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ABSTRACT

Eukaryotic translation initiation requires unwinding
of secondary structures in the 5′-untranslated region
of mRNA. The DEAD-box helicase eIF4A is thought
to unwind structural elements in the 5′-UTR in con-
junction with eIF4G and eIF4B. Both factors jointly
stimulate eIF4A activities by modulation of eIF4A
conformational cycling between open and closed
states. Here we examine how RNA substrates modu-
late eIF4A activities. The RNAs fall into two classes:
Short RNAs only partially stimulate the eIF4A AT-
Pase activity, and closing is rate-limiting for the con-
formational cycle. By contrast, longer RNAs maxi-
mally stimulate ATP hydrolysis and promote closing
of eIF4A. Strikingly, the rate constants of unwinding
do not correlate with the length of a single-stranded
region preceding a duplex, but reach a maximum for
RNA with a single-stranded region of six nucleotides.
We propose a model in which RNA substrates affect
eIF4A activities by modulating the kinetic partition-
ing of eIF4A between futile, unproductive, and pro-
ductive cycles.

INTRODUCTION

The initiation of translation of eukaryotic mRNAs is a
tightly regulated process that requires the coordinated inter-
play of several translation initiation factors (eIFs). In yeast,
the first step of the canonical, cap-dependent pathway of
translation initiation is the recognition of the 5′-m7G cap of
the mRNA by eIF4F, a heterotrimeric complex comprising
the initiation factors eIF4A, eIF4G, and eIF4E (1,2). eIF4E
binds to the 5′-cap (3,4), eIF4G is a scaffold protein that
contacts both eIF4E and eIF4A (1,5) as well as RNA, and
eIF4A is an RNA helicase of the DEAD-box family (1,6).
The cap-bound eIF4F complex then recruits the 43S pre-
initiation complex (PIC), formed by the 40S ribosomal sub-
unit, the initiation factor eIF2·GTP, and the initiator tRNA
Met-tRNAi, as well as eIF1, eIF1A, and eIF3. The 43S PIC

scans the 5′-untranslated region (5′-UTR) of the mRNA to-
ward the start codon (7). eIF4A has been implicated in the
recruitment of mRNAs to the PIC (8). The helicase activ-
ity of eIF4A is thought to be required to disrupt secondary
structures in the 5′-UTR and to displace bound proteins in
this process (9,10). When the start codon is reached, bind-
ing of the 60S ribosomal subunit leads to formation of the
elongation-competent 80S ribosome and the start of pro-
tein biosynthesis. In mammalians and plants, several al-
ternative mechanisms of translation with different require-
ments for translation initation factors have been character-
ized (reviewed in (11)), including cap-dependent initiation
on internal repeat expansions using non-AUG start codons
(12), and cap-independent initiation mediated by internal
ribosome entry sites (13) or cap-independent translation en-
hancers (14). The prevalence and role of such alternative
initiation mechanisms in yeast is still unclear.

The DEAD-box helicase eIF4A consists of a canonical
helicase core, formed by two RecA domains (15) (Figure
1A). Its RNA unwinding activity is coupled to a confor-
mational cycle in which eIF4A alternates between an open
conformation with a wide cleft between its two RecA do-
mains (15–17), 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 (18,19).
Formation of the closed state is linked to duplex desta-
bilization (19,20). The translation initiation factors eIF4B
and eIF4G (Figure 1A) jointly stimulate the weak intrin-
sic RNA-dependent ATPase and ATP-dependent RNA he-
licase activities of yeast and human eIF4A (21–24) through
modulation of the eIF4A conformational cycle (19,25,26).
In the presence of eIF4G, eIF4A alternates between a half-
open conformation, stabilized by binding of eIF4G to both
RecA domains of eIF4A (27), and the closed state (25).
eIF4G accelerates opening and closing, but the effect on
closing is larger (25), which leads to an increased popula-
tion of the closed state in equilibrium (19). eIF4B binds to
eIF4A through its 7-repeats domain (26). Binding of eIF4B
to eIF4A further accelerates closing when eIF4G is present,
and thus causes an additional shift of the conformational
equilibrium of eIF4A toward the closed state (19,25).
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We have previously shown that the conformational dy-
namics of yeast eIF4A depends on the nature of the RNA
substrate (25). poly-U RNA is frequently used as a model
RNA to study the interaction of DEAD-box proteins with
RNA. However, the rate constants for opening and clos-
ing of eIF4A differ substantially in the presence of poly-U
RNA or a 50mer RNA of random sequence: While open-
ing and closing occur with similar rate constants in the
presence of poly-U RNA, kclose is larger than kopen with
the 50mer RNA (25). The rate constants for eIF4A con-
formational changes are again different in the presence of
RNA substrates containing a duplex that is unwound by
eIF4A (25), and vary between two unwinding substrates
which either contain a long single-stranded 5′-extension or
lack single-stranded regions, respectively. In the presence
of a 50/10mer, containing a 10mer duplex flanked by a 5′-
single-stranded region, kclose is larger than kopen, whereas
kclose is smaller than kopen in presence of a 32/9mer contain-
ing a 9 bp duplex flanked by a hairpin (25). We therefore set
out to investigate the effect of the length of single-stranded
RNAs and of 5′-single-stranded regions flanking a 10 bp
duplex on eIF4A ATPase and helicase activities and on its
conformational dynamics. We show that eIF4A undergoes
about 3–4 conformational cycles per ATP hydrolyzed in
the presence of single-stranded RNAs, independent of the
RNA length. The behavior of eIF4A in the presence of a
10 bp-RNA duplex, flanked by 5′-single-stranded regions
of different lengths, is dependent on the length of the 5′-
extension. The length dependence of ATPase activity, RNA
unwinding, and conformational cycling is different, how-
ever. eIF4A is predominantly in the open state when the
5′-single-stranded region is six nucleotides or shorter, and
mostly in the closed state when it comprises 16 nucleotides
or more. Similarly, the ATPase activity of eIF4A is low in
the presence of RNAs with short single-stranded regions,
and high in presence of RNAs with long single-stranded re-
gions. In contrast, the rate constant of unwinding shows a
maximum for an RNA with a 6-nucleotide single-stranded
regions adjacent to the duplex, and unwinding is slower for
RNAs with shorter or longer 5′-extensions. Overall, these
results demonstrate that 5′-UTRs modulate eIF4A activity,
and thus ribosome scanning and translation initiation, in an
unprecedented and hitherto unappreciated fashion.

MATERIALS AND METHODS

Cloning, protein production and purification

Yeast eIF4A, N-terminally biotinylated eIF4A Q186C/G
370C (eIF4A), eIF4B and eIF4G comprising the mid-
dle domain and the C-terminal tail (eIF4G-MC, amino
acids 572–952; Figure 1A) were produced recombinantly
in Escherichia coli and purified to >95% purity according
to Coomassie-stained SDS-PAGE as previously described
(18,19,25).

RNA substrates

RNA oligonucleotides (Figure 1B) were purchased
from Purimex (Grebenstein, Germany; PAGE-

Figure 1. Constructs and RNA substrates used in this study. (A) Exper-
iments were performed with full-length S. cerevisiae eIF4A and eIF4B,
and a deletion variant of full-length eIF4G comprising the middle
and C-terminal domains (eIF4G-MC, amino acids 572–952, referred
to as eIF4G throughout). For smFRET experiments, the biotinylated
eIF4A Q186/G370C variant was used (18,19,25). bio: Biotin, His6: hexa-
Histidine-tag. The black stars mark the positions of cysteines for fluo-
rescent labeling. (B) Single-stranded RNA substrates of different lengths
(10mer, 14mer, 20mer, 30mer, 40mer, 50mer) and double-stranded RNA
substrates with a 10 bp duplex flanked by 5′-single-stranded regions of
different lengths (10/10mer, 14/10mer, 20/10mer, 30/10mer, 40/10mer,
50/10mer). See Materials and Methods for sequences.

purified) and Axolabs (Kulmbach, Germany; HPLC-
purified). Sequences were: 5′-ACCGUAAAGC-3′
(10mer), 5′-ACCGUAAAGC ACGC-3′ (14mer);
5′-ACUAGCACCGUAAAGCACGC-3′ (20mer), 5′-
GGGGAGAAAA ACUAGCACCGUAAAGCACGC-
3′ (30mer), 5′-GGGGAGAAAA ACAAAACAAA
ACUAGCACCGUAAAGCACGC-3′ (40mer), 5′-
GGGGAGAAAA ACAAAACAAA ACAAAACAAA
ACUAGCACCGUAAAGCACGC-3′ (50mer). A sec-
ond 10mer of the sequence 5′-GCUUUACGGU-3′ was
annealed to the single-stranded RNAs to generate an
unwinding substrate; the underlined part indicates the
region of duplex formation.
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Fluorescence anisotropy titrations

Dissociation constants (Kd) for protein/RNA-complexes
were determined in fluorescence anisotropy titrations of
50 nM RNA containing a 10mer modified with 6-FAM (flu-
orescein) at the 5′-end with eIF4B, eIF4G, eIF4A/eIF4G
or eIF4A/eIF4B/eIF4G in 30 mM HEPES/KOH, pH 7.4,
100 mM KOAc, 3 mM Mg(OAc)2, 2 mM DTT and 5 mM
ATP (if present) at 25◦C. In titrations in the presence
of ATP, 23 �g/ml pyruvate kinase and 1 mM phospho-
enolpyruvate were added to ensure ATP regeneration. Flu-
orescence was excited at 495 nM (2 nM bandwidth) and de-
tected at 520 nM (5 nM bandwidth). Kd values were deter-
mined by describing the experimental data with a 1:1 bind-
ing model using non-linear regression, taking into account
the change in quantum yield of the dye upon complex for-
mation, as previously described (28). Measurements were
performed at least in duplicate.

Steady-state ATPase activity

The steady-state ATPase activity of eIF4A in the absence
and presence of eIF4G, eIF4B, and different RNAs was
determined in a coupled enzymatic assay containing pyru-
vate kinase and lactate dehydrogenase that couples ATP hy-
drolysis to the oxidation of NADH (29). Concentrations
were 1 �M eIF4A, 2 �M eIF4B, 2 �M eIF4G, 15 �M
RNA, 2 mM ATP, 200 �M NADH, 13 �g/ml lactate de-
hydrogenase, 23 �g/ml pyruvate kinase, 1 mM phospho-
enolpyruvate. Experiments were performed in quartz cu-
vettes (Hellma analytics, Germany) in an Ultrospec 2100
pro UV/VIS Spectrophotometer (Amersham Biosciences,
Germany) as previously described (19). To determine kcat
and Kapp,RNA, data were described with the Michaelis–
Menten equation.

RNA unwinding

Duplex RNA (25 �M) for unwinding reactions was pre-
pared by annealing a 10mer RNA, labeled with FAM at the
5′-end, with a two-fold excess of a complementary 10mer,
or a 14mer, 20mer, 30mer, 40mer or 50mer RNA in 25 mM
HEPES/KOH, pH 7.4. The mixture was heated to 96◦C
for 2 min, slowly cooled to room temperature and incu-
bated on ice for 15 min. 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 10mer to ensure single
turnover conditions, and 5 �M of eIF4A in the presence
of 5 �M eIF4G and eIF4B. Unwinding reactions were ini-
tiated by the addition of 3 mM ATP, and stopped at dif-
ferent time points by adding an equal volume of a 2-fold
stop solution (2% (v/v) SDS, 100 mM DTT, 10% glycerol,
0.1 mg/ml proteinase K). Substrate and products were sepa-
rated by native gel electrophoresis. The fraction unwound at
each time point was calculated from band intensities quan-
tified by densitometry, and data were described by single-
exponential functions to determine the rate constant of un-
winding, kunwind.

Fluorescent labeling and single-molecule experiments

smFRET experiments were performed on a Picoquant
Microtime 200 confocal microscope or an Olympus
total internal reflection microscope as previously de-
scribed (19,25,30). For confocal microscopy, biotinylated
eIF4A Q186C/G370C was labeled with Alexa488-
maleimide (A488, donor) and Alexa546-maleimide
(A546, acceptor); for TIRF experiments, biotinylated
eIF4A Q186C/G370C was labeled with Alexa555-
maleimide (A555, donor) and Alexa647-maleimide (A647,
acceptor), and immobilized on streptavidin-functionalized
coverslips as described (19,25). All single-molecule mea-
surements were performed in 50 mM Tris/HCl, pH 7.5,
80 mM KCl, 2.5 mM MgCl2, 1 mM DTT and 1% glycerol
in the presence of 3 mM ATP and 15 �M RNA (if not
stated otherwise) at 25◦C. eIF4B and eIF4G concentrations
were 10 �M. Measured donor and acceptor fluorescence
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 (19,25,30), and
FRET histograms were created using Origin. FRET time
traces were idealized by hidden Markov modelling using
vbFRET (31). Rate constants for opening and closing were
extracted from cumulative dwell time histograms.

Electrophoretic mobility shift assays

Duplex RNA (10 �M) was prepared by annealing equimo-
lar concentrations of 30mer or 20mer with 10mer RNA la-
beled with FAM at the 5′-end as described above. 10 �l
samples containing 100 nM RNA, equimolar concentra-
tions of the translation initiation factors (as indicated; 1%
of eIF4G was labeled with Alexa647 to enable fluorescence
detection), 4 units of RNase inhibitor (Roche), 5 mM ATP,
23 �g/ml pyruvate kinase and 1 mM phoshoenolpyruvate
in 30 mM HEPES/KOH, pH 7.4, 100 mM KOAc, 3 mM
Mg(OAc)2, 2 mM DTT were incubated for 10 min at 25 ◦C.
After addition of 2 �l of 80% glycerol, the samples were ap-
plied to an 8% native polyacrylamide gel, and separated by
gel electrophoresis for 3 h at 170 V. The fraction of RNA
bound at each protein concentration was determined by
densitometry, using fluorescein as a probe. eIF4G was de-
tected using Alexa647 fluorescence as a probe.

Kinetic model for opening and closing in the presence of
(short) double-stranded RNAs

For details on the kinetic models involving inter-conversion
between the open state of eIF4A and one, two, or three
closed states, and for the calculation of microscopic rate
constants for individual steps in these models from the ob-
served rate constants kopen, kclose,n, and the apparent equi-
librium constant Kapp, see Supplementary Methods.
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RESULTS

Effect of RNA length on the RNA-dependent ATPase activity
of eIF4A

Poly-U RNA is often used as a model substrate for DEAD-
box helicases. Poly-U RNA is a heterogeneous mixture of
oligonucleotides with different lengths, ranging from 300
to 3000 nucleotides. To investigate the effect of the length
of single-stranded RNA on the RNA-dependent ATPase
activity of eIF4A, we therefore used a series of unstruc-
tured RNAs (22) with defined lengths of 10, 14, 20, 30,
40, and 50 nucleotides (Figure 1B). ATPase activities of
eIF4A were determined under steady-state conditions in
the absence of other translation initiation factors, in the
presence of eIF4G-MC (comprising amino acids 572–952,
Figure 1A, referred to as eIF4G), and in the presence of
eIF4G and eIF4B (Figure 2A). The ATPase activity of
eIF4A is reported relative to the activity in the presence
of poly-U RNA, eIF4B, and eIF4G (measured as an in-
ternal control in each set of experiments and set to 100%).
Turnover numbers in the presence of the 10mer, 14mer,
20mer, 30mer, 40mer, or 50mer single-stranded RNAs were
increased approximately 8–10-fold compared to the low in-
trinsic ATPase activity of eIF4A in the absence of RNA.
This stimulation is similar to the effect of poly-U RNA (6-
fold). In the presence of eIF4G, the ATPase activity was
increased approx. 2-fold compared to the intrinsic ATPase
activity of eIF4A/G when the 10mer RNA was present.
With the 14mer and 20mer RNAs, it increased further to
3- and 5-fold of the unstimulated ATPase activity, respec-
tively. For the longer 30mer, 40mer, and 50mer RNAs, the
stimulation saturated at 5–6-fold compared to the intrinsic
hydrolysis rate, suggesting that a maximal turnover number
was reached. The stimulation in the presence of the 50mer
is similar to the stimulation by poly-U RNA (6.4-fold), sup-
porting the notion that this value reflects a maximum. When
eIF4B was also present (Figure 2A), the ATPase activity of
eIF4A also increased linearly with the length of the RNA
for the 10mer, 14mer, and 20mer, but now a further in-
crease from the 20mer to the 30mer (7.8-fold to 9.8-fold)
was observed. The stimulation remained at this level with
the 40mer and 50mer RNAs. Again, the stimulation in the
presence of the 50mer (9.6-fold) was similar to the value
in the presence of poly-U RNA (9.2-fold), indicating that
a maximum is reached. Thus, the presence of eIF4B shifts
the turnover point where the maximum ATPase activity is
reached from the 20mer to the 30mer.

Effect of the length of 5′-single-stranded regions on the RNA-
dependent ATPase activity of eIF4A

We next tested the effect of 5′-single-stranded regions of dif-
ferent lengths, flanking a 10 bp duplex, on the steady-state
ATPase activity of eIF4A, using a 10/10mer, 14/10mer,
20/10mer, 30/10mer, 40/10mer, and 50/10mer RNA (Fig-
ure 2B). The 50/10mer was used previously to character-
ize eIF4A (19,22,25). All of these RNAs are unwound by
eIF4A (see Figure 3). These RNAs stimulated the intrin-
sic ATP hydrolysis by eIF4A between 5- and 13-fold in
the absence of other translation initiation factors, with a

Figure 2. Dependence of the eIF4A steady-state ATPase activity on the
length of the RNA substrate and of single-stranded 5′-tails. (A) Rate con-
stant of ATP hydrolysis as a function of length of single-stranded RNA,
relative to the ATP hydrolysis in the presence of poly-U RNA (set to 100%,
typical values for the rate of ATP hydrolysis in the presence of poly-U RNA
range between 70 and 100 × 10−3 s−1). Experiments were performed with
1 �M eIF4A, 2 �M eIF4B and eIF4G, 15 �M RNA (molecular concen-
tration), 2 mM ATP in 30 mM HEPES/KOH, pH 7.4, 100 mM KOAc,
3 mM Mg(OAc)2, 2 mM DTT at 25◦C. (B) Rate constant of ATP hydroly-
sis as a function of length of the 5′-single-stranded region flanking a 10 bp
duplex. Black: eIF4A, light blue: eIF4A/eIF4G, dark blue: eIF4A, eIF4B,
and eIF4G. Rate constants are given relative to the turnover number in
the presence of poly-U RNA (see panel A), which was set to 100%. Exper-
iments were performed at least twice; error bars reflect the standard error
of the mean (n = 2) or the standard deviation (n > 2).

linear dependence on the length of the single-stranded re-
gion at the 5′-end. In the presence of eIF4G, the 10/10mer,
14/10mer and 20/10mer RNAs stimulated the ATPase ac-
tivity 1.5- to 2.5-fold, and thus less than the corresponding
single-stranded RNAs (10mer, 14mer, and 20mer). For the
30/10mer, 40/10mer, and 50/10mer RNAs, the stimulation
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Figure 3. Unwinding of the 10/10mer, 14/10mer, 20/10mer, 30/10mer, 40/10mer, and 50/10mer RNAs. (A) Unwinding of the 10/10mer, 14/10mer,
20/10mer, 30/10mer, 40/10mer, and 50/10mer RNAs (0.5 �M) by 5 �M eIF4A in the presence of 5 �M eIF4B and eIF4G in 30 mM HEPES/KOH,
pH 7.4, 100 mM KOAc, 3 mM Mg(OAc)2, 2 mM DTT at 25◦C. 5 �M of 10mer RNA was added as a trap to ensure single-turnover conditions. Reactions
were started by addition of of 3 mM ATP, and stopped at indicated time points, followed by separation of substrate and product by native gel electrophoresis
(see Methods). The 10/10mer, 14/10mer, 20/10mer, 30/10mer, 40/10mer, and 50/10mer RNAs in the absence of proteins were included as a control. The
green star marks the position of the FAM label used for fluorescence detection of the RNA. (B) Time traces of unwinding, obtained by densitometric
quantification of double-stranded substrate and single-stranded product. (C) Rate constants of RNA unwinding for the different RNAs. Rate constants
were obtained by analyzing time traces (see B) with single-exponential functions. Error bars depict the standard deviation from at least three independent
experiments.

increased further, to 6–7-fold. The most pronounced change
occurred from the 20/10mer (6-nucleotide-overhang; 2.5-
fold increase) to the 30/10mer (16-nucleotide-overhang;
6.2-fold increase). The turnover number did not increase
much further when the single-stranded overhang was ex-
tended to 26 (40/10mer) or 36 nucleotides (50/10mer), and
again leveled off at values similar to the turnover numbers in
the presence of poly-U RNA (6.4-fold). Addition of eIF4B
led to a slight overall increase in ATPase stimulation. Again,
the largest change in stimulation was observed from the
20/10mer (3.5-fold) to the 30/10mer (9.0-fold).

Unwinding of RNA substrates with 5′-single-stranded regions
of different lengths

The effect of the length of single-stranded regions on the
eIF4A ATPase rate suggested that the 10/10mer 14/10mer,
and 20/10mer might be unwound rather slowly, whereas
the 30/10mer, 40/10mer, and 50/10mer RNAs that led to
a large stimulation of the eIF4A ATPase activity might be
unwound more rapidly. We followed unwinding of these
RNAs in single-turnover experiments (Figure 3A). While
the blunt-ended 10/10mer RNA was unwound only slowly
(kunwind = 0.36 ± 0.05 × 10−3 s−1), the rate constant of un-
winding increased for the 14/10mer (kunwind = 0.96 ± 0.22
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Figure 4. Effect of single-stranded RNAs of different lengths on the eIF4A
conformational cycle. (A) FRET histograms for eIF4A in the presence

× 10−3 s−1). This slight increase must be related to the pres-
ence of the four single-stranded nucleotides at the 3′-end
of the duplex in the 14/10mer. Unwinding of the 20/10mer
was 5-fold faster (kunwind = 4.80 ± 0.65 × 10−3 s−1). Instead
of a further increase with increasing lengths of the 5′-single-
stranded region for the 30/10-, 40/10-, and 50/10mer, how-
ever, we observed a decrease in the rate constant of un-
winding (to 1.8 ± 0.68 × 10−3 s−1 for the 30/10mer). The
40/10mer and 50/10mer RNAs were again unwound slowly
(kunwind = 0.54 ± 0.07 10−3 s−1 for the 40/10mer, and 0.32 ±
0.01 × 10−3 s−1 for the 50/10mer), with a very similar rate
constant to the 10/10mer (Figure 3B, C). Any differences
in rate constants for unwinding should be related to the
5′-single-stranded tail, as the duplex length, sequence, and
stability are identical between these RNAs (�G = -67 kJ
mol−1; ref. (32)). Thus, the 5′-single-stranded region of 6 nu-
cleotides in the 20/10mer appears to be optimal for unwind-
ing by eIF4A when eIF4B and eIF4G are present (Figure
3C).

Conformational dynamics of eIF4A in the presence of RNAs
of different lengths

We previously analyzed the conformational dynamics of
eIF4A in single-molecule FRET (smFRET) experiments
and noticed that the rate constants for opening and clos-
ing are different in the presence of different RNAs (25).
To test if the length of single-stranded RNA or of the 5′-
single-stranded region flanking a 10 bp duplex had an effect
on the conformational cycling of eIF4A, we immobilized
donor/acceptor-labeled, N-terminally biotinylated eIF4A
(carrying cysteines for fluorescent labeling at positions 186
and 370) on streptavidin-functionalized coverslips (25), and
followed opening and closing of eIF4A as changes in FRET
efficiency with time by total internal reflection fluorescence
(TIRF) microscopy.

Effect of eIF4B and eIF4G. eIF4A rapidly inter-converted
between a low- and a high-FRET state in the presence of
eIF4B, eIF4G, ATP, and different single-stranded RNAs
(Figure 4A), as observed previously (25). These states re-
flect the half-open and closed states, confirming that these
are the relevant conformational states of eIF4A in pres-
ence of eIF4G and the different RNAs. We did not ob-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
of eIF4B, eIF4G, and the 10mer, 14mer, 20mer, 30mer, 40mer, or 50mer
single-stranded RNAs. Experiments were performed with biotinylated,
donor/acceptor-labeled, surface-immobilized eIF4A in the presence of
10 �M eIF4B and eIF4G, and 15 �M of the 10mer, 14mer, 20mer, 30mer,
40mer, or 50mer RNA, and 3 mM ATP in 50 mM Tris/HCl, pH 7.5,
80 mM KCl, 2.5 mM MgCl2, 1 mM DTT and 1% glycerol at 25◦C.
(B) Representative FRET time traces. (C) Normalized cumulative dwell
time histograms for opening and single-exponential fits. See Supplemen-
tary Figure S2A for analyses with single-exponential functions and the re-
spective residuals, Supplementary Figure S3A for analyses with double-
exponential functions and residuals, and Supplementary Table S1 for cor-
rected R2-values. (D) Normalized cumulative dwell time histograms for
closing and single-exponential fits. See Supplementary Figure S2B for
single-exponential fits and respective residuals, Supplementary Figure S3B
for double-exponential fits and residuals, and Supplementary Table S1 for
corrected R2-values. The cartoons indicate the low-FRET (half-)open con-
formation and the high-FRET closed state of eIF4A.
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Table 1. Observed rate constants for opening (kopen or kopen,1, kopen,2) and closing (kclose) of eIF4A in the presence of different RNAs

RNA kopen(,1) (s−1) kopen,2 (s−1) kclose (s−1)

10mer 0.67 0.16
14mer 0.32 0.24
20mer 0.30 0.21
30mer 0.34 0.95
50mer 0.31 0.69

10/10mer 0.30 (33%)a 5.8 (67%)a 0.17
14/10mer 0.29 (43%)a 6.1 (57%)a 0.17
20/10mer 0.26 (44%)a 4.4 (56%)a 0.19
30/10mer 0.21 (48%)a 0.86 (52%)a 0.82
40/10mer 0.19 (42%)a 0.72 (58%)a 0.91
50/10mer 0.20 (18%)a 0.59 (82%)a 1.3

30/10mer 0.39b 0.82
40/10mer 0.37b 0.91
50/10mer 0.47b 1.3

aValues in brackets are the amplitudes of the slow and fast phases from double-exponential fits.
bRate constant for opening from single-exponential analysis of the CDHs in the presence of 30/10mer, 40/10mer and 50/10mer RNAs.

serve any excursions to the open state, which indicates that
eIF4G remains bound to eIF4A on the timescale of these
experiments, in agreement with the nanomolar affinity of
eIF4A for eIF4G (18,27). The interaction between eIF4A
and eIF4B is weaker, with a Kd on the order of 15 �M
(in the presence of RNA and ADPNP; see (26)). We there-
fore suspected that eIF4B may not be saturating in these
experiments, and tested the conformational dynamics of
eIF4A in the presence of eIF4G and the 50mer RNA as
a function of the concentration of eIF4B (0, 2.5, 5, 10,
30 �M; Supplementary Figure S1). The conformational
equilibrium of eIF4A was shifted from the half-open state
towards the closed state with increasing concentrations of
eIF4B (Supplementary Figure S1A), and switching between
these states became more frequent (Supplementary Figure
S1B). Cumulative dwell time histograms (CDHs) gave a
rate constant for opening of 0.31 s−1 that was independent
of eIF4B (up to concentrations of 10 �M; Supplementary
Figure S1C). The CDH in the presence of 30 �M eIF4B
was double-exponential (kopen1 = 0.22 s−1, 38% amplitude,
kopen2 = 0.79 s−1, 62% amplitude, Supplementary Figure
S1D), which may be related to eIF4B oligomerization or ag-
gregation. The CDHs for closing in the presence of differ-
ent concentrations of eIF4B all exhibited two phases, and
were best described by double-exponential functions (Sup-
plementary Figure S1E). From a global analysis (excluding
the data for 30 �M eIF4B), we obtained kclose1 = 0.17 s−1

and kclose2 = 0.69 s−1. The amplitude of the fast phase in-
creased with increasing concentrations of eIF4B (0%, 45%,
90%, 96% at 0, 2.5, 5, and 10 �M eIF4B, respectively). Thus,
we can conclude from these control experiments that open-
ing of eIF4A is eIF4B-independent, but closing is eIF4B-
dependent. The fast phase reflects closing of eIF4A in an
eIF4A/B/G complex (Kclose = 1.9; rapid closing), the slow
phase reflects closing of eIF4A that is part of an eIF4A/G
complex (Kclose = 0.55; slow closing). At a concentration of
eIF4B of 10 �M, the amplitude of the fast phase and thus
the saturation of eIF4A with eIF4B was 96%. This value
is higher than the saturation estimated from the Kd value
determined in supernatant depletion assays in the presence

of RNA and ADPNP (15 �M, (26), corresponding to a
saturation of ∼40%), presumably because the interaction
between eIF4A and eIF4B is favored in the presence of
ATP. In agreement with this hypothesis, an apparent Kd of
∼2 ± 1.7 �M can be determined from the amplitudes of the
fast phase of closing as a function of the concentration of
eIF4B; a value of 2.9 ± 1.2 �M is obtained from the frac-
tion closed in smFRET histograms; Supplementary Figure
S1F). Overall, we can thus conclude that the concentration
of eIF4B in single-molecule experiments is nearly saturat-
ing, but slower phases (of closing) with amplitudes <5%
may occur due to the slower conformational cycling of a
small population of eIF4/G complexes.

The effect of the length of single-stranded RNAs. FRET
histograms for eIF4A in the presence of eIF4B, eIF4G, and
the 10mer, 14mer, 20mer, 30mer, or 50mer single-stranded
RNAs (Figure 4A, B) showed a shift in the conformational
equilibrium of eIF4A from the half-open state towards the
closed state with increasing length of the RNA. The RNAs
fall into two classes: For the shorter (10mer, 14mer, and
20mer) RNAs, eIF4A is predominantly in the half-open
state. In contrast, the closed state is predominantly popu-
lated in presence of the longer RNAs (30mer, 50mer). Rate
constants for opening and closing were determined from the
analysis of CDHs using single-exponential functions (Fig-
ure 4C, D, Supplementary Figure S2; Table 1). Double-
exponential fits did not lead to a significant improvement
of the quality of the fit (as judged by corrected R2 values
and the systematic behavior of the residuals; Supplemen-
tary Figure S3A,B). An independent analysis of the single-
molecule data for the 20mer with the program SMACKS
(33) that uses a maximum-likelihood approach and ranks
different models according to the Bayesian information
criterion also favored a model with one open and one
closed state (Supplementary Table S2), in agreement with
the single-exponential behavior of opening and closing. The
fact that the CDHs for closing were described satisfacto-
rily by single-exponential functions confirms that eIF4B is
saturating for eIF4A in these experiments. Rate constants
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of opening were similar, and varied between 0.31 s−1 and
0.39 s−1 in the presence of the 14mer, 20mer, 30mer, and
50mer RNAs; only in the presence of the 10mer a higher rate
constant of kopen = 0.67 s−1 was determined, but in this case,
the single-exponential function does not describe the data
very well (Supplementary Figure S2). The rate constants
for closing ranged between 0.16 and 0.26 s−1 in the pres-
ence of shorter RNAs (10mer, 14mer, 20mer), but jumped
to 0.99 and 0.71 s−1 with the 30mer and 50mer RNAs. As a
consequence, the rate constant for opening is higher than
the rate constant for closing with the 10mer, 14mer, and
20mer RNAs, in agreement with the higher population of
eIF4A in the open state with these RNAs (Table 1). With the
30mer and the 50mer, the rate constant of closing is higher
than the rate constant for opening, in agreement with the
higher population of eIF4A in the closed state with these
RNAs as observed in FRET histograms.

The switch of eIF4A from slow conformational dynam-
ics and a higher fraction in the half-open state in the pres-
ence of short RNAs to faster conformational cycling and a
larger fraction in the closed state in the presence of longer
RNAs might be related to different interactions of eIF4A
with eIF4B or could result from a direct effect of the length
of these RNAs on eIF4A conformation and dynamics. We
have shown previously that eIF4B does not bind to eIF4A
in the presence of the 10mer RNA, but complex formation
does occur in the presence of the 20mer RNA (26) (Sup-
plementary Figure S4). Thus, if different binding of eIF4B
were the reason for the change in conformational dynam-
ics, a switch in eIF4A behavior would be expected from
the 10mer (or 14mer) to the 20mer, rather than between
the 20mer and 30mer RNAs. The observation of the switch
from the 20mer to the 30mer indicates that the length of the
RNA is responsible for the altered dynamics of eIF4A.

Conformational dynamics of eIF4A in presence of duplex
RNA substrates with 5′-single-stranded regions of different
lengths

We next analyzed the conformational dynamics of eIF4A
in the presence of double-stranded RNAs with 5′-single-
stranded overhangs of different lengths (Figure 5). FRET
histograms (Figure 5A) showed that these RNAs also
fall into two classes: With the 10/10mer, 14/10mer, and
20/10mer, the conformational equilibrium of eIF4A is on
the side of the low-FRET half-open state, whereas the pop-
ulation of the closed state is dominant in presence of the
30/10mer, 40/10mer, and 50/10mer RNAs. In agreement
with the conformational equilibrium, the rate constants
kclose for closing, determined from the analysis of CDHs
with single-exponential functions (Figure 5B, D, Supple-
mentary Figure S5), are low for the 10/10mer, 10/14mer,
and 20/10mer (0.17, 0.17, and 0.19 s−1), and higher for the
30/10mer, 40/10mer, and 50/10mer (0.82, 0.91, and 1.3 s−1,
respectively; Figure 5B, D, Supplementary Figure S5). In-
clusion of a second phase did not significantly improve the
quality of the fits (Supplementary Figure S5). CDHs for
opening in the presence of the 30/10mer, 40/10mer, and
50/10mer were also single-exponential, with rate constants
kopen of 0.39, 0.37, and 0.47 s−1 (Figure 5C; see Supplemen-
tary Figure S6 for double-exponential fits), although the in-

clusion of a second phase improved the quality of the fit for
the 30/10mer and 40/10mer (Supplementary Figure S6, Ta-
ble 1). In contrast, CDHs for opening in the presence of the
shorter RNAs showed significant deviations from single-
exponential behavior (Supplementary Figure S5), but were
well-described by double-exponential functions (Figure 5C,
Supplementary Figure S6). From the slower phase, rate con-
stants similar to the rate constants for opening in presence
of the longer RNAs were obtained (0.30, 0.29, and 0.26 s−1,
respectively; Table 1). The lifetimes � of the faster phase
(rate constants 5.8 s−1(� = 170 ms), 6.1 s−1 (� = 160 ms),
and 4.4 s−1 (� = 230 ms)) are close to the limit of the time-
resolution (100 ms) in these experiments, and these rate con-
stants therefore constitute lower limits. The occurrence of
one observed rate constant for closing and two observed
rate constants for opening is consistent with a model in
which eIF4A inter-converts between a single open state and
two alternative, non-inter-converting closed states. Analy-
sis of the data with the program SMACKS (33) also fa-
vored a model with one open and two non-interconverting
closed states in the presence of the 14/10mer, 20/10mer, and
30/10mer RNAs. In contrast, the data in the presence of the
50/10mer were more consistent with a model with one open
and one closed state (Supplementary Table S2), in agree-
ment with the single-exponential behavior of opening.

Interaction of 20/10mer and 30/10mer RNAs with eIF4A
and its complexes with eIF4G and eIF4B

Single-molecule experiments with eIF4A in the presence of
duplex RNAs with 5′-single-stranded extensions of differ-
ent lengths clearly showed a switch in eIF4A conforma-
tional dynamics and the conformational equilibrium from
the 20/10mer to the 30/10mer (6-nucleotide versus 16-
nucleotide 5′-single-stranded region). The same threshold
behavior was observed for the stimulation of ATP hydroly-
sis by these RNAs. To rule out that the pronounced change
between the behavior of eIF4A in presence of the 20/10mer
and 30/10mer is merely an effect of different affinities of
eIF4A/B/G for these RNAs, we monitored binding of the
20/10mer and 30/10mer RNAs in fluorescence anisotropy
titrations (Figure 6A). Titration of a fluorescein-labeled
20/10mer with eIF4A in presence of eIF4B, eIF4G, and
ATP gave rise to an increase in anisotropy. From the binding
isotherm, an apparent Kd value of 3.5 (±0.5) �M was de-
termined. The same experiment with the fluorescein-labeled
30/10mer showed similar results, with an apparent Kd of
1.2 (±0.3) �M. In the absence of ATP, the observed in-
crease in anisotropies was smaller for both RNAs, and
the apparent Kd values were increased to 6.7 (±3.5) �M
(20/10mer) and 4.0 (±0.6) �M (30/10mer; Figure 6A).
eIF4A does not bind RNA in the absence of ATP, and these
values should thus reflect the interaction of the respective
RNAs with eIF4B and eIF4G as part of the eIF4A/B/G
complex. eIF4B alone bound weakly to both RNAs (Kd
= 9–10 �M; Supplementary Figure S7A). eIF4G alone
also bound weakly to the 30/10mer, whereas no increase
in anisotropy was detected when eIF4G was titrated to
the 20/10mer (Supplementary Figure S7B). The eIF4A/G
complex caused no increase in anisotropy when titrated to
the 20/10mer (in the presence or absence of ATP), or to
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Figure 5. Effect of 5′-single-stranded regions of different lengths on the eIF4A conformational cycle. (A) FRET histograms for eIF4A in the presence
of 10 �M eIF4B and eIF4G and 15 �M of the 10/10mer, 14/10mer, 20/10mer, 30/10mer, 40/10mer, or 50/10mer RNA. Experiments were performed
in 50 mM Tris/HCl, pH 7.5, 80 mM KCl, 2.5 mM MgCl2, 1 mM DTT, and 1% glycerol in the presence of 3 mM ATP at 25◦C. (B) Representative
FRET time traces. (C) Cumulative dwell time histograms for opening, double-exponential (10/10mer, 14/10mer, 20/10mer) and single-exponential fits
(30/10mer, 40/10mer, 50/10mer). (D) Cumulative dwell time histograms for closing and single-exponential fits. See Supplementary Figure S4 for analyses
with single-exponential functions and residuals obtained, Supplementary Figure S5 for analyses with double-exponential functions and residuals. The
corrected R2-values are summarized in Supplementary Table S1.

the 30/10mer (in the absence of ATP). In the presence of
ATP, the apparent affinity of eIF4A/G for the 30/10mer
was 1.6 (±0.5) �M. The final anisotropy reached in titra-
tions with eIF4A/G was lower than the saturating value
in the titration with eIF4A/B/G, which is consistent with
eIF4A, eIF4B, and eIF4G jointly binding to the RNA.

As it is not possible to distinguish individual complexes in
fluorescence equilibrium titrations, we also performed elec-
trophoretic mobility shift assays with fluorescein-labeled

20/10mer and 30/10mer in the presence of eIF4A, eIF4B,
Alexa647-labeled eIF4G, and ATP (Figure 6B, C). Thereby,
we could distinguish between RNA bound to eIF4A/G
complexes and eIF4A/B/G complexes through their dif-
ferent electrophoretic mobilities. The 20/10mer showed no
shift in electrophoretic mobility in the presence of eIF4G
alone in the concentration range tested (<20 �M), in agree-
ment with the anisotropy measurements. In contrast, a sub-
stantial shift in electrophoretic mobility of the 20/10mer
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Figure 6. Interaction of eIF4A with 20/10mer and 30/10mer RNA. (A) Anisotropy titrations of fluorescein-labeled 20/10mer and 30/10mer RNAs with
eIF4A/B/G in the absence (open squares) and presence of 5 mM ATP (filled squares). Titrations were performed in 30 mM HEPES/KOH, pH 7.4, 100 mM
KOAc, 3 mM Mg(OAc)2, and 2 mM DTT at 25◦C. Error bars depict the standard error of the mean from two independent experiments. (B) Electrophoretic
mobility shift assay of 100 nM fluorescein-labeled 20/10- and 30/10mer with increasing concentrations of eIF4G, eIF4A/G and eIF4A/B/G in 30 mM
HEPES/KOH, pH 7.4, 100 mM KOAc, 3 mM Mg(OAc)2, 2 mM DTT in the presence of 5 mM ATP and 0.4 U/�l of RNase inhibitor, incubated for 10 min
at 25◦C. To regenerate ATP, 23 �g/ml pyruvate kinase and 1 mM phoshoenolpyruvate were added. 1% of eIF4G is labeled with Alexa647 (red), the 10mer
of the RNA substrate is labeled with fluorescein (fl; green). A representative gel from two independent EMSAs is shown. Note that these epxeriments were
performed with an excess of translation initiation factors, such that under saturation all of the RNA is protein-bound, but only a small fraction of the
translation factors is bound to RNA. See Supplementary Figure S8 for control experiments with labeled eIF4A and labeled eIF4B. (C) Quantification of
RNA-bound complexes of eIF4G, eIF4A/G, and eIF4A/B/G from B. Error bars depict either the error of the mean from two independent experiments
(20/10mer, eIF4G; 20/10mer, eIF4A, eIF4G, eIF4B) or the standard deviation from at least three independent experiments (all other experiments). (D)
smFRET experiments in presence of different concentrations of 20/10mer and 30/10mer RNAs. 100 pM biotinylated eIF4A Q186C/G370C, labeled with
Alexa488-maleimide (A488, donor) and Alexa546-maleimide (A546, acceptor), in 50 mM Tris/HCl, pH 7.5, 80 mM KCl, 2.5 mM MgCl2, 1 mM DTT,
and 1% glycerol in the presence of 3 mM ATP, 10 �M eIF4B and eIF4G, and 5, 10, 15, 30, and 45 �M RNA at 25◦C.
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RNA was observed in the presence of eIF4A and eIF4G,
indicating binding of this RNA to eIF4A/G. In the ad-
ditional presence of eIF4B, the 20/10mer RNA showed
a super-shift, consistent with binding to the eIF4A/B/G
complex (and not to eIF4A/G) at higher protein concen-
trations. Both in presence and absence of eIF4B, the signals
for RNA and eIF4G do not superimpose precisely (see also
Supplementary Figure S8). This may be the consequence
of the large excess of protein in these experiments, with
only a small fraction of the proteins co-migrating with the
RNA. Alternatively, it may point to the transient charac-
ter of the protein/RNA complex. Possibly, ATP hydrolysis
by eIF4A and formation of nucleotide-free eIF4A with low
RNA affinity leads to dissociation of RNA during the ex-
periment. The 30/10mer also bound to eIF4A/G, as evi-
denced by a large shift in electrophoretic mobility (Figure
6B, C). In the presence of eIF4B, the RNA shows a reduced
electrophoretic mobility corresponding to the complex with
eIF4A/G at lower protein concentrations. At higher pro-
tein concentrations, the shift is larger, pointing to prefer-
ential binding to eIF4A/B/G under these conditions. Con-
trol experiments with labeled eIF4A or labeled eIF4B are
also consistent with the presence of all three factors in
the RNA complex with the lowest electrophoretic mobility
(Supplementary Figure S8). Altogether, the electrophoretic
mobility shift assays thus indicate that both the 20/10mer
and the 30/10mer are bound to the eIF4A/G/B complex
at the concentrations of eIF4B and eIF4G used in single-
molecule experiments (10 �M). However, eIF4A is present
at much lower (picomolar) concentrations in these exper-
iments. To unambiguously test whether eIF4A is bound
to the 20/10mer and 30/10mer RNAs under these condi-
tions, we therefore also repeated the smFRET experiments
as a function of concentration of 20/10mer and 30/10mer
RNAs (5, 10, 15, 30, and 45 �M; Figure 6D). The frac-
tion of eIF4A in the closed conformation did not show a
systematic increase with increasing RNA concentrations,
and remained lower (∼30%) in presence of the 20/10mer
RNA than in the presence of the 30/10mer (∼70%) at all
RNA concentrations tested. Opening of eIF4A in the pres-
ence of 45 �M RNA was still biphasic (Supplementary Fig-
ure S7C), indicating that the appearance of a second phase
for opening of eIF4A not caused by a lack of saturation
with RNA at the lower concentration. Hence, the differ-
ence in eIF4A behavior in the presence of the 20/10mer and
30/10mer RNAs must be related to qualitatively different
interactions with these RNAs, not by a lower saturation of
eIF4A/B/G with the 20/10mer.

DISCUSSION

The length of single-stranded regions in mRNAs determines
the conformational equilibrium and the velocity of conforma-
tional cycling of eIF4A

Here we have shown that the length of single-stranded
RNA and the length of the 5′-single-stranded region pre-
ceding a 10 bp RNA duplex determine the conformational
equilibrium and the velocity of conformational cycling of
eIF4A. In the presence of RNAs with no or only short
single-stranded regions (10mer, 14mer, 20mer; 10/10mer,

14/10mer, 20/10mer), opening of eIF4A is faster than clos-
ing, and the majority of eIF4A is in the open conformation.
In the presence of RNAs with longer single-stranded re-
gions (30mer, 50mer; 30/10mer, 40/10mer, 50/10mer), clos-
ing is faster than opening, and eIF4A is predominantly in
the closed conformation. The switch in the rate-limiting step
of the conformational cycle from closing (up to the 20mer
or 20/10mer) to opening (from the 30mer or the 30/10mer
on) leads to an overall faster conformational cycling of
eIF4A in the presence of the longer RNAs and RNAs with
longer single-stranded 5′-regions. This switch is not corre-
lated with the dependence of the interaction between eIF4A
and eIF4B on the length of the RNA. The switch in be-
havior is also not caused by different levels of saturation
of eIF4A with the 20/10mer and the 30/10mer, as both
RNAs are bound to the eIF4A/B/G complex under our
experimental conditions. Hence, the observed threshold be-
havior is related to a different functional interaction of the
eIF4A/B/G complex with shorter and longer RNAs.

A kinetic model for eIF4A conformational cycling in the pres-
ence of single- and double-stranded RNAs

Closing and opening of eIF4A in the presence of all single-
stranded RNAs show single-exponential behavior, in agree-
ment with a simple one-step inter-conversion of open and
closed states (Figure 7A). In the presence of RNAs with
single-stranded extensions at the 5′-end of the duplex,
closing is also single-exponential. Opening shows single-
exponential behavior in the presence of double-stranded
RNAs with long 5′-single stranded regions (30/10mer,
40/10mer, 50/10mer). With these RNAs, eIF4A inter-
converts thus between a single open and closed state, similar
to the behavior observed in the presence of single-stranded
RNAs (Figure 7A). With RNAs that contain no or only
a short 5′-single-stranded overhang (10/10mer, 14/10mer,
20/10mer), a second, rapid phase of opening is observed.
The kinetic behavior observed is consistent with a model
in which eIF4A can undergo two alternative conforma-
tional cycles, starting from a common open state and pass-
ing through two kinetically distinct closed states (Figure
7B). We have excluded a significant population of eIF4A/G
complexes as the reason for the appearance of this second
phase. A model where eIF4A undergoes three independent
conformational cycles would lead to one kinetic phase for
closing, and three kinetic phases for opening, which is not in
agreement with the observations (see Supplementary Meth-
ods).

For a model with two alternative conformational cycles,
the observed rate constant for closing, kclose, determined
from dwell times in FRET time traces (see Table 1), cor-
responds to the sum of the two microscopic rate constants
for closing in the model, k1 and k2 (Figure 7B). The two
observed rate constants for opening, kopen,1 and kopen,2 (see
Table 1), are identical to the microscopic rate constants k-1
and k-2 (see Materials and Methods). The apparent equi-
librium constant Kapp for closing determined from FRET
histograms is the sum of K1 and K2 (see Supplementary
Methods). From these considerations, the entire set of mi-
croscopic rate constants can be calculated (see Materials
and Methods, Supplementary Methods; Table 2). While the
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Figure 7. Kinetic models for conformational cycling of eIF4A, and comparison of conformational dynamics, ATP hydrolysis, and RNA unwinding. (A)
Kinetic model for eIF4A conformational changes in the presence of single-stranded RNAs and RNAs with long 5′-single-stranded regions. (B) Kinetic
model for conformational cycling in the presence of RNAs with no or short 5′-single-stranded regions. (C) Coupling of conformational cycling to ATP
hydrolysis in the presence of single-stranded RNAs. The number of conformational cycles per ATP hydrolyzed is independent of the length of the RNA. (D)
Number of conformational cycles per ATP hydrolyzed in the presence of double-stranded RNAs. (E) Number of conformational cycles per RNA unwound.
In the presence of the 20/10mer RNA, eIF4A undergoes the minimal number of approx. 37 conformational cycles per RNA unwound. (F) Coupling of
ATP hydrolysis to RNA unwinding. In the presence of the 20/10mer RNA, eIF4A hydrolyzes the minimal number of 8 ATP per RNA unwound. (G)
Model linking eIF4A conformational cycling with ATP hydrolysis and RNA unwinding. eIF4A can undergo futile cycles (ATP hydrolysis, but no RNA
unwinding), unproductive cycles (no ATP hydrolysis, no RNA unwinding), and productive cycles (ATP-dependent RNA unwinding). In productive cycles
the first strand of an RNA duplex dissociates from eIF4A closed state, prior to ATP hydrolysis. In futile cycles the duplex dissociates from eIF4A without
unwinding, and ATP is then hydrolyzed. In unproductive cycles, eIF4A undergoes conformational changes without ATP hydrolysis and unwinding. The
kinetic competition of the individual cycles determines the coupling of conformational cycling, ATP hydrolysis, and RNA unwinding. The cartoons reflect
the conformation of eIF4A in the presence of the translation initiation factors eIF4B and eIF4G. Note that for simplicity the closed states in the different
conformational cycles in panels B and G are depicted identically, but reflect different physical states with different functional properties.

two high-FRET closed states are similar in their global con-
formation, they must represent different functional states
of eIF4A. Mechanistically, the two alternative conforma-
tional cycles could represent eIF4A interacting with either
the single-stranded or the duplex part of the RNA substrate,
or eIF4A undergoing conformational cycles that are or are
not associated with ATP hydrolysis. The different kinetic

models and their biological interpretation will be discussed
in more detail below.

Coupling of ATPase and unwinding activities to eIF4A con-
formational dynamics

A comparison of conformational dynamics of eIF4A with
rate constants for ATP hydrolysis and for RNA unwind-
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Table 2. Microscopic rate constants for opening (k-1, k-2) and closing (k1, k2) of eIF4A in the presence of double-stranded RNAs, and individual equi-
librium constants K1, and K2. See Figure 7B and Supplementary Methods for the definitions of rate constants

RNA k1 (s−1) k-1 (s−1) K1 k2 (s−1) k-2 (s−1) K2

10/10mer 0.024 0.30 0.18 0.15 5.8 0.025
14/10mer 0.031 0.29 0.17 0.14 6.1 0.023
20/10mer 0.049 0.26 0.24 0.14 4.4 0.032
30/10mer 0.22 0.21 1.5 0.60 0.86 0.70
40/10mer 0.39 0.19 1.9 0.52 0.72 0.73
50/10mer 0.35 0.20 2.6 0.95 0.59 1.6

ing of duplex RNAs provides insight into coupling of ATP
hydrolysis to RNA unwinding, and of ATP hydrolysis and
RNA unwinding to conformational cycling of eIF4A (Fig-
ure 7C–F).

Coupling of ATP hydrolysis to conformational cycling in the
presence of ssRNAs. The turnover number for ATP hy-
drolysis should be limited by the slowest step in the con-
formational cycle of eIF4A. In the presence of the 10mer,
14mer, and 20mer, closing of eIF4A is rate-limiting, with a
rate constant of ∼0.20 s−1, whereas opening becomes rate-
limiting in the presence of the 30mer and the 50mer (kopen

≈ 0.33 s−1). The overall conformational cycling of eIF4A
is thus ∼1.7-fold faster in the presence of longer single-
stranded RNAs. Rate constants for ATP hydrolysis increase
with the length of the RNA present, and reach a maximum
value of ∼0.1 s−1 for the 30mer, 40mer, and 50mer RNAs
(see Figure 2). These findings are in reasonable agreement
with previous studies on rabbit eIF4A that reported a mini-
mal size of RNA of 12–18 nucleotides required for maximal
ATPase stimulation (34). Conformational cycling is faster
than ATP hydrolysis in the presence of all RNAs investi-
gated: The number of conformational cycles of eIF4A per
ATP hydrolyzed varies between 1.6 (in the presence of the
20mer RNA) and 2.9 (in the presence of the 10mer RNA),
with an average value of 2.2 (±0.5) conformational cycles
per ATP hydrolyzed. There is no evident correlation with
the length of the RNA (Figure 7C).

Average coupling of ATP hydrolysis to conformational cy-
cling in the presence of double-stranded RNAs. In the pres-
ence of double-stranded RNAs, rate constants for ATP hy-
drolysis increase with the length of the 5′-single-stranded
overhang, and reach a maximum of ∼0.1 s−1 in the pres-
ence of the 30/10mer. Further increase in the length of the
5′-single-stranded extension does not lead to a significant
increase in the turnover number. The presence of two alter-
native conformational cycles of eIF4A with different rate
constants precludes a straightforward analysis of coupling
in this case. However, the transit times for both conforma-
tional cycles can be determined by adding the inverse of the
rate constants for opening and closing for each cycle. From
the two transit times, the total number of conformational
cycles per second can be calculated (see Supplementary
Methods). Comparison of these values with the rate con-
stants for ATP hydrolysis yields the average coupling over
both cycles. In the presence of the 10/10mer and 14/10mer
RNAs, this calculation gives a value of 7–8 conformational
cycles per ATP hydrolyzed, whereas 4.0–4.6 conformational
cycles are required per ATP hydrolysis event in the presence

of the 20/10mer, 30/10mer, 40/10mer, and 50/10mer RNAs
(Figure 7D). The average coupling for the longer RNAs is
similar to the coupling observed for single-stranded RNAs,
indicating that the activation of the ATPase activity may
partly result from the interaction of eIF4A/B/G with the
single-stranded part.

Altogether, the data show that conformational cycling of
eIF4A is not rate-limiting for ATP hydrolysis. Conforma-
tional cycling that is faster than the chemical step of the
reaction catalyzed is not unprecedented: a recent study cor-
related the conformational dynamics of adenylate kinase
with the chemical step of phosphoryl transfer and found
that opening and closing of the enzyme are two orders of
magnitude faster than the reaction catalyzed (35).

Average coupling of conformational cycles and RNA unwind-
ing. For mammalian eIF4A (in the presence of eIF4H),
a previous smFRET study reported that conformational
changes are rate-limiting and strictly coupled to unwind-
ing of an RNA hairpin (16), which is clearly not the case
for yeast eIF4A. In contrast to the saturation behavior of
the ATPase activity with increasing length of the RNA, rate
constants for RNA unwinding first increase with increasing
length of the 5′-single stranded region, reach a maximum
for the 20/10mer, and then decrease dramatically when
the 5′-tail increases further in length (30/10mer, 40/10mer,
50/10mer). Consequently, the average number of confor-
mational cycles per RNA unwound first decreases from the
10/10mer (∼460 cycles/RNA unwound) to the 14/10mer
(170 cycles/RNA unwound), and reaches a minimum of
approx. 37 conformational cycles per unwinding event for
the 20/10mer (Figure 7E). For RNAs with longer 5′-single-
stranded regions, the number of conformational cycles per
RNA unwound increases again, to 260 (30/10mer), 800
(40/10mer), and 1500 (50/10mer; Figure 7E). It is impor-
tant to note that the considerations on coupling are inde-
pendent of whether opening in the presence of RNAs with
longer single-stranded regions is described by a single- or
double-exponential function. In contrast to ATP hydrolysis,
RNA unwinding is thus less tightly coupled to conforma-
tional cycling of eIF4A in the presence of RNAs with longer
5′-single stranded regions. This may also reflect a predom-
inant interaction of eIF4A/B/G with the single-stranded
regions flanking the duplex in these RNAs, and the result-
ing competition of the single-stranded regions with duplex
unwinding. In contrast, the lower coupling between con-
formational cycling and RNA unwinding with RNAs con-
taining short single-stranded extensions may result from the
enforced direct interaction with the duplex. Interaction of
eIF4A with single-stranded regions is in agreement with the
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suggested role of eIF4A in binding of all mRNAs, not only
those with secondary structure elements, and in recruitment
of these mRNAs to the PIC (8,36).

Average coupling of ATP hydrolysis and RNA unwinding.
Due to the different dependencies of rate constants for
ATP hydrolysis and RNA unwinding on the length of the
5′-single-stranded region, coupling of ATP hydrolysis to
RNA unwinding is maximal for the 20/10mer, with 0.12 un-
winding events per ATP hydrolyzed (corresponding to ap-
prox. 8 ATP hydrolyzed per RNA unwound; Figure 7F).
The 20/10mer offers 6 nucleotides for interaction with the
eIF4A/B/G complex, which is less than the binding site of
approx. 13 nucleotides estimated for rabbit eIF4A (37). Hu-
man eIF4A in the presence of eIF4B and eIF4G shows a
strong increase in unwinding velocity for a 12 bp-duplex
with a 20-nucleotide 5′-tail compared to a 10-nucleotide tail
(24), which is in agreement with the size of the RNA pro-
tected by rabbit eIF4A. For yeast eIF4F, the strongest in-
crease in unwinding rate was observed from an RNA with
a 15-nucleotide 5′-single-stranded region to an RNA with
a 30-nucleotide single-stranded region (38). The optimal
length of the 5′-single-stranded tail exceeds that of the bind-
ing site of rabbit eIF4A, which may be caused by the pres-
ence of eIF4G and eIF4E and their binding to the RNA. It
should be noted that the eIF4G-MC construct we used here
contains only one of the three RNA binding domains of
eIF4G (39). It can thus not be excluded that the unwinding
optimum might shift to longer 5′-single-stranded regions in
the presence of full-length eIF4G.

A certain length of the single-stranded region flanking
an RNA duplex is necessary to provide a binding platform
for the productive assembly of eIF4A, eIF4G, and eIF4B
on the RNA, with eIF4B and eIF4G contacting the single-
stranded region, and eIF4A positioned to unwind an ad-
jacent duplex. For RNAs with longer single-stranded ex-
tensions, the entire eIF4A/B/G complex appears to pref-
erentially interact with the single-stranded region, which
competes with binding at the single-strand/double-strand
junction and with productive duplex destabilization and un-
winding by eIF4A. Rapid unwinding of secondary struc-
tures in the 5′-UTRs flanked by short single-stranded re-
gions also makes sense in a physiological context: exam-
ination of yeast mRNAs (40), limited to the first 84 nu-
cleotides (the average length of a 5′-UTR), revealed that
single-stranded regions preceding double-stranded regions
are very often short, with a length between 6 and 16 nu-
cleotides in 69% of all mRNAs mapped. Thus, the 20/10mer
with its 6-nucleotide single-stranded region is a suitable
model system that mimics a typical structural feature of
yeast 5′-UTRs.

Towards a quantitative kinetic model linking conformational
cycling, ATP hydrolysis, and RNA unwinding by eIF4A

With double-stranded RNA, eIF4A can in principle un-
dergo three different reactions, productive, unproductive,
and futile cycles (Figure 7G). Productive cycles lead to ATP
hydrolysis and RNA unwinding, unproductive cycles occur

without ATP hydrolysis and RNA unwinding, and in futile
cycles ATP is hydrolyzed without RNA unwinding. From
these considerations, we would expect eIF4A to undergo
three alternative conformational cycles in the presence of
double-stranded RNAs (Figure 7G, Supplementary Figure
S9).

Futile cycling has been observed previously for helicases
of the superfamily 1 that couple ATP hydrolysis to translo-
cation on single-stranded DNA, such as PcrA (41). How-
ever, it is unclear if futile and productive cycles are con-
nected to differences in conformational dynamics of the en-
zyme. How can we reconcile the three different types of re-
action catalyzed by eIF4A with the two conformational cy-
cles observed in the presence of double-stranded RNAs?
The appearance of two observed rate constants for open-
ing suggests that two of the three reactions proceed through
the same closed state. In this case, the observed rate con-
stants for opening and closing in this cycle would be the
sum of the two microscopic rate constants for opening and
closing of these two reactions (k1+k3, k-1+k-3; see Supple-
mentary Methods). There are two possible hypotheses: Ei-
ther the two ATP-dependent processes, i.e. futile and pro-
ductive cycles, pass through the same closed state (Supple-
mentary Methods, Case 1), or the two reactions that oc-
cur without RNA unwinding, i.e. futile and unproductive
cycles, pass though the same closed state (Supplementary
Methods, Case 2). Upon closer inspection, the rate con-
stants k1 and k-1 (see Table 2) in presence of the double-
stranded RNAs are very similar (within 2-fold) to the rate
of ATP hydrolysis observed, suggesting that this cycle might
reflect the ATP-dependent processes. Consequently, k2 and
k-2 would reflect unproductive cycles without ATP hydrol-
ysis. From the three observed rate constants and the ap-
parent equilibrium constant Kapp, k1+k3, k2, k-1+k-3, and
k-2 can be calculated (see Supplementary Methods; Supple-
mentary Table S3A). An alternative model in which one of
the conformational cycles reflects futile and unproductive
cycles passing through the same closed state, and the second
conformational cycle reflects productive cycles, gives nega-
tive rate constants and can be discarded.

As only the sum of k1 and k3 or k-1 and k-3 can be deter-
mined from the data, we cannot a priori distinguish the frac-
tion of eIF4A going through futile cycles, and the fraction
undergoing productive cycles, which precludes a correla-
tion of the conformational cycles with the unwinding behav-
ior observed with different RNAs. Only if we assume that
both processes that depend on ATP hydrolysis occur with
the same rate constant (k1 = k3, k-1 = k-3), can we extract
all six microscopic rate constants (Supplementary Methods;
Supplementary Table S3). The net rate constant for pro-
ductive and futile cycles does not show a maximum for the
20/10mer RNA (Supplementary Table S3B), although this
RNA is unwound with the highest rate constant. However,
it is conceivable that the contributions of k1 and k3 or k-1
and k-3 to the observed rate constants for opening and clos-
ing in futile and productive cycles are different for different
RNAs, leading to the observed maximum of the unwinding
rate constant, and optimal coupling of ATP hydrolysis and
RNA unwinding with the 20/10mer RNA.
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Kinetic partitioning fine-tunes eIF4A activity to preferen-
tially unwind duplexes flanked by short single stranded re-
gions that are prevalent in yeast 5′-UTRs

Our three-cycle model (Figure 7G) describes eIF4A activi-
ties as the result of a kinetic partitioning (42) between futile,
unproductive, and productive cycles. The coupling of con-
formational cycling to ATP hydrolysis and RNA unwinding
is determined by the kinetic balance of these cycles. The rate
constant of unwinding is highest for RNA duplexes flanked
by short single-stranded regions. In the presence of these
RNAs, neither conformational cycling nor ATPase activ-
ity are fully stimulated, again pointing to the importance of
balancing the rate constants for these processes rather than
maximally accelerating all steps. Timing is key to achieve ef-
ficient ATP-driven duplex separation: In productive cycles,
the first strand of the RNA duplex has to dissociate from
the closed state of eIF4A before ATP is hydrolyzed, result-
ing in tight coupling of ATP hydrolysis to RNA unwinding.
In futile cycles, ATP is hydrolyzed before the first strand of
the duplex is released, and the intact duplex dissociates from
eIF4A, leading to ATP hydrolysis without unwinding (un-
coupled cycle). The fine-tuned balance of rate constants for
all processes involved, modulated by other translation ini-
tiation factors and the 5′-UTR itself, results in efficient un-
winding of duplex regions flanked by short single-stranded
regions, which is an abundant structural feature in yeast 5′-
UTRs, and thus tailors eIF4A to its physiological task.

Kinetic partitioning has been recognized decades ago
as the underlying principle that ensures the fidelity in the
biosynthesis of DNA and proteins (43). Although the func-
tional implications for eIF4A still need to be unraveled, the
kinetic partitioning model provides a valuable framework
for future work aimed at understanding eIF4A activity and
regulation in the context of translation initiation.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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