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Translation Initiation Factor eIF4B Interacts with a Picornavirus
Internal Ribosome Entry Site in both 48S and 80S Initiation
Complexes Independently of Initiator AUG Location
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Most eukaryotic initiation factors (elFs) are required for internal translation initiation at the internal
ribosome entry site (IRES) of picornaviruses. eIF4B is incorporated into ribosomal 48S initiation complexes
with the IRES RNA of foot-and-mouth disease virus (FMDYV). In contrast to the weak interaction of eIF4B with
capped cellular mRNAs and its release upon entry of the ribosomal 60S subunit, eIF4B remains tightly
associated with the FMDV IRES during formation of complete 80S ribosomes. Binding of eIF4B to the IRES
is energy dependent, and binding of the small ribosomal subunit to the IRES requires the previous energy-
dependent association of initiation factors with the IRES. The interaction of eIF4B with the IRES in 48S and
80S complexes is independent of the location of the initiator AUG and thus independent of the mechanism by
which the small ribosomal subunit is placed at the actual start codon, either by direct internal ribosomal entry
or by scanning. eIF4B does not greatly rearrange its binding to the IRES upon entry of the ribosomal subunits,
and the interaction of eIF4B with the IRES is independent of the polypyrimidine tract-binding protein, which

enhances FMDYV translation.

The internal ribosome entry sites (IRES) of picornaviruses
mediate the internal initiation of translation on an RNA (12,
29). During replication of picornaviruses and the distantly re-
lated hepatitis C virus and pestiviruses, the strategy of internal
initiation allows these viruses to shut down the cap-dependent
cellular translation, whereas synthesis of the picornavirus
polyprotein is initiated cap independently from the IRES ele-
ment located far downstream from the 5’ end of the viral RNA
(6, 11).

The IRES elements fold into highly organized conserved
secondary and probably tertiary structures that guide the ribo-
some to an internal site of the RNA at the IRES 3’ end (11,
16). The prototype IRES elements of picornaviruses are clas-
sified into three groups, those of the enteroviruses and rhino-
viruses (including poliovirus), the cardioviruses and aphthovi-
ruses (including foot-and-mouth disease virus [FMDV]), and
hepatitis A virus. They contain a conserved core in their 3’
region (16) and two cis elements at the IRES 3’ end, an
oligopyrimidine tract followed by an AUG triplet. In cardiovi-
ruses and aphthoviruses, translation is usually initiated at this
AUG. In FMDV, a second start site 84 nucleotides down-
stream is utilized after scanning (5). In contrast, the conserved
AUG in poliovirus is silent for translation and the actual
polyprotein start site further downstream is reached by scan-
ning. Pilipenko et al. (33) proposed a starting-window concept,
implying that the small ribosomal subunit encounters the RNA
directly 3’ to the IRES element and is either guided directly to
the authentic AUG codon in the starting window to initiate
translation or starts scanning to find it.

To support internal translation initiation, picornaviruses use
essentially the translational apparatus of the host cell but with
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some modifications. On the one hand, picornaviruses recruit
unconventional cellular proteins in addition to standard initi-
ation factors, like the 57-kDa polypyrimidine tract-binding
protein (PTB). PTB binds to several picornavirus IRES ele-
ments and actively enhances the translation of FMDV (17, 24,
25) and the related encephalomyocarditis virus (EMCV) (7,
12, 14). On the other hand, almost the complete set of eukary-
otic initiation factors (elFs) appears to be essential in picor-
navirus internal initiation (3, 28, 30, 31), except the cap-binding
protein eIF4E.

During the translation initiation on normal cellular mRNAs,
a 48S complex that includes the mRNA and the ribosomal 43S
preinitiation complex is formed. The RNA helicase eIF4A and
its stimulating cofactor eIF4B bind weakly to the mRNA 5’
untranslated region and are assumed to melt secondary struc-
tures (35) to allow processive scanning of the ribosomal preini-
tiation complex from the RNA 5’ end to the AUG start codon.
When the preinitiation complex arrests on the initiator AUG,
all initiation factors dissociate and the large ribosomal subunit
joins the 48S initiation complex (27).

The initiation factor eIF4B has three domains and appears
to be a multipurpose adapter involved in several interactions
during translation initiation. It can bind to 18S rRNA (20),
self-dimerize and mediate its contact with the small ribosomal
subunit by interacting with the ribosome-bound eIF3 (21), and
stimulate the eIF4A helicase activity (19). Moreover, elF4B
has an RNA-annealing activity that is able to catalyze the
hybridization of two complementary single-stranded RNAs
(1). eIF4B is involved in internal initiation from the EMCV
IRES (4, 9), and previous work in our group has demonstrated
that eIF4B directly contacts the FMDYV IRES 3’ region includ-
ing stem-loop 4 (22). Several subdomains in the FMDV IRES
3’ region are essential both for binding of elF4B and for
translation, while the AUG start codon is not required for
binding (36), indicating that eIF4B is functionally involved in
internal initiation by directly contacting the IRES core up-
stream of the coding sequence. However, until now it has not
been clear in which way eIF4B exerts its function on the IRES.
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We do not know the stages at which eIF4B is actually involved
in the formation of initiation complexes, and we do not know
whether unconventional factors like PTB support the function
of eIF4B.

In this study, we investigated whether eIF4B is incorporated
in ribosomal initiation complexes with the FMDV IRES and
the stages of formation of initiation complexes at which eIF4B
is involved. The interaction of eIF4B with the IRES RNA was
studied in two functionally different situations of initiation that
also occur naturally in FMDV. The actual initiator AUG was
either located directly in the starting window at the IRES 3’
border or reached by scanning after internal entry of the ribo-
some. Moreover, we analyzed whether the interaction of
elF4B in the initiation complexes is dependent on the uncon-
ventional factor PTB.

MATERIALS AND METHODS

Plasmids. pSP912 (25) contains the FMDV O,K IRES and coding sequences
from positions 363 to 912 (thereby including 108 nucleotides of coding se-
quence). The dicistronic expression vector pD12 was derived from pD128 (25).
It contains the chloramphenicol acetyltransferase (CAT) gene and the FMDV
IRES (positions 185 to 805) with the 11th ATG of FMDYV fused to the luciferase
gene. pD13 resembles pD12 but has FMDV N-terminal coding sequences ex-
tending to the 12th authentic ATG (position 889), fused to the luciferase gene.
Thus, pD13 contains both authentic initiator ATGs of FMDV. pD14 was derived
from pD13 but has the 11th ATG (position 805) mutated to TGG (introduced by
a fragment derived from pFMDV-L' [8]) and thus provides only the 12th ATG
of FMDV. pM12, pM13, and pM14 are monocistronic expression vectors corre-
sponding to pD12, pD13, and pD14, respectively, with the CAT gene removed.

Preparation of RNAs and translation. pSP912 was linearized with Sacl 3’ to
the FMDV sequence, and pM12, pM13, and pM14 were linearized with BsiWI
152 bp downstream of the luciferase ATG. Labeled RNAs were synthesized as
described before (25) with SP6 RNA polymerase in the presence of 2.5 uM
[«->?P]CTP (400 Ci/mmol; Amersham) plus 15 uM unlabeled CTP. RNAs were
separated from unincorporated nucleotides by gel filtration on Sephadex G-50
columns (Pharmacia). Dicistronic plasmids were linearized with BamHI down-
stream of the luciferase gene, and mRNA was synthesized in the presence of 500
M unlabeled nucleotides. A 1-pg portion of dicistronic mRNA was used in a
20-pl reaction mixture containing 10 wl of rabbit reticulocyte lysate (RRL;
Promega), 0.7 pl of [**S]methionine, and KCI added to the total K* concentra-
tion in addition to the endogenous potassium-acetate as indicated; the reaction
mixture was incubated for 45 min at 30°C, and 2 pl was analyzed by gel electro-
phoresis and autoradiography.

UV cross-linking assays. UV cross-linking assays were performed with 3.3 pl
of RRL and 0.2 pmol of IRES RNA labeled with either [a-**P]JATP, [a-**P]CTP,
[«->*P]GTP, or [a-**P]UTP as indicated in a volume of 10 p.l, incubated 10 min
at 30°C, and irradiated with UV light for 5 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 (SDS)-10% polyacrylamide gels and analyzed by autoradiogra-
phy.

Initiation complex formation, sedimentation analyses, and UV cross-linking.
Initiation complex formation and separation were performed essentially as de-
scribed before (25). Either standard RRL or PTB-depleted RRL (25) was used.
Binding-reaction mixtures contained 50 pl of the respective RRL, 15 mM Tris-Cl
[pH 7.5], 0.5 mM MgCl,, 1 mM dithiothreitol (DTT), 100 mM added KCI, and
protease inhibitors as described previously (25) in a volume of 150 pl. The total
added K* concentration was 138 mM. If indicated, GMP-PNP (Sigma) was used
4 mM and anisomycin was used at 0.17 mM. RRL treated with anisomycin was
preincubated for 5 min at 30°C. Then 2 to 5 pmol of IRES RNA was added, and
the samples were incubated for 10 min at 30°C (unless otherwise indicated) for
initiation complex formation and then irradiated for 5 min at 0°C with a 6-W UV
lamp at 500 wW/cm? (254 nm).

Each sample was loaded onto a 10 to 35% sucrose gradient containing 50 mM
Tris-Cl (pH 8.4), 6 mM MgCl,, 60 mM NaCl, 10 mM DTT, and protease
inhibitors as in reference (25), centrifuged for 4.5 h at 200,000 X g at 4°C, and
fractionated into 24 fractions of 500 wpl. Four-microliter aliquots thereof were
subjected to scintillation counting. The fractions were treated with RNase A at
0.1 mg/ml at 37°C for 60 min. Proteins were precipitated in the presence of 10%
trichloroacetic acid (TCA) and 5 pg gelatin for 30 min. After centrifugation,
pellets were washed twice with ethanol, air dried, and redissolved in protein
sample buffer containing 3 M urea. The samples were separated on SDS-12.5%
polyacrylamide gels and analyzed by autoradiography.

Initiation complex formation with RRL devoid of ribosomes. For some exper-
iments, RRL devoid of ribosomes was prepared. A 1-ml volume of RRL was
adjusted to 250 mM potassium acetate, and ribosomes were pelleted for 2 h at
200,000 X g and 4°C. The ribosomes were resuspended in 80 wl of 15 mM Tris-Cl
(pH 7.5)-0.5 mM MgCl,-1 mM DTT. A 50-ul volume of RRL devoid of ribo-
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somes was used as before in a binding reaction, adjusted to 138 mM potassium
acetate, for 10 min at the temperature indicated. After UV cross-linking at 0°C
for 5 min, a 4-pl volume of the resuspended ribosomes was added and incubated
for another 10 min at either 0 or 30°C as indicated. The reactions were separated
on sucrose gradients and analyzed as above.

Immunoprecipitations. Protein A-coated polyacrylate beads (Fluka) were
washed in phosphate-buffered saline (PBS; 8 mM Na,HPO,, 2 mM NaH,PO,,
140 mM NacCl) plus 0.1 mg of tRNA per ml and 0.1 mg of bovine serum albumin
(BSA) per ml (PBS-tRNA-BSA). Then 25 pl of either anti-eIF4B antiserum
(kindly provided by N. Sonenberg) or preimmune serum was added to the beads
in PBS-tRNA-BSA and incubated for 1 h. Excess antiserum was removed by
washing with PBS-tRNA-BSA. The gradient fractions from the 80S, 48S, and 20S
peaks were pooled after RNase treatment as indicated. To these pools, an equal
volume of neutralization buffer (45 mM HEPES [pH 6.5], 200 mM NaCl, 1%
Nonidet P-40, 20 mM B-mercaptoethanol) was added. Immunoprecipitation with
the antibody-coated beads was performed for 2 h at 4°C. The beads were col-
lected by centrifugation, and the supernatants were saved. The beads were
washed in PBS-tRNA-BSA-0.5% Nonidet P-40-10 mM B-mercaptoethanol once
for 1 min and twice for 1 h at 4°C. The beads were resuspended in 500 .l of PBS
with 1 mM CaCl,, 0.1 mg of RNase A per ml, and 300 U of S7 nuclease per ml
and incubated at 37°C for 30 min. After the beads were washed another three
times in PBS, they were resuspended in protein sample buffer containing 3 M
urea. Proteins form the supernatants saved after immunoprecipitation were
concentrated by TCA precipitation, washed with ethanol, collected by centrifu-
gation, and air dried. Pellets were redissolved in protein sample buffer containing
3 M urea. All samples were analyzed by separation on SDS-12.5% polyacryl-
amide gels and autoradiography.

RNA-protein fingerprint assay. Binding reactions, UV cross-linking reactions
with [a-*?P]CTP-labeled FMDV IRES and RRL, and sucrose gradient centrif-
ugation were performed as above. The fractions were treated with RNase, and
proteins were concentrated by TCA precipitation. The fractions corresponding
to either the 80S, 488, or 20S peaks were pooled, and proteins were separated by
SDS-polyacrylamide gel electrophoresis. Gel slices containing the labeled eIF4B
protein were excised after autoradiography. The crumbled gel pieces were incu-
bated for 24 h either with 5 mg of BNPS-skatole (Sigma) in 500 wl of 75% acetic
acid at 37°C (18) or with 10 mg of cyanogen bromide in 700 wl of 70% formic acid
at room temperature in the dark (26). BNPS-skatole was removed by repeated
extraction with ethyl acetate. After the samples were lyophilized, the chemical
treatment was repeated to achieve complete cleavage as far as possible. BNPS-
skatole was again removed with ethyl acetate, the samples were lyophilized
several times, peptides were separated on peptide gels (37), and radiolabeled
peptides were analyzed by autoradiography.

RESULTS

elF4B is incorporated into both 48S and 80S ribosomal
initiation complexes with FMDV IRES RNA. To investigate at
which stages eIF4B is involved in the formation of ribosomal
initiation complexes with the FMDV IRES, we used the UV
cross-linking assay, since in a Western blot all of the elF4B
molecules in the RRL would be detected, not only those which
are directly bound to the IRES RNA. First, we tested all four
different nucleotides for labeling of IRES RNA (Fig. 1). With
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FIG. 1. Detection of eIF4B in RRL by using FMDV IRES RNA labeled with
different nucleotides. UV cross-linking assays were performed with RRL and
IRES RNA in the presence of either [a-*?P]JATP (A), [a->*P]CTP (C),
[a-*P]GTP (G), or [a-**PJUTP (U) as indicated. The molecular masses of
marker proteins and the positions of eIF4B and PTB are indicated. Lane 1 is a
threefold-longer exposure of lane 2, and in lane 6 50% of a sample corresponding
to that in lane 5 was subjected to a slightly shorter exposure.
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CTP, both eIF4B (apparent molecular mass of 80 kDa) and
PTB (57 kDa) were labeled well in the UV cross-linking assay
(lane 3), whereas with UTP, mainly PTB was labeled (lanes 5
and 6). With GTP, labeling of eIF4B was weaker (lane 4), and
with ATP, almost no protein was labeled (lanes 1 and 2).
Therefore, [a->*P]-CTP-labeled IRES RNA was used for the
detection of both eIF4B and PTB in all the following UV
cross-linking assays.

For analyzing the presence of elF4B in initiation complexes
with the FMDYV IRES, the RNA was incubated with RRL for
10 min at 30°C, allowing the binding of proteins and ribosomal
subunits to the IRES (25). The reaction mixture was trans-
ferred to 0°C and irradiated with UV light. By that, we cap-
tured the proteins bound to the IRES after 10 min and then
detected them after completion of the experiment. Initiation
complexes were then separated on a sucrose gradient (Fig.
2A). Both 80S and 48S initiation complexes (fractions 7 to 9
and fractions 13 to 15, respectively) were formed with the
IRES RNA. RNA not associated with ribosomal subunits re-
mained in the upper part of the gradient (fractions 18 and
above).

Proteins bound to the IRES RNA were analyzed by UV
cross-linking, RNase treatment, and SDS-polyacrylamide gel
electrophoresis (Fig. 2B). Essentially two proteins, associated
both with the ribosomal complexes and with the material re-
maining at the top of the gradient, were visible. The 57-kDa
protein was PTB (25), and the protein migrating with an ap-
parent molecular mass of 80 kDa was eIF4B as identified by
immunoprecipitation (see below). Remarkably, eIF4B was as-
sociated with the IRES RNA not only in 48S complexes (frac-
tions 12 to 14) but also in 80S complexes (fractions 7 to 9). This
was not expected, since during initiation of translation from
normal cellular mRNAs the initiation factors are supposed to
dissociate from the 48S complex upon joining of the large
ribosomal subunit (27). Almost no material representing IRES
912 RNA loaded with two ribosomes sedimenting faster than
the 80S complexes was detected, most probably due to the very
short extension of only 23 nucleotides of the RNA downstream
of the second AUG. In addition, the efficiency of formation of
RNA 912 loaded with two ribosomes can be expected to be
very low, since it amounts to the square of the efficiency of
formation of RNA loaded with one ribosome.

The identity of the eIF4B protein interacting with the IRES
RNA in the initiation complexes was verified by immunopre-
cipitation (Fig. 2C). By using the UV cross-linking assay, only
elF4B molecules in the RRL that were actually bound to the
IRES were detected. The experiment was performed as before,
but the fractions containing 80S complexes, 48S complexes, or
material from the top of the gradient (termed 20S) were
pooled. elF4B was immunoprecipitated with an anti-eIF4B
antiserum (Fig. 2C, left), and the supernatants after immuno-
precipitation were collected by TCA precipitation and ana-
lyzed as a control (right panel). From the 20S material, e[F4B
was immunoprecipitated as a strongly labeled band (lane 3).
Also from the ribosomal initiation complexes, eIF4B was
clearly identified, both from 80S complexes (lane 1) and from
48S complexes (lane 2). The ratio of the intensities of the
elF4B bands immunoprecipitated from the initiation com-
plexes and the 20S material is similar to the relationship of the
respective peaks in the gradient profile. Although the efficiency
of the immunoprecipitation was low in terms of yield due to
the dilution of the sample, the immunoprecipitation was spe-
cific, since eIF4B was not precipitated at all from the 20S
material with preimmune serum (20S contr., lane 4), and a
30-kDa protein (lanes 5 to 8) was not precipitated at all (lanes
1 to 4). Accordingly, the association of some weak bands like
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FIG. 2. Detection of eIF4B in ribosomal initiation complexes with FMDV
IRES RNA. (A) Radioactivity profile of the gradient. [«->*P]CTP-labeled IRES-
912 RNA was incubated with RRL for 10 min at 30°C. Samples were irradiated
with UV, and initiation complexes were separated on a 10 to 35% sucrose
gradient. Fractions were collected from the bottom (fraction 1), and aliquots
were used for scintillation counting. The amount of radioactivity in each fraction
relative to the total amount of radioactivity in the entire gradient (% cpm) is
plotted against the fraction number. The 80S, 48S, and 20S peaks are indicated.
(B) UV-cross-linked proteins from the gradient shown in panel A. Fractions
were treated with RNase A, and proteins were precipitated with TCA, resolved
on SDS-polyacrylamide gels, and visualized by autoradiography. 4B, eIF4B. (C)
Identification of eIF4B in ribosomal initiation complexes by immunoprecipita-
tion. The binding reaction with RRL and IRES RNA, UV cross-linking, and
gradient run were performed as in panel A. The fractions containing either the
808S, 488, or 20S peak were pooled and treated with RNase A. The 20S pool was
divided into two portions. eIF4B was immunoprecipitated from the 80S pool,
from the 48S pool, and from 50% of the 20S pool with eIF4B antiserum (left).
From the other 50% of the 20S pool, the control with preimmune serum (20S
contr.) was obtained. Proteins from the supernatants were concentrated by TCA
precipitation (right). Proteins were resolved on an SDS-polyacrylamide gel and
visualized by autoradiography. Molecular masses of marker proteins (M) are
given in kilodaltons.

the 45 kDa protein (lanes 3 and 4) with the beads must be
regarded non unspecific. This band did not completely disap-
pear after the beads were washed extensively after immuno-
precipitation.

The identity of the ribosomal initiation complexes was con-
firmed by using stage-specific translation inhibitors. GMP-PNP
competes with GTP incorporated into the ternary complex; it
inhibits the release of eIF2 from the small ribosomal subunit
and thus prevents association of the 60S subunit. By using
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FIG. 3. Enrichment of eIF4B in initiation complexes with IRES RNA by
stage-specific translation initiation inhibitors. (A) Gradient profiles. The binding
reactions with RRL and labeled IRES-912 RNA were performed as in Fig. 1
(solid line), in the presence of 4 mM GMP-PNP (dashed line), or in the presence
of 0.17 mM anisomycin (dotted line). (B) UV-cross-linked proteins from RNase-
treated fractions of the gradients shown in panel A were collected by TCA
precipitation, resolved on SDS-polyacrylamide gels, and visualized by autora-

diography. Molecular masses of marker proteins (M) are given in kilodaltons.
4B, elF4B.

GMP-PNP, the formation of 80S complexes was completely
abolished while the 48S complexes were slightly enriched (Fig.
3A). Neither eIF4B nor PTB appeared in the gradient frac-
tions corresponding to the 80S peak (Fig. 3B, middle panel).
Only minute amounts of material, perhaps representing RNA
loaded with two small ribosomal subunits, sedimented beyond
the 48S position. However, these complexes are expected to
appear only in small amounts, since only 5 to 10% of the free
RNA was incorporated into 48S complexes. For RNA loaded
with two 40S subunits, this efficiency must be squared, giving
0.25 to 1% of the total RNA. Moreover, RNA 912 extends only
a little way downstream of the 12th AUG, leading to inefficient
binding of ribosomes to this AUG. The second inhibitor, ani-
somycin, inhibits the ribosomal peptidyltransferase and freezes
the ribosomes on the RNA immediately after association of
the 60S subunit. By using this antibiotic, the relative amount of
RNA associated with 80S complexes was enriched (Fig. 3A)
and more elF4B and PTB were associated with 80S complexes
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FIG. 4. Kinetics of the entry of FMDV IRES RNA and eIF4B into ribosomal
initiation complexes. (A) Gradient profiles. The binding reactions were per-
formed with RRL as in Fig. 2, but the incubation time at 30°C for binding of the
ribosomal subunits to the IRES RNA was limited to either 30 s (dotted line), 60 s
(dashed line), or 180 s (solid line). All other steps, including UV cross-linking
and gradient loading, were performed at 0°C. Each binding reaction was ana-
lyzed on a separate gradient. (B) UV-cross-linked proteins from the RNase-
treated gradient fractions from panel A were collected by TCA precipitation,
resolved on SDS-polyacrylamide gels, and visualized by autoradiography. Mo-
lecular masses of marker proteins (M) are given in kilodaltons. 4B, eIF4B.

(Fig. 3B, bottom panel) compared to the standard reaction
(top panel). Thus, eIF4B and PTB are indeed associated with
ribosomal complexes.

Kinetics of the entry of eIF4B into ribosomal initiation
complexes. To investigate the time dependency of the incor-
poration of eIF4B together with the IRES RNA into the ribo-
somal initiation complexes, RRL was incubated with IRES
RNA for a limited time at 30°C to permit binding of the
initiation factors and the ribosomal subunits to the RNA. All
other steps such as UV cross-linking and gradient loading were
performed at 0°C to prevent further binding of ribosomes to
IRES RNA. The results are shown in Fig. 4. After 30 s of
incubation at 30°C, no 80S initiation complexes could be de-
tected and no separate 48S peak was resolved. Nevertheless,
small amounts of 48S complexes could be present in the for-
ward-trailing part of the large 20S peak (Fig. 4A). After 60 s,
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two separate peaks of 48S and 80S complexes were detected,
and only after 180 s had normal amounts of initiation com-
plexes been formed, similar to the reaction incubated for 10
min (compare with Fig. 2 and 3), indicating that the formation
of initiation complexes was completely finished. The time re-
quired for formation of maximal amounts of initiation com-
plexes can be concluded to be between 1 and 3 min, in accor-
dance with the range of 2 to 5 min found previously (25).

The gradient fractions were next analyzed for the presence
of eIF4B. After 30 s, eIF4B was detectable in the upper part of
the gradient but only minute amounts of eIF4B were detected
in the fractions in which 48S ribosomal complexes would ap-
pear (Fig. 4B, top panel). After 60 s, the total amount of
cross-linked elF4B was increased, and trace amounts of eIF4B
appeared in the ribosomal complexes (middle panel). Only
after 180 s were considerable amounts of eIF4B detected in the
complexes (bottom panel). The relationship of the amounts of
elF4B in the 80S complexes to the 48S complex correlates with
the relationship of the corresponding peaks in the radioactivity
profile of the gradient (Fig. 4A). Thus, eIF4B is incorporated
into the initiation complexes strictly in parallel with the IRES
RNA that initiates complex formation. Moreover, the total
amount of eIF4B detected in the gradients increases with
longer incubation at 30°C. This suggests that eIF4B first con-
tacts the IRES temperature dependently and then is incorpo-
rated into the ribosomal complexes.

Order of binding of eIF4B and ribosomes to the IRES RNA.
To determine the order of binding steps in which eIF4B and
the ribosomes bind to the FMDV IRES and to determine the
temperature sensitivity of these interactions, the ribosomes
were separated from the soluble fraction of the reticulocyte
lysate containing the initiation factors. First the RRL was ad-
justed to 250 mM potassium acetate to dissociate initiation
factors from the ribosomes, and then the ribosomes were pel-
leted. This ensured that sufficient amounts of initiation factors,
particularly eIF4B, were present in the soluble fraction. The
binding of initiation factors to the FMDV IRES RNA in the
absence of ribosomes was performed at either 30 or 0°C to
determine the temperature sensitivity of this step. After that,
UV cross-linking was performed at 0°C to covalently cross-link
the bound proteins to the RNA. In this way, the ability of the
proteins to bind to the IRES RNA in the absence of ribosomes
was detected. After the UV cross-linking step, the ribosomes
were added back and the reaction mixture was incubated again
at either 30 or 0°C for the association of the ribosomes. The
reaction products were then analyzed on sucrose gradients as
above.

When this RRL cleared of ribosomes was used in a binding
reaction with FMDYV IRES at 30°C, and no ribosomes were
added after UV cross-linking for the second incubation at
30°C, no initiation complexes were formed (Fig. 5A, reaction
I), and both eIF4B and PTB were found UV cross-linked to
the IRES only in the top fractions of the gradient (Fig. 5B,
reaction I). This indicates that (i) the cytoplasm cleared of
ribosomes was indeed devoid of ribosomes and (ii) eIF4B and
PTB bound to the FMDV IRES in the complete absence of
ribosomes.

In reaction II, the temperature sensitivity of the binding of
elF4B to the FMDV IRES was analyzed. IRES RNA was
incubated with the RRL devoid of ribosomes at 0°C. After UV
cross-linking, the ribosomes were added back and the reaction
mixture was incubated again for 10 min at 0°C. In this reaction,
only small amounts of 48S complexes were formed and PTB
appeared in the top fractions but eIF4B bound only marginally
(Fig. 5A and B, II). This indicates that the binding of eIF4B to
the IRES is largely temperature dependent but that binding of
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After that, the reaction products were loaded onto sucrose gradients and ana-
lyzed as in Fig. 4. 4B, eIF4B.

PTB is temperature independent, as found previously (25). In
addition, very small amounts of 48S complexes had formed
also at the low temperature (fraction 14), indicating that 48S
complex formation can occur at the low temperature only at a
largely reduced rate.

In reaction III, IRES RNA was incubated with the RRL
devoid of ribosomes at 30°C for 10 min, and after UV cross-
linking, ribosomes were added back and the reaction mixture
was incubated for another 10 min at 0°C (Fig. 5B, reaction III).
In this reaction, large amounts of eIF4B were cross-linked to
the IRES, confirming that the binding of eIF4B to the IRES
occurs energy dependently in the absence of ribosomes. More-
over, a large amount of eIF4B was present in the 48S peak,
indicating that the binding of the ribosomal 40S subunit to the
IRES preloaded with initiation factors is not energy depen-
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dent. However, only minute amounts of 80S complexes were
formed, indicating that this step involves energy-dependent
reactions.

In reaction IV, the incubation was performed in the pres-
ence of the ribosomes at 30°C. In this case, not only 48S but
also 80S complexes were formed, as in a normal binding reac-
tion. This indicates that the joining of the large ribosomal 60S
subunit requires energy-dependent reactions, like the hydroly-
sis of the elF2-bound GTP. In addition, this experiment con-
firms that all components required for initiation complex for-
mation were present in the extracts used for the above
reconstitution experiments.

The interaction of elF4B is independent of the location of
the initiator AUG. The first authentic initiator AUG of the
FMDYV IRES (the 11th AUG in strain O,K) is located at a
conserved distance downstream of the pyrimidine tract (17).
This AUG is assumed to be located within the starting window
(33) at the 3’ end of the IRES, implying that the small ribo-
somal subunit is placed directly adjacent to this AUG. How-
ever, a second AUG 84 nucleotides downstream of the 11th
AUG (the 12th in FMDV O,K) is used after scanning of the
small ribosomal subunit (5). Thus, it could be assumed that the
interaction of eIF4B with the FMDYV IRES upon utilization of
this 12th AUG is different from its interaction upon utilization
of the 11th AUG, since the ribosomal subunit reaches the two
AUGs by different mechanisms. During initiation at the 12th
AUG, the action of eIF4B may resemble that in cap-dependent
initiation, where a eI[F4A-eIF4B complex acts as an unwindase,
removing RNA secondary structures, and elF4B dissociates
from the RNA upon entry of the 60S subunit (27).

To detect such a possible change in the interaction of eIF4B
with the FMDYV IRES between these different start situations,
we used three different RNAs. pM12 RNA contains the
FMDV IRES including only the 11th AUG. pM13 IRES RNA
includes both the 11th and the 12th AUGs. In contrast, pM14
IRES RNA contains only the 12th AUG, and the 11th AUG
was mutated. All three RNAs contain a sufficiently long tail of
some 150 nucleotides downstream of the respective AUGs to
ensure efficient ribosome binding. With pM12 IRES RNA
containing the 11th AUG, the formation of ribosomal com-
plexes (Fig. 6A) and the incorporation of eIF4B into these
complexes (Fig. 6B, top panel) was as before with pSP912
RNA. Also with pM13 RNA (middle panel) and even with
pM14 RNA containing only the 12th AUG (bottom panel),
elF4B was detected in the ribosomal 80S complexes. Thus,
elF4B was incorporated into the 80S complexes irrespective of
whether the initiator AUG was reached directly by guiding the
small ribosomal subunit to the starting window (pM12 IRES)
or whether it was reached by scanning (pM14 IRES). This
result demonstrates that the interaction of eIF4B with this
picornavirus IRES is independent of the location of the actual
initiator AUG. In contrast, smaller amounts of 48S complexes
were detected with pM13 IRES RNA containing both the 11th
and 12th AUGSs and almost no 48S complexes were detected
with pM14 IRES RNA containing only the 12th AUG. Corre-
spondingly, smaller amounts of eIF4B were detected in the
fractions corresponding to the 48S peak with pM14 RNA (Fig.
6B, bottom panel) compared to pM12 or pM13 RNA (top and
middle panels). These reduced amounts of 48S complexes ob-
tained with pM14 IRES RNA may be due to a faster conver-
sion of 48S complexes into 80S complexes.

With pM13 RNA containing both AUGs, a considerable
amount of complexes sedimenting faster than 80S was detected
(Fig. 6B, middle panel, lane 1), perhaps representing RNAs
that are loaded with two 80S ribosomes. Dicistronic mRNAs
were used to analyze the translation products driven by corre-

J. VIROL.

80S
12 !

11.AUG

48S N
! e &

2 4 6 8 10 12 14 16 18 20 22
B 11.auc

=

97— i ks 86 : i
69— “! : % «4B
e - . e - «~PTB

46- - e

M 2 4 6 8 10 12 14 16 18 20 22

11. + 12. AUG
97— -
L o

- . L

46| «~PTB

M 2 4 6 8 10 12 14 16 18 20 22
12. AUG

97— - aut i
69—~ gt
46 ® i *

M 2 4 6 8 10 12 14 16 18 20 22

~4B
«~PTB

C 1. AUG 1. + 12. AUG 12. AUG
""56 100 150 ' 56 100 150 ' 56 100 150 mMK*
LN
«Luc
——rre —— —— «~CAT
1 2 3 4 5 6 7 8 9

FIG. 6. Effect of initiator AUG position. (A) Gradient profiles. The binding
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the additional luciferase protein with a N-terminal extension derived from pD13
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sponding constructs containing either the 11th AUG, both
AUGs, or only the 12th AUG. With pD13 containing both
AUGs, a second luciferase protein with an N-terminal exten-
sion was produced (Fig. 6C, top panels, lanes 4 to 6) in addi-
tion to the normal luciferase protein produced by pD12 (lanes
1 to 3) or pD14 containing only the 12th AUG (lanes 7 to 9).
Thus, both authentic AUGs contained in this IRES variant are
used for translation, in accordance with the finding that two
80S ribosomes are probably bound to it simultaneously. The
translation of luciferase proteins was optimal at salt concen-
trations between 100 and 150 mM total K™, confirming that
our binding reactions with 138 mM K™ were performed in the
optimal K™ concentration range, while the efficiency of the
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5’-dependent translation CAT protein decreased with increas-
ing salt concentrations (Fig. 6C, bottom panels).

elF4B does not rearrange its contacts to the IRES RNA
upon ribosome entry. To test for a possible change of the
contact sites within the eIF4B protein that bind the IRES
during formation of 48S and transition to 80S initiation com-
plexes, we performed an RNA-protein fingerprint assay in
which the protein was fragmented after being UV cross-linked
to the RNA. RRL including the native intact eIF4B protein
was used in a binding reaction with the IRES RNA as above.
After UV irradiation, initiation complexes were separated on
sucrose gradients, the gradient fractions were treated with
RNase, and proteins were TCA precipitated. The gel-purified
labeled elF4B protein from the 80S, 48S, and 20S peaks was
subjected to chemical fragmentation by either BNPS-skatole
(cleaving after tryptophane) or CNBr (cleaving after methio-
nine), and labeled peptides were analyzed on peptide gels. In
this assay, both the eIF4B protein and the IRES RNA are
native and complete during the binding reaction and UV cross-
linking. Only after that is excess RNA digested and the protein
fragmented. Thus, the radiolabeled peptides obtained repre-
sent the contact sites between native eIF4B protein and com-
plete IRES RNA.

When the contact of eIF4B to the IRES was analyzed by
using BNPS-skatole, a peptide of about 20 kDa was radioac-
tively labeled (Fig. 7A). Since the amounts of the labeled
peptide were too small for subsequent identification, we can
only speculate about its nature. Most probably it represents the
16.5-kDa peptide migrating more slowly due to the attached
RNA oligonucleotide(s), suggesting that the N-terminal RNA
recognition motif domain of eIF4B is involved in IRES bind-
ing. Only small amounts of other cleavage products with higher
molecular masses, presumably representing partially cleaved
products, are visible. These did not disappear even after two
cycles of chemical treatment, suggesting that the correspond-
ing cleavage sites are not accessible to complete chemical
cleavage.

The pattern of labeled peptide fragments did not change
upon entry of the small ribosomal subunit forming the 48S
complexes (lane 2) or even after entry of the large subunit in
the 80S complexes (lane 1) compared with the 20S peak not
containing ribosomal subunits (lane 3). Moreover, the pattern
of labeled peptides was the same irrespective of whether the
small ribosomal subunit was placed directly adjacent to the
11th AUG in the starting window on pM12 IRES RNA (lanes
1 to 3) or the 12th AUG was reached by scanning on pM14
IRES RNA (lanes 4 to 6). Corresponding to the smaller
amounts of 48S complexes formed with pM14 RNA (compare
with Fig. 6B, bottom panel), less eIF4B cleavage products were
obtained from the ribosomal complexes with pM14 RNA.

In a similar experiment, the eIF4B protein contacting the
FMDV IRES in ribosomal complexes was cleaved with CNBr
(Fig. 7B). The bands obtained from the ribosomal complexes
are very weak. Nevertheless, they allow the conclusion that the
pattern of labeled peptide fragments did not change upon
transition of eIF4B from the 20S peak to the 48S complexes
and to the 80S complexes or with the RNA used. Also in this
experiment, no identification of the labeled peptides was pos-
sible due to their very small amounts. These results indicate
that the eIF4B protein does not grossly rearrange its binding to
the FMDV IRES during the transition to 48S and 80S initia-
tion complexes.

The presence of elF4B in 48S and 80S complexes is inde-
pendent of PTB. As a supporting noncanonical factor, the
cellular RNA-binding protein PTB had been found to stimu-
late FMDV translation (24). Moreover, PTB is incorporated
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FIG. 7. RNA-protein fingerprint assay for detection of eIF4B peptides con-
tacting the FMDYV IRES in ribosomal initiation complexes. The binding reaction
and UV cross-linking with RRL and either labeled pM12 RNA (11. AUG) or
pM14 RNA (12. AUG) was performed as in Fig. 2, and initiation complexes were
separated on sucrose gradients. The fractions corresponding to either the 80S,
48S, or 20S peaks were pooled and treated with RNase, and the proteins were
TCA precipitated. The elF4B protein labeled by UV cross-linked RNA frag-
ments was purified on an SDS-polyacrylamide gel, excised, and treated with
either BNPS-skatole, which cleaves after tryptophan residues (A), or CNBr,
which cleaves after methionine residues (B). The corresponding cleavage sites in
the eIF4B protein (arrows), the calculated sizes of the peptide fragments after
cleavage, and the domains of eIF4B are shown. RRM, RNA recognition motif
domain; DRYG, DRYG domain (21); BD, basic domain. Molecular masses of
marker proteins (M) are given in kilodaltons.

into 48S and 80S initiation complexes with the FMDV IRES
(25). Thus, we asked whether the interaction of eIF4B with the
IRES in the ribosomal initiation complexes would be sup-
ported by PTB.

To answer this question, we removed the endogenous PTB
from RRL, resulting in a lysate that is still translation compe-
tent for 5'-dependent and IRES-dependent translation and
still contains elF4B. In the PTB-depleted RRL, the FMDV
IRES activity decreased by a factor of 2 to 3 due to the missing
enhancing activity of PTB (24, 25). This PTB-depleted lysate
was then used to investigate the association of elF4B with
initiation complexes formed with the FMDV IRES (Fig. 8).
Both 48S and 80S complexes were formed (Fig. 8A), as with
untreated RRL (compare with Fig. 2), indicating that PTB is
not essential for complex formation. When the proteins asso-
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ciated with the ribosomal complexes were analyzed in the UV
cross-linking assay (Fig. 8B), only eIF4B, not PTB, was de-
tected. The amounts of eIF4B cross-linked to the IRES in the
fractions containing the initiation complexes were as large as
with untreated RRL (compare with Fig. 2B), and the presence
of eIF4B could be clearly assigned to the positions of the 48S
and 80S complexes as before. Thus, the interaction of eIF4B
with the FMDYV IRES and its probably important role in trans-
lation initiation is not supported by the action of PTB.

DISCUSSION

In this study, we show that eIF4B interacts directly with the
FMDV IRES in ribosomal initiation complexes, pointing to an
important role of eIF4B during the assembly of initiation com-
plexes with the IRES. Several subdomains in the IRES 3’
region are indispensable for both the direct contact of eIF4B
with the FMDV IRES and FMDV translation (36), and a
sequence element within one of these subdomains is highly
conserved in the cardiovirus-aphthovirus group (11). This in-
dicates that eIF4B plays an important role in guiding the ri-
bosome to the IRES, consistent with early reports that eI[F4B
is required for translation from the EMCV IRES (4, 9) and
also with the finding that 48S complex formation with the
EMCYV IRES was enhanced threefold in the presence of eIF4B
(30).

We used the UV cross-linking assay to detect only eIF4B
molecules that are directly bound to the IRES and functionally
incorporated into ribosomal initiation complexes. In contrast,
in a Western blot all of the eI[F4B molecules in the extract
would be detected, including those that may be associated with
ribosomes but do not necessarily have direct contact with the
IRES RNA. elF4B-IRES complexes are present in the soluble
material at the top of the gradient, and a fraction of these are
incorporated into ribosomal complexes. The distribution of
these eIF4B molecules directly bound to the IRES differs from
the distribution found for the totality of the eIF4B molecules.
Less than 10% of the total cellular eIF4B were purified from
the soluble postribosomal supernatant, while most of the
eIF4B was associated with ribosomes (39), consistent with the
distribution of eIF4B in gradients detected by an anti-eIF4B
antibody in a Western blot (26a). Thus, only a subfraction of
the eIlF4B molecules are actively involved in forming func-
tional initiation complexes and hence are in direct contact with
the initiation complex forming viral IRES RNA.

elF4B appears to be involved in the initial phase of FMDV
IRES-dependent initiation. It binds temperature dependently
to the IRES independently of ribosomes, since eIF4B was UV
cross-linked to the IRES in the complete absence of ribo-
somes, and in kinetic experiments eIF4B first appears in the
gradient fractions not containing ribosomal subunits. Thus,
elF4B first binds to the IRES, and only then does the ribosome
enter this RNA-protein complex. This binding of eIF4B to the
IRES is dependent on ATP (22), while eIF2 hydrolyzes GTP.
Only after the energy-dependent binding of eIF4B (and prob-
ably other initiation factors) to the IRES is the small ribosomal
subunit able to enter the IRES region. This entry of the small
ribosomal subunit is energy independent. In contrast, the join-
ing of the 60S subunit is again energy dependent, most prob-
ably due to the hydrolysis of the eIF2-bound GTP residue prior
to entry of the 60S subunit. The formation of initiation com-
plexes with the FMDV IRES appears to be a rather slow
process. The time required for the formation of 48S and 80S
complexes found here and also previously (25) was between 2
and 3 min. This is considerably longer than that reported for
cellular mRNAs, which was less than 1 min (2, 23). With o- and
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B-globin mRNA, 48S complexes were formed rapidly, while
the subsequent joining of the 60S subunit required more time
(2). This suggests that during IRES-dependent initiation, bind-
ing of initiation factors and entry of the small ribosomal sub-
unit to the complex IRES structure involve RNA-protein and
protein-protein interactions that require more time than bind-
ing of the cap-binding complex to the cap of cellular mRNAs.

The interaction of eIF4B with the FMDYV IRES in the com-
plete 80S ribosomes contrasts with the widely accepted idea
that in cap-dependent translation all initiation factors dissoci-
ate from the 48S complex upon joining of the large ribosomal
subunit (27) and thus are not associated with complete 80S
ribosomes. For example, another initiation factor, eIF4G, was
found associated with 43S and 48S initiation complexes with
cellular mRNA (13). This indicates that eIF4G is associated
with the small ribosomal subunit independently of mRNA.
However, eIF4G was not found in complete 80S ribosomes,
suggesting that it dissociates from the RNA upon joining of the
60S subunit. The situation with the FMDV IRES is clearly
different, since eIF4B definitely remains bound to the IRES in
the 80S complexes as well. The incorporation of eIF4B into
these complexes together with the IRES must be regarded as
functional, since its binding to the IRES is temperature and
time dependent and since the eIF4B molecules that are UV
cross-linked to the IRES RNA are in direct physical contact
with the RNA in the initiation complexes.

Comparison of IRES elements has revealed the presence of
a common core structure in their 3’ region (16). By interacting
with this core structure, eIF4B may be involved in directing the
small ribosomal subunit to the starting window (33) at the 3’
end of the IRES. Nevertheless, the interaction of eIF4B with
the FMDYV IRES does not change, irrespective of whether an
AUG is used as the actual initiator start codon in the starting
window or whether the actual start codon is reached after
scanning of the small subunit. No principal differences were
observed in the binding of eIF4B to the IRES between these
two different situations of initiation. Moreover, by comparing
the patterns of contact sites in the eIF4B protein that bind to
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the IRES RNA either without engagement of ribosomes in the
48S complexes or in the 80S complexes, we found that eIF4B
does not essentially change its contacts with the IRES RNA.
Thus, the action of eIF4B does not involve substantial rear-
rangements of the contacts between eIF4B and IRES after the
entry of ribosomal subunits. In turn, after binding of eIF4B,
subsequent steps of protein binding and ribosomal entry may
occur on a core of eIF4B (and possibly other initiation factors)
bound to the 3’ region of the IRES. However, this does not, of
course, exclude the possibility that any additional e[F4B mol-
ecules are involved in the unwinding of secondary structures
between the IRES and the second initiator AUG during scan-
ning.

Concerning the binding of other proteins to the IRES,
elF4B could be suspected to mediate the stimulatory action of
the noncanonical factor PTB, which enhances FMDYV transla-
tion efficiency. Although the mere binding of PTB to the IRES
is temperature independent, its incorporation into 48S and 80S
complexes with the IRES occurs in a similar way to that of
elF4B (25). Here we demonstrate that the initiation complexes
were formed with the FMDV IRES in the absence of PTB,
while eIF4B still bound well to the IRES. This indicates that
the interaction of eIF4B with the IRES in the initiation com-
plexes is independent of PTB. The stimulating activity of PTB
and the binding of eIF4B are two different processes in FMDV
translation initiation which are obviously not mutually depen-
dent but which both add to the total activity.

The above data point to a key role of e[F4B in picornavirus
internal initiation. The interaction of elF4B with the IRES
may introduce a second multivalent adapter in addition to
elF4G (10), thereby providing additional links between the
IRES and ribosome. One link provided by eIF4B may be the
bridge IRES-elF4B-elF3-40S, facilitated by protein-protein in-
teractions between IRES-bound eIF4B and the 170-kDa sub-
unit of the ribosome-bound eIF3 (21). A second link may be an
IRES-elF4B-18S rRNA interaction. eIF4B has two separate
RNA-binding domains (20) and can therefore connect two
RNA molecules. This may be even enhanced by elF4B dimer
formation (21). Another link between IRES and the ribosomal
40S subunit may be provided by an interaction between eIF4B
and elF4G. elF4G was found not only in 48S complexes with
a cellular mRNA but also in 43S complexes (13) and thus is
associated with the small ribosomal subunit independently of
the presence of mRNA. Since binding of the central domain of
elF4G to the EMCV IRES is enhanced in the presence of
elF4B (32), the stimulation of formation of 48S complexes with
the EMCV IRES RNA by elF4B may be caused by an inter-
action between IRES-bound elF4B and ribosome-bound
elF4G.

Moreover, some observations point to a possible enzymatic
function of eIF4B in positioning the starting window of the
IRES to the appropriate site on the ribosome. One observation
is that eIF4B binding to the FMDV IRES is ATP dependent
(22), suggesting that the ATP-dependent RNA helicase eIF4A
is involved as an interacting cofactor. Indeed, a direct binding
of both eIF4A and eIF4B to the IRES has been demonstrated
for EMCV (15). The second observation is that eIF4B has
RNA-annealing activity (1), which could help to adjust the
start codon on the ribosome by a local hybridization between
the RNA which is translated and the 18S rRNA. Like prokary-
otic translation initiation signals, picornavirus IRES elements
have conserved cis elements within their pyrimidine tracts
which are located in a conserved distance upstream of a con-
served AUG codon at the IRES 3’ border (34, 38). By alter-
nating annealing and melting events, an e[F4A-elF4B complex
may help to hybridize these sequences in the IRES pyrimidine
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tract to complementary sequences in the 18S rRNA and thus
adjust the IRES initiator AUG to the correct position on the
small ribosomal subunit.
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