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ABSTRACT

Eukaryotic translation initiation is a highly regulated
process in protein synthesis. The principal transla-
tion initiation factor eIF4AI displays helicase
activity, unwinding secondary structures in the
mRNAs 50-UTR. Single molecule fluorescence reson-
ance energy transfer (sm-FRET) is applied here to
directly observe and quantify the helicase activity of
eIF4AI in the presence of the ancillary RNA-binding
factor eIF4H. Results show that eIF4H can signifi-
cantly enhance the helicase activity of eIF4AI by
strongly binding both to loop structures within the
RNA transcript as well as to eIF4AI. In the presence
of ATP, the eIF4AI/eIF4H complex exhibits persistent
rapid and repetitive cycles of unwinding and
re-annealing. ATP titration assays suggest that this
process consumes a single ATP molecule per cycle.
In contrast, helicase unwinding activity does not
occur in the presence of the non-hydrolysable
analog ATP-cS. Based on our sm-FRET results, we
propose an unwinding mechanism where eIF4AI/
eIF4H can bind directly to loop structures to desta-
bilize duplexes. Since eIF4AI is the prototypical
example of a DEA(D/H)-box RNA helicase, it is
highly likely that this unwinding mechanism is applic-
able to a myriad of DEAD-box helicases employed in
RNA metabolism.

INTRODUCTION

mRNA translation in eukaryotic cells begins with the
recruitment of a ribosome to the 50-untranslated region
(UTR) of the transcript. This process is regulated by

a set of translation factors, and is known as the initiation
step (1). In what is thought to be the rate-limiting step of
translation, 43S ribosome pre-initiation complexes (40S
subunits and associated factors) are recruited to the 50

m7GpppN cap structure—a structural feature present on
all nuclear-transcribed eukaryotic mRNAs. This process is
mediated by the heterotrimeric cap-binding initiation
complex, eukaryotic initiation factor eIF4F, which is
composed of a cap-binding factor (eIF4E), an RNA
helicase (eIF4A) and a scaffolding protein (eIF4G) (2).
Ribosome recruitment occurs as a consequence of inter-
actions between eIF4G and the multi-subunit,
ribosome-bound eIF3 (3,4). Translation initiation of
some eukaryotic mRNAs can occur independently of the
50-end by recruitment of 40S ribosomal subunits to
internal ribosome entry sites (IRESs) (5,6).
Secondary structure within the 50-UTR poses a barrier

to cap-dependent translation, requiring helicase activity to
facilitate ribosome recruitment (7). eIF4A-mediated
unwinding of RNA is required for ribosome recruitment
to mRNA templates with even a modest amount of sec-
ondary structure (8) and is thought to allow eIF4F to gain
access to the cap structure and/or to restructure
cap-proximal RNA sequences (9). The importance of
this step in translational regulation is highlighted by the
fact that deregulated eIF4F activity, either as a conse-
quence of altered subunit levels or perturbed eIF4E regu-
lation, is linked to alterations in the mRNA translation
profile, with profound effects on the resulting cell
proteome (10). Deregulated eIF4F activity has been
linked to tumor initiation and maintenance (11–14); there-
fore, understanding eIF4A’s helicase properties and mode
of action is important for developing strategies to
modulate translation initiation and provide novel thera-
peutic strategies to target unregulated translation in
cancer cells (15,16).
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eIF4A is the prototypical member of the DEA(D/H)-
box RNA helicase family, and is one of the more
abundant translation initiation factors, present at �3
copies/ribosome (17). eIF4A is present as two isoforms,
eIF4AI and eIF4AII, which share 90–95% sequence
identity and are thought to be functionally interchange-
able (18). The helicase activity of eIF4AI is significantly
stimulated by the presence of the translation initiation
factors, eIF4B or eIF4H, or when eIF4A is present as a
subunit of the eIF4F complex (eIF4Ac) (8,19–21).
Although eIF4AI has been extensively studied using
classical biochemistry approaches (19,22,23), the mechan-
isms underlying its ligand-dependent conformational
changes, its helicase activity as an individual unit, and
its significant activity enhancement in the presence of
eIF4B or eIF4H, have all to date remained incompletely
understood. Moreover, a direct and unambiguous meas-
urement of eIF4AI’s position on the mRNA template
during RNA unwinding has not been reported. Bulk
studies of eIF4AI helicase activity have classically used
gel electrophoresis oligonucleotide displacement assays,
which only detect the completely unwound products and
have not provided insight into unwinding dynamics.
In contrast, sm techniques, in particular, fluorescence

resonance energy transfer (sm-FRET), can provide direct
and highly quantitative accounts of eIF4AI location and
re-positioning on its RNA substrate during unwinding,
and is well suited to eIF4AI’s mechanism of action. This
technique’s utility for understanding helicase activity has
been highlighted by recent studies employing sm-FRET to
determine the spring-loaded DNA unwinding mechanism
of Hepatitis C NS3 helicase (24) and to probe a fast
repetitive motion of Escherichia Coli Rep helicase (25).
Here, we employ sm-FRET to probe eIF4AI’s unwinding
activity. We find that eIF4AI alone can induce rare and
isolated unwinding episodes of RNA duplexes. We also
use sm-FRET to probe the consequences of eIF4H,
another translation initiation factor shown to interact
with eIF4AI (26), on the unwinding parameters of
eIF4AI and find that the resulting eIF4AI/eIF4H
complex exhibits an abundance of persistent, repetitive
cycles of unwinding over extended periods of time. We
find that eIF4AI is directed to bind to single-stranded
loop structures by eIF4H, facilitating its ability to repeti-
tively unwind duplexes in an ATP-dependent manner.

MATERIALS AND METHODS

RNA/DNA substrate preparation

DNA and RNA oligonucleotides were purchased from
IDT (Coralville, IA, USA) and Dharmacon (Lafayette,
CO, USA), respectively. The oligonucleotides were
labeled using Cy3 or Cy5 (GE Healthcare, Little
Chalfont, UK) according to the vendor’s recommended
protocol. Oligonucleotides and dyes were mixed at a
molar ratio of 1:15, respectively. The conjugation
included incubating samples overnight in 0.1M sodium
tetraborate buffer (pH 8.5) at room temperature.
Conjugation was confirmed using native polyacryl-
amide gel electrophoresis (PAGE) and quantified by

UV–Vis absorption. RNA/DNA hybrid duplexes were
formed by annealing the oligonucleotides in 50mM
Tris–HCl (pH 7.5), 0.2mM EDTA and 500mM NaCl,
heating the samples to 95�C, and slowly cooling them to
4�C over a period of 2.5 h. The duplexes were then purified
using native PAGE.

Hybrid hairpin structures were prepared by mixing
DNA oligonucleotides, which contained a loop region,
with single-stranded RNAs. The DNA oligonucleotides
contained a terminal biotin moiety used for surface immo-
bilization in the sm assays. Ligation of the DNA/RNA
strands was performed with T4 RNA ligase 2 (New
England Biolabs, Ipswich, MA, USA), following which
substrates were purified by denaturing PAGE to remove
the unligated oligonucleotides. The preparation of a
blunt-ended hairpin substrate was performed by mixing
the purified hairpin sample with an additional oligo-
nucleotide (23 nt ssDNA) at a hairpin:ssDNA molar
ratio of 1:10, heating to 95�C, and allowing to slowly
cool to 4�C over a period of 2.5 h. The blunt-end hairpin
was purified using native PAGE. The sequences of all
oligonucleotides used in this study are shown in the
Supplementary Figure S1.

Protein expression and purification

Recombinant His6-eIF4AI and His6-eIF4H were
expressed in E. coli BL21-Gold (DE3) cells (Stratagene,
La Jolla, CA, USA). Following IPTG-induction of expres-
sion, lysis of cells by sonication and clearing of the
supernatant by centrifugation, His6-eIF4AI-containing
lysate was loaded on a Ni++-Sepharose 6 Fast Flow
resin (GE Healthcare, Piscataway, NJ, USA). The
matrix was washed, eluted with A300 buffer [20 mM
Tris (pH 7.5), 10% glycerol, 300mM KCl, 0.1mM
EDTA] containing 0.2M imidazole. Following dialysis
against A100 buffer [20mM Tris (pH 7.5), 10% glycerol,
100mM KCl, 0.1mM EDTA and 2mM DTT], eIF4AI
was loaded onto a Q-Sepharose fast flow matrix (GE
Healthcare). The resin was washed with 10 column
volumes of A100 and protein eluted using a linear salt
gradient from 100mM to 500mM KCl in buffer A
(20mM Tris (pH 7.5), 10% glycerol, 0.1mM EDTA,
2mM DTT). The eluted fractions were analyzed by
SDS–PAGE and those containing eIF4AI were pooled
and dialyzed against buffer A.

His6-eIF4H was first enriched on a Ni++-Sepharose
column then further purified on a Heparin-Sepharose
matrix (GE Healthcare). After applying the sample, the
resin was washed with 1 column volume of A100 containing
2mM DTT, and eIF4H eluted with a linear salt gradient
from 100 to 500mMKCl in buffer B [20 mMTris (pH 7.5),
10% glycerol, 0.1mM EDTA and 2mM DTT]. The eluted
fractions were analyzed by SDS–PAGE and those
containing t His6-eIF4H were pooled and dialyzed
against storage buffer [20 mM HEPES (pH 7.5), 25%
glycerol, 50mM KCl, 0.1mM EDTA and 1mM DTT].

Bulk FRET assay

In the bulk measurements, the donor (Cy3) and the
acceptor (Cy5) signals were collected using a home-build
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confocal setup as previously described (27). Cy3 was
excited by a 514.5-nm line of Ar+ laser (Spectra-Physics,
Santa Clara, CA, USA). Emissions from donor and
acceptor channel were discriminated using dichroic
mirrors (Chroma Technology, Bellows Falls, VT, USA)
and measured by two avalanche photodiodes
(Perkin-Elmer, Wellesley, MA, USA). The exposure time
is 1 s and the sampling rate is 2Hz. In all bulk experi-
ments, 1 nM of duplex substrate molecules were used to
minimize reannealing of the strands upon unwinding.

sm-FRET assays

Sm measurements were performed using a homemade
microfluidic chamber equipped with inlet and outlet flow
tubing as described in Di Fiori and Meller (28). The quartz
coverslip (Esco Products, Oak Ridge, NJ, USA) of the cell
was first coated with biotinylated BSA (Sigma, St Louis,
MO, USA) and then with streptavidin (Thermo, Rockford,
IL, USA). Biotinylated samples were immobilized on the
biotinylated BSA-anchored streptavidin as previously
described (28).

In a typical experiment, a 10 pM RNA/DNA hybrid
hairpin solution was flowed through the cell, immobilizing
roughly 100 molecules in a single field of view of the
microscope. In order to remove unattached hybrids, the
cell was washed 10 times with imaging buffer, comple-
mented with an oxygen scavenging system [50 mM Tris
(pH 7.5), 50mM NaCl, saturated Trolox (>2mM)
(Sigma), 5mM Protocatechusate (Sigma) and 0.15mM
Protocatechuate 3,4-Dioxygenase(Sigma)] (29). eIF4AI
or eIF4AI/eIF4H (1:1) complex (1 mM) was incubated
with the immobilized hybrids for 10min at 22�C in
imaging buffer containing 1mM ATP (Roche Applied
Science, Indianapolis, IN, USA) and 1mM MgCl2.

sm data acquisition and analysis

The FRET donor (Cy3) and acceptor (Cy5) signals were
collected using a modified objective-type total internal
reflection (TIRF) microscope (IX71, Olympus, Japan).
Cy3 was excited by a 532-nm laser (Millennia V, Spectra-
Physics, Santa Clara, CA,USA). Emissions from donor and
acceptorwere discriminated using dichroicmirrors (Chroma
Technology, Bellows Falls, VT, USA) and imaged by an
EMCCD camera (iXon DV 897, Andor Technology,
Belfast, Ireland) at 10 frames/s, except where otherwise
noted. A custom image acquisition program written using
LabVIEW (National Instruments, Austin, TX, USA) was
used to acquire movies and stream data to the computer’s
hard-drive. sm traces were extracted and analyzed using
programs written in Matlab (Mathworks, Natick, MA,
USA). FRET values were calculated as IA/(IA+ID), where
IA and ID are the fluorescence intensity of the acceptor and
donor channels, respectively, following correction of back-
ground noise. The two-state FRET oscillations were
analyzed using Hidden Markov Modeling (HAMMY).

Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSA) reactions
were performed in a binding buffer (20mM Tris–Cl,
pH 7.4, 80mM KCl, 2.5mM MgCl2, 1mM DTT and

1% glycerol). Reactions containing the indicated
proteins, fluorophore-labeled RNA, BSA, PEG and
ATP were performed at RT over the course of 30min.
RNA/DNA hairpin: substrates included RNA/DNA
hybrid hairpins carrying 3 - to 12-nt long loops, with a
12-bp stem region. The single-stranded overhang
region consisted of 23 nt. A Cy3 fluorophore was
attached internally to the DNA sequence. Samples were
loaded onto 10% non-denaturing polyacrylamide gel and
following electrophoresis, gels were scanned for Cy3
emission using a Pharos FX Scanner (BioRad, Hercules,
CA, USA).

ATPase activity

Phosphate (Pi) release from eIF4AI (and eIF4AI/eIF4H
complex) upon addition of ATP (10–100mM) was
measured using a fluorescently labeled mutant of phos-
phate-binding protein (MDCC-PiBP, Invitrogen PV4407).
Background Pi was removed from the reaction buffer
[20mM Tris–Cl (pH 7.5), 80mM KCl, 2.5mM MgCl2]
using a MOP solution containing 7-methylguanosine
(200mM) and purine nucleoside phosphorylase (Sigma-
Aldrich).

RESULTS

Bulk and sm characterization of eIF4AI unwinding
activity using FRET

Before undertaking sm-FRET measurements, we verified
that FRET could be used to assess eIF4AI helicase
activity in bulk. As previously reported (8), the helicase
activity of eIF4A was observed using a radiometric-based
gel assay (Supplementary Figure S2). We then developed a
bulk FRET assay for eIF4AI, using an RNA/DNA hybrid
duplexes since our plan was to immobilize RNA sub-
strates to solid support matrices using DNA for
sm-FRET experiments (see below) and eIF4AI is able to
unwind such substrates (30). Substrates consisting of
18-mer RNA/DNA hybrid duplexes (Tm=51.1�C,
�G=�21.4 kcal/mol) labeled using a FRET pair
(Cy3–Cy5) located on opposite strands displayed a
stable, high FRET level (Figure 1). Upon addition of
1mM ATP and increasing concentrations of eIF4AI, we
observed a gradual decrease in FRET signal, followed by
a steady lower FRET state determined by eIF4AI’s
concentration (Figure 1). The characteristic half-life for
FRET kinetics was �3min. In this assay, we used an
extremely low RNA/DNA duplex concentration (1 nM)
to avoid re-annealing of the two nucleic acids strands
within the experimental timeframe. No FRET change
was observed in the absence of ATP and the FRET
signal was eIF4AI concentration dependent (Figure 1).
Gel electrophoresis analysis of radio-labeled RNA
duplexes showed that in the presence of ATP, eIF4AI
unwinds RNA duplexes, in agreement with the FRET
measurements, and consistent with previous studies (19).
These experiments allow us to conclude that increasing
eIF4AI concentrations lead to an increase in unwound
RNA:DNA duplexes, although we can make no inferences
on the linearity of the response from these experiments.
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We next sought to characterize eIF4AI helicase activity
using sm-FRET. Initial attempts to use hybrid duplexes of
the type shown in Figure 1A as substrates were found to
be ineffective for sm-FRET since following unwinding of
the duplexes by eIF4AI, non-biotinylated strands
(carrying either the donor or the acceptor dye) diffused
away from the coverslip surface resulting in loss of
FRET signal. Hence, we developed a series of
RNA/DNA hybrid hairpin structures in which we
designed loops of various sizes, ranging from 3 to 12 nt
long (a hairpin molecule with a 12-nt long loop is shown
schematically in Figure 2A). All the hairpin substrate
molecules used in this study have �G values within the
range of �16 to �15 kcal/mol (Supplementary Figure S1),
which according to Figure 1 and previous reports (30),
should be completely unwound by eIF4AI. The loop
structure facilitated multiple observations of repeated
unzipping/re-annealing kinetics for the same molecule.
Figure 2B displays a sm time-trace of the donor (Cy3
green line, ID) and acceptor (Cy5 red line, IA) intensities
and their corresponding FRET value (IA/(ID+IA), blue
line) as a function of time. When both ATP (1mM) and
eIF4AI (2mM) were added, rare but distinct episodes of
FRET transitions were observed, characteristically
moving from an initial FRET value of 0.90 (correspond-
ing to a closed hairpin structure) down to a value of 0.60,
then returning to 0.90. Statistical analysis was performed
on a set of 1000 individual molecules, all of which ex-
hibited stable donor and acceptor emission for a
minimum of 2min. We found that traces containing at
least one FRET transition of any magnitude composed
only 3.8% of all traces. This subset of events was used
to construct a histogram of FRET values that displays
two clear peaks at FRET levels of 0.9 and 0.6, correspond-
ing to two well-defined FRET states that can be
approximated by a double Gaussian fit (black line;
Figure 2C). Photophysical effects could be ruled out as
the source of the FRET transitions for two reasons: (i)
Control experiments showed that in the absence of
either ATP or eIF4AI no FRET transitions were

observed (Supplementary Figure S3). (ii) It is well estab-
lished that fluorophore ‘blinking’ involves complete
‘switching off’ of one of the dyes, rather than a transition
to an intermediate FRET level (31,32). We observed that
even at low FRET values we still detect substantial photon
emissions from both dyes (Figure 2), making it unlikely
that these transitions are caused by photophysical effects.

Repetitive unwinding is induced in the presence of eIF4H

Next, we wished to assess the consequences of eIF4H on
the unwinding parameters of eIF4AI, given that previous
bulk studies have reported elevated eIF4AI ATPase
activity in the presence of eIF4H (20,33), as well as a
stimulation of helicase activity (20,34) (Supplementary
Figure S4). The addition of 1 mM eIF4H to eIF4AI
(at a 1:1 ratio) into the sm assay produced a striking
change in the FRET dynamics. The FRET levels repeat-
edly and rapidly varied between two discrete values (0.9
and 0.4) for periods lasting several minutes (Figure 3A).
Moreover, in sharp contrast to the isolated FRET transi-
tions caused by eIF4AI alone (Figure 2B), the oscillating
two-level transition pattern for the 12-base hairpin loop
accounted for >50% of all sm traces in a population of
more than 2000 molecules (Figure 3B). Since the transi-
tions in FRET value from 0.9 to 0.4 reflect roughly a 3 nm
change in donor–acceptor distance (approximately the
length of the eIF4AI dumbbell configuration at its
widest point) (35), and given that the FRET transitions
are ATP-dependent, the results are consistent with
previous results that eIF4H, which does not possess
inherent helicase activity, stimulates the unwinding
activity of eIF4AI. The eIF4AI/eIF4H complex leads to
reversible unwinding of structured RNA, while simultan-
eously preventing fast reannealing of the RNA template.
Each oscillation of the FRET trace between the high and
low level represents a single unwinding cycle. A Hidden–
Markov Model (HMM) analysis of the observed two-state
fluctuations (36) was used to extract the dynamics of this
process, characterized by ‘waiting time’ (high FRET level)

Figure 1. Bulk FRET assay displays an eIF4AI-dependent decrease in the steady-state FRET level. (A) A schematic diagram showing the substrate
molecules for bulk FRET assay. An 18 base pair RNA/DNA duplex labeled with a FRET pair introduced at a very low concentration (1 nM) is
unwound only in the presence of ATP and eIF4AI, reaching a lower steady-state FRET level. (B) Results from bulk FRET assays monitoring
eIF4AI helicase activity at the indicated eIF4AI concentrations and 1mM ATP.
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Figure 2. sm-FRET recordings of hairpin substrates in the presence of
eIF4AI. (A) Schematic diagram illustrating DNA/RNA hairpin sub-
strate harboring a 12-nt loop and 12 nt duplex region, labeled with a
FRET pair (Cy3–Cy5). The substrate is immobilized to a glass surface
via the 30-end biotin. (B) sm-FRET of the immobilized RNA/DNA
hairpin in the presence of eIF4AI, displaying episodes consisting of
decreased FRET signals followed by return to original values. (C)
FRET distribution from individual sm traces (N=38 out of 1000)
showing two distinct peaks at 0.9 and 0.6.

Figure 3. sm-FRET recordings of hairpin substrates in the presence of
eIF4AI/eIF4H. (A) A representative sm time trace of an RNA/DNA
hairpin structure (Schematic Illustration in Figure 2A). The hairpin
molecule is immobilized to the cover-slip surface using a biotin
moiety. eIF4AI/eIF4H are introduced at a concentration of 200 nM
and ATP concentration is 0.1mM. Donor (ID) and acceptor (IA)
intensities (green and red, respectively) are measured and the corres-
ponding FRET trace is calculated by: IA=ðIA+IDÞ (blue). (B) Histogram
of FRET levels obtained from N> 2000 individual molecules under the
same conditions as in A, showing two prominent peaks at 0.9 and 0.4.
The oscillating FRET behavior is observed in over 50% of the sm
events and is ATP dependent. (C) Dwell times of the low- and
high-FRET states are used to construct the time histograms of the
unwinding time and waiting time intervals (blue and green, respect-
ively). Single exponential models are used to fit the data (black lines),
yielding the characteristic timescales �U and �W.

Nucleic Acids Research, 2012, Vol. 40, No. 13 6203



and ‘unwinding time’ (low FRET level). Statistical
analysis of thousands of these transitions revealed expo-
nential distributions of the dwell times for each state,
where the characteristic unwinding time was found to be
�U=0.71±0.02 s and the characteristic waiting time was
found to be �W=1.35±0.05 s (Figure 3C).
To exclude the possibility that the observed FRET tran-

sitions stem from binding/unbinding events of multiple
eIF4AI/eIF4H complexes to the nucleic acid substrates,
we documented FRET activity (in the presence of
eIF4AI, eIF4H and ATP) for a set of substrate molecules,
followed by flushing the flow cell with more than 5 volumes
of buffer lacking eIF4AI, eIF4H or ATP and monitoring
FRET activity for 60 s (Figure 4). This treatment, which
resulted in a loss of FRET fluctuations (Figure 4B), was
then followed by re-introduction of only ATP into the
system. We noted a resumption of repetitive FRET fluctu-
ations (Figure 4C) for the majority of the observed sm
(some molecules were either photo-bleached during the
process or washed away). We interpret these results to
indicate that the FRET activity observed post-ATP re-
introduction is due to the presence of eIF4AI/eIF4H
proteins that have remained bound to the duplex strand
during all washes. Taken together with the results above
illustrating that the observed repetitive FRET transitions
are ATP-dependent and reflect a change in donor–acceptor
distance of �3 nm, they most likely result from an oscilla-
tory unwinding/reannealing pattern of the same eIF4AI/
eIF4H complex that remained bound to its substrate.

The eIF4AI/eIF4H complex preferably binds to the loop
region of hairpins

To further evaluate the stimulatory role of eIF4H on
eIF4AI unwinding dynamics, we explored how substrate
design could affect eIF4AI activity. It has been reported

that eIF4AI unwinds RNA substrates with single-strand
overhangs slightly more efficiently than blunt ended RNA
duplexes (30). By analogy, we speculated that eIF4H
facilitates duplex unwinding activity of eIF4AI by
binding first to single-stranded portions of the RNA. This
would serve two goals, both increasing the affinity of the
eIF4AI/eIF4H complex for single-stranded domains of the
RNA transcript as compared to the affinity of eIF4AI alone
for such substrates, and also allowing for a more processive
unwinding mechanism. In order to explore the binding
affinity of eIF4AI to the RNA substrate in the absence or
presence of eIF4H, we performed a series of electrophoretic
mobility shift assays (Supplementary Figure S5). A distinct
complex is not apparent upon incubation of eIF4AI or
eIF4H with RNA substrate. However, both proteins
together are capable of forming a distinct complex in the
presence of ATP or ATP-�S (Supplementary Figure S5,
lanes 7 and 8). Furthermore, we found that eIF4AI and
eIF4H formed more stable complexes when the loop size
of the hairpin substrates exceeded 6 nt (Supplementary
Figure S6).

The preferred binding location of the eIF4AI/eIF4H
complex to the RNA substrates used in these experiments
was determined by two additional sm-FRET experiments.
First, a complementary DNA oligonucleotide located
adjacent to the biotin residue was used to block the
single-stranded portion of the RNA substrate (Supple-
mentary Figure S7). For these ‘blocked’ samples, repeti-
tive FRET fluctuations were observed and persisted to the
same extent as reported above, indicating that a
single-stranded overhang does not contribute significantly
to eIF4AI/eIF4H’s repetitive unwinding capability. Next,
under the assumption that that eIF4H must preferentially
bind to the loop region, we tested substrates with different
loop sizes, ranging from 3 to 12 nt long. In each of these
experiments, we collected at least 1500 sm traces and

Figure 4. eIF4AI/eIF4H complex remains bound to the hairpin substrate during cycles of repetitive FRET signal oscillations. A typical FRET trace
for a single substrate molecule acquired in reactions containing: (A) both eIF4AI, eIF4H (1 mM) and ATP (1mM); (B) after>5� volume flushing of
the chamber with buffer lacking eIF4AI, eIF4H and ATP (‘Wash 1’); (C) following reintroduction of only ATP at 1mM (‘Wash 2’).
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calculated the fraction of traces displaying the oscillating
FRET pattern in each experiment. The results indicate
that FRET oscillations are practically non-existent when
the loop size is shorter than 6 nt (Figure 5). Furthermore,
the FRET assays showed a distinct increase in the percent
of substrate molecules undergoing oscillations for longer
loop sizes, reaching �65% when the loop size is 12 nt long.
The results suggest that the critical minimum loop size
required for the eIF4AI/eIF4H complex to bind and
initiate repetitive unwinding activity upon an RNA
substrate is 6 nt.

Sm measurements suggest that the repetitive RNA
unwinding involves a single ATP hydrolysis
per FRET cycle

To explore the role of ATP hydrolysis in the repetitive
unwinding process, we reduced the ATP concentration
from 1mM down to 30mM and measured the resulting
sm-FRET dynamics (Figure 6A). If the ‘waiting time’ tw,
represents the time required for the recruitment of a fresh
ATPmolecule from bulk, then reducing ATP concentration
to the point where ATP diffusion time becomes the
rate-limiting step is expected to affect tw but not ‘unwinding
time’, �U. This prediction is confirmed by our data. A 60%
increase in tw (circles) was observed upon reduction of the
ATP concentration below 0.1mM, whereas the unwinding
time (triangles) remained unaffected (�U=0.64±0.15 s)
for all ATP concentrations measured (the dwell-time
distributions for each data point are shown in Supple-
mentary Figure S8). Moreover, the fact that �U does not
increase upon a decreasing the ATP concentration, while
tw does increase, suggests that a single ATP molecule is
consumed per unwinding cycle since consumption of two
or more ATP molecules per cycle would have resulted in a
concurrent increase in �U when the ATP concentration falls
below �0.1mM.

We also tested whether or not the non-hydrolysable
ATP analog, ATP-�S, could substitute for ATP in the

unwinding reaction (Figure 6B). By keeping the total
concentration of [ATP]+[ATP-�S] fixed, we found that
increasing the fractional amount of ATP-�S up to 15%
had little effect on the waiting time or the unwinding time
(the dwell-time distributions for each data point are shown
in Supplementary Figure S9). However, we find that both
the fraction of sm traces showing consecutive sm-FRET
oscillations within a fixed 60 s monitoring interval, as well
as the average number of repetitive FRET cycles observed
for any given molecule, displayed a 3- to 4-fold decrease
with increasing x values (Supplementary Figure S10). This
experiment suggests that ATP-�S can substituted for ATP
in the initial eIF4AI/eIF4H complex formation, but

Figure 6. Dependence of the hairpin substrate unwinding dynamics by
the eIF4AI/eIF4H complex on ATP or ATP-gS concentrations. In these
experiments, 12-nt hairpin loop structures were used, and 1 mM of both
eIF4AI and eIF4H. (A) Relationship of the waiting times (�W, circles) and
the unwinding times (�U, triangles) on the ATP concentration. Each data
point represents statistics of at least 1000 sm traces (detailed distributions
are provided in the Supporting Information file). (B) The dependence of
waiting times (�W, circles) and unwinding times (�U, triangles) on the
relative ATP-gS concentration, with a fixed ATP concentration of
0.1mM. The abscissa x ¼ ½ATP��S�=ð½ATP�+½ATP��S�Þ. Each data
point represents statistics of at least 500 sm traces.

Figure 5. eIF4AI/eIF4H complex requires hairpin substrates contain-
ing minimum loop sizes of 6 nt for repetitive unwinding. The fraction of
sm traces showing> 3 oscillations in a 60 s monitoring time window is
plotted as a function of loop length (in nucleotides). Each data point
consists of at least 1500 sm traces.
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irreversibly terminates the FRET oscillations since these
require a hydrolytic event.

DISCUSSION

Sm approaches can be used to directly quantify a myriad
of biomolecular processes, providing observational access
to, and information about, their detailed dynamics under
physiological conditions, especially when used in combin-
ation with classical biochemical assays. Here, we utilized
sm-FRET to probe the unwinding dynamics of eukaryotic
initiation factor eIF4AI in the presence of the RNA-
binding factor eIF4H. Our results indicate that the
assembly of the eIF4AI/eIF4H complex on the RNA tran-
script, and subsequent unwinding of its duplex regions can
be significantly enhanced by long-lived binding of the
complex to single-stranded loop domains longer than a
critical minimum length of 6 nt. In accordance with
previous studies indicating that eIF4H binds to RNA
via the RNA recognition motif (RRM) domain, our
results support a simple RNA unwinding model, where
repetitive zipper-like unwinding/re-annealing cycles can
be efficiently executed by the eIF4AI/eIF4H complex
when bound to a loop domain within the secondary struc-
ture. Upon ATP hydrolysis, unwinding of the duplex
region induces rapid high-to-low FRET level transitions
(Figures 3 and 4). This mode of short distance helicase
activity is quite efficient, consuming a single ATP
molecule per cycle of unwinding. The unwinding process
can be terminated upon binding of the non-hydrolysable
ATP analog, ATP-�S. The ATP dependence of the
unwinding activity of eIF4AI/eIF4H is reminiscent of
other DEAD-box helicases such as CYT-19 and DbpA,
which have been shown to achieve complete strand separ-
ation of RNA duplexes via hydrolysis of a single ATP
molecule (37–39).
Linking eIF4AI activity to eIF4H function establishes a

crucial means by which eIF4AI activity could be
regulated. Generally, eIF4H activity involves directing
other cellular proteins to specific mRNA structures to
enhance their activity. For example, eIF4H binding is
required for the herpes simplex virus virion host shutoff
(Vhs) protein-induced degradation of many mRNAs,
where it targets Vhs to preferred sites within mRNAs
(40). siRNA-mediated depletion of eIF4H, but not
eIF4B, in HeLa cells impedes Vhs-mediated mRNA deg-
radation (40). We find that eIF4H plays a similar role in
stimulating eIF4AI activity.
The marked increase in unwinding activity observed for

hairpin substrates, as compared to a simple duplex with an
overhang, suggests that the eIF4AI/eIF4H complex binds to
hairpin loops with higher affinity than to single-stranded
overhangs. This configuration allows it to maintain close
interaction with both strands in order to initiate multiple
unwinding episodes, which in turn keeps the RNA in its
unwound state for a longer total period of time. Another
conceivable advantage of this configuration is that the
eIF4AI/eIF4H repeated unwinding activity augments
downstream steps, ultimately and indirectly stimulating
ribosome binding, and consequently protein synthesis.

eIF4H, like eIF4B, enhances the helicase activity of eIF4A
and contains an RRM that shows sequence homology to
eIF4B in this region—however, the two proteins are dissimi-
lar in their mechanism of action and their influence on
eIF4A RNA binding and ATPase activity (20). It remains
to be determined whether our results with eIF4H can be
extrapolated to eIF4B and will exhibit a complementary
function in our assay. The mRNA 50-UTRs present a
complex landscape of short stem and loop regions. Our
data suggests that if eIF4H could be delivered internally
to such loops, in conjunction with eIF4AI, RNA remodel-
ing should rapidly occur. This might play an important role
in IRES-dependent translation initiation.
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