue at position 472 is unable to replicate in mouse brain,
whereas poliovirus with a C residue at this position is neuro-
virulent in mice (21).

Probably due to the possible complexity of protein-RNA
interactions involved in the activity of the poliovirus IRES, the
initiation factor requirements have been investigated so far
mainly with the distantly related picornavirus type II IRES
elements. EMCV IRES activity depends on eIF2, eIF3, eIF4G,
eIF4B, and eIF4A (35), with eIF4G, eIF4B, and eIF4A binding
synergistically (19). Extending these results to the type I IRES

FIG. 6. Effects of purified eIF4F on poliovirus IRES mutants.
(A) Coomassie blue stain (lane 1) and immunoblot (lane 2) of the
eIF4F preparation. In the immunoblot, an antiserum directed against
the C terminus of eIF4G was used. (B) Translation directed by 0.2
pmol of the wild-type and mutant poliovirus IRES elements in RRL,
either with no additional eIF4F or in the presence of increasing
amounts of purified eIF4F (shown in panel A) as indicated. Values are
means of data from two experiments for wt, S1, and S2 and from four
experiments for S3. (C) UV cross-linking assay with the wild-type and
mutant poliovirus IRES elements in RRL, either with no additional
eIF4F or in the presence of increasing amounts of purified eIF4F as
indicated. A double asterisk indicates the putative p170 subunit of
eIF3. (D) Translation of the S3 IRES in RRL, either with no addi-
tional eIF4F or in the presence of increasing amounts of purified
eIF4F as indicated. Before translation, the lysate was preincubated for
30 min with RNA from pFMDV14 that expresses the L-protease of
FMDV. (E) UV-cross-linking assay with the S3 IRES in RRL treated
with L-protease as in panel D, either with no additional eIF4F or in the
presence of increasing amounts of purified eIF4F as indicated. 4GC,
C-terminal fragment of eIF4G.
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of poliovirus, we showed recently that eIF4B binds strongly to
the poliovirus IRES domain V (32). Consequently, it can be
expected that the basic apparatus of initiation factors acting on
the poliovirus IRES is the same as with the EMCV IRES and
that eIF4G and eIF4B are directly and functionally involved in
the process of translation initiation at the poliovirus RNA.

In this work we mapped the binding site for eIF4G to reside
in domain V, suggesting that all initiation factors that are
involved in formation of initiation complexes with the EMCV
IRES also act on the poliovirus IRES. We have generated the
relevant single nucleotide exchanges in the context of the oth-
erwise unmodified sequence context of the poliovirus type 1
IRES sequence. In the absence of an in vitro system using
purified ribosomal subunits, initiation factors, and possibly
other cellular proteins required for the formation of ribosomal
initiation complexes with the poliovirus IRES RNA, we devel-
oped an assay that allowed us to measure the efficiency of
ribosome association with the mutated IRES elements. This
system is suitable for the formation of functional ribosomal
initiation complexes that are sensitive to translation inhibitors
(32). In this system, the efficiency of ribosome association with
the mutated IRES elements was considerably reduced com-
pared to that observed with the wild-type poliovirus type IRES.
This effect was most dramatic with the Sabin 3-like mutation,
correlating with the most severe decrease of translation effi-
ciency with this construct. During preparation of the manu-
script, we became aware of a complementary study by Kean
and coworkers, who showed that introduction of the Sabin 3
point mutation into the poliovirus IRES domain V resulted in
a significantly defective IRES, correlating with poor growth in
HeLa and neuroblastoma cells (K. Kean, personal communi-
cation).

While it is known that additional cellular proteins, such as
PTB, that bind to the IRES are indeed involved in stimulating
the translation of some picornaviruses, their actual mode of
action remains unclear. It can only be speculated if PTB exerts
a so-called RNA-chaperone function by stabilizing the IRES
secondary or tertiary structure. PTB appears to bind mainly to
two separate regions of the poliovirus IRES, including deter-
minants both in the 5� region and in domain V of the 5�-UTR,
whereas sequences further downstream bind PTB more weakly
(13, 32). A mild stimulation of poliovirus translation by PTB
was shown only recently (14). Interestingly, PTB binding to the
authentic Sabin 3 IRES sequence is reduced in extracts from
neuroblastoma cells but not from HeLa cells (9). Our finding
that the single point mutations reduce the binding of PTB to
the poliovirus IRES further support the idea that reduced
binding of PTB may also contribute to the attenuation of
neurovirulence. Moreover, domains V and VI have been re-
ported to cooperatively determine poliovirus neuropathoge-
nicity (8), and binding of three cellular proteins to these do-
mains was reported (11). A 39-kDa protein present in HeLa
and neuronal cells, as well as a 60-kDa protein present only in
neuronal cells, was shown to bind to domain VI, whereas
binding of a 36-kDa protein from HeLa cells and PTB was
shown to require the presence of both domains V and VI.
However, it can only be speculated if these proteins addition-
ally modulate poliovirus IRES activity in neuronal tissue, if
their binding to Sabin-like mutants is reduced, and if their

possibly reduced binding contributes to the attenuated pheno-
type of the Sabin strains.

Our results presented here implicate that the main effect of
the mutations in the viral 5�-UTR that contribute to the atten-
uation of poliovirus neurovirulence is impaired binding of the
standard translation initiation factors. This may cause slower
translation of the viral RNA in some tissues, e.g., in neuronal
cells and thus may contribute to the attenuated phenotype of
the poliovirus vaccine strains.
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