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The mechanism of ribosome binding to eucaryotic mRNAs is not well understood, but it requires the
participation of eucaryotic initiation factors eIF-4A, eIF-4B, and eIF-4F and the hydrolysis of ATP. Evidence
has accumulated in support of a model in which these initiation factors function to unwind the 5'-proximal
secondary structure in mRNA to facilitate ribosome binding. To obtain direct evidence for initiation
factor-mediated RNA unwinding, we developed a simple assay to determine RNA helicase activity, and we show
that eIF-4A or eIF-4F, in combination with eIF-4B, exhibits helicase activity. A striking and unprecedented
feature of this activity is that it functions in a bidirectional manner. Thus, unwinding can occur either in the
5'-to-3' or 3'-to-5' direction. Unwinding in the 5'-to-3' direction by eIF-4F (the cap-binding protein complex),
in conjunction with eIF-4B, was stimulated by the presence of the RNA 5' cap structure, whereas unwinding
in the 3'-to-5' direction was completely cap independent. These results are discussed with respect to
cap-dependent versus cap-independent mechanisms of ribosome binding to eucaryotic mRNAs.

A critical step in eucaryotic protein biosynthesis is binding
of the small (40S) ribosomal subunit to mRNA (36, 39). This
step is rate limiting in translation initiation (25) and is a key
target for regulation (reviewed in reference 53), but the
mechanism of this process is poorly understood. Two path-
ways for the binding of 40S ribosomal subunits to mRNA
have been described, which differ in their requirement for
the cap structure. The 5' cap structure, m7GpppX (where X
is any nucleotide) is a nearly ubiquitous feature of all
eucaryotic mRNAs (49). Evidence indicates that translation
initiation of the majority of eucaryotic mRNAs is accom-
plished in a cap-enhanced manner, whereby 40S ribosomal
binding to mRNA is facilitated by the cap structure (re-
viewed in references 3 and 50). Recently, it has been shown
that poliovirus (42) and encephalomyocarditis virus (26)
mRNAs, which are naturally uncapped (13, 21, 38), initiate
translation by a different mechanism. In this case, the 40S
subunit binds directly to an internal element on the picorna-
virus 5' untranslated region, by-passing upstream sequences
and the requirement for the cap structure.
Although the two initiation pathways are mechanistically

distinguishable, they nevertheless require a similar set of
initiation factors (eIFs [57]) to bind 40S ribosomal subunits
to mRNA. Cap-stimulated mRNA binding to the small
ribosomal subunit requires at least three initiation factors,
eIF-4A, eIF-4B, and eIF-4F, in addition to the hydrolysis of
ATP (reviewed in references 10, 44, and 53). eIF-4F is a
multisubunit complex consisting of three major polypeptides
of 24, 50, and 220 kilodaltons (kDa) (8, 20, 59). The 24-kDa
polypeptide is the cap-binding subunit, which also exists in a
free form, termed eIF-4E (55). The 50-kDa polypeptide is a
structural variant of free eIF-4A (8, 20). Although eIF-4F
contains an eIF-4A subunit which is almost identical to free
eIF-4A, both factors are required for maximal translation in
vitro (20), indicating different roles. The 220-kDa component
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of eIF-4F (p220) has not been well characterized, except that
its structural integrity is required for eIF-4F activity (11).
eIF-4B is an 80-kDa polypeptide whose mechanism of action
is not clear, but it is required for mRNA binding to 40S
ribosomes and stimulates eIF-4A and eIF-4F activities.
Consistent with their cap-independent translation, picorna-
viruses do not require eIF-4F but are dependent on eIF-4A
and eIF-4B for translation (5, 57).

It was proposed that cap function is mediated by factors
that interact with the cap structure and subsequently use the
energy generated from ATP hydrolysis to unwind 5'-prox-
imal mRNA secondary structure, thereby facilitating 40S
subunit attachment (9, 52, 54). Numerous lines of evidence
support this proposal (reviewed in references 10 and 53). The
best evidence was provided by Ray et al. (43), who showed
that eIF-4F and, to a lesser extent, eIF-4A induce confor-
mational changes in mRNA structure as monitored by a
nuclease-sensitivity assay. eIF-4A has been characterized as
an ATP-dependent single-stranded RNA-binding protein,
whose ATPase activity is stimulated by the presence of
single-stranded RNA (1, 19). The involvement of an RNA-
unwinding activity during translation initiation is consistent
with the inhibitory effect of excessive mRNA 5'-proximal
secondary structure on translation (41).
To provide direct evidence for an RNA duplex melting

activity of eIF-4A and eIF-4F and to investigate the mech-
anism of unwinding, we developed a novel and simple
RNA-unwinding assay. This assay should greatly facilitate
the functional characterization of an interesting family of
recently described genes with high homology to eIF-4A (32).
These gene products are suggested to be RNA helicases
involved in regulating gene expression in the cytoplasm,
nucleus, and mitochondria. In addition, some of them play
important roles during development.

MATERIALS AND METHODS

Oligonucleotide templates. Oligodeoxynucleotide tem-
plates for transcription were synthesized on an Applied
Biosystems DNA Synthesizer, gel purified on denaturing

1134



RNA HELICASE ACTIVITY OF FACTORS -4A AND -4F 1135

polyacrylamide-8 M urea gels, eluted in 0.5 M ammonium
acetate overnight at 37°C, and desalted by adsorption on a
C18 reverse-phase SepPak minicolumn. Oligodeoxynucle-
otides were annealed by heating equimolar amounts of the
18-mer oligodeoxynucleotide and the 57-mer template oli-
godeoxynucleotide to 100°C in 0.1 M sodium chloride and
slowly cooling the mixture to room temperature. Conditions
for annealing of oligodeoxynucleotides used in Fig. 8 are
described in the legend.

In vitro transcription. Transcriptions by T7 RNA polymer-
ase were carried out essentially as described previously (35).
Reaction mixtures, except for the transcription in Fig. 8,
contained 6 mM MgCl2; 350 nM DNA template; 150 ,uM
CTP, UTP, and ATP; 75 ,IM GTP and [a-32P]GTP (50 ,uCi,
3,000 Ci/mmol); and 200 U of T7 RNA polymerase (New
England BioLabs, Inc.) in a final volume of 100 ,ul. To obtain
capped transcripts, we included 375 ,uM m7GpppG in the
reaction mixture. The efficiency of capping was determined
to be approximately 50% for all types of RNA, as determined
by two-dimensional thin-layer chromatography analysis by
the method of Konarska et al. (27). Transcripts were gel
purified on 8% polyacrylamide-8 M urea gels, eluted, and
recovered as described previously (18). RNA duplexes (A
and B) formed spontaneously during the purification steps.

In vitro unwinding assay. The unwinding activity of rabbit
reticulocyte eucaryotic initiation factors (eIF-4A, eIF-4B,
and eIF-4F were purified as described by Grifo et al. [20]; the
purity of the factors as determined by Coomassie blue
staining was 95% for eIF-4A and 80 to 85% for eIF-4F;
eIF-4B was 90% pure and contained <3% eIF-4E) was
assayed in vitro by measuring the conversion of the 40-mer
RNA duplex to its monomer species (conditions for Fig. 8
are described in the legend). Initiation factors were incu-
bated with 200 to 400 pg (1,000 to 2,000 cpm) of [32P]RNA
(capped RNAs were used throughout unless otherwise indi-
cated) in a 10-,ul reaction for 10 min at 37°C in buffer
containing 20 mM HEPES (pH 7.5), 70 mM KCI, 2 mM
dithiothreitol, 1 mM ATP, 0.5 mM magnesium acetate, 0.1
mM GTP (we found that this component can be omitted
without affecting unwinding activity: it was added initially
because it is present in translation reactions), 40 U of
RNasin (Promega-Biotec), and 1 ,ug of tRNA. The reaction
was terminated by the addition of 2.5 ,ul of 50% glycerol-2%
sodium dodecyl sulfate-20 mM EDTA containing xylene
cyanol-bromophenol blue dye. Products of unwinding were
analyzed directly by electrophoresis on native 8% polyacryl-
amide gels (acrylamide/bisacrylamide ratio, 50:1 for RNA A
and 15:1 for RNA B) containing 5% glycerol in 0.5x TBE,
followed by autoradiography.
RNase T2 digestion. RNA was incubated with 30 U of

RNase T2 (Bethesda Research Laboratories, Inc.) in 50 mM
sodium acetate (pH 5.5)-100 mM NaCl-2 mM EDTA for 2 h
at 30°C. The RNA was extracted three times with phenol-
chloroform and ethanol precipitated with 0.3 M sodium
acetate and 10 ,ug of tRNA.

Quantitation of efficiency of unwinding. Unwinding effi-
ciency is defined as a percentage based on the ratio of final
unwound monomer RNA relative to the input duplex RNA.
Quantitation was performed by scanning autoradiograms in
the linear range with a soft laser-scanning densitometer
(LKB Instruments, Inc.).

RESULTS
Duplex RNA substrates for helicase activity. To test directly

for RNA helicase activity of eIFs required for 40S binding to

mRNA, we designed RNA molecules with alternating G and
C nucleotides that are predicted to form stable duplexes via
base pairing, flanked by single-stranded regions of 30 nucle-
otides (Fig. 1). Single-stranded regions were included be-
cause in most cases helicases require single-stranded regions
for initial attachment (reviewed in reference 15). In addition,
the ATPase activity of eIF-4A and eIF-4F is maximally
activated in the presence of single-stranded RNAs (1). To
determine the direction of the putative helicase activity, we
designed two types of molecules: (i) a 40-nucleotide RNA
that contains an alternating G-C stretch of 10 nucleotides
which, upon dimerization, is expected to produce a base-
paired region at the 5' end (AG = -35 kcal/mol [-146
kJ/mol]) and 3'-terminal extensions of single-stranded tails of
30 nucleotides (referred to as RNA A [Fig. 1A]); and (ii) a
40-nucleotide RNA containing a similar sequence to A, but
with the G-C sequence located at its 3' end, to yield upon
dimerization an RNA duplex with 5'-terminal extensions of
30 nucleotides of single-stranded RNA (referred to as RNA
B [Fig. 1B]). Note that the nucleotide sequence in the
single-stranded RNA extensions in RNAs A and B is similar
(when reading from the duplex in the 3'-to-5' direction, the
single-stranded RNAs in both dimers contain 21 identical
nucleotides, and the rest of the nucleotides are also identical
but inverted in position). Since the putative helicase factor is
postulated to bind the single-stranded region prior to strand
separation, it is expected that unwinding of RNA A would
proceed in the 3'-to-5' direction, whereas unwinding of
structure B would proceed in 5'-to-3' direction. (The direc-
tion of unwinding is defined relative to the strand which is
initially bound by the helicase.)

Oligoribonucleotides were synthesized by the method of
Milligan et al. (35), whereby RNAs are transcribed by using
the T7 promoter (Fig. 1). To assess the importance of the cap
structure for the unwinding activity, we synthesized capped
or uncapped mRNAs by adding or omitting the cap analog
m7GpppG in the transcription reaction.

Characterization of helicase activity of initiation factors.
Synthesized RNAs were subjected to electrophoresis on
denaturing polyacrylamide gels, and full-length transcripts
were purified for use in the unwinding reactions. First, we
ensured that the RNAs synthesized could indeed form
duplexes; heating the duplexed RNA to 90°C caused it to
migrate faster on a nondenaturing polyacrylamide gel, as
expected if the RNA duplex had fallen apart (Fig. 2A,
compare lane 2 with lane 1). The denaturing effect shown
here for RNA A occurred also with RNA B (see Fig. 7).
Evidence that the structure of RNA duplexes is indeed that
described in Fig. 1 was provided by digestion of the RNAs
with RNase T2. This treatment resulted in the removal of the
single-stranded tails of the RNA duplex, resulting in a
G+C-containing double-stranded RNA. The size and nucle-
otide composition of the RNase-resistant RNA were verified
to be those expected from the G-C portion of the RNA only
(see Fig. 6B; data not shown).
To test for factor-mediated unwinding, we incubated the

RNA duplexes with highly purified initiation factors and
stopped the reaction by adding 0.4% sodium dodecyl sulfate
and 4 mM EDTA. It was necessary to add these components
to disrupt formed high-molecular-weight RNA-protein com-
plexes which complicate the determination of unwinding
efficiency. Following unwinding, protein-RNA interactions
are not necessary to keep the RNA duplexes unwound, since
heating the RNA duplex to 90°C and then incubating it for 1
h at 37°C in the unwinding buffer is not sufficient for RNA
duplex reformation (data not shown). However, the un-
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correspondingS5 27GpppcGGACCR~ 3FIG. 1. DNA templates and duplex RNAs generated for unwinding assays. (A) DNA template used for T7 in vitro transcription and its
corresponding capped RNA hybridized to itself to form RNA A. C, Site for transcription initiation. (B) DNA template used for T7 in vitro
transcription and its corresponding capped RNA hybridized to itself to form RNA B. 1, Site for transcription initiation.

wound RNAs can reform duplexes after heating if the
conditions are made more favorable by increasing the salt
concentration and incubation time (data not shown). Thus,
the dissociation of RNA-protein complexes at the end of the
incubation did not affect the magnitude of unwinding.

In the first set of experiments, we tested for unwinding
activity of RNA A by the three initiation factors involved in
mRNA binding to ribosomes: eIF-4A (Fig. 2A, lane 3),
eIF-4F (lane 4), and eIF-4B (lane 5). None of these initiation
factors, at the concentrations indicated, could bring about
RNA unwinding, but increasing the concentration of eIF-4B
by itself led to some unwinding (see, for example, Fig. 2B).
A likely reason for the latter finding is addressed below. A
combination of eIF-4A and eIF-4F marginally increased
unwinding over the background level (less than 2%; Fig. 2A,
lane 6), but a combination of eIF-4A and eIF-4B resulted in
ca. 50% unwinding (lane 7), and a combination of eIF-4F and

eIF-4B resulted in 100% unwinding (lane 8). This result
demonstrates that in the presence of eIF-4B, eIF-4F is more
efficient than eIF-4A in unwinding (see below).
To further characterize the unwinding reactions and to

compare the unwinding efficiency of eIF-4A and eIF-4F, we
performed titration experiments. Figure 2B shows a titration
of eIF-4A unwinding activity in the presence of a constant
amount of eIF-4B. (In this and subsequent experiments we
used 1 ,ug of eIF-4B, since we found that this amount led to
much more efficient unwinding than did the 0.5 ,ug used for
Fig. 1A. Some unwinding occurs in the presence of eIF-4B
alone [ca. 15%], and is most probably due to low levels of
eIF-4F present in the eIF-4B preparation [<3% as deter-
mined by gel analysis and immunoblotting of the eIF-4E
subunit of eIF-4F; data not shown]; this association has been
previously reported [20, 55].) About 70% unwinding was

achieved with 0.25 ,ug of eIF-4A (Fig. 2B). A similar degree

B
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FIG. 2. Characterization of unwinding reaction ofRNA A by eIF-4A, eIF-4B and eIF-4F. (A) Unwinding of capped RNA A using different
combinations of eIF-4A (3 ,ug), eIF-4B (0.5 jLg), and eIF-4F (1 ,ug) as indicated in the figure. For details concerning the in vitro unwinding
assay, see Materials and Methods. (B) Titration of eIF-4A in the unwinding of RNA A. Unwinding was performed with 1 jig of eIF-4B and
increasing amounts of eIF-4A as indicated in the figure. (C) Titrations of eIF-4F in the unwinding ofRNA A. Unwinding was performed with
1 jLg of eIF-4B and increasing amounts of eIF-4F as indicated in the figure. (D) Kinetics of unwinding of RNA A. Unwinding was performed
at 37°C by using eIF-4A (3 jig) and eIF-4B (1 ,ug) for the times indicated in the figure.

of unwinding was obtained with 0.25 jig of eIF-4F in the
presence of eIF-4B (Fig. 2C). However, on a molar basis,
eIF-4F (Mr ca. 300,000) is approximately six times more
efficient than eIF-4A in unwinding. A time course of the
unwinding reaction with eIF-4A and eIF-4B shows that the
reaction is relatively fast; by 2.5 min, more than 70%
unwinding occurred (Fig. 2D).

Nucleotide and initiation factor specificity of helicase activ-
ity. A DNA or RNA helicase activity is defined as an activity
that unwinds duplex polynucleotides by using a nucleoside
triphosphate as an energy source (15). To determine whether
the unwinding activity that we were studying is a helicase,
we tested the requirement for nucleoside triphosphate hy-
drolysis in the unwinding reaction. We found that 0.5 mM
ATP is sufficient for almost complete unwinding (Fig. 3,
compare lane 5 with lane 3). dATP can substitute for ATP
(lane 8), as is the case for several DNA helicases (16, 66). A
nonhydrolyzable analog of ATP, AMPP-CP (lane 9), GTP
(lane 10), CTP (lane 11), or UTP (lane 12) did not substitute
for ATP in the unwinding reaction. This is consistent with
the inability of eIF-4A and eIF-4F to bind nucleotides other
than ATP and dATP (46). Thus, the unwinding reaction of
the RNA duplex is mediated by a helicase activity. Similar
results were also obtained with eIF-4F and eIF-4B (data not
shown).
We also tested other initiation and elongation factors for

their ability to unwind RNA A in conjunction with eIF-4B.
eIF-2 (Fig. 4, lane 4), eIF-3 (lane 5), eIF-5 (lane 6), elonga-
tion factor la (EF-la; lane 7), and EF-2 (lane 8) did not
exhibit unwinding activity either in the presence or in the
absence of eIF4B (data not shown).
eIF-4A and eIF-4B are the essential components of the

helicase activity. Both eIF-4A and eIF4F can cooperate with
eIF-4B to unwind the RNA duplex, but eIF-4F is more
active than eIF4A. It is expected that the active component
in eIF-4F responsible for the helicase activity is the eIF-4A
subunit. To examine this, we performed the unwinding
reaction with an eIF-4F preparation from which the eIF-4A
was ablated by phosphocellulose chromatography (43). This

preparation of eIF-4F had no unwinding activity when tested
in conjunction with eIF-4B (Fig. 5, compare lane 4 with lane
3). However, addition of exogenous eIF-4A restored activ-
ity. These results rule out the presence of inhibitors in the
preparations of eIF-4F free of eIF-4A and demonstrate that
the eIF-4A subunit of eIF-4F is most probably the compo-
nent responsible for the combined eIF-4F-eIF-4B helicase
activity.
Unwinding of RNA A is in a 3'-to-5' direction and is cap

independent. An important aspect of a translationally asso-
ciated helicase activity is the role of the cap structure. In

a..
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< 2
_ 0 _

FIG. 3. Nucleotide-dependent unwinding ofRNA A. Unwinding
by eIF-4A (3 ,ug) and eIF-4B (1 jig) was performed with increasing
amounts of ATP (lanes 3 to 7). dATP, AMPPCP, and other nucle-
oside triphosphates, at a concentration of 1 mM, were substituted
for ATP as indicated in the figure.
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FIG. 4. Lack of unwinding activity by several other initiation
and elongation factors. Unwinding of RNA A was performed with
initiation and elongation factors (EF) indicated in the figure. Lanes
3 to 9 each contained 1 jig of eIF-4B. Lane 3 contained 3 ,ug of
eIF-4A. All other factors were present at 1 pg.

RNA A the cap structure is most probably sequestered,
because of the proximity to the base-paired region of the
duplex, and might not be available for interaction with the
cap-binding protein complex, eIF-4F (29). In addition, a
minimum amount of single-stranded region is likely to be
required for unwinding, which in RNA A is not available at
the 5' end. In this regard, Abramson et al. (1) have shown
that the minimal size of an oligo(A) required for optimal
RNA-dependent ATPase activity is 12 to 18 bases, and the
"site size" for eIF-4A binding to a fluorescent derivative of
poly(A) was 13 ± 2 nucleotides (17). Therefore, we do not
expect that unwinding will proceed from the 5' capped ends,
and, consequently, the presence of the cap structure should
be of no importance for this unwinding. To test this predic-
tion, we performed the unwinding reaction in the presence or
absence of the cap analog m7GDP, which is a competitive
inhibitor of cap-binding protein interaction with the cap
structure (55). The results in Fig. 6A show that the cap
analog had no effect on the unwinding activity regardless of
whether eIF-4A (compare lane 2 with lane 1) or eIF-4F
(compare lane 4 with lane 3; note that the unwinding reaction
went almost to completion, but similar results were obtained
under conditions where partial unwinding occurred) was
used. Neither preincubation in the presence of m7GDP nor
preincubation in the presence of other cap analogs, such as
m7GpppG, resulted in inhibition of unwinding (data not
shown). In addition, uncapped RNA A was as efficiently
unwound as was capped RNA (data not shown). Taken
together, these results suggest that the direction of unwind-
ing is not from the capped 5' end toward the 3' end of the
molecule. Rather, in the case of RNA A, unwinding is likely
to be in the 3'-to-5' direction.
To provide evidence for 3'-to-5' unwinding, we digested

the 3' protruding tails of the RNA duplex with RNase T2 and
tested the purified flush-ended duplex RNA, containing the
G-C region only, for its ability to be unwound. Figure 6B
shows the complete unwinding of RNA A by the combina-
tion of eIF-4A and eIF-4B (lane 3) or eIF-4F and eIF-4B

(lane 4). The RNA duplex generated by RNase T2 digestion
migrated faster than RNA A, as expected (lane 5), and was
melted by heating to 90°C (lane 6). However, neither eIF-4A
plus eIF-4B (lane 7) nor eIF-4F plus eIF-4B (lane 8) could
unwind this RNA duplex. From these results we conclude
that unwinding proceeds in a 3'-to-5' direction and that the
presence of 3' single-stranded tails in RNA A is obligatory
for its unwinding.
Unwinding of RNA duplex B is in the 5'-to-3' direction and

is cap stimulated. To determine whether unwinding can also
proceed in a 5'-to-3' direction and whether unwinding in this
direction is cap dependent or cap stimulated, we measured
the unwinding of RNA B (Fig. 1B), either capped or un-
capped, with combinations of eIF-4A, eIF-4B, and eIF-4F
(Fig. 7). As was shown for RNA A, eIF-4A plus eIF-4B (lane
3) or eIF-4F plus eIF-4B (lane 4) effected the unwinding of
the capped RNA duplex. Competition with cap analogs
showed that although unwinding by eIF-4A plus eIF-4B was
only slightly inhibited by m7GDP (compare lane 5 with lane
3; this could be due to the low levels of eIF-4F present in the
eIF-4B preparation), unwinding by eIF-4F plus eIF-4B was
significantly inhibited by m7GDP (ca. 50%; compare lane 6
with lane 4). This result indicates that unwinding of capped
RNA B by eIF-4F is stimulated by the presence of the cap
structure and that the higher efficiency of unwinding by
eIF-4F is, at least in part, due to its ability to bind to the cap
structure. To substantiate these results, we also performed
the unwinding reaction with uncapped RNA B. In this case,
there was no significant difference in the efficiency of un-
winding by eIF-4A or eIF-4F when used in combination with
eIF-4B (compare lane 10 with lane 9), and unwinding by

+ +

U.

L

vt fib...

FIG. 5. Absolute requirement of eIF-4A for unwinding. eIF-4F
was depleted of its eIF-4A component by phosphocellulose chro-
matography (43) and tested in the presence of eIF-4B for unwinding
of RNA A (lane 4). The following amounts of factors were added:
eIF-4A, 3 ,ug; eIF-4B, 1 ,ug; eIF-4F, 1 VLg; eIF-4F (-4A), 1 pug.
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FIG. 6. Cap-independent and single-stranded RNA-dependent unwinding of RNA A. (A) Cap-independent unwinding of RNA A.
Unwinding of RNA A was performed with 0.17 ,ug of eIF-4A and 1 ,ug of eIF-4F (3 pmol of each). Each lane contained 1 ,ug (12.5 pmol) of
eIF-4B. The cap analog m7GDP was added at a final concentration of 1 mM, where indicated below the figure. (B) Absolute requirement of
single-stranded RNA region for unwinding. RNA A was digested with 30 U of RNase T2 (see Materials and Methods) and used in unwinding
with eIF-4A (3 p.g), eIF-4B (1 ,ug), and eIF-4F (1 pg), as indicated in the figure. Lanes: 1 to 4, before RNase T2 digestion; 5 to 8, after RNase
T2 digestion. The probable secondary structures of the RNAs are shown below the figure.

eIF-4F was reduced to the level observed with the capped
RNA B in the presence of m7GDP (compare lane 10 with
lane 6). Thus, efficient unwinding of RNA B is enhanced by
the presence of the cap structure when eIF-4F is used. This
is consistent with a 5'-to-3' direction of unwinding of RNA
B. In an experiment similar to that described for RNA A
(Fig. 6B), we showed that the single-stranded regions at the
5' ends of RNA B were required for the unwinding, since
their removal by RNase T2 totally abolished the ability of the
duplex to be unwound by initiation factors (data not shown).
In addition, experiments similar to those described above
(Fig. 2 to 5) gave similar results with RNA B as with RNA A
(data not shown). We conclude, therefore, that eIF-4A or
eIF-4F in combination with eIF-4B can unwind an RNA
duplex in the 5'-to-3' direction in addition to the 3'-to-5'
direction. Significantly, in the case of eIF-4F, the unwinding
in the 5'-to-3' direction is enhanced by the presence of the
cap structure.

Bidirectional unwinding. The previous results indicate that
eIF-4A or eIF-4F in combination with eIF-4B could unwind
duplex RNA in a bidirectional manner. To further substan-
tiate this conclusion, we wanted to demonstrate bidirectional
unwinding on a single molecule. To this end, we prepared a
trimer RNA that contained duplexes at each end of a central
single-stranded region of 30 nucleotides (Fig. 8A). The free
energy of each duplex was -35 kcal/mol (similar to the
duplexes used above [Fig. 1]). Dissociation of the short
RNAs could be initiated only from the middle single-
stranded region, since the ends are flush double stranded
(based on the results in Fig. 6). In this experiment the only
RNA labeled to high specific activity was the long RNA (62
nucleotides), and dissociation was followed by a shift in the
migration of this RNA. Figure 8B shows the helicase activity
of eIF-4A plus eIF-4B or eIF-4F plus eIF-4B on this RNA.
Lanes 1 to 7 show the positions of the different possible
hybrids that can be formed between the three different
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FIG. 7. Cap-dependent unwinding of RNA B. Unwinding of

capped or uncapped RNA B was performed with 3 p.g of eIF-4A, 1

Rg of eIF-4B and 1 p.g of eIF-4F as indicated in the figure. m7GDP

was added at a final concentration of 1 mM, where indicated in the

figure. Lanes: 1 to 6, capped RNA; 7 to 10, uncapped RNA.

RNAs. The migration of the free 62-nucleotide RNA is

shown in lane 1, and the migration of the duplexes containing
the 62-nucleotide RNA and either of the shorter RNAs is

shown in lanes 2 and 4. Heating the duplexes at 90'C resulted

in the release of most of the 62-nucleotide RNA (lanes 3 and

5). When all three RNAs were hybridized together, a trimer

was formed (lane 6); upon heating, this trimer dissociated

into the free 62-nucleotide RNA and a dimer RNA (lane 7; it

is possible that heating did not cause the complete dissoci-

ation of the trimer RNA components, because of excess of

the short RNAs that resulted in partial rehybridization; these

conditions were different from those used for formation of

the duplexes described above). Incubation of the trimer

RNA with eIF-4B plus eIF-4F or eIF-4B plus eIF-4A yielded
a similar pattern to that obtained upon heating of the RNA to

900C (compare lanes 8 and 9 with lane 7). Importantly, the

factor-mediated dissociation is completely dependent on

ATP (compare lane 10 with lane 9). The appearance of the

62-nucleotide RNA in the presence of protein factors in an

ATP-dependent manner is evidence for the dissociation of

both short RNAs from the 62-nucleotide RNA and strongly
indicates that the helicase can function in a bidirectional

fashion. Furthermore, the helicase is not limited to binding

single-stranded ends, but can access the RNA by binding to

an internal region devoid of secondary structure.

Efficient unwinding of all RNAs requires a high molar

excess of initiation factors over RNA (e.g., a 200-fold excess

of eIF-4F). Consequently, we cannot distinguish between a

mechanism that involves RNA-binding activity that dis-

places a duplex versus one that acts catalytically in the

displacement reaction. Attempts to achieve unwinding by

reducing the amounts of initiation factors and extending

incubation times were unsuccessful. However, in light of the

required cooperativity between eIF-4A and eIF-4B or eIF-
4F and eIF-4B for unwinding, it is possible that the interac-
tions between these complexes require high protein concen-
trations and serve as the rate-limiting step in RNA unwind-
ing. It is also possible that other components not present in
the purified-factor preparations enhance or stabilize protein
interactions that are important for helicase activity. Finally,
the requirement of a high molar excess of protein factors to
polynucleotide substrate has been observed with several
purified helicases when assayed in vitro (47). It is unlikely
that the activities described here are due to unknown con-
taminants in our factor preparations, since addition of a
monoclonal antibody against eIF-4A inhibited helicase ac-
tivity and an Escherichia coli-made yeast eIF-4A substituted
for mammalian eIF-4A in the helicase assay (M. Jaramillo,
H. Trachsel, and N. Sonenberg, data not shown).

DISCUSSION

The results presented here are novel in several respects.
(i) They show by a direct-unwinding assay that eIF-4A and
eIF-4F (in the presence of eIF-4B) are bona fide RNA
helicases that unwind RNA duplexes by using energy gen-
erated from the hydrolysis of ATP or dATP; other nucleo-
tides cannot substitute in this reaction. This is in accord with
the strict requirement for ATP in mRNA binding to ribo-
somes (34) and with the inability of eIF-4A or eIF-4F to bind
other nucleotides (46). (ii) In contrast to previous reports
(30, 43) concluding that eIF-4B stimulates but is not obliga-
tory for unwinding, we found that eIF-4B is required for the
unwinding of RNA duplexes under the salt conditions used
in our assay. The differences in results are most probably not
due to the initiation factors used, since factors were purified
by similar purification schemes, resulting in similar degrees
of purity. They are more likely to be due to the differences in
the assays used and stability of the substrates being tested.
We found that under low-ionic-strength conditions (40 mM
KCl) some unwinding (ca. 10 to 20%) occurred with eIF-4F
alone (Jaramillo and Sonenberg, unpublished). (iii) Strik-
ingly, the helicase activity of eIF-4A or eIF-4F in combina-
tion with eIF-4B is bidirectional. This mode of unwinding is
without precedent, since all DNA helicases characterized to
date are unidirectional (see, for example reference 66; a
recent report [31] showed that the primosome DNA helicase
activity can be manifested in either direction along the DNA
strand. However, different components of the primosome
are responsible for the opposite direction of helicase activi-
ties. The DNA B protein acts in the 5'-to-3' direction,
whereas factor Y acts in the 3'-to-5' direction). Likewise, the
E. coli transcription termination factor rho is a 5'-to-3'
RNA-DNA helicase (4). RNA-RNA helicase activities of p68
(a member of the eIF-4A family) and simian virus 40 T
antigen have been recently reported (24, 47). Although the
directionality of p68 was not investigated, it was found that
T-antigen RNA unwinding occurs in a 3'-to-5' direction (47),
as was reported for its DNA unwinding (58). In agreement
with these results, we have found (unpublished observa-
tions) that simian virus 40 T antigen unwound RNA A (i.e.,
in the 3'-to-5' direction) but was unable to unwind RNA B
(i.e., in the 5'-to-3' direction). This suggests that bidirection-
ality is not an intrinsic property of RNA helicases. (iv) Either
eIF-4F or eIF-4A in the presence of eIF-4B can bind to an
internal region of RNA devoid of secondary structure (Fig.
8). These results have certain intriguing implications and are
discussed below.

Roles for eIF-4F and eIF-4A during translation initiation.
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FIG. 8. Bidirectional unwinding from a trimer RNA. (A) This panel shows nucleotide sequence of RNA templates and predicted base
pairing to generate a trimer RNA. (B) Transcription of the RNA templates was done as described in Materials and Methods with the following
modifications. Reaction mixtures contained 20 mM MgCI2, 150 nM DNA template, and 1 mM each ATP, CTP, and GTP. The concentration
ofUTP varied for the different DNA templates as follows: 2 mM for the 30-mer, 2.4 mM for the 36-mer, and 1 mM for the 79-mer. The amount
of labeled [a-32P]UTP added was 150 ICi (3,000 Ci/mmol) for the 79-mer and 10 ,uCi for the 30- and 36-mer oligodeoxynucleotides. Uncapped
duplex or trimer RNA templates were generated by mixing 0.08 pmol of a 62-nucleotide RNA (30,000 cpm/pmol) (lane 1) with 0.2 pmol of
either a 13-nucleotide RNA (1,650 cpm/pmol) (lanes 2 and 3) or a 19-nucleotide RNA (1,650 cpm/pmol) (lanes 4 and 5) or both (lanes 6 to 10)
in 0.4 M NaCl-3 mM magnesium acetate-20 mM Tris-7.5 and 1 mM dithiothreitol, heating the mixture at 90°C for 5 min, and slowly cooling
it to 40°C. Unwinding of the trimer RNA was performed essentially as described in Materials and Methods, with 2 pLg of eIF-4B plus 2 pLg
of eIF-4F (lanes 8 and 10) or 2 p,g of eIF-4B plus 6 ,ug of eIF-4A (lane 9) in the presence (lanes 8 and 9) or absence (lane 10) of 1.3 mM ATP
and 0.6 mM magnesium acetate for 2 h at 37°C.

Although we show that both eIF-4F and eIF-4A in the
presence of eIF-4B have helicase activity, it is likely that
they do not perform equivalent functions in the cell. Both
components are required for maximal translation in vitro
(20). Also, eIF-4A is the most abundant initiation factor
(three molecules per ribosome), whereas the eIF-4E subunit
of eIF-4F is present in limiting amounts (0.2 to 0.3 molecule
per ribosome [7]). In addition, protein-synthesizing extracts
prepared from poliovirus-infected cells in which eIF-4F
activity is impaired are not stimulated by the addition of
eIF-4A, but are stimulated by eIF-4F (59). Since all cellular
mRNAs are capped, and eIF-4A in the presence of eIF-4B
has a high affinity for single-stranded RNA (1), we favor the
following general model. eIF-4F binds the cap structure,
and, in combination with eIF-4B, the eIF-4A component
hydrolyzes ATP and initiates the unwinding process fol-
lowed by binding of free eIF-4A molecules (in an eIF-4B-
and ATP-dependent mechanism) to the newly formed un-
structured RNA, preventing it from refolding. This may
continue until an AUG is encountered or when sufficient
RNA is unwound that the 40S ribosome can attach to the
mRNA. Once the 40S ribosome binds, the initiation factors
dissociate from the mRNA, thus allowing the restructuring
of the upstream RNA, preserving its influence on the next
round of 40S subunit binding.

There are several possible explanations for the enhanced
helicase activity of eIF-4F relative to eIF-4A. The enhanced
helicase activity in the 5'-to-3' direction is probably due, in
part, to the affinity of eIF-4F to the mRNA 5' cap structure.
When it is part of eIF-4F, eIF-4A is in close proximity to the
proper RNA activator, which activates ATP hydrolysis and
subsequent unwinding. Therefore, the role of eIF4F would
be to enhance the rate with which eIF4A binds RNA, a
necessary prerequisite for helicase activity. This mechanism
may explain why mRNAs with regions devoid of secondary
structure in the immediate vicinity of the cap are translated
very efficiently (see, for example, references 14 and 29).
Also consistent with this scenario is the fact that introducing
stretches of single-stranded RNA 5' to a stem-loop structure
negated the inhibitory effects of the secondary structure on
translation (28). The enhanced activity of eIF-4F that is
independent of the cap structure, which is manifested in the
cap-independent 3'-to-5' or 5'-to-3' unwinding, might be due
to the greater ability of eIF-4F than eIF-4A to bind eIF-4B,
thus more readily forming an active helicase complex.

Role of eIF4B. In most studies, the role of eIF-4B has
been suggested to be facilitative, enhancing already existing
(but weak) activities of eIF-4A and eIF-4F (1, 2, 19). The
strong requirement for eIF-4B in the RNA helicase assay
described here is consistent with its absolute requirement for
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the cross-linking of eIF-4A (as a subunit of eIF-4F or as free
eIF-4A) to the cap structure (1, 8). Our results indicate a
more dominant role for eIF-4B during the melting process
than previously suggested, especially with eIF-4F. Although
eIF-4B is required for the eIF-4A or eIF-4F helicase activity,
there is ample evidence to indicate that the active helicase
component is eIF-4A. (i) eIF-4A and eIF-4F exhibit ATPase
activity that is single-stranded RNA dependent (1), a prop-
erty expected for an RNA helicase. (ii) eIF-4A and the
eIF-4A subunit in eIF-4F can be specifically cross-linked to
ATP or dATP (45). (iii) eIF-4A and eIF-4F increase the
RNase sensitivity of reovirus mRNA in an ATP-dependent
manner (43). In all of the above assays, eIF-4B by itself was
inactive. (iv) Mouse, yeast, and rabbit eIF-4As contain an
ATP-binding consensus sequence AXXGXGKT (33, 37;
S. C. Conroy, T. E. Dever, and W. C. Merrick, unpublished
results), and mutation of the lysine into an asparagine in
mouse eIF-4A abolished ATP-binding activity (45). It is of
interest that the eIF-4A-like helicases and many procaryotic
helicases contain the sequence AXXGXGKT, rather than
the sequence GXXXXGKT that is present in ATP-binding
proteins (63) and most GTP-binding proteins (6). The alanine
upstream of the GKT motif might be important for helicase
activity (12). (v) eIF-4F that was depleted of its eIF-4A
component was inactive in the RNase sensitivity assay (43)
and had no helicase activity (Fig. 5).
What is the role of eIF-4B in the mechanism of unwinding?

There are two likely possibilities which are not mutually
exclusive: eIF-4B could enhance the ability of eIF-4A and
eIF-4F to bind RNA or stimulate the necessary ATPase
activity. It is possible that eIF-4B serves as an RNA-binding
protein, which facilitates eIF-4A and eIF-4F binding to the
mRNA. Consistent with this possibility is the finding that
eIF-4B could bind nonspecifically to RNA by using a filter-
binding assay, under conditions where eIF-4A did not bind
(56). Additionally, eIF-4B elutes from phosphocellulose at
greater than 300 mM KCl, at pH 8.0 (20). It should be noted,
however, that eIF-4F can bind capped mRNAs via its
eIF-4E component in the absence of eIF-4B (8). Therefore,
the requirement for eIF-4B during eIF-4F-mediated unwind-
ing is likely not to be entirely due to an eIF-4B-promoted
increase in affinity of eIF-4F for RNA.
The function of eIF-4B might be analogous to DnaC

protein of Escherichia coli, which, by forming a complex
with DnaB protein (64), facilitates binding of the latter to
single-stranded DNA, which is a prerequisite for its ATPase,
helicase, and priming activities (62). Moreover, several
proteins that stimulate DNA helicase activity but do not by
themselves have ATPase or unwinding activity, have re-
cently been purified. These include the replication protein A
and Rep helicase stimulatory potein, required for unwinding
mediated by large T antigen (65) and E. coli Rep protein (51),
respectively. In both cases it was suggested that the stimu-
latory factors enhanced helicase activity by binding to
single-stranded DNA. Perhaps helicases require an eIF-
4B-like activity, implying high conservation not only in
helicase structure-function relationships (32, 48), but also in
the molecular mechanism of unwinding.

Biological significance of bidirectional unwinding. The find-
ing that eIF-4A and eIF-4F possess bidirectional helicase
activity is unexpected. This is because of the unidirectional
nature of all known helicases and the general belief that the
ribosome accesses the initiator AUG from the 5' end,
promoted by melting of mRNA secondary structure by the
processive, cap-dependent 5'-to-3' action of initiation fac-
tors. However, the ability of initiation factors to unwind an

RNA duplex in a 3'-to-5' direction could, for example,
explain the ability of ribosomes to "reach back" on the
mRNA after termination of translation to initiate at an
upstream AUG (40, 60). Moreover, the ability of eIF-4A or
eIF-4F in combination with eIF-4B to unwind a partial RNA
duplex that contains an internal single-stranded region (Fig.
8) provides evidence that the unwinding process, in either
direction, can initiate from an internal site on the mRNA and
create a "landing pad" for the ribosome (42). This mecha-
nism of action is consistent with the ability of ribosomes to
bind internally on certain eucaryotic mRNAs, without scan-
ning from the 5' end (22, 23, 26, 42). The involvement of
eIF-4A in combination with eIF-4B in internal binding of
ribosomes is also consistent with the finding that these
factors, when present together, can bind to mRNA (lacking
secondary structure) with the same efficiency that eIF-4A,
eIF-4B, and eIF-4F bind to natural mRNAs (2).

Implications. eIF-4F is a multisubunit helicase in which
each subunit provides a specialized function which, when
interacting with eIF-4B, results in efficient helicase activity.
The function of eIF-4E is to bind the cap; eIF-4A is the
active helicase component; and p220 most probably aligns
the individual components in a proper configuration such
that maximal activity of eIF-4A is obtained. Because eIF-4E
is present in the cell in limiting amounts and functions in a
rate-limiting step of translation, translation may be con-
trolled by regulating helicase activity.

It will be of interest to determine whether other helicases
are bidirectional and to investigate the structure-function
relationships underlying this novel property. With the recent
discovery of a family of putative RNA helicases (see, e.g.,
references 32 and 48) and the discovery that p68 and simian
virus 40 T antigen function as RNA helicases (24, 47), it
becomes increasingly clear that the ability to induce con-
trolled changes in RNA conformation is likely to be a crucial
and paramount regulatory phenomenon in the cell.
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