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ABSTRACT
Eukaryotic translation initiation starts with binding of the eIF4F complex to the 50-m7G cap of the mRNA.
Recruitment of the 43S pre-initiation complex (PIC), formed by the 40S ribosomal subunit and other
translation initiation factors, leads to formation of the 48S PIC that then scans the 50-untranslated region
(50-UTR) toward the start codon. The eIF4F complex consists of eIF4E, the cap binding protein, eIF4A, a
DEAD-box RNA helicase that is believed to unwind secondary structures in the 50-UTR during scanning,
and eIF4G, a scaffold protein that binds to both eIF4E and eIF4A. The ATPase and helicase activities of
eIF4A are jointly stimulated by eIF4G and the translation initiation factor eIF4B. Yeast eIF4B mediates
recruitment of the 43S PIC to the cap-bound eIF4F complex by interacting with the 40S subunit and
possibly with eIF4A. However, a direct interaction between yeast eIF4A and eIF4B has not been
demonstrated yet. Here we show that eIF4B binds to eIF4A in the presence of RNA and ADPNP,
independent of the presence of eIF4G. A stretch of seven moderately conserved repeats, the r1-7 region, is
responsible for complex formation, for modulation of the conformational energy landscape of eIF4A by
eIF4B, and for stimulating the RNA-dependent ATPase- and ATP-dependent RNA unwinding activities of
eIF4A. The isolated r1-7 region only slightly stimulates eIF4A conformational changes and activities,
suggesting that communication of the repeats with other regions of eIF4B is required for full stimulation
of eIF4A activity, for recruitment of the PIC to the mRNA and for translation initiation.

Abbreviations: ADPNP, 50-adenylyl-b,g-imidotriphosphate; DTT, dithiothreitol; eIF, eukaryotic translation initiation
factor; FRET, fluorescence resonance energy transfer; UTR, untranslated region

KEYWORDS
ATP hydrolysis;
conformational change;
DEAD-box helicase; eIF4A;
regulation

Introduction

Initiation of translation in eukaryotes is mediated by a set of
translation initiation factors (eIFs). The first step is the recogni-
tion of the 50-m7G cap of the mRNA by eIF4F, a heterotrimeric
complex of the initiation factors eIF4A, eIF4G and eIF4E.1

eIF4E is the cap-binding protein,2,3 eIF4G is a scaffold protein
that contacts both eIF4E and eIF4A,1,4 and eIF4A is an RNA
helicase of the DEAD-box family.1,5 The 40S ribosomal subunit,
bound to the initiation factor eIF2∙GTP in complex with the
initiator tRNA Met-tRNAi and to the initiation factors eIF1,
eIF1A, eIF3 and eIF5, forms the 43S pre-initiation complex
(PIC). The 43S PIC is recruited to the cap-bound eIF4F com-
plex, and the resulting 48S PIC then scans the 50-untranslated
region (50-UTR) of the mRNA toward the start codon. The
helicase activity of eIF4A is thought to be required to disrupt
secondary structures in the 50-UTR and to displace bound pro-
teins during ribosome scanning.6,7 Once the start codon is
reached, the 60S ribosomal subunit is recruited, and the elonga-
tion-competent 80S ribosome starts translation.

During unwinding of duplex regions, eIF4A alternates
between an open conformation with a wide cleft between its

two RecA domains, and a closed conformation in the presence
of ATP and RNA, in which the two RecA domains interact
with each other and with bound ATP and RNA.8,9 Formation
of the closed state is linked to duplex destabilization.9,10 The
translation initiation factors eIF4B and eIF4G jointly stimulate
the weak intrinsic RNA-dependent ATPase and ATP-depen-
dent RNA helicase activities of eIF4A,11,12 by modulating the
eIF4A conformational cycle.9,13 eIF4G binds to eIF4A and sta-
bilizes it in a half-open conformation14 from which ADP and
phosphate release8 as well as RNA release15 are accelerated. In
the presence of eIF4G, eIF4A alternates between this half-open
and the closed state,13 and opening and closing are accelerated
by eIF4G. eIF4B on its own does not affect the eIF4A confor-
mational cycle, but stimulates closing when eIF4G is present.9,13

Yeast eIF4B consists of an N-terminal domain (NTD), an RNA
recognition motif (RRM), a region of seven repeats of moderate
homology (r1-7), and a C-terminal domain16,17 (CTD; Fig. 1).
It has been shown previously that yeast eIF4B binds to 40S
ribosomal subunits, and mediates recruitment of the PIC to the
mRNA, possibly through interactions with eIF4A.16 PIC
recruitment depends on the presence of the r1-7 region of
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eIF4B, and to a lesser extent on the NTD.16 Human eIF4A and
eIF4B form a stable complex.18,19 An equivalent interaction of
yeast eIF4A and eIF4B was deduced from genetic studies,20,21

the stimulation of the eIF4A helicase activity by eIF4B,9 and
the observation that eIF4B promotes the interaction of eIF4A
with the PIC,16 but the formation of a yeast eIF4A/eIF4B com-
plex has not been observed experimentally. Here we show that
yeast eIF4B interacts directly with eIF4A in the presence of
RNA and the non-hydrolyzable analog ADPNP, independent
of eIF4G. The r1-7 region of eIF4B is required for the interac-
tion between eIF4A and eIF4B, and for the modulation of the
eIF4A conformational cycle and the stimulation of the eIF4A
activities by eIF4B.

Results

Complex formation of yeast eIF4B with eIF4A in the
presence of RNA

The molecular mechanism by which eIF4B modulates the activ-
ity of the RNA helicase eIF4A has long been a subject of debate.
Stable eIF4A/eIF4B complexes have been identified in pull-
down experiments for the mammalian counterparts only.18,19

A direct interaction of yeast eIF4A and eIF4B is supported by
the observed stimulation of the eIF4A helicase activity by
eIF4B9 and the promotion of the eIF4A-PIC interaction by
eIF4B,16 and by genetic studies,20 but has not been shown
experimentally. In conventional binding experiments (such as
size-exclusion chromatography or pull-down experiments)
reactants are mixed at concentrations that favor complex for-
mation, but multiple washing steps and the concomitant dilu-
tion may allow dissociation of the binding partners. To identify
a possible yeast eIF4A/eIF4B complex without these dilution

effects, we used a supernatant depletion assay previously
described by Pollard22 (Fig. 2A). N-terminally biotinylated
eIF4A (eIF4A-bio)13 immobilized on streptavidin beads
was added in increasing amounts to samples containing
constant concentrations of eIF4B or Alexa488-labeled eIF4B
(eIF4B_248C/274C), RNA (32mer) and the non-hydrolyzable

Figure 1. Yeast eIF4B constructs used in this study. eIF4B consists of an N-terminal
domain (NTD), an RNA recognition motif (RRM), a 7-repeat region (r1-7), and a C-
terminal domain (CTD). eIF4B deletion variants lacking one or multiple conserved
regions were used in this study.

Figure 2. eIF4B binds to eIF4A in the presence of ADPNP and RNA. (A) Sche-
matic overview of the supernatant depletion assay after Pollard et al.22 to
probe binding of eIF4B to eIF4A. Increasing amounts of streptavidin beads
with immobilized biotinylated eIF4A (eIF4A-bio, orange sphere) or without
(negative control, red sphere) were incubated with a constant concentration
of eIF4B or Alexa-488 labeled eIF4B (eIF4B-A488). The supernatant is analyzed
by SDS-PAGE. A decrease of protein in the supernatant reflects binding to
eIF4A-bio. (B) Supernatant depletion assay to follow binding of 0.25 mM
eIF4B-A488 (eIF4B_248C/274C) to eIF4A-bio in the presence of 5 mM RNA
(32mer) and 10 mM ADPNP (Coomassie Blue staining). eIF4A-bio concentra-
tions are 0, 4, 8, 12, 15 and 33 mM. eIF4B in the supernatant was quantified
from the fluorescence intensity. Red: depletion upon addition of streptavidin
beads (negative control), yellow: depletion upon addition of eIF4A-conjugated
streptavidin beads. Data shown are a representative example of two indepen-
dent experiments (see Fig. 3C). (C), (D) Supernatant depletion assay with
eIF4B in the absence of ADPNP or RNA.
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ATP analog 50adenylyl-ß,g-imidotriphosphate 50adenylyl-ß,g-
imidotriphosphate (ADPNP). The intracellular concentrations
of eIF4A and eIF4B in yeast are in the range of 50–60 mM and
around 15 mM, respectively.23 The concentrations of transla-
tion initiation factors used in the assay (0–33 mM eIF4A, 0.25–
0.5 mM eIF4B) are therefore in a physiologically relevant range.
A decrease of eIF4B in the supernatant with increasing concen-
trations of eIF4A was observed, in agreement with binding of
eIF4B to eIF4A in the presence of RNA and ADPNP. In control
reactions with streptavidin beads lacking eIF4A, the depletion
of eIF4B in the supernatant was negligible (Fig. 2B, Fig. S1).
Binding of eIF4B to eIF4A was not observed when either
ADPNP or RNA was omitted (Fig. 2C,D), demonstrating that a
stable interaction between eIF4A and eIF4B requires the pres-
ence of RNA and nucleotide.

Formation of a stable complex of mammalian eIF4A and
eIF4B requires the presence of eIF4G,19 yet we observe the inter-
action between yeast eIF4A and eIF4B in the absence of eIF4G.
We next probed if yeast translation initiation factor eIF4G had
any effect on the interaction of eIF4B with eIF4A, using

eIF4G_572-952 (eIF4G) which comprises the middle domain
responsible for eIF4A binding and the C-terminal R/S-rich tail
that contributes to the stimulation of eIF4A activities.9 eIF4G
alone formed a stable complex with immobilized eIF4A in the
absence of RNA and ADPNP, as evidenced by a decrease of
eIF4G in the supernatant with increasing eIF4A concentrations
(Fig. 3A). In experiments with eIF4B and eIF4G (and RNA and
ADPNP), both eIF4B and eIF4G were depleted from the super-
natant, in agreement with binding of both factors to eIF4A
(Fig. 3B,C, Fig. S2B,C). However, no effect of eIF4G on eIF4B
binding to eIF4A or of eIF4B on binding of eIF4G to eIF4A was
observed (Fig. 3C, Fig. S2C). Thus, yeast eIF4B binding to eIF4A
in the presence of RNA and ADPNP is independent of eIF4G.
The concentrations of eIF4G in these experiments are in the
range of the intracellular concentration of eIF4G in yeast,23 and
hence physiologically relevant.

Identifying domains of eIF4B implicated in eIF4A
activation (I): The 7-repeats (r1-7) region is essential for
stimulating eIF4A ATPase activity

We next dissected the role of individual eIF4B domains for the
activation of eIF4A. To this end, eIF4B deletion variants lacking
one or multiple domains16 were analyzed for their stimulatory
effect on eIF4A ATPase and RNA unwinding activities (Fig. 4,
Table 1). We have recently demonstrated that yeast eIF4B alone
does not stimulate the eIF4A ATPase activity.9 In the presence
of eIF4G, eIF4B stimulates eIF4A ATPase activity by decreasing
the apparent KM of eIF4A for RNA (KM,app,RNA) without affect-
ing kcat.

9 To identify the eIF4B domain responsible for the stimu-
lation of eIF4A ATPase activity in conjunction with eIF4G, we
determined rates of ATP hydrolysis by eIF4A in the presence of
eIF4G and different eIF4B deletion variants as a function of
RNA concentration (Fig. 4A). As an RNA substrate, we used
poly(U)-RNA, a single-stranded RNA frequently used as a non-
specific model substrate for DEAD-box helicases. The KM,app,RNA

of 104 § 15 mM for the eIF4A/eIF4G complex was decreased 6-
fold to 18 § 1 mM in the presence of eIF4B (Fig. 4B), in agree-
ment with previous studies.9 The turnover number was indepen-
dent of eIF4B, with kcat D 81 § 4£10¡3 s¡1 (¡ eIF4B) and kcat

Figure 3. eIF4B and eIF4G bind independently to eIF4A. (A) Supernatant depletion
assay with 0, 4, 8, 12, 15 and 33 mM eIF4A-bio and 2 mM eIF4G in the absence of
RNA and ADPNP (Coomassie Blue staining). eIF4G in the supernatant was quantified
by densitometry. Red: depletion upon addition of streptavidin beads (negative con-
trol), yellow: depletion upon addition of eIF4A-conjugated streptavidin beads. The
quantification shows data from two independent experiments in the absence and
presence of RNA and ADPNP; error bars reflect the standard errors of the mean. (B)
Supernatant depletion assay to follow binding of 0.25 mM eIF4B-A488 to eIF4A-bio
in the presence of 10 mM ADPNP, 5 mM RNA (32mer) and 15 mM eIF4G (fluores-
cence detection). (C) Quantification of eIF4B in the supernatant from the fluorescence
intensity. eIF4B binds with comparable affinity to streptavidin-bound eIF4A-bio in the
absence (orange) or presence (green) of 15 mM eIF4G. Control experiments with
unconjugated streptavidin beads are depicted in red. Mean values from two inde-
pendent experiments (see Fig. S2) with standard errors.

Table 1. Stimulation of eIF4A ATPase and unwinding activities by eIF4B and eIF4B
deletion variants. eIF4A ATPase activity with kcat and KM,app,RNA and rate constants
for RNA unwinding by eIF4A in the presence of the different eIF4B variants, kunwind,
with the standard deviations determined from at least 3 different experiments.
ATPase experiments in presence of eIF4B_r1–7 were performed in duplicates and
values are given with the standard error (SE).

Proteins
kcat

[10¡3 s¡1]
KM,app,RNA
[mM]

kunwind
[10¡3 s¡1]

eIF4A 5 § 1 15 § 6 0.08§ 0.06
eIF4ACeIF4G 81 § 4 104§ 15 0.45§ 0.13
eIF4ACeIF4GCeIF4B1 86 § 3 18 § 1 1.60§ 0.25
eIF4ACeIF4GCeIF4B_DNTD 84 § 5 31 § 3 1.52§ 0.07
eIF4ACeIF4GCeIF4B_DCTD 90 § 3 18 § 2 1.35§ 0.29
eIF4ACeIF4GCeIF4B_DRRM 85 § 3 31 § 6 1.07§ 0.28
eIF4ACeIF4GCeIF4B_DNTDDRRM 77 § 1 35 § 5 1.09§ 0.21
eIF4ACeIF4GCeIF4B_Dr1–7 85 § 7 127§ 17 0.48§ 0.09
eIF4ACeIF4GCeIF4B_r1–7 74 § 4 (SE)2 66 § 15 (SE)2 0.63§ 0.21

1eIF4B on its own has no effect on kcat and KM,app,RNA values, but causes a 5-fold
increase in kunwind (see

9).
2SE D standard error from two independent experiments.
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D 86 § 3£10¡3 s¡1 (C eIF4B), respectively. eIF4B variants lack-
ing the NTD (eIF4B_DNTD; KM,app,RNA D 31 § 3 mM) or the
CTD (eIF4B_DCTD; KM,app,RNA 18 § 2 mM) led to a similar
reduction in KM,app,RNA as full-length eIF4B. The eIF4B variant
lacking the RRM (eIF4B_DRRM) decreased the KM,app,RNA to 31
§ 6 mM, and the variant lacking both RRM and NTD
(eIF4B_DNTDDRRM) caused a reduction to KM,app,RNA D 35 §
5 mM. Strikingly, the presence of the eIF4B_Dr1-7 variant lack-
ing the 7-repeats region did not cause a decrease in KM,app,RNA

(KM,app,RNA D 127 § 17 mM). These results identify the r1-7
region of eIF4B as a key player in the stimulation of the eIF4A
ATPase activity by eIF4B in vitro, while the NTD, CTD and the
RRM play minor roles in ATPase stimulation.

Identifying domains of eIF4B implicated in eIF4A
activation (II): Efficient duplex separation by eIF4A
requires the r1-7 region

Unwinding of a variety of RNA substrates by eIF4A is stimu-
lated by eIF4G, eIF4H and eIF4B.6,9,11,18,24-26 We next deter-
mined the unwinding activity of eIF4A and its response to

eIF4B variants using a donor-acceptor-labeled 32/9mer RNA as
a substrate (Fig. 4 C,D, Table 1). This RNA, consisting of a 9
base-pair duplex region adjacent to hairpin 92 of 23S rRNA,
has previously been used in unwinding9,27,28 and single-mole-
cule FRET experiments.,9,13 RNA unwinding was followed by a
decrease in acceptor (Cy5) fluorescence. In agreement with pre-
vious studies eIF4A showed very low intrinsic helicase activ-
ity6,9,11,18,24-26 and unwound the 32/9mer with a rate constant
of kunwind D 0.08 (§0.06) £ 10¡3 s¡1 (Fig. 4 C,D). The rate
constant of unwinding increased 5-fold in the presence of
eIF4G to kunwind D 0.45 (§0.13) £ 10¡3 s¡1, and increased an
additional 4-fold to kunwind D 1.60 (§0.25) £ 10¡3 s¡1 upon
addition of eIF4B. This rate constant is comparable to previ-
ously reported rate constants of kunwind D 1.7 £ 10¡3 s¡1, 29 or
kunwind D 2.4 £ 10¡3 s¡1.9 All unwinding reactions were per-
formed in presence of a 9mer RNA trap to ensure single turn-
over conditions. Similar unwinding rates were observed when a
9mer DNA was used as a trap (Fig. S3). We next investigated
RNA unwinding by the eIF4A/eIF4G complex in the presence
of the eIF4B deletion variants (Fig. 4 C,D). eIF4B_DNTD and
eIF4B_DCTD stimulated eIF4A unwinding activity to a similar

Figure 4. The r1–7 region is crucial for stimulating eIF4A unwinding and ATPase activities. (A) Effects of eIF4B variants on ATP hydrolysis by eIF4A. eIF4A in the absence of
other factors (green squares), in the presence of eIF4G (blue circles) or in the presence of eIF4G and eIF4B (black triangles), eIF4B_DNTD (light green triangles),
eIF4B_DCTD (purple triangles), eIF4B_DNTDDRRM (cyan diamonds), eIF4B_DRRM (orange hexagons) or eIF4B_Dr1–7 (red triangles). Each point is the mean of three inde-
pendent experiments, error bars reflect the standard deviation. Data are described with the Michaelis-Menten equation. See text and Table 1 for kcat values and apparent
Michaelis-Menten constants (KM,app.RNA). (B) KM,app.RNA values for eIF4A in the presence of eIF4G and eIF4B variants from data shown in A). Error bars represent the stan-
dard deviation from at least three independent experiments. (C) Representative time courses of RNA unwinding by eIF4A and the effect of eIF4G, eIF4B and eIF4B variants
on unwinding. Unwinding is initiated by adding saturating concentrations of ATP, and is followed by a decrease in FRET (i.e. decrease in Cy5 fluorescence, plotted here as
an increase to facilitate comparison with A). eIF4A (green), eIF4A and eIF4G (blue), eIF4A, eIF4G and eIF4B (black), eIF4A, eIF4G and eIF4B_DNTD (light green), eIF4A,
eIF4G and eIF4B_DCTD (purple), eIF4A, eIF4G and eIF4B_DRRM (orange), eIF4A, eIF4G and eIF4B_DNTDDRRM (cyan), or eIF4A, eIF4G and eIF4B_Dr1–7 (red). Data were
described by a single exponential function to determine unwinding rate constant. (D) Unwinding rate constants for eIF4A in the presence of eIF4G and the different
eIF4B variants. Values are means from at least three independent measurements; error bars reflect the standard deviation. The 9 bp duplex of the unwinding substrate
has a calculated thermodynamic stability of 4G D ¡84 kJ mol¡1 at 25�C (mfold version 2.3). 37
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extent as full-length eIF4B, with kunwind D 1.52 (§0.07) £ 10¡3

s¡1 (eIF4B_DNTD) and kunwind D 1.35 (§0.29) £ 10¡3 s¡1

(eIF4B_DCTD), respectively. These domains are therefore dis-
pensable for the stimulation of eIF4A unwinding activity.
eIF4B_DRRM or eIF4B_DNTDDRRM were only slightly less
efficient in stimulating eIF4A unwinding activity, with kunwind
D 1.07 (§0.28) £ 10¡3 s¡1 (eIF4B_DRRM) and kunwind D 1.09
(§0.21) £ 10¡3 s¡1 (eIF4B_DNTDDRRM). Thus, the RNA
binding function of the RRM does not seem to be essential for
duplex separation by eIF4A. The CTD, NTD, and the RRM are
not required for the stimulation of the eIF4A helicase activity
by eIF4B. The deletion variant lacking the r1–7 region,
eIF4B_Dr1-7, in contrast, failed to stimulate unwinding of the
32/9mer by eIF4A, and the rate constant (kunwind D 0.48
(§0.09) £ 10¡3 s¡1) was the same as in the absence of eIF4B
(kunwind D 0.45 (§0.13) £ 10¡3 s¡1). Again, using a DNA trap
instead of RNA gave similar results (Fig. S3). Thus, the r1–7
region plays a key role in the mechanism of activation of the
eIF4A helicase by eIF4B.

Identifying eIF4B domains implicated in eIF4A activation
(III): Closing the cleft between the eIF4A domains depends
on the r1-7 region of eIF4B

eIF4A on its own, in the absence of other translation initiation
factors, very rarely undergoes conformational changes to the
closed conformation in the presence of RNA and ATP,9,13 in
agreement with its low intrinsic ATPase and helicase activities.
When eIF4G is present, eIF4A dynamically switches between a
half-open conformation, stabilized by eIF4G,8,14 and the closed
state.9,13 We have previously shown that the addition of eIF4B
to an eIF4A/eIF4G complex further shifts the conformational
equilibrium of eIF4A toward the closed state by selectively
increasing the closing rate of eIF4A.9,13 To identify the eIF4B
domain which is responsible for modulation of the eIF4A con-
formational landscape, we performed single molecule FRET
experiments with donor/acceptor-labeled eIF4A in the presence
of the eIF4B variants, eIF4G, poly(U)-RNA and ATP (Fig. 5;
Fig. S4). The effects of eIF4B variants on the population of the
closed state in equilibrium were determined from the relative
population of the high-FRET state reflecting the closed eIF4A
species before and after addition of eIF4B. In agreement with
previous observations, eIF4A adopted low- and high-FRET
states in the presence of eIF4G, ATP and RNA, corresponding
to the half-open and closed conformations; respectively9

(Fig. 5A). The increase in the population of the closed eIF4A
conformation upon addition of eIF4B was 14% (Fig. 5B), again
consistent with previous findings.9 A similar increase (12- 13%)
was observed in the presence of eIF4B_DCTD, DNTD, DRRM
and DNTDDRRM (Fig. 5D-G). In contrast, the population of
the closed state of eIF4A remained unaffected upon addition of
eIF4B_Dr1-7 (Fig. 5C). The r1–7 region is thus crucial for pro-
moting formation of the closed state of eIF4A, and hence for
stimulation of ATPase and RNA unwinding activities.

The r1-7 region of eIF4B is necessary for binding to eIF4A

To understand why the r1-7 region is so important for the
stimulation of eIF4A activities, we tested binding of the eIF4B

deletion variants to eIF4A in the supernatant depletion assay
(Fig. 6). eIF4B_DCTD and eIF4B_DNTDDRRM showed bind-
ing to eIF4A in similar concentration ranges as full-length
eIF4B (Fig. 6A,B), demonstrating that the NTD, RRM and
CTD are dispensable for eIF4A/eIF4B complex formation.
Notably, eIF4B_Dr1-7 did not show any interaction with eIF4A
and remained in the supernatant at a constant concentration
both in the absence and presence of eIF4G (Fig. 6C, Fig. S5).
Thus, the r1-7 region is central for eIF4A activation by eIF4B
because it mediates binding of eIF4B to eIF4A.

The r1-7 region on its own does not fully stimulate eIF4A
activities

We next tested whether the isolated r1–7 region may be sufficient
to mediate stimulation of eIF4A activities (Fig. 7, Table 1). Addi-
tion of eIF4B_r1–7 to eIF4A in the presence of eIF4G, RNA and
ATP had only a moderate effect on KM,app,RNA, which decreased
from KM,app,RNAD 103§ 15 mM in its absence to KM,app,RNAD 66
§ 15 mM in its presence (Fig. 7A, Table 1). Likewise, the rate of
RNA unwinding by eIF4A increased only slightly (from kunwind D
4.5 £ 10¡4 s¡1 to kunwind D 6.3£10¡4 s¡1 in the presence of
eIF4B_r1–7 (Fig. 7B, Table 1). Single molecule FRET experiments
revealed a moderate increase of the eIF4A population in the closed
state by 9% upon addition of eIF4B_r1-7 (Fig. 7C) (compared to
13% for full-length eIF4B; Fig. 5B,H). Altogether, the isolated r1-7
region thus appeared to be able to at least partially recapitulate the
stimulatory effect of eIF4B on eIF4A. We therefore examined
whether eIF4B_r1–7 on its own still binds to eIF4A in the presence
of eIF4G, RNA and ADPNP in supernatant depletion assays
(Fig. 7D). The concentration of eIF4B_r1–7 in the supernatant
indeed decreased with increasing concentrations of eIF4A,
although to a lesser extent than with full-length eIF4B. Altogether,
the r1-7 region thus plays a central role in mediating the interac-
tion of eIF4B with eIF4A, in promoting the conformational change
of eIF4A to the closed state, and in stimulating the ATPase and
RNA unwinding activities of eIF4A. However, the isolated r1-7
region is not able to fully emulate the stimulatory effects of eIF4B.

Discussion

In this study we analyzed the physical and functional interaction
between yeast translation initiation factors eIF4A and eIF4B. We
could show that eIF4A and eIF4B physically interact in an
RNA- and nucleotide-dependent manner and that the interac-
tion is not eIF4G-mediated. Using eIF4B deletion variants we
determined that the r1-7 region is crucial for the association of
eIF4B with eIF4A, and a key element for the stimulation of
eIF4A ATPase and unwinding activities and for promotion of
the eIF4A conformational change to the closed state.

A physical interaction of eIF4A and eIF4B is conserved
from yeast to humans and plants

An interaction of yeast eIF4A and eIF4B has previously been
inferred from genetics studies,20 and from the stimulation of
the eIF4A helicase activity9 as well as its functional interaction
with eIF4A in PIC recruitment,16 but to date had not been
observed directly. Using a supernatant depletion assay we could
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detect a direct interaction between yeast eIF4A and eIF4B in
presence of RNA and nucleotide, in agreement with the ability
of eIF4B to stimulate eIF4A unwinding activity in absence of
other translation initiation factors.9 Although the supernatant

depletion assays are not quantitative, they provide an estimate
for the Kd value of the eIF4A/eIF4B complex in the micromolar
range, which explains why the interaction has not been detected
by size-exclusion chromatography or pull down experiments

Figure 5. eIF4B_Dr1–7 fails to stimulate the eIF4A conformational change to the closed state. (A) single molecule FRET histogram for donor- and acceptor-labeled eIF4A
in the presence of eIF4G, poly(U) RNA and ATP, accumulated from three independent experiments (see Fig. S4). The histograms were described by a sum of Gaussian dis-
tributions to extract fractional populations. The peak in the shaded area corresponds to eIF4A molecules that carry only donor fluorophores. The low- and high-FRET spe-
cies with FRET efficiencies of 0.29 and 0.65 reflect the half-open and closed conformations of eIF4A, respectively.8,9,13 (B) Addition of eIF4B to eIF4A/eIF4G increases the
population of the closed state by 13% compared to (A). (C) Addition of eIF4B_Dr1–7 to eIF4A/eIF4G does not change the fractional populations of eIF4A of the half-open
and closed states. (D) to (G) smFRET histograms for eIF4A in the presence of eIF4G and eIF4B_DNTD, eIF4B_DCTD, eIF4B_DRRM or eIF4B_DNTDDRRM. Addition of these
mutants increase the closed eIF4A conformation between 12 to 13% which is comparable to wild-type eIF4B. (H) Relative change in the closed population of eIF4A upon
addition of the eIF4B variants to eIF4A/eIF4G.
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where dilution effects lead to dissociation of low-affinity com-
plexes. The yeast eIF4A/eIF4B complex thus appears to be less
stable than the corresponding complex of human eIF4A and
eIF4B.11,18 This difference in complex stability may explain
why yeast eIF4B achieves only a moderate stimulation of eIF4A
activities on its own, with no effect on ATPase rates and a 5-
fold stimulation of RNA unwinding (Table 1),9 compared to a
stimulation of the ATPase activity of human eIF4A by eIF4B
by 3-fold and a 20-fold increase in RNA unwinding rates.29

eIF4B is the least conserved of the eukaryotic translation ini-
tiation factors.30 Despite the structural differences of yeast and
mammalian eIF4B, yeast eIF4A is activated by mammalian
eIF4B31 and mammalian eIF4B can substitute for yeast eIF4B
in cell-free translation,32 suggesting that yeast and mammalian
eIF4B have conserved functions. Our findings that yeast eIF4A
interacts with eIF4B in a nucleotide- and RNA-dependent
manner, just like the mammalian counterparts,18,19 provide

further support for a functional similarity between mammalian
and yeast eIF4B. Wheat eIF4A and eIF4B associate in the
absence of nucleotide or RNA,33 in agreement with a conserved
interaction between these proteins from yeast to mammals and
plants, but different requirements for complex formation.

Why is the eIF4A-eIF4B interaction RNA- and nucleotide-
dependent?

The RNA- and nucleotide-dependent association of yeast
eIF4A and eIF4B could in principle be rationalized by three dif-
ferent scenarios, (1), binding of eIF4B to the closed conforma-
tion of eIF4A (2), an interaction of RNA-bound, but not of free
eIF4B with eIF4A, or (3) an RNA-mediated interaction with
eIF4A and eIF4B bound to the same RNA. An RNA-mediated
interaction would be consistent with the larger footprint of
eIF4A on RNA when eIF4B is present.18 Priming of eIF4B for
interaction with eIF4A by RNA binding has been suggested
previously.19 The 32mer RNA is indeed bound by eIF4B
(Kd D 0.94 (§0.18 mM,9). Under the conditions of the superna-
tant depletion assays, the saturation of eIF4B with RNA is
»84%. The eIF4B_DNTDDRRM variant has severely reduced
RNA affinity.16 Its affinity for the 32mer complex is decreased
14-fold compared to full-length eIF4B, with Kd D 13.4
(§0.6 mM (Fig. 8), corresponding to a saturation with RNA of
only »27% in the supernatant depletion assays. Despite this
three-fold lower saturation with RNA, eIF4B_DNTDDRRM is
depleted from the supernatant to the same extent as eIF4B,
indicating that RNA binding to eIF4B is not a major determi-
nant for the interaction with eIF4A. Thus, the wild-type-like
interaction of eIF4B_DNTDDRRM with eIF4A argues against a
requirement for RNA-bound eIF4B, and against an RNA-medi-
ated interaction.

eIF4A does not bind the 32mer in the absence of nucleotide,
but in the presence of 10 mM ADPNP a complex with Kd D
10.3 § 1.3 mM is formed (Fig. 8). The saturation of eIF4A with
32mer RNA in the supernatant depletion assays is »11% at the
highest concentration (33 mM). These »11% of RNA-bound
eIF4A, and thus of eIF4A in the closed state, correspond to an
absolute concentration of »0.3 mM (compared to 0.5 mM
eIF4B), which would be sufficient to account for the observed
depletion of eIF4B from the supernatant. Hence, eIF4B most
likely binds to the closed, RNA- and ADPNP-bound state of
eIF4A.

Yeast eIF4B and eIF4G bind independently to eIF4A

A number of studies have focused on the functional interplay
between initiation factors eIF4B and eIF4G and showed that
these factors stimulate eIF4A activity synergistically.9,13,19,29,34

While complex formation of human eIF4A and eIF4B requires
catalytic amounts of eIF4G,19 the interaction of yeast eIF4B
with eIF4A already occurs in the absence of eIF4G, and is not
promoted by the presence of catalytic or stoichiometric concen-
trations of eIF4G. Our supernatant depletion assays are consis-
tent with binding of both eIF4B and eIF4G to yeast eIF4A, and
thus with formation of a ternary complex. Formation of a ter-
nary complex would rationalize why eIF4B can promote the
association of eIF4A with eIF4G variants that show reduced

Figure 6. The r1–7 region is required for eIF4B binding to eIF4A. Supernatant
depletion assay with eIF4A-bio and 0.5 mM of either eIF4B_DCTD (A),
eIF4B_DNTDDRRM (B) or eIF4B_Dr1–7 (C) in the presence of 5 mM 32mer RNA
and 10 mM ADPNP (Coomassie Blue staining). eIF4B in the supernatant was quan-
tified by densitometry. Red: depletion upon addition of streptavidin beads (nega-
tive control), yellow: depletion upon addition of eIF4A-conjugated streptavidin
beads. The quantification shows the mean values from 2 independent experiments
with standard errors.
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eIF4A affinities,21 and is in agreement with the synergistic acti-
vation of eIF4A by eIF4B and eIF4G.9,13

Stimulation of eIF4A ATPase and helicase activities
requires the r1-7 region

Yeast eIF4B and eIF4G jointly activate eIF4A ATP hydrolysis
and couple it to RNA unwinding activity9,29 by modulating
eIF4A conformational cycling between a half-open and a closed
state.9,13 We have shown here that eIF4B variants lacking either
the NTD, CTD or the RRM bind to eIF4A, stimulate eIF4A
ATPase and RNA unwinding activities and promote a confor-
mational change of eIF4A toward the closed state, similar to
full-length eIF4B. In contrast, eIF4B lacking the r1–7 region
does not form a complex with eIF4A, and hence fails to stimu-
late eIF4A activities. Binding cannot be rescued by eIF4G. The
same eIF4B construct lacking the r1–7 region exhibits defects
in PIC recruitment to the mRNA in vitro16 and leads to a slow
growth phenotype in vivo,16,35 According to secondary struc-
ture predictions, eIF4B contains little secondary structure.
Circular dichroism spectra are consistent with the prediction,
and similar for eIF4B and eIF4B_Dr1-7 (Fig. S6), rendering it
unlikely that the loss of function of eIF4B lacking the r1-7
region is due to misfolding. We can therefore attribute the fail-
ure of eIF4B_Dr1-7 to stimulate eIF4A activities and to pro-
mote PIC recruitment to a lack of complex formation between
eIF4B and eIF4A.

Interestingly, both eIF4B_DNTDDRRM and eIF4B_Dr1–7
have severely reduced RNA affinities,16 yet they show very
different interactions with eIF4A (wild-type like versus no
binding), which argues against an RNA-mediated interac-
tion between eIF4A and eIF4B. eIF4B_4NTD4RRM stimu-
lates the ATPase and RNA unwinding activities of eIF4A
and promotes the eIF4A conformational change to the
closed state, yet it fails to stimulate recruitment of the PIC
to mRNA.16 The NTD is thus important for in vivo func-
tions of eIF4B in translation initiation, but is dispensable
for the stimulation of eIF4A ATPase and RNA unwinding
activities in vitro.

The r1-7 region in isolation bound to eIF4A in the absence
of eIF4G, but with severely reduced affinity. However, r1-7 on
its own only moderately stimulates eIF4A activities, suggesting
that communication of the r1-7 region with the NTD, CTD or
RRM is required for full stimulation of eIF4A by eIF4B, for the
recruitment of the PIC to the mRNA and for initiation of
translation.

Materials and methods

Cloning, protein production and purification

The DNA coding sequences for Saccharomyces cerevisiae eIF4B
were PCR-amplified from yeast Lambda genomic library S288c
(Agilent Technologies) using oligonucleotide primers PB-001

Figure 7. The eIF4B_r1-7 region in isolation only slightly stimulates eIF4A activities. (A) Effect of eIF4B_r1-7 on ATP hydrolysis by eIF4A; eIF4A only (green squares), eIF4A
and eIF4G (blue circles), eIF4A, eIF4G and eIF4B (black diamonds) or eIF4A, eIF4G and eIF4B_r1–7 (red triangles). Data were described with the Michaelis Menten equation.
The KM,app,RNA values are 104 § 15 mM (eIF4A, eIF4G), 18 § 1 mM (eIF4A, eIF4G, eIF4B) or 66 § 15 mM (eIF4A, eIF4G, eIF4B_r1–7). The KM,app,RNA for eIF4B_r1-7 is the
mean of 2 independent experiments § standard error. (B) Representative unwinding time courses for eIF4A (green), eIF4A and eIF4G (blue), eIF4A, eIF4G and eIF4B
(black) or eIF4A, eIF4G and eIF4B_r1–7 (red). The unwinding rate of eIF4A in the presence of eIF4B and eIF4B_r1–7 is slightly increased to 0.63 § 0.21 10¡3 s¡1. (C)
smFRET histogram for donor- and acceptor-labeled eIF4A in the presence of eIF4G, eIF4B_r1–7, poly(U) RNA and ATP. The inset shows the relative change in the closed
population of eIF4A upon the addition of eIF4B (13%) or eIF4B_r1–7 (9%) to eIF4A/eIF4G. (D) Supernatant depletion assay with 0, 15 and 33 mM eIF4A-bio and 0.5 mM
eIF4B_r1–7 in the absence (top) and presence of 2 mM eIF4G (bottom). The concentration of eIF4B_r1–7 in the supernatant is reduced in both cases, suggesting binding
of the r1–7 region to eIF4A independent of eIF4G.
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and PB-012 (tif3_DNTD), PB-003, PB-011 (tif3_DCTD), PB-
006 and PB-012 (tif3_DNTDDRRM) or PB-009 and PB-010
(tif3_r1-7). tif3_DRRM and tif3_Dr1-7 were generated by over-
lap-extension PCR. In a first round, overlapping fragments
were amplified using PB-004, PB-011 and PB-005, PB-012
(tif3_DRRM) or PB-007, PB-011 and PB-008, PB-012
(tif3_Dr1-7). The PCR products of the individual reactions
were annealed, and PCR-amplified with primers PB-011 and
PB-012. The PCR product was inserted into the multiple clon-
ing site of pET28a using restriction enzymes BamHI and NdeI.
Primers used for cloning are summarized in Table S1. An
eIF4B variant with cysteines at positions 248 and 274
(eIF4B_248C/274C) was generated according to the Quick-
change protocol (Stratagene) using primers PB-0013 and PB-
0014. All constructs were confirmed by sequencing. All eIF4B
variants were recombinantly produced with an N-terminal
His-tag in E. coli Rosetta(DE3), and purified to >95% purity as
previously described.9 eIF4B has a low secondary structure con-
tent, yet all deletion variants are stably produced and elute as a
defined peak from a size-exclusion column. Similar circular
dichroism (CD) spectra indicate similar secondary structure
(Fig. S6). eIF4A_186C/370C, N-terminally biotinylated
eIF4A_186C/370C (eIF4A-bio) and eIF4G_572–952 (eIF4G)
were purified as described.9,13 Fluorescently labeled eIF4B
shows similar stimulation of eIF4A ATPase activity as wild-
type eIF4B (Fig. S7).

Supernatant depletion experiments

Interactions between eIF4A, eIF4G and eIF4B variants were
tested in supernatant depletion assays performed after Pollard.22

Briefly, 130 mM eIF4A-bio was immobilized on streptavidin
beads (Streptavidin Sepharose High Performance, GE Health-
care) in 30 mM Hepes/KOH pH 7.4, 100 mM KOAc, 3 mM Mg
(OAc)2, 2 mM DTT by incubation for 30 min at room tempera-
ture. Beads were centrifuged for 30 s at 1000 g, washed 3 times
with buffer and resuspended in fresh buffer. For binding reac-
tions 0 to 33 mM of eIF4A-bio (total concentration immobilized
on beads) were mixed with 30 ml of 0.5 mM eIF4B (or 0.25 mM
Alexa488-labeled eIF4B) in 30 mM Hepes/KOH pH 7.4,
100 mM KOAc, 3 mM Mg(OAc)2, 2 mM DTT in the presence
or absence of 2 or 15 mM eIF4G, 5 mM 32mer RNA (50-

CGAGG UCCCA AGGGU UGGGC UGUUC GCCCA UU-30)
and 10 mM ADPNP (Sigma-Aldrich) for 30 min. Intracellular
concentrations of eIF4A and eIF4B are 50–60 mM and
»15 mM, respectively. The eIF4G concentration is also in the
micromolar range.23 The concentrations of the translation initia-
tion factors in the supernatant depetion assays are therefore in a
physiologically relevant range. After centrifugation at 15000 g,
24 ml of the supernatant were analyzed by SDS-PAGE. Bands
were visualized by Coomassie Blue staining or Alexa488 fluores-
cence. The fraction bound was determined by densitometry.
Each experiment was conducted with streptavidin beads without
eIF4A-bio as a negative control in parallel.

Steady-state ATPase activity

The steady-state ATPase activity of eIF4A in the absence and
presence of eIF4G and eIF4B variants was determined in a cou-
pled enzymatic assay as described.36 Experiments were per-
formed in quartz cuvettes (Hellma analytics, Germany) in an
Ultrospec 2100 pro UV/VIS Spectrophotometer (Amersham
Biosciences, Germany) as previously described.9 To determine
KM,app,RNA values, data were described with the Michaelis-
Menten equation.

RNA unwinding

PAGE-purified RNA oligonucleotides were purchased from
Purimex (Grebenstein, Germany). Duplex RNA (25 mM) for
unwinding reactions was prepared by annealing of a 32mer
RNA modified with cyanine 5 (Cy5) at its 50-end (50Cy5-
CGAGG UCCCA AGGGU UGGGC UGUUC GCCCA UU-30)
and a complementary 9mer modified with a cyanine 3 (Cy3) at
the 30-end (50-UUGGGACCU-Cy3–30) in 25 mM Hepes/KOH,
pH 7.4. The mixture was heated to 96�C for 2 min, slowly
cooled to room temperature and incubated on ice for 15 min.
The stability of the duplex region was determined by the near-
est neighbor method using mfold (version 2.3)37 to ¡84 kJ
mol¡1 at 25�C. For the calculation, a 9-nucleotide loop con-
necting the duplex strands was introduced. Experiments were
performed in 30 mM Hepes/KOH, pH 7.4, 100 mM KOAc,
3 mM Mg(OAc)2, 2 mM DTT at 25�C with 500 nM duplex
RNA, a 10-fold molar excess of unlabeled 9mer RNA to trap

Figure 8. Binding of eIF4A and eIF4B_DNTDDRRM to the 32mer RNA. (A) Fluorescence anisotropy titration of 50-fluorescein-labeled 32mer with eIF4A in the presence of
10 mM ADPNP. The Kd for the eIF4A/32mer complex is Kd D 10.3§ 1.3 mM. Inset: 32mer RNA sequence and its secondary structure predicted by mfold.37 (B) Fluorescence
anisotropy titration of 50-fluorescein-labeled 32mer with eIF4B_4NTDDRRM. The Kd is 13.4§ 0.6 mM. Representative binding curves; error bars represent anisotropy fluc-
tuations. The errors of the Kd values are standard errors from 2 independent experiments.
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the released 9mer (50-AGG UCC CAA-30) and ensure single
turnover conditions, and 5 mM of eIF4A in the presence or
absence of 5 mM eIF4G and 5 mM of the eIF4B variants.
Unwinding reactions were initiated by the addition of 3 mM
ATP after a stable fluorescence signal was obtained. All meas-
urements were conducted in a Jobin Yvon FluoroMax3 fluo-
rimeter. Cy3 fluorescence was excited at 554 nm (1 nm
bandwidth) and Cy5 fluorescence was detected at 666 nm
(3 nm bandwidth) in 10 s intervals with an integration time of
0.1 s. All measurements were repeated at least 3 times and the
obtained unwinding curves were described by single exponen-
tial functions to determine the rate constant of unwinding.
Experiments using a DNA trap gave similar results (Fig. S3).

Fluorescent labeling of eIF4A and eIF4B

eIF4A_186C/370C was labeled with Alexa488-maleimide
(A488, donor) and Alexa546-maleimide (A546, acceptor) as
previously described.9 eIF4B_248C/274C was labeled with
A488-maleimide. Labeling efficiencies were determined from
absorbance spectra as described.8,28 A488-labeled eIF4B retains
the capability to stimulate RNA unwinding by eIF4A (Fig. S7).8

Single molecule FRET experiments

smFRET experiments were performed on a Microtime 200
confocal fluorescence microscope (PicoQuant GmbH, Ger-
many) as previously described.9 All measurements were
performed with 100 pM labeled eIF4A (donor concentra-
tion), 10 mM of the indicated proteins (eIF4G and eIF4B
variants), 3 mM ATP and 1 mM poly(U)-RNA in 50 mM
Tris/HCl, pH 7.5, 80 mM KCl, 2.5 mM MgCl2, 1 mM
DTT and 1% glycerol at 25�C. Only fluorescence bursts
over a threshold of 100 photons were considered for data
analysis. Measured intensities were corrected for donor
cross-talk into the acceptor channel, acceptor cross-talk
into the donor channel, different quantum yields and
detection efficiencies of donor and acceptor fluorescence,
and direct excitation of the acceptor as previously
described.38 FRET histograms were created from fluores-
cent events taken from at least three different measure-
ments performed on different days. To quantify the
different eIF4A conformational states, FRET histograms
were described with Gaussian distributions.

Fluorescence anisotropy titrations

Dissociation constants (Kd) for complex formation of eIF4A or
eIF4B_DNTDDRRM with RNA were determined by following
the increase in fluorescence anisotropy of 50 nM 32mer,
50-modified with 6-FAM (fluorescein), at 25�C in 30 mM
Hepes/KOH, pH 7.4, 100 mM KOAc, 3 mM Mg(OAc)2,
2 mM DTT. Binding experiments with eIF4A were performed
in the presence of 10 mM ADPNP. Fluorescence was excited
at 495 nm (2 nm bandwidth) and detected at 520 nm (5 nm
bandwidth). Kd values were determined by fitting a 1:1 bind-
ing model to the anisotropy data by non-linear regression, tak-
ing into account the change in quantum yield of the dye upon
complex formation, as previously described.39

CD spectroscopy

Far-UV CD spectra of eIF4B variants (0.25 mg ml¡1) in 10 mM
HEPES/KOH pH 7.4, 100 mM NaCl were recorded from 200 to
260 nm at 25�C using a Jasco J-815 circular dichroism spec-
trometer. The scanning speed was 50 nm min¡1, the integra-
tion time was 0.5 s, and the path length 0.1 cm. Spectra were
accumulated 10-fold and corrected for buffer contributions.
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