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ABSTRACT

mRNA 5′ cap recognition by eIF4F is a key el-
ement of eukaryotic translational control. Kinetic
differences in eIF4F–mRNA interactions have long
been proposed to mediate translation-efficiency dif-
ferences between mRNAs, and recent transcriptome-
wide studies have revealed significant heterogene-
ity in eIF4F engagement with differentially-translated
mRNAs. However, detailed kinetic information exists
only for eIF4F interactions with short model RNAs.
We developed and applied single-molecule fluores-
cence approaches to directly observe real-time Sac-
charomyces cerevisiae eIF4F subunit interactions
with full-length polyadenylated mRNAs. We found
that eIF4E–mRNA association rates linearly anticor-
relate with mRNA length. eIF4G–mRNA interaction
accelerates eIF4E–mRNA association in proportion
to mRNA length, as does an eIF4F-independent ac-
tivity of eIF4A, though cap-proximal secondary struc-
ture still plays an important role in defining the fi-
nal association rates. eIF4F–mRNA interactions re-
mained dominated by effects of eIF4G, but were
modulated to different extents for different mRNAs
by the presence of eIF4A and ATP. We also found
that eIF4A-catalyzed ATP hydrolysis ejects eIF4E,
and likely eIF4E•eIF4G from the mRNA after ini-
tial eIF4F•mRNA complex formation, suggesting a
mechanism to prepare the mRNA 5′ end for ribosome
recruitment. Our results support a role for mRNA-
specific, factor-driven eIF4F association rates in ki-
netically controlling translation.

INTRODUCTION

Protein synthesis is a key stage of gene expression, and is
highly regulated to maintain cellular viability (1). In eu-
karyotes, translation is chiefly controlled during initiation.
Translational control also allows gene expression to re-
spond to changes in the cellular environment, and to exter-

nal stimuli, on a timescale faster than transcriptional regu-
lation (1).

Translation initiation on most eukaryotic mRNAs in-
volves the 5′ m7G(5′)ppp(5′)N cap (where N is the tran-
script + 1 nucleotide) (2). Cap recognition by initiation fac-
tor eIF4F leads to recruitment of the small ribosomal sub-
unit, in its 43S pre-initiation complex (PIC) (3). eIF4F is
composed of three subunits. eIF4E binds the cap struc-
ture (1,4–7). eIF4G, a large, multidomain protein, binds
eIF4E, mRNA, and eIF4A, a DEAD-box RNA helicase
(8,9). eIF4G also directly contacts the 43S PIC (10). The
resulting 48S PIC is thought to scan linearly through the
mRNA 5′ leader to the start codon (3,11,12). Cap recog-
nition, PIC recruitment and start-codon selection are each
major targets for translational control mechanisms (10,13).

mRNAs encoding different proteins are translated with
widely differing efficiencies (14,15). Early kinetic model-
ing studies implicated differing rates of cap recognition
as kinetically controlling ‘discrimination’ between mRNAs
competing for translation (16,17). Indeed, kinetics play
an integral role throughout translation initiation, which is
highly dynamic and proceeds through numerous intermedi-
ates with different molecular compositions and conforma-
tions on a seconds timescale (18,19). Understanding how
eIF4F–mRNA coordination unfolds in real time during
cap recognition is thus central to understanding molecu-
lar mechanisms of mRNA discrimination and translational
control (20,21).

While the kinetics of eIF4F binding to capped RNA
oligonucleotides have been elucidated (22–25), data are not
available for interactions with full-length mRNAs, which
present a much richer structural landscape that may im-
pact eIF4F function. Several important questions therefore
remain unanswered. For instance, in-vivo transcriptome-
wide studies have indicated substantial heterogeneity in
eIF4F•mRNA complex formation and utilization between
mRNAs (26–31) These differences can be explained in part
due to mRNA features, such as structures or sequences in
the 5′ leader––frequently cap-proximal––that confer eIF4F
dependence (1,7,15,32,33) However, the transcriptome-
wide data also point to unanticipated mRNA features that
may impact eIF4F function to define translational output.
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For instance, mRNA enrichment in eIF4E•eIF4G in vivo
intriguingly appears to anticorrelate with coding-sequence
length (26,34)––suggesting that mRNA elements beyond
the cap-proximal region, or even beyond the leader, may
be important determinants of eIF4F–mRNA interaction.
Indeed, an mRNA ‘length sensing’ model has been pro-
posed to contribute to variability in translation efficiency
(34), though different potential mechanisms have been pro-
posed to account for the phenomenon. Features beyond the
5′ leader have also been shown to contribute to the ability
of eIF4A to promote PIC recruitment (35). There is conse-
quently a need for a quantitative assessment of eIF4F dy-
namics on full-length mRNAs, and of the extent to which
the dynamics may vary between transcripts.

Biochemical, genetic, and structural studies have also es-
tablished that dynamic inter-subunit coordination is an im-
portant property of eIF4F function (3,8,11,13,20,21,36–43)
However, a detailed kinetic framework for the molecular
mechanisms of this coordination has not yet been estab-
lished (21). Past kinetics studies of eIF4F–RNA interaction
have utilized the intact heterotrimeric eIF4F complex puri-
fied from cell lysates, precluding isolation of the effects of in-
dividual subunits. Where complexes have been reconstituted
from purified subunits, to isolate effects of individual sub-
units, kinetics were measured with capped oligonucleotides
(25), or only partial eIF4G sequences were used that lack
RNA-binding activity (44).

How kinetics underpin the coordinated biochemical
functions of the eIF4F subunits thus remains poorly un-
derstood. For example, although eIF4G was shown to
greatly enhance eIF4E–cap interaction in crosslinking and
pulldown assays (45), through its RNA-binding activity
(38), it is not known whether this is due to acceleration
of initial eIF4E–mRNA encounter, to stabilization of the
eIF4E•eIF4G•mRNA complex after initial binding, or
to both effects. Likewise, whilst eIF4G–eIF4A interaction
stimulates the eIF4A ATPase and helicase activities (46)
by modulating eIF4A conformational cycling (41,42), and
eIF4A globally promotes cap recognition (29), the extent to
which eIF4A activity contributes to cap-recognition rates
on different mRNAs is unknown. Moreover, the division
of labor between eIF4F-bound eIF4A and the order-of-
magnitude cellular excess of free eIF4A over the eIF4F-
bound factor (47) is also not yet well understood, though
the free eIF4A fraction is increasingly implicated as con-
tributing to initiation (35,48) Indeed, although the function
of eIF4A as an ATP-dependent RNA helicase is well estab-
lished (49), the precise contributions of eIF4A ATP binding
and hydrolysis to the dynamics of eIF4F–mRNA recogni-
tion remain to be fully determined (8), as again does their
relative importance for eIF4F recognition of different mR-
NAs. More broadly beyond these examples for individual
eIF4F subunits, the precise sequence of molecular events
occurring in the eIF4F•mRNA complex prior to PIC re-
cruitment is not fully known (8,20,21).

We developed a suite of single-molecule fluorescence as-
says to directly observe Saccharomyces cerevisiae eIF4F–
mRNA recognition in real time. We dissected the contri-
butions of the eIF4F subunits to cap recognition on indi-
vidual, full-length yeast mRNAs that show varying binding
to eIF4F in vivo, and varying translation-efficiency depen-

dence on eIF4A. We also delineated the sequence of events
that follows initial eIF4F–mRNA binding en route to re-
cruitment of the 43S pre-initiation complex.

MATERIALS AND METHODS

In vitro transcription, RNA processing and labeling of
oligonucleotides

DNA templates to be transcribed were PCR-amplified from
Yeast Genomic DNA (EMD Millipore) with Phusion DNA
polymerase (NEB) using standard procedures. Primers se-
quences are reported in Supplementary Table S12. A T7
promoter (TAATACGACTCACTATAGG) was incorpo-
rated into the PCR product through the forward primer,
where the underlined bases become +1 and +2 nucleotides
added to the transcript. The resulting templates were in-
vitro transcribed to produce RNA using in-house purified
or commercial (NEB) T7 RNA polymerase. Transcription
reactions were typically carried out on a 40 �l scale, with ∼5
�g of DNA template, in a buffer consisting of 200 mM Tris–
HCl, pH 7.9, 0.05% (v/v) Triton-X-100, 15 mM spermidine,
2 mM each NTP and 5 mM DTT. MgCl2 concentrations in
this buffer were optimized for each transcript by titration,
and were 15–30 mM. Unreacted nucleotides were removed
from the transcription mixture with MicroBio-Spin gel fil-
tration columns (P30, Bio-Rad), and the RNA product was
then precipitated using 1

2 volumes of 7.5 M lithium chloride.
The resulting RNA pellet was redissolved after three washes
with 80% EtOH and run on a native 1% TBE–agarose gel,
to check for integrity. The RNAs were then capped using
the ScriptCap™ m7G Capping System (CellScript) with the
following modifications to the manufacturer’s protocol: the
incubation time with the capping enzyme was increased to 2
h, and the volume of enzyme added was increased twofold.
A poly(A) tail was added to the mRNA immediately after
capping, using Escherichia coli poly(A) polymerase (NEB),
following the manufacturer’s guidelines. The capped and
tailed mRNA was then re-purified by organic extraction
with acidic phenol-chloroform, precipitated with 0.1 vol-
umes of 3 M sodium acetate and two volumes of ethanol,
and resuspended in RNase-free water. To assess the capping
efficiency, the JJJ1, HXT2, and NCE102 RNAs were de-
salted using MicroBioSpin gel filtration columns (BioRad)
after capping, and then treated with RNA 5′ polyphos-
phatase (Epicentre) and RNA 5’ terminator dependent ex-
onuclease (Epicentre) for 1 h for each enzyme. Batches of
the same RNA, either capped and uncapped, were treated
separately, and RNA integrity was assessed on a 1.2% TAE–
agarose gel immediately after treatment. To obtain an es-
timate of poly(A) tail lengths, RNAs were run on a 1.5%
TAE–agarose gel for 20 min at 120 V after poly(A) tailing,
loaded next to the same mRNA lacking a poly(A) tail, and
staining with ethidium bromide.

5′ biotinylated and 3′ amino-modified oligonucleotides
purchased from IDT were reacted with a 1:8 molar ratio
of oligonucleotide to NHS-ester derivatives of Cy5 (for in-
tramolecular FRET experiments with dual labeled RNA),
Cy3 and Cy3.5 in 0.1 M sodium bicarbonate for 4 h at room
temperature, followed by four successive chloroform ex-
tractions to remove unreacted dye, and by buffer-exchange
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into ddH2O using MicroBio-Spin gel filtration columns
(P30, Bio-Rad). Labeling efficiency was typically 75% as
measured by UV/visible spectrophotometry. The labeled
oligonucleotides were stored at –20˚C and used without fur-
ther purification.

Protein purification and labeling

Genes encoding translation factors were expressed from
pET-28a(+) (Qiagen) or pTYB2 (New England Biolabs).
Overexpression was carried out at 37◦C in LB medium,
in volumes ranging from 1 L to 12 L. E. coli BL21(DE3)
CodonPlus RIL or BL21(DE3) cells expressing the target
recombinant protein were grown to an OD600 of 0.5–1 at
37◦C. Overexpression was then induced via addition of 0.5
mM IPTG, then the overexpression was allowed to proceed
overnight at 16◦C. For eIF4G, the induction was carried out
at 37◦C for 2–3 h. The resulting cells were harvested and
stored at –80◦C until purification.

His6-tagged yeast eIF4E(A124C) was purified as de-
scribed previously (25) Briefly, cell lysate from the over-
expression culture was loaded onto a gravity-flow Ni-
NTA agarose column (Qiagen) pre-equilibrated with eIF4E
buffer (50 mM HEPES–KOH, pH 7.4, 150 mM KCl, 2.5
mM TCEP). The column was then washed with 40 col-
umn volumes of eIF4E buffer containing 40 mM imidazole
to remove nonspecifically-bound proteins, then eIF4E was
eluted using eIF4E buffer containing 250 mM imidazole.
Imidazole was removed from the protein eluate by desalting
on a Bio-Rad 10-DG column equilibrated in containing 50
mM HEPES–KOH, pH 7.4, 150 mM KCl, 0.5 mM TCEP.
The resulting protein was immediately labeled with a sul-
fonated Cyanine 5 maleimide (Lumiprobe) overnight at 6◦C
in darkness. Unreacted fluorophore was then removed by
desalting on a BioRad 10-DG column. The labeled protein
was purified by gel filtration using a Superdex 75 Increase
column (GE healthcare), equilibrated in storage buffer (50
mM HEPES–KOH, pH 7.4, 150 mM KCl, 2.5 mM TCEP).
The labeling efficiency was assessed by UV/visible spec-
trophotometry, and was typically ∼50%. The protein was
stored at 6◦C in darkness, and was prepared freshly every
week as needed.

The plasmid containing recombinant full-length eIF4G1
was a gift from Sarah Walker (also available from Addgene
as plasmid #122248). This full-length eIF4G1 construct
with a C-terminal chitin binding domain fusion was puri-
fied according to a published procedure (50), with the fol-
lowing modifications: the cells were lysed using a sonica-
tor, and the final protein after elution was stored in 250
mM KCl instead of 250 mM KOAc, skipping the dialysis
after the anion-exchange chromatography step in the pro-
cedure, and DTT for storage was substituted with 2.5 mM
TCEP. Briefly, E. coli cells expressing full-length eIF4G1
were thawed, and lysed using a sonicator after resuspend-
ing in Intein Lysis Buffer (50 mM HEPES–KOH, pH 7.4,
500 mM KCl, 1 mM EDTA). The lysate was then clarified
by centrifugation at 20 000 × g for 15 min. The clarified
lysate was rocked with 4 ml of chitin resin (New England
Biolabs) for 30 min at 4◦C. The resin was then loaded into a
gravity-flow column and washed with 100 ml of Intein Lysis
Buffer. The column was then treated with micrococcal nu-

clease to remove nucleic acids from E. coli which co-purified
with eIF4G. Briefly, the resin was first equilibrated with mi-
croccocal nuclease buffer (50 mM HEPES–KOH, pH 7.4,
100 mM KCl, 2 mM CaCl2). Then, a 3 ml solution con-
taining 3 U/�l microccocal nuclease was passed through the
column. The resin was then incubated for 30 min at 37◦C.
Following nuclease treatment, the column was washed with
a further 50 ml of lysis buffer. The column was then flushed
with 8 ml of lysis buffer containing 50 mM DTT, and 6 ml
was allowed to pass through the column, which was then
sealed and incubated overnight at 6◦C. The following day,
the cleaved protein was eluted with 10 ml of lysis buffer. The
resulting protein solution was diluted to 100 mM KCl with
lysis buffer lacking KCl, then manually loaded onto a Q HP
column (1 ml; GE Healthcare Life Sciences) equilibrated in
50 mM HEPES–KOH, pH 7.4, 10% (v/v) glycerol, 2.5 mM
TCEP, 100 mM KCl and washed with five column volumes
of buffer containing 50 mM HEPES–KOH, pH 7.4, 10%
(v/v) glycerol, 2.5 mM TCEP, 100 mM KCl. The column
was then eluted manually with a step-gradient of 150, 200,
250 mM KCl in 50 mM HEPES–KOH, pH 7.4, 10% (v/v)
glycerol, 2.5 mM TCEP (one column volume for each step).
Eluate fractions were analyzed by SDS-PAGE; eIF4G typi-
cally eluted above ∼220 mM KCl. Single-use aliquots of pu-
rified eIF4G1 were prepared and were stored at –80◦C. The
His6-tagged eIF4G1–452 fragment (an NdeI fragment of the
eIF4G1 CDS) was purified essentially as for eIF4E, but 1
M KCl was included in the purification buffers.

His6-tagged recombinant eIF4G83–452 was expressed in
a pET-29b(+) vector using E. coli BL21(DE3) CodonPlus
RIL cells, under dual selection with chloramphenicol and
kanamycin. The resulting transformants were grown in a
10 ml starter culture at 37◦C for 16 h. A 2 L LB medium
flask was inoculated with this culture, and the culture was
grown until an O.D.600 value of 1. Overexpression was then
induced via addition of 1 mM IPTG, then the overexpres-
sion was allowed to proceed overnight at 16◦C. Cells were
harvested and resuspended in 30 ml of lysis buffer (50 mM
HEPES–KOH, pH 7.4, 150 mM KCl, 2.5 mM TCEP, 40
mM imidazole). The resuspended cells were lysed using a
sonicator, and the lysate was by centrifugation at 20 000 ×
g for 15 min. The lysate was then passed through a 0.2 �m
syringe filter and applied to a 1 ml HisTrap column (Cy-
tiva) equilibrated with 5 column volumes of lysis buffer. The
column was washed with 5 ml of lysis buffer, then the pro-
tein was eluted using a lysis buffer containing 250 mM im-
idazole. The resulting eluate was diluted 3-fold using lysis
buffer without salt or imidazole, and applied to a 1 ml Hi-
Trap Heparin column (Cytiva) equilibrated in buffer con-
taining 50 mM HEPES–KOH, pH 7.4, 10% (v/v) glycerol,
2.5 mM TCEP, 100 mM KCl. The column was washed with
5 column volumes of the same buffer, and bound protein
was then eluted with the same buffer containing 250 mM
KCl. The eluted protein was stored at −80◦C.

For non-specific fluorescent labelling of full-length
eIF4G, single-use aliquots of the eIF4G protein were
treated with an equimolar concentration of Sulfo-Cy5.5
Maleimide (Lumiprobe), resuspended as a 2 mM stock in
DMSO, for a total of 2 hours. The resulting fluorescent pro-
tein was then immediately used in the single molecule exper-
iments.
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His6-tagged recombinant eIF4A was purified as de-
scribed previously (25). E. coli cells expressing recombinant
eIF4A were first thawed and resuspended in eIF4A lysis
buffer (50 mM HEPES–KOH, pH 7.4, 300 mM KCl, 2.5
mM TCEP). After sonication for cell lysis, the resulting
lysate was clarified by spinning at 20 000 × g for 15 min.
The clarified lysate was applied to Ni-NTA agarose (equili-
brated in lysis buffer) as a first step, after filtering the lysate
through a 0.22 �m syringe filter. The bound protein was
eluted with lysis buffer containing 250 mM imidazole af-
ter washing with 10 column volumes of lysis buffer contain-
ing 40 mM Imidazole. The eluate was buffer-exchanged to
Buffer A using a BioRad 10-DG column (50 mM HEPES–
KOH, pH 7.4, 100 mM KCl, 2.5 mM TCEP) and subjected
to anion-exchange chromatography using a 5 ml Q HP
anion-exchange column (GE Healthcare). The column was
eluted with a linear gradient of 0.1–1 M KCl. eIF4A typ-
ically eluted at 250 mM KCl. Fractions containing eIF4A
were identified by SDS-PAGE analysis, then pooled, con-
centrated by centrifugal ultrafiltration, and further purified
by gel filtration chromatography using a Superdex 200 col-
umn (GE healthcare) equilibrated in 50 mM HEPES–KOH,
pH 7.4, 100 mM KOAc, 2.5 mM TCEP, 10% (v/v) glyc-
erol. The final protein sample was divided into single-use
aliquots and stored in storage buffer at –80◦C.

For preparation of labeled eIF4A, a construct was de-
signed that expresses the native eIF4A sequence with an
N-terminal Met-Ala-(pAz)Phe tripeptide extension for un-
natural amino acid incorporation. This plasmid was co-
transformed into E. coli BL21(DE3) cells with the pEVOL-
ps plasmid (a generous gift from Abhishek Chatterjee,
Boston College) under dual selection with chloramphenicol
and kanamycin. The resulting transformants were grown
in a 10 ml starter culture overnight. Afterwards, a 1 l
LB medium flask was inoculated with the starter cul-
ture and grown to an OD600 value of 0.5. 1 mM 4-
azidophenylalanine was then added to the culture medium
along with 2 mM arabinose to induce tRNA/aminoacyl-
tRNA synthetase expression. Finally, 2 mM IPTG was
added to induce expression of eIF4A. Overexpression was
allowed to proceed for 5 h in darkness, to avoid photochem-
ical damage to the unnatural amino acid. The cells were har-
vested and stored at –80◦C until purification. MA(pAzF)-
eIF4A was purified identically to unlabeled recombinant
eIF4A, with the exception that after initial Ni-NTA purifi-
cation the protein was treated with DBCO-Cy3 overnight
to conjugate the fluorophore to the unnatural amino acid.

Electrophoretic mobility shift assays (EMSAs).

RNA (20 nM based on 260-nm absorbance) was incubated
with eIF4G truncations (800 nM) or full-length eIF4G (400
nM) for 5 min in 1 × Assay Buffer (50 mM HEPES–KOH,
pH 7.4, 3 mM Mg (OAc)2, 100 mM KOAc), and run on
a 1.5% TAE-agarose gel at 6◦C for 30 min at 80 V. Bound
complexes were visualized using gels pre-cast with ethidium
bromide.

Steady-state ATPase assay for eIF4A activity.

The NADH-coupled ATPase assay was carried out accord-
ing to a published procedure (51) Briefly, reactions were as-

sembled on ice and started by adding Mg-ATP. The reac-
tion was set up with the KMg75 buffer (20 mM HEPES–
KOH, pH 7.4, 75 mM KCl, 1 mM DTT, 5 mM MgCl2),
250 nM eIF4A or Cy3-eIF4A, 125 nM full-length eIF4G,
1 mM ATP, 1 mM (measured as concentration of bases)
poly(U) RNA (Sigma), lactate dehydrogenase (20 U/ml fi-
nal concentration), and pyruvate kinase (100 U/ml) Ab-
sorbance was recorded at 340 nM with a Shimadzu UV2600
UV-visible spectrophotometer, measuring the decrease of
NADH absorbance with time. The slope of the absorbance
versus time graph was converted to the rate of ATP hy-
drolysis using an extinction coefficient of 6220 M–1 cm–1

for NADH, and normalized to the eIF4A concentration to
yield V/E0. Control reactions to establish the background
rate of NADH oxidation included no eIF4A and no RNA.

Single-molecule experiments

The custom RS instrument was set up as described previ-
ously (52,53) The RNA to be immobilized was hybridized
through its poly(A) tail to (dT)45 conjugated to biotin at its
5′ end and Cy3 or Cy3.5 at its 3′ end, to act as a FRET
donor. Annealing was performed using a thermocycler, by
heating 100 nM labeled oligonucleotide to 98◦C for 2 min in
the presence of 2- to 5-fold molar excess of mRNA, fol-
lowed by cooling to 4◦C at a ramp speed of 0.1◦C s–1. The
resulting mRNA:(dT)45 duplex was diluted to 3–10 nM flu-
orophore in smFRET assay buffer prior to immobilization
on the ZMW using the assay buffer.

Zero-mode waveguides were set up as described previ-
ously (52) Briefly, the ZMW chip was hydrated with as-
say buffer (final concentrations of 50 mM HEPES–KOH,
pH 7.4, 3 mM Mg(OAc)2, 100 mM KOAc) for 2 min, fol-
lowed by incubation with 16 �M NeutrAvidin (Thermo Sci-
entific) for 5 min to allow immobilization of biomolecules.
The chip was then washed three times with the assay buffer,
followed by addition of 10 nM mRNA:biotin–(dT)45–Cy3.5
duplex, which was allowed to immobilize for 20 min. The
chip was then washed again three times to remove non-
immobilized nucleic acids, and an imaging buffer contain-
ing PCA/PCD oxygen scavenging system and photostabi-
lizer (TSY) (52,54) was added. Prior to imaging on the RS
II, the chip was treated with 5% (v/v) each of BioLipidure
203 and 206, 1 mg/ml BSA and unlabeled eIF4E; this block-
ing step mitigates non-specific Cy5-eIF4E interactions with
the surface. Inclusion of this step did not detectably alter the
kinetics of eIF4E–mRNA interaction. After initiating the
imaging on the RS II, between 4 and 30 nM Cy5-eIF4E were
robotically injected onto the waveguide, starting the bind-
ing reaction. Where unlabeled eIF4G, and/or unlabelled
or Cy3-eIF4A were included in experiments, they were co-
delivered with Cy5-eIF4E at the concentrations indicated
in the results section. Subunits were pre-incubated for ∼15
min prior to co-delivery. The ZMWs were imaged with 10-
min movies acquired at 10 frames/second, at 0.7 �W/�m2

green (532 nm) laser power and 0.07 �W/�m2 red (642 nm)
laser power (for dual illumination experiments).

Single-molecule data processing and analysis

Raw movie data were extracted and analyzed with an in-
house MATLAB processing pipeline as described previ-
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ously (25,52,53) Image files were first converted to fluores-
cence versus time traces. The locations of events in the traces
were then manually assigned, resulting in distributions of
event and inter-event durations (i.e. lifetimes and arrival
times).

For the two-color FRET experiments, events showing an-
ticorrelated bursts between the FRET donor and accep-
tor were manually assigned as FRET. For kinetic analysis,
arrival-time or lifetime distributions for two-color smFRET
experiments were constructed from analysis of events oc-
curring on at least 100 mRNA molecules, which included
at least 500 events, and typically >1000 events. Addition to
the analysis of further molecules beyond this number nei-
ther significantly altered the kinetic parameters obtained,
nor improved the quality of data fitting. Empirical cumula-
tive distribution functions for unbinned distributions were
fit in MATLAB, using nonlinear least-squares regression,
to either single-exponential (1) or double-exponential (2)
models, as appropriate:

P (t) = 1 − e−kt (1)

P (t) = A
(
1 − e−kt) + (1 − A)

(
1 − e−lt) (2)

where P(t) is the cumulative probability distribution func-
tion, A is an amplitude term that describes the contribution
of each the two exponential phases to the cumulative prob-
ability in a double-exponential distribution, and k and l are
first-order rate constants. For double-exponential arrival-
time distributions, the fast-phase rate, which typically con-
stituted at least 70% of the amplitude, was used for com-
parison of eIF4E binding between different mRNAs and
conditions.

For goodness-of-fit evaluation, fits typically had an R2

value >0.99 (for all distributions generated from experi-
ments with eIF4E-G, eIF4F) and >0.95 (for experiments
containing only eIF4E and eIF4E|eIF4A). Root-mean-
squared errors of the fits for arrival-time distributions were
typically 0.02 or a lower value; lifetime distributions showed
more variable RMSE values with an upper limit of 0.1.
RMSE values and 95% confidence intervals of the fits are
provided in the Supplementary Tables.

For correlation of kinetic parameters with mRNA
lengths (Figure 1H, I; Supplementary Figure S1E, F; Figure
2B) Pearson correlation coefficients (R) were calculated us-
ing GraphPad Prism software (Version 9.1.). Correlations
with P < 0.05 based on a two-tailed Student’s t-test were
considered significant.

For the three-color FRET experiments, events showing
Cy3 signal only were scored as free eIF4A binding. Events
showing appearance of Cy3 fluorescence with a concomi-
tant increase in Cy5 fluorescence significantly beyond the
negligible expected bleedthrough (52), and showing appar-
ent FRET efficiency changes during the ensuing binding
event, were characterized as eIF4E–eIF4A FRET. A fur-
ther type of binding event where eIF4E–eIF4A FRET dis-
appeared while eIF4A stayed bound was also scored in both
the number of occurrences and the dwell time of the ini-
tial FRET event. During these Cy3 fluorescence pulses, the
dwell time of FRET when eIF4E–eIF4A FRET reappeared
was also quantified. Rate constants were quantified by ex-
ponential fitting as described above.

RESULTS

eIF4E interaction with full-length mRNAs is highly dynamic
and depends on mRNA length

From the ∼6000 S. cerevisiae protein-coding genes (55) we
chose mRNAs spanning a range of eIF4E binding in cells
(26). In vivo mRNA enrichments in eIF4E and eIF4G are
broadly similar; therefore, our selection also reflects enrich-
ment in eIF4G. We restricted mRNA candidates to those
that span a range of changes in translation efficiency (‘TE’)
on conditional knockdown of eIF4A, but where TE is not
significantly dependent on the second translational helicase,
Ded1p (29).

We arrived at four mRNAs that permute in vivo
eIF4E binding and eIF4A translation dependence (Fig-
ure 1A)––with in-vivo eIF4E binding that is below aver-
age (HXT2), average (NCE102), or above average (JJJ1,
HSP30), and where eIF4A knockdown either reduces trans-
lation efficiency (�TE < 0; JJJ1, HXT2), vs. where it
remains unchanged or potentially increases (�TE > 0;
NCE102, HSP30). We transcribed, capped and polyadeny-
lated these mRNAs in vitro (Supplementary Table S1; Fig-
ure S1A). Analysis of the final transcripts indicated that
they were near-quantitatively capped and that their poly(A)
tails were consistently ∼100 nt in length (Supplementary
Figures S1B, C).

We surface-immobilized the mRNAs for single-molecule
fluorescence analysis of eIF4E binding, by hybridizing a
fluorescently labeled, biotinylated (dT)45 oligonucleotide
to their poly(A) tails (Figure 1B) (53). We then deliv-
ered Cy5-labeled eIF4E to the mRNAs (30–70 nM, de-
pending on experiment; the normalized second-order rate
constants did not vary with eIF4E concentration in this
range) (Supplementary Figure S1D) (25). We chose these
concentrations of eIF4E to balance between minimiz-
ing non-specific eIF4E–surface binding, which creates a
background signal, and ensuring observation of a suf-
ficient number of binding events to allow robust data
analysis.

eIF4E delivery led to transient cycles of mRNA–eIF4E
single-molecule FRET (Figure 1C), as observed previ-
ously for unidentified full-length yeast mRNAs and for
capped oligoribonucleotides (25,53). FRET was observed
uniformly for the present set of 0.4–2 kb-long mRNAs, sug-
gesting eIF4E is within ∼7 nm of the poly(A) tail when
bound to the cap. We previously showed that almost all
eIF4E–mRNA binding events result in FRET (53). How-
ever, to ensure that mRNA end-to-end proximity was a con-
sistent mRNA feature over a broad length range in our sys-
tem, which is necessary to reliably interpret our signal, and
also to test the possibility that eIF4E induced mRNA end-
to-end proximity, we Cy5-labeled the 5′ triphosphate groups
(56) of polyadenylated MIM1, NCE102, HXT2 and JJJ1
(∼0.4 kb to ∼2.1 kb), then immobilized them by poly(A)
capture (Supplementary Figure S2A). Regardless of mRNA
length across this 0.4–2.1 kb range, we observed persistent
FRET between mRNA 5′ ends and poly(A) tails (Supple-
mentary Figure S2B–E) for the majority of the Cy5 lifetime
(Supplementary Figure S2F). These results are consistent
with mRNA folding and tertiary compaction bringing the
5′ and 3′ ends within FRET distance (56–59). Thus, our sm-
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Figure 1. eIF4E interaction dynamics with full-length mRNAs depend on mRNA identity and length. (A) Selection of mRNAs with varying in-vivo
enrichment in eIF4E•eIF4G and translation dependence on eIF4A, as measured by Costello et al. (2015), and Sen et al. (2015). (B) Schematic of single-
molecule FRET experiment to detect binding of fluorescently-labeled eIF4E to surface-immobilized, fluorescently-labeled mRNA. (C) Sample smFRET
trajectory showing eIF4E–mRNA interaction in the absence of other eIF4F components. (D) Representative cumulative distribution functions for eIF4E
association with (top) and dissociation from (bottom) full-length mRNAs. (E) eIF4E–mRNA association rates quantified from exponential fitting of
arrival-time and lifetime cumulative distribution functions. Error bars reflect the standard errors of the mean for three replicates of an experiment where
the eIF4E–mRNA binding rate is measured across at least 100 mRNA molecules. (F) eIF4E–mRNA dissociation rates from the experiments in E. (G)
eIF4E–mRNA equilibrium dissociation constants computed from the rates shown in E and F. (H) Dependence of eIF4E–mRNA association rate on
mRNA length. The rates for JJJ1, HXT2, HSP30, NCE102, and MIM1 were measured in the present study. The rates for GIC1, SSA1 and ATP4,
previously published in Çetin et al. (53), were added to include data points for correlation over a sufficient length range. (I) Dependence of eIF4E–mRNA
association rate on coding-sequence length.
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FRET signal reliably reports on eIF4E–mRNA interaction
(Supplementary Discussion D1).

To quantify the extent to which eIF4E–mRNA kinetics
differed between mRNAs, we determined eIF4E–mRNA
binding and dissociation rates by exponential fitting of the
distributions of waiting times between binding events, and
of the event durations (Figure 1D) (53). For our four mR-
NAs chosen with variable in-vivo eIF4E enrichment and
sole dependence on eIF4A, the dynamics differed substan-
tially between mRNAs: association rates ranged over about
four-fold, from 6.3 ± 1 �M–1 s–1 for JJJ1 to 23 ± 3 �M–1

s–1 for HSP30 (Figure 1E); dissociation rates depended less
on mRNA identity (0.43 ± 0.08 s–1 to 0.9 ± 0.06 s–1; Fig-
ure 1F, Supplementary Table S2), as observed previously for
populations of unidentified mRNAs from cells (53).

Assuming a two-state, on-off equilibrium-binding model
(Kd = koff/kon), eIF4E–mRNA affinities spanned a Kd
range of ∼18 ± 6 nM to ∼96 ± 58 nM (Figure 1G), a higher
affinity than for the dinucleotide cap analog, and equal
or significantly greater affinity than for capped oligonu-
cleotides (25,60,61). However, whilst high-affinity, the bi-
molecular eIF4E–mRNA interaction is highly dynamic on
the initiation timescale.

We did not observe a strong correlation between eIF4E–
mRNA equilibrium dissociation constants and in-vivo RIP-
seq enrichment; e.g. the JJJ1 mRNA is the most enriched
(26) in eIF4E of our set of mRNAs in cells, but its mea-
sured equilibrium dissociation constant is indistinguish-
able within error from HXT2, which is the least enriched.
However, mRNAs found to be more enriched in eIF4E
in vivo tended on the whole to have faster eIF4E associa-
tion rates in our experiments (Supplementary Figure S1E),
though the trend did not reach the level of a statistically
significant correlation. This observation would be consis-
tent with eIF4E–mRNA enrichment being controlled kinet-
ically, rather than thermodynamically in cells. An alterna-
tive explanation is that the eIF4E–mRNA interaction does
equilibrate in vivo, but the position of equilibrium is dic-
tated by additional translation components, e.g. eIF4G, the
eIF4F complex, or other factors.

eIF4E–mRNA binding in vivo and translation depen-
dence on eIF4G show an inverse relationship with mRNA
and coding-sequence length (26,28,30). This has been inter-
preted in terms of more efficient formation of the ‘closed-
loop’ mRNP, through enhanced eIF4G–poly(A) binding
protein interaction owing to closer end-to-end proximity for
shorter mRNAs (34). However, since our and others’ data
suggest that equilibrium end-to-end proximity is relatively
constant across mRNA lengths, we sought to test the al-
ternative possibility that eIF4E– and or eIF4E•G–mRNA
dynamics might intrinsically vary with mRNA length. To
address this question, we correlated eIF4E–mRNA inter-
action kinetics with mRNA leader, coding-sequence, and
total length. To provide a wider mRNA length range for
this analysis, we supplemented our initial four mRNAs
with data for four additional transcripts – ATP4, SSA1,
GIC1 and MIM1. We previously measured (53) the eIF4E–
mRNA association rates for SSA1, GIC1, and ATP4; here,
to extend the range to shorter lengths we newly introduced
MIM1 (434 nt). This combined set of mRNAs allowed cov-

erage over a broad range of coding-sequence lengths (0.3–
1.7 kb) and total mRNA lengths (0.4–2.1 kb).

We found no correlation of eIF4E association rates with
mRNA leader length (Supplementary Figure S1F). How-
ever, remarkably, the association rates correlated signifi-
cantly with total mRNA length (Pearson’s R = –0.931,
P = 0.0008; Figure 1H); i.e. mRNAs with longer coding se-
quences bound eIF4E more slowly. As the CDS accounts
for 48–90% of the total length for these mRNAs, a similar
but slightly less pronounced anticorrelation holds for CDS
length (Pearson’s R = –0.869, P = 0.005; Figure 1I).

Occluded-volume effects on eIF4E diffusion in zero-
mode waveguides due to increased mRNA size are highly
unlikely to decelerate eIF4E association, since the hydro-
dynamic radii of mRNAs in the 0.7–2.0 kb length range
(7–12 nm) (62) are at most ∼8% of the zero-mode waveg-
uide diameter (∼150 nm) (52,63). Thus, eIF4E–mRNA as-
sociation rates differ by over four fold across a CDS length
range that encompasses transcripts between the 10th and
80th percentiles of length in the yeast transcriptome (64).

These data suggest that at least one aspect of enhanced
closed-loop mRNP formation on shorter mRNAs is their
relative ease of binding eIF4E: faster eIF4E on-rates for
shorter mRNAs would afford them an increased time-
averaged occupancy of eIF4E•eIF4G at the 5’ end, allow-
ing for more frequent interactions with the poly(A)-binding
protein––essentially a kinetic formulation of the situation
in classical thermodynamic coupling of linked equilib-
ria. However, rather than the frequency of eIF4E•eIF4G–
Pab1p encounters being driven by more frequent mRNA
end collisions in short mRNAs (34), our data suggest it
can be driven by more frequent eIF4E•eIF4G–cap associ-
ation on those mRNAs. In turn, these findings raised the
question of whether similar steric effects would operate for
eIF4E•eIF4G or eIF4F.

Yeast eIF4G1 accelerates eIF4E–cap binding in proportion
to mRNA length

We next co-delivered eIF4E (25 nM) to the immobilized
mRNAs with full-length yeast eIF4G1 (250 nM). We chose
this eIF4G1 concentration as the eIF4E•eIF4G equilib-
rium dissociation constant is ≤ 30 nM (65); eIF4E is thus
expected to be quantitatively bound to eIF4G under these
conditions. This expectation is consistent with the concen-
tration dependence of the stimulation by eIF4G of Cy5-
eIF4E association with capped oligoribonucleotides, which
indicates a similar or higher Cy5-eIF4E•eIF4G affinity in
our experimental system (25).

We examined the effects of eIF4G on eIF4E–mRNA
association across an mRNA length range from MIM1
(434 nt) to SSA1 (2,122 nt). eIF4G (Supplementary Fig-
ure S1D) accelerated eIF4E–mRNA association for all mR-
NAs (Figure 2A). However, the extent of acceleration dif-
fered by mRNA, from almost eight-fold for the longest mR-
NAs (SSA1 and JJJ1) to just over two-fold for the shortest
(MIM1), resulting in rates from 32 ± 4 to 89 ± 18 �M–1

s–1 (Supplementary Table S3). The degree of acceleration
also correlated significantly with total mRNA and coding-
sequence lengths (Figure 2B; Supplementary Figure S3A),
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Figure 2. eIF4G1 accelerates eIF4E–mRNA binding in an mRNA-dependent manner and allows the interaction to persist on the translation initiation
timescale. (A) eIF4E-mRNA association rates in the absence (grey) and presence (red) of full-length yeast eIF4G1. (B) Fold-stimulation of eIF4E–mRNA
association rate by eIF4G1, as a function of mRNA length. (C) Kinetics of eIF4E–mRNA dissociation for transient binding events in the presence (blue)
and absence (grey) of eIF4G1. (D) Representative single-molecule fluorescence trace for eIF4E–mRNA binding in the presence of eIF4G1. The inset
shows representative transient and prolonged events on an expanded time axis. (E) Cumulative probability distributions of eIF4E–NCE102 mRNA event
durations in the absence (grey) and presence (blue) of eIF4G1, showing appearance of slowly-dissociating events when eIF4G1 is present. (F) eIF4E–
mRNA dissociation rates for long-lived binding events in the presence of eIF4G1. (G) Apparent equilibrium dissociation constants for the eIF4E–mRNA
interaction in the presence of eIF4G1. (H) eIF4E–mRNA association rates in the presence (red) and absence (grey) of eIF4G11–452.

again with a more significant correlation for total length
than for coding-sequence length; shorter mRNAs showed
less acceleration. Nevertheless, despite this accelerative ef-
fect eIF4E–mRNA association rates remained faster for
shorter mRNAs, though the range of rates was narrower
than for eIF4E alone.

The narrowed association-rate range we observed with
eIF4G is consistent with cap accessibility being more simi-

lar between mRNAs in the presence of eIF4G. The accelera-
tive effects could in principle result from structural changes
in eIF4E induced by eIF4G binding, or from eIF4G–
mRNA interactions. We found that an eIF4G1 fragment
(eIF4G1–452) containing the N-terminal RNA-binding do-
main but truncated immediately N-terminal to the eIF4E-
binding domain, also accelerated eIF4E association (Fig-
ure 2H), with the exception of the HSP30 mRNA. There-
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fore, the accelerative effect is not solely due to the eIF4E–
eIF4G interaction. When the N-terminal RNA-binding do-
main was removed from this truncation (eIF4G83–452; Sup-
plementary Figure S3B), which abolishes its RNA-binding
activity (Supplementary Figure S3C), no stimulation of
eIF4E–mRNA binding was observed (Supplementary Fig-
ure S3D). Thus, direct eIF4G–mRNA interactions play a
deterministic role in accelerating eIF4E–cap binding.

We previously showed that the extent of cap-proximal
secondary structure impedes eIF4E–mRNA association in
the absence of eIF4G, in an approximately linear anti-
correlation over a wide range of secondary-structural
propensities (53). To investigate whether similar effects op-
erate for eIF4E•eIF4G, we compared the eIF4E•eIF4G–
mRNA association rates for mRNAs in our dataset that
have well-defined PARS structural data, spanning the range
of structuredness in their cap-proximal 30 nucleotides.
NCE102, the mRNA with the least structured 5’ end (PARS
score: –15.18), bound eIF4E•eIF4G with the highest rate:
89 ± 18 �M–1 s–1. SSA1, which has a highly structured 5’
end (PARS score of 45.7), bound eIF4E•eIF4G the slow-
est, at 32 ± 4 �M–1 s–1. An mRNA with intermediate cap-
proximal secondary structure, HXT2 (PARS score –6.38),
also showed an intermediate eIF4E•eIF4G–mRNA asso-
ciation rate of 41 ± 7 �M–1 s–1. Thus, cap-proximal struc-
ture that impedes eIF4E–mRNA association also impedes
eIF4E•eIF4G–mRNA association.

More frequent eIF4E binding in the presence of eIF4G
also raised the possibility that the additional events were
due to eIF4E•eIF4G binding to internal, cap-proximal
mRNA regions without eIF4E binding the cap. Exper-
iments with uncapped (5′-triphosphate), polyadenylated
NCE102 mRNA did result in transient eIF4E–mRNA
FRET events (mean duration ∼1 ± 0.31 s), but at only ∼2%
of the association rate relative to the capped mRNA (Sup-
plementary Figure S3E–G). This is consistent with residual
eIF4E•eIF4G binding either at the 5′ end, or at the 3′ end
close to the FRET donor, and bolsters the conclusion that
our FRET signal is specific for cap binding.

Taken together, our results imply that while
eIF4E•eIF4G–mRNA association rates are dominated
by eIF4G, the cap structure offers a point of attachment
that biases stable accommodation of eIF4E•eIF4G at the
5′ end. The RNA-binding activity of eIF4G mitigates an
mRNA length-dependent barrier to eIF4E–cap binding,
but the final association rate still depends on the extent
of cap-proximal secondary structure. The results are also
consistent with previous results for mammalian eIF4F
binding to RNAs (66), in that the affinity of eIF4F for
RNA is driven dominantly by eIF4G.

Yeast eIF4G1 prolongs the eIF4E–cap interaction, allowing
it to persist on the initiation timescale

Our data were surprising in that, for eIF4E alone, cap-
binding events were short relative to the initiation timescale
(67,68), contrasting with eIF4E remaining associated with
the 48S ribosomal pre-initiation complex throughout scan-
ning (69). Fast eIF4E dissociation would limit how long an
intact eIF4F•mRNA complex is available for PIC recruit-
ment. On the other hand, different models have been pro-

posed in relation to whether eIF4E remains cap-bound as
the mRNA 5′ end enters the PIC mRNA channel (70,71).
eIF4E remaining cap-bound, or dissociating and rapidly
rebinding, would favor maintaining eIF4G bound to the
mRNA 5’ end, and thus looping of the leader as it moves
through the PIC in search of the start site (39,70,72,73).
We therefore assessed how eIF4G impacted the eIF4E–cap
binding duration.

eIF4G slightly or moderately lengthened transient
eIF4E–mRNA binding events for most mRNAs
(koff = 0.35 ± 0.01 s–1 to 0.93 ± 0.25 s–1) (Figure 2C;
Supplementary Table S3), resembling its effect on eIF4E
binding to capped oligonucleotides (25). The effect varied
between mRNAs, yielding a slightly narrower range of
dissociation rates. However, the interactions remained
transient on the initiation timescale.

Strikingly, though, a proportion of eIF4E-mRNA bind-
ing events lengthened by an order of magnitude in the
presence of eIF4G (∼10–34%, depending on mRNA) (Fig-
ure 2D; Supplementary Table S3). The effect was ob-
served as double-exponential behavior in the event-duration
distribution (Figure 2E), and varied between mRNAs
(koff = 0.03 ± 0.01 s–1 to 0.15 ± 0.01 s–1) (Figure 2F). These
long events were not observed with the eIF4G1–452 fragment
(Supplementary Figure S3H, I), implying they result from
direct eIF4E–eIF4G interaction. Increasing the eIF4G con-
centration to 1 �M did not increase the relative propor-
tion of the longer events (Supplementary Figure S3J, K),
arguing that the remaining transient events are not due to
eIF4E–mRNA binding without eIF4G. Similarly, titrating
the eIF4G concentration from 75 to 250 nM did not alter
the eIF4E–mRNA association rate, consistent with satura-
tion of eIF4E in the eIF4E•eIF4G complex under our ex-
perimental conditions (Supplementary Figure S3L). As the
Cy5 lifetime is >2 min in our illumination conditions (Sup-
plementary Figure S2B–E), disappearance of FRET is un-
likely to be due to Cy5 photobleaching.

Taken together, these results imply that the two dis-
sociation events occur from two different states of the
eIF4E•eIF4G•mRNA complex. The simplest possible in-
terpretation for the identity of the second state is an alter-
native conformation in which one or more of the eIF4G
RNA-binding domains have engaged the mRNA, leading
to a higher energetic barrier for detachment of eIF4E from
the eIF4E•eIF4G•mRNA complex, and thus the slower
dissociation rate. Put otherwise, the data as a whole point
to an accommodation mechanism where initial encounter
of eIF4E•eIF4G with the mRNA through the cap struc-
ture precedes formation of more stable eIF4G–mRNA
contacts.

These combined effects of eIF4G on eIF4E association
and dissociation drastically enhanced the apparent eIF4E–
cap affinity: Kd,app values for the interaction were reduced
∼4.8 – 15.8-fold (Kd range: 2.8 ± 0.9 to 23 ± 9 nM, calcu-
lated based on a weighted average of the two dissociation
rate constants) (Figure 2G). As in the case of eIF4E alone,
these equilibrium dissociation constants did not trend with
the in-vivo RIP-seq eIF4E enrichments of the mRNAs, but,
on the whole, the mRNAs enriched in eIF4E again showed
faster association rates (Supplementary Figure S3M). This
would also be consistent with eIF4E•eIF4G–mRNA as-
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sociation being kinetically, rather than thermodynamically
controlled in vivo.

Taken together, our data show that the eIF4G RNA-
binding activity is central to both accelerating cap recog-
nition and allowing it to persist on the initiation timescale.
While the accelerative effect is more pronounced on longer
mRNAs, shorter mRNAs still bind eIF4E•eIF4G faster, at
rates inversely dependent on cap-proximal secondary struc-
ture. Also, while eIF4G induces long eIF4E–mRNA bind-
ing events, the association rates still confer greater variabil-
ity in eIF4E–mRNA interaction dynamics between mR-
NAs.

An eIF4F-independent function of eIF4A accelerates eIF4E–
cap binding, depends on ATP binding but not hydrolysis, and
correlates with in-vivo translation-efficiency dependence on
eIF4A

Free eIF4A (i.e. not eIF4F-bound) is present at ∼20 �M in
vivo (47,74,75), in large excess over eIF4E•eIF4G. Despite
its abundance, cellular eIF4A appears to be rate-limiting for
translation, at least in yeast––i.e. small reductions in con-
centration substantially reduce translational output (76).
We recently reported that free yeast eIF4A (i.e. not bound to
eIF4G or eIF4F) increased eIF4E association rates across
mRNA populations (53). However, it remained unclear
whether this effect operates to the same extent for all mR-
NAs, or whether they are affected differently. Moreover, the
relationship of this phenomenon to translation dependence
on eIF4A was unclear.

We co-delivered eIF4E to the immobilized mRNAs with
eIF4A (2 �M) in the presence of 2.5 mM ATP. For these ex-
periments we chose the HXT2, NCE102, HSP30 and JJJ1
mRNAs as their translation efficiency in vivo depends on
eIF4A, but not the translational helicase Ded1p (29). We
chose 2 �M as the eIF4A concentration to ensure a sub-
stantial excess of eIF4A over eIF4E, and where eIF4A–
RNA equilibrium binding is expected to be substantially
saturated (46).

eIF4A and ATP addition indeed accelerated eIF4E-
cap association for each mRNA (Figure 3A,B). However,
the fold-acceleration ranged from 1.2 ± 0.1 (marginal, if
any, stimulation) to 4.2 ± 0.8-fold, yielding rates from
24.8 ± 0.1 to 52.8 ± 7.2 �M–1 s–1 (Supplementary Ta-
ble S4). As observed for eIF4G, the fold-acceleration of
eIF4E–mRNA binding induced by eIF4A again was greater
for longer (JJJ1, HXT2) vs. shorter (NCE102, HSP30)
mRNAs. The fastest association rate was again observed
for the least 5′-structured mRNA (NCE102). No acceler-
ation was induced by eIF4A in the absence of ATP (Sup-
plementary Figure S4). However, acceleration was quan-
titatively indistinguishable when ATP was substituted by
the slowly-hydrolyzable analog ATP-y-S (Figure 3C; Sup-
plementary Table S5). We performed the ATP-less and
ATP-y-S experiments with the JJJ1 and NCE102 mR-
NAs as they showed substantial eIF4A enhancement of
eIF4E binding. We opted for ATP-y-S, rather than the non-
hydrolyzable AMPPNP, because AMPPNP does not sup-
port PIC–mRNA recruitment (35). Nucleotide binding to
eIF4A is thus sufficient for the accelerative effect. Mean-
while, eIF4E–mRNA binding events with free eIF4A and

ATP remained essentially the same length relative to the
eIF4E-only condition (Figure 3D).

This reduction in kinetic barrier height for eIF4E–
mRNA binding caused by eIF4A could result from mod-
ulation of either steric (i.e. cap-accessibility) or electro-
static factors that determine the nature of the transition
state for the binding reaction. Given that the electrostat-
ics of eIF4E–cap interaction are thought to be domi-
nated by elements common to all mRNAs (i.e. the m7G
moiety and a portion of the cap-structure triphosphate
bridge) (77), an eIF4A-mediated increase in cap accessi-
bility most reasonably accounts for the accelerated bind-
ing. Since ATP hydrolysis is not required for the effect, it
is unlikely to result from unwinding of secondary struc-
tures by eIF4A, although, as in the case of eIF4E•eIF4G,
cap-proximal secondary structures clearly contribute to the
final eIF4E–mRNA binding rate (53). Because the accel-
erative effect increased in proportion to mRNA length,
we propose that it results from a weakening of tertiary
or higher-order mRNA structures caused by formation of
the eIF4A•mRNA complex––eIF4A ‘clamps’ the tertiary
structure in a more open, decompacted conformation. In-
deed, a number of DEAD-box helicase enzymes have been
implicated in RNA-clamping roles, which in some cases
promotes association of RNA-binding proteins (78). Along
similar lines, eIF4A was recently shown to block inter-
molecular RNA–RNA interactions that form polymeric
condensates in vitro and stress granules and P-bodies in vivo
(79).

To probe the relevance of eIF4A-mediated acceleration of
cap binding to translation in vivo, we correlated the eIF4E–
mRNA association rates for each mRNA with publicly-
available ribosome-profiling data for the mRNAs’ eIF4A–
translation efficiency dependence (29). eIF4A indeed accel-
erates eIF4E binding to a greater degree for mRNAs that
are hyperdependent (HXT2, JJJ1) on eIF4A compared to
hypodependent mRNAs (HSP30, NCE102) (∼1.8-fold ver-
sus ∼3.6-fold) (Figure 3E). Thus, our results are consis-
tent with ‘free’ eIF4A, outside the eIF4F complex, playing
a physiologically relevant role in promoting cap-dependent
translation initiation.

The full eIF4F complex modulates eIF4E–mRNA interaction
dynamics in an ATP-dependent manner

We next assessed how formation of the full eIF4F com-
plex modulated eIF4E–mRNA binding. We again included
eIF4A (2 �M) and eIF4G (250 nM), reflecting their rela-
tive cellular concentrations and ensuring that eIF4E is near-
quantitatively bound to both proteins in the eIF4F com-
plex. eIF4E was included at 10–30 nM, as eIF4G potenti-
ates nonspecific eIF4E interactions with the ZMW surface.
Based on past thermodynamic analysis (65), under these
conditions eIF4E is expected to be quantitatively bound in
an eIF4F complex.

In the eIF4F complex without ATP, eIF4E–mRNA asso-
ciation accelerated on all mRNAs relative to eIF4E alone
(Figure 4A,C), with rates between 43.3 ± 9.8 �M–1 s–1 for
JJJ1 and 102.2 ± 0.5 �M–1 s–1 for HSP30 (Supplemen-
tary Table S6). This rate for HSP30 was the fastest mea-
sured in the present study. Acceleration again varied be-
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Figure 3. Free eIF4A with bound ATP stimulates eIF4E–mRNA association independently of eIF4G. (A) Representative single-molecule trace showing
eIF4E–mRNA interaction in the presence of 2 �M eIF4A and 2.5 mM ATP. (B) eIF4E-mRNA association rates in the presence (red) and absence (grey) of
eIF4A and ATP, compared with eIF4E-only rates. (C) eIF4E–mRNA association rates in the presence of eIF4A and ATP or ATP-� -S, for the NCE102 and
JJJ1 mRNAs. (D) eIF4E–mRNA dissociation rates in the presence of free eIF4A and ATP. (E) Relationship between translation-efficiency dependence
on eIF4A and the fold-increase in eIF4E–mRNA association rate induced by free eIF4A and ATP.

tween mRNAs, from 6.8 ± 1.9 to 3.0 ± 0.4-fold. The net
effect was to differentiate eIF4E–mRNA binding between
mRNAs relative to the eIF4E•eIF4G condition, though,
as with eIF4E and eIF4E•eIF4G, the shorter mRNAs
(NCE102 and HSP30) retained faster association rates.
Since the individual effects of eIF4G and eIF4A•ATP on
eIF4E–mRNA cap association served to narrow the range
of eIF4E–mRNA association rates relative to the eIF4E-
only condition, this differentiation of rates observed with
all components of the eIF4F complex present is reason-
ably ascribed to intersubunit coordination that leads to a
different mode of mRNA engagement by the eIF4F het-
erotrimer than is afforded by the sum of the individual sub-
unit activities. Based on the available structural and bio-
chemical data (39,41,42,80,81), and supported by the re-
sults described below, we propose that the conformational
changes induced in the eIF4F subunits on formation of
the eIF4F complex enhance the ability of eIF4F to dis-
criminate between mRNAs in cap recognition, relative to
eIF4E•eIF4G.

Long and short eIF4E–mRNA binding events were also
observed with eIF4F, and their relative incidence was un-

changed within experimental error. Transient eIF4E dis-
sociation occurred at around ∼0.3–0.6 s–1, similar to
eIF4E•eIF4G (Figure 4D), while long events dissociated
at between ∼0.05 and 0.10 s–1 (Figure 4E), slightly faster
than for eIF4E•eIF4G. These results again place eIF4G as
a dominant kinetic contributor to eIF4F–mRNA affinity,
echoing thermodynamic data for human eIF4F (66).

However, addition of ATP led to both mRNA-specific
and global changes in dynamics (Figure 4B, F–H). The
HSP30 association rate was strikingly reduced, from be-
ing the fastest among the mRNAs, to being the slowest
(32.8 ± 7.0 �M–1 s–1) with ATP present (Figure 4F; Sup-
plementary Table S7). This almost entirely reversed the ac-
celeration in eIF4E–mRNA binding afforded to HSP30
by eIF4F. On the other hand, the NCE102, HXT2 and
JJJ1 mRNAs showed small or no reductions in association
rate on ATP addition. Since the eIF4F-independent activ-
ity of eIF4A•ATP universally had the effect of accelerating
eIF4E–mRNA association (Figure 3B), our data imply that
the kinetic changes in eIF4E–cap binding observed on ad-
dition of ATP to eIF4F are mediated through eIF4A bound
in the eIF4F complex.
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Figure 4. The eIF4F complex discriminates eIF4E–mRNA interaction dynamics in an ATP-dependent manner. (A) Representative single-molecule fluo-
rescence trace for eIF4E–mRNA interaction in the eIF4F complex without added ATP, on NCE102. (B) Representative trace for eIF4E–mRNA binding
in the eIF4F complex with ATP, on NCE102. (C) eIF4E–mRNA association rates for the eIF4F complex without ATP (red), compared with the rates
in the presence of eIF4E only (grey). (D) Dissociation rates of transient eIF4E–mRNA interactions in the eIF4F complex without ATP. (E) Dissociation
rates of long-lived eIF4E–mRNA interactions in the eIF4F complex without ATP. (F) eIF4E–mRNA association rates in the eIF4F complex with ATP
(red), compared with the rates in the presence of eIF4E only. (G) Dissociation rates of transient eIF4E–mRNA interactions in the eIF4F complex with
ATP. (H) Dissociation rates of long-lived eIF4E–mRNA interactions in the eIF4F complex with ATP.

As in the cases of eIF4E with added ‘free’ eIF4A(ATP),
and eIF4E•eIF4G, the fold-acceleration of eIF4E–mRNA
binding with eIF4F in the presence of ATP, rela-
tive to eIF4E alone, retained a length dependence––i.e.
eIF4F(ATP) on the whole accelerated eIF4E binding to a
greater extent for longer mRNAs (e.g. JJJ1 versus HSP30).
Moreover, the net association rate following this acceler-
ation was again fastest on the 5′-unstructured NCE102
mRNA.

ATP addition also shortened both the long and short
eIF4E–mRNA binding events for the eIF4F complex, i.e.
the complex became more dynamic (Figure 4B, G, H). For
the long events, this effect ranged from a modest ∼50%
for HSP30 to around two-fold for HXT2. Dissociation
kinetics also became even more similar between mRNAs
than in the other conditions, pointing to a common rate-
limiting step for eIF4E dissociation from the eIF4F•mRNA

complex. However, the identity of that step still remained
unclear.

Because eIF4E–mRNA dynamics became much more
similar between mRNAs with eIF4F in the presence of ATP,
no trends were discernible with respect to the in vivo RIP-
seq enrichment data. However, since yeast eIF4A does not
co-purify with eIF4E•eIF4G (8), direct comparisons may
not be possible between the RIP-seq experiment and our
experimental conditions where eIF4E•eIF4G is exposed to
constant and high eIF4A concentrations. Nevertheless, and
as for eIF4E•eIF4G alone, our data indicate that the main
source of mRNA-to-mRNA variability in eIF4E–mRNA
interaction for the eIF4F(ATP) complex is the association
rate.

We were initially surprised at the extent to which
eIF4F(ATP) tended to equalize eIF4E association rates be-
tween mRNAs, with the exception of the NCE102 which
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had a higher association rate. A priori, this would run
counter to the proposal that differential eIF4F interaction
differentiates translation between mRNAs. However, in-
spection of publicly available published data revealed that
the JJJ1, HXT2 and HSP30 mRNAs have quite similar
ribosome occupancies and densities in vivo as measured
by ribosome density mapping (82), and JJJ1 and HXT2
have similar translation efficiencies as measured by ribo-
some profiling (83) (the translation efficiency for HSP30
was not included in this ribosome profiling dataset). Mean-
while, NCE102 has significantly higher ribosome occupan-
cies and densities, along with a higher translation efficiency
than the other mRNAs (Supplementary Table S8). Thus,
our data are consistent with a kinetic-control model for
cap recognition in vivo, where differential eIF4F association
rates limit translation differentially between mRNAs.

Simultaneous direct observation of eIF4A– and eIF4E–
mRNA interaction reveals variable eIF4A and eIF4F dynam-
ics on different mRNAs

To broaden our view of eIF4F intersubunit coordina-
tion during cap recognition, we performed three-color ex-
periments that included fluorescent Cy3-eIF4A (15 nM)
(Supplementary Figure S5A), co-delivered with Cy5-eIF4E
(10 nM) and unlabelled eIF4G (250 nM) to surface-
immobilized Cy3.5-mRNA (Figure 5A). Cy3-eIF4A RNA-
dependent ATPase activity was indistinguishable from the
unlabeled protein (Supplementary Figure S5B,C). The Cy3-
eIF4A concentration was limited to 15 nM to prevent non-
specific (i.e. RNA-independent) interactions with the sur-
face at higher concentrations, which hinder data analysis.
The concentrations of eIF4E and eIF4G were chosen for
the reasons described previously. For these experiments we
chose JJJ1, NCE102 and HXT2, which span the range of
stimulation of eIF4E binding by eIF4A.

We observed two types of eIF4A–mRNA binding event.
In the first, eIF4A binding was accompanied by eIF4E–
eIF4A FRET. (53%, 45% and 43% of all eIF4A binding
events for HXT2, JJJ1 and NCE102, respectively) (Figure
5B, C). Since no direct eIF4E–eIF4A interaction is known,
we interpret these events to represent assembly of an intact
eIF4F complex.

In a second event type, eIF4A bound mRNA without
FRET to eIF4E (47%, 55% and 57% for HXT2, JJJ1 and
NCE102) (Figure 5D). This second class of events results
from two separate processes: binding of an authentic eIF4F
complex in which the eIF4E is non-fluorescent, and eIF4A–
mRNA binding outside of eIF4F, i.e. ‘free’ eIF4A–mRNA
interaction (approximately 10% of eIF4A is expected to
be free––i.e. not bound to eIF4E•eIF4G––under our con-
ditions) (65). Two types of this no-FRET eIF4A–mRNA
binding mode were observed – transient and longer-lived,
with the transient events constituting 25–90% of the eIF4A–
mRNA encounters, depending on mRNA (Supplementary
Figure S6; Table S9).

The eIF4A–mRNA dissociation rates in eIF4A–eIF4E
co-binding events (i.e. authentic eIF4F–mRNA complex
formation) were kinetically similar between mRNAs, and
ranged from 0.027 s–1 ± 0.007 (JJJ1) to 0.041 ± 0.003
(HXT2) (Figure 5E; Supplementary Table S10). Con-

versely, the dynamics of eIF4A–RNA binding events lack-
ing eIF4E–eIF4A FRET varied between mRNAs and also
differed kinetically from events where eIF4E–eIF4A FRET
was observed, consistent with a portion of them reporting
on eIF4A–mRNA interactions outside the eIF4F complex.
The dissociation rates for the dominant (higher-amplitude)
eIF4A dissociation pathway in these no-FRET events also
varied considerably between the mRNAs, from 0.095 ± 0.03
s–1 (NCE102) to 0.325 ± 0.003 s–1 (HXT2) (Figure 5F; Sup-
plementary Table S9).

eIF4A–mRNA association rates were identical between
mRNAs within experimental error (Figure 5G, Supple-
mentary Table S9). Interestingly, then, and in contrast to
eIF4E, variable affinity of free eIF4A for different mRNAs
appears to result from differences in the lifetimes of the
eIF4A•mRNA complexes. This echoes results that demon-
strate different conformational dynamics of eIF4A in the
presence of RNA oligonucleotides that differ in their du-
plex properties, as well as unwinding by eIF4F (46,80). Ex-
trapolating our data to cellular concentrations of eIF4A,
these results further implicate free eIF4A as a multifunc-
tional ‘mRNA chaperone’ that maintains cap accessibility
for eIF4F binding.

ATP hydrolysis ejects eIF4E from the cap after initial eIF4F–
mRNA binding

Initial eIF4F•mRNA complex formation sets the stage
for recruitment to the mRNA of the 43S ribosomal pre-
initiation complex. A key question around cap recognition
is how the mRNA 5′ end is transferred into its channel on
the 40S subunit if the cap is bound by eIF4E/eIF4F. How-
ever, the sequence of events occurring in the eIF4F•mRNA
complex immediately after its formation remains incom-
pletely understood (8).

In our two-color smFRET experiments with eIF4F, we
found that addition of ATP increased the rate of eIF4E–
mRNA dissociation. Our three-color experiments now al-
lowed us to directly follow the fates of eIF4E and eIF4A
once bound to mRNA. In these three-color experiments,
we also found that eIF4E fluorescence frequently disap-
peared before eIF4A fluorescence after formation of an
eIF4F•mRNA complex detected by co-arrival of Cy5-
eIF4E and Cy3-eIF4A fluorescence displaying Cy3-Cy5
FRET (Figure 6A). Within these eIF4F–mRNA events,
eIF4E dissociation prior to eIF4A was the most common
outcome, and occurred for ∼66% of eIF4F–mRNA binding
events on NCE102, 51% on JJJ1 and 61% on HXT2 (Fig-
ure 6B). Simultaneous disappearance of eIF4E and eIF4A
fluorescence thus occurred in 34%, 49%, and 39% of eIF4F–
mRNA binding events on NCE102, JJJ1 and HXT2, re-
spectively. We observed hardly any occurrences of eIF4A
departing the mRNA before eIF4E. Thus, there is a prefer-
ence for disrupting eIF4E–cap interaction whilst maintain-
ing eIF4A–mRNA binding. This echoes findings for mam-
malian eIF4F where cap binding appears to reduce eIF4E
affinity for eIF4F (8,84).

Disappearance of eIF4E fluorescence could be due ei-
ther to its complete dissociation from eIF4F•mRNA, or
adoption of an extended eIF4F conformation that places
eIF4E out of FRET range to both mRNA and eIF4A.
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Figure 5. Three-color smFRET to probe eIF4F- and eIF4A-mRNA interaction dynamics. (A) Schematic of the three-color smFRET experiment with
two donors (on eIF4A and mRNA) and one acceptor (eIF4E). A FRET signal between Cy5-labeled eIF4E and the Cy3.5-labeled mRNA is tracked at
the same time as a FRET signal between Cy3-eIF4A and Cy5-eIF4E. (B) Relative incidence of eIF4A-mRNA binding occurring with and without FRET
to eIF4E. n is the number of molecules analyzed to enumerate the event types on each mRNA. (C) Reaction pathway and representative smFRET trace
showing concomitant mRNA binding of eIF4E and eIF4A with eIF4E–eIF4A FRET, consistent with eIF4F–mRNA binding, on JJJ1. The eIF4A–
mRNA lifetime measured in panel E is indicated. (D) Reaction pathway and representative single-molecule fluorescence trace for eIF4A–mRNA binding
without eIF4E–eIF4A FRET on JJJ1. These events result both from ‘free’ eIF4A–mRNA interaction (‘eIF4A(–EG)’), and eIF4F–mRNA interaction
where eIF4E is unlabeled (‘eIF4A(+EG)’. The Cy3 and Cy5 signals were manually corrected by linear subtraction to equalize their background values, for
clarity of presentation. (E) eIF4A–mRNA dissociation rates following eIF4A–mRNA binding with eIF4E, i.e. with observable eIF4E–eIF4A FRET as
shown in panel C. The Cy3 and Cy5 signals were manually corrected by linear subtraction to equalize their background values, for clarity of presentation.
(F) eIF4A–mRNA dissociation rates following eIF4A–mRNA binding without FRET to eIF4E. (G) eIF4A–mRNA association rates across all binding
event types.
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Figure 6. Dynamic coordination within eIF4F after cap recognition. (A) Representative smFRET trajectory showing event with ejection of eIF4E prior to
eIF4A, and fluctuations in the eIF4F•mRNA conformation on JJJ1. (B) Relative incidence of initial eIF4E dissociation vs. eIF4E/eIF4A co-dissociation
from eIF4F•mRNA complexes. n is the number of molecules analyzed to enumerate the event types on each mRNA. (C) Reaction pathway and annotated
representative single-molecule fluorescence trajectory for eIF4F•mRNA complex formation and dynamics, observed by dual red/green illumination which
directly reports on the presence of both Cy3-eIF4A and Cy5-eIF4E. (D) Rates for the initial eIF4E–mRNA dissociation event after eIF4F–mRNA complex
formation. (E) eIF4E–mRNA dissociation rates for events where eIF4E rebinds mRNA following initial dissociation from eIF4F•mRNA. (F) Reaction
pathway and representative single-molecule fluorescence trajectory for a four-color experiment where eIF4G is non-specifically labeled with Cy5.5, allowing
its simultaneous detection with Cy3-eIF4A and Cy5-eIF4E. eIF4E and eIF4G fluorescence co-depart the mRNA. (G) Reaction pathway and annotated
representative single-molecule fluorescence trajectory for eIF4F•mRNA complex dynamics with ATP-� -S. The Cy3 and Cy5 signals were manually cor-
rected by linear subtraction to equalize their background values, for clarity of presentation. (H) Relative incidence of eIF4E or eIF4A dissociation, or
co-dissociation from the eIF4F•mRNA complex in the presence of ATP-� -S.
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To differentiate between these possibilities, we repeated the
experiment with direct excitation of the Cy5-eIF4E fluo-
rophore. In this illumination scheme, all eIF4E–mRNA in-
teractions are detected, rather than only interactions that
produce FRET––i.e. adoption of a no-FRET conformation
would be reported by loss of FRET but persistence of the
Cy5 signal. We found that disappearance of eIF4E–mRNA
FRET following eIF4F–mRNA binding was due to com-
plete dissociation of Cy5-eIF4E from mRNA for 90% of
the FRET events on the JJJ1 mRNA (Figure 6C). Put oth-
erwise, eIF4E is ejected from the eIF4F•mRNA complex
shortly after cap recognition.

We also observed relatively frequent eIF4E rebinding af-
ter initial ejection (Figure 6C). However, while the first
eIF4E dissociation event occurred at a rate of 0.07 – 0.09
s–1 across all mRNAs, dissociation during the subsequent
rebinding events was slightly faster (koff ∼ 0.11–0.14 s–1)
(Figure 6D, E; Supplementary Table S11). This raised the
question of whether eIF4E was dissociating alone, or along
with eIF4G. To directly address this question, we non-
specifically labelled full-length eIF4G with Cy5.5, allow-
ing eIF4E and eIF4G to be visualized simultaneously as
they interact with mRNA. We then co-delivered labelled
eIF4E, eIF4G and eIF4A to surface-immobilized mRNA.
The most common behaviour observed after co-arrival of
eIF4E, eIF4G and eIF4A (i.e. eIF4F•mRNA complex for-
mation) was that the Cy5-eIF4E and Cy5.5-eIF4G fluo-
rescence departed the mRNA simultaneously (Figure 6F).
Thus, our data support a model where eIF4E•eIF4G is
ejected from the cap as a unit shortly after eIF4F•mRNA
complex formation, leaving eIF4A bound to mRNA. This
model is also consistent with the finding that RIP-seq en-
richments for eIF4E and eIF4G1 are highly similar in yeast
(26); if eIF4E was frequently ejected on its own, RIP-seq en-
richments would be expected to be higher for eIF4G than
for eIF4E.

To establish the role of ATP hydrolysis in this ejection
process, we substituted ATP with ATP-� -S and monitored
the dynamics of the corresponding eIF4F•mRNA com-
plexes (Figure 6G). With the slowly-hydrolyzable analog,
the relative incidence of eIF4E–eIF4A co-dissociation from
RNA increased at the expense of eIF4E ejection (Figure
6H).

Thus, taken together our data indicate that eIF4A-
catalyzed ATP hydrolysis occurring shortly after formation
of the eIF4F•mRNA complex ejects eIF4E, and most likely
eIF4E•eIF4G, from the mRNA 5′ end.

DISCUSSION

An mRNA-centric model for cap-recognition dynamics

Our results reveal that eIF4E interactions with full-length
mRNAs are highly dynamic on the initiation timescale, and
that the dynamics vary between mRNAs. This variability is
dominantly due to differences in eIF4E–mRNA association
rates, which are influenced by mRNA features and tuned by
eIF4F subunits and the presence of ATP. For the mRNAs
studied, we find that the eIF4E–mRNA association rate in
the eIF4F•ATP complex largely accounts for relative trans-
lation efficiency in vivo. Our results thus provide experimen-
tal evidence supporting a model where translation initiation

is kinetically controlled via the eIF4E–mRNA association
rate, rather than the equilibrium affinity, echoing proposals
from mathematical modelling of translational control (17).

Our results point to cap-proximal secondary structure as
playing an important role in defining the cap-recognition
rate. However, we find unexpectedly that increased mRNA
length also impedes eIF4E–mRNA association in a manner
that is overcome by eIF4G and eIF4A.

Taken together, our data support a model where a to-
pographically condensed mRNA molecule initially has lim-
ited 5′ cap accessibility for eIF4E binding (Figure 7). This
steric block results in a relatively wide variation of eIF4E–
mRNA association rates, with slower rates for longer mR-
NAs where eIF4E access to the cap is sterically more de-
manding. The RNA-binding activities of eIF4G or free
eIF4A(ATP) both separately overcome this steric block,
and to a greater extent on longer mRNAs. In the case of free
eIF4A, ATP binding but not hydrolysis is required to ac-
celerate eIF4E–cap association. Because eIF4G and eIF4A
bind RNA through different structural mechanisms, our
findings point away from secondary structures as the main
source of length-dependent steric hindrance, and rather to
tertiary contacts in longer mRNAs that sterically oppose
eIF4E–cap attachment.

While detailed knowledge of mRNA structures in vivo re-
mains incomplete, the available data suggests that cytoso-
lic mRNAs in ribonucleoprotein assemblies prior to trans-
lation do not adopt an extended linear structure (57,85).
Rather, intra-mRNA interactions promote secondary and
tertiary structural contacts that contribute to establishing a
‘condensed’ or compacted state of the RNA polymer; active
translation and polysome formation reverses this condensa-
tion by an order of magnitude (85,86). Even during active
translation, electron microscopy of mammalian polysomes
also suggests that mRNAs are not fully extended (87,88). In
this manner, even if the mRNA ends are close, the overall
structure of the mRNA can adopt more or less compacted
forms depending on bound proteins or its translational sta-
tus. Our finding that acceleration of eIF4E–mRNA binding
by eIF4A and eIF4G is length-dependent is also consistent
with such a model, as longer mRNAs are expected to have
more opportunities to make intrastrand contacts. Our ex-
perimental conditions most closely resemble the situation
for a pre-translational mRNA as it begins its first round of
translation. Further studies will be required to directly as-
sess the impact of active translation on eIF4F–mRNA dy-
namics.

Formation of the full eIF4F complex modulates the
eIF4E–mRNA association rate relative to eIF4E•eIF4G
alone, and addition of ATP further modulates the kinet-
ics. This is consistent with allosteric structural crosstalk
between eIF4A and eIF4G, and also with altered eIF4A
structural dynamics in the presence of eIF4G and ATP
(41,42,81). Nevertheless, our results still place eIF4G as
playing a central role in defining the dynamics of cap recog-
nition.

An eIF4F-independent role for eIF4A in translation

eIF4F- or eIF4G-independent acceleration of eIF4E–
mRNA association by eIF4A was an unexpected finding.
Past in-vitro studies have shown that eIF4A interaction with
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Figure 7. Mechanistic model and summary of kinetic data for eIF4F–mRNA interaction dynamics.



Nucleic Acids Research, 2022, Vol. 50, No. 14 8257

mRNA features beyond the 5′ leader accelerates loading of
the first ribosome onto mRNA. This effect was attributed
to relief of steric hindrance to pre-initiation complex re-
cruitment due to transient, global intra-mRNA interactions
(35). Our data indicate that this effect may at least partially
be mediated by effects on cap recognition by eIF4F.

The relationship between this stimulatory effect of eIF4A
and in-vivo translation dependence on the enzyme suggests
that the activity is physiologically relevant. Nevertheless, in
our experiments with eIF4F, excess eIF4A did not appear to
accelerate cap binding relative to the eIF4E•eIF4G condi-
tion. This raises the question of whether or how the eIF4F-
independent eIF4A activity might contribute to translation
in cells. We suggest that this activity is functionally redun-
dant with that of eIF4G in vitro, but is important in vivo.
Along these lines, modest depletion of cellular eIF4A con-
centration reduces translational output in yeast cells, even
though eIF4A is present in significant excess over eIF4E
and eIF4G (76) and in vast excess of the equilibrium dis-
sociation constant for eIF4A from eIF4E•eIF4G (65). In
the same depletion experiments translation was more sensi-
tive to eIF4A than eIF4E depletion, suggesting impact on
an eIF4A function outside the eIF4F complex. Our single-
molecule experimental approach constrains us by definition
to using vast excesses of translation factors over mRNA,
and thus does not fully recapitulate cellular conditions –
where mRNA and eIF4E•eIF4G concentrations are quite
similar, mRNAs compete for eIF4F (16,17), and eIF4E con-
centrations are limiting for translation. mRNA competi-
tion for eIF4F in vivo is expected to confer increased im-
portance for the eIF4F-independent role of eIF4A. More-
over, this eIF4F-independent role of eIF4A echoes roles
proposed for eIF4A in modulating RNA condensation and
stress-granule formation (79). Additional RNA helicases
(89), RNA-binding proteins targeted to specific mRNA fea-
tures (90), or indeed general RNA-binding proteins (91), are
also predicted to impact eIF4E–mRNA dynamics in this
model, opening additional avenues for broad or targeted
regulation of cap recognition.

mRNA length sensing during early initiation

Our results show that eIF4E– and eIF4F–mRNA dynam-
ics are sensitive to coding-sequence and mRNA length, and
that RNA-binding activity of individual initiation factors
partially mitigates this sensitivity. These findings augment,
or perhaps invert, the previously-proposed model that
closed loop formation is more efficient on short mRNAs
(34). Indeed, cryo-EM studies have found that polysomes
remain circular for extended periods even without mRNA
polyadenylation (88), even in actively translating cell lysates.
In addition to, or perhaps instead of poly(A)-binding pro-
tein being more efficient at contacting eIF4E•eIF4G on
shorter mRNAs, our results suggest that intrinsically faster
eIF4E•eIF4G binding on shorter mRNAs allows more
rapid formation of eIF4G–Pab1p interactions.

Importantly though, our data do not exclude a role for
poly(A)-binding protein in modulating eIF4F•mRNA dy-
namics. PABP–eIF4G binding could alter eIF4F confor-
mational dynamics to increase the likelihood of efficient
binding of eIF4E to the mRNA cap. This would be con-

sistent with the ability of poly(A)-binding protein to stimu-
late translation on non-polyadenylated mRNAs when pro-
vided poly(A) in trans (92). Moreover, several classes of mR-
NAs have been identified with differing relative enrichments
in eIF4E•eIF4G and Pab1p (26), pointing to the potential
for additional modes of crosstalk between these factors in
cap recognition. Interestingly, this may differ in mammals,
where the UTR regions comprise a greater portion of the
mRNA length, and ORF length appears to have a reduced
impact on translational efficiency (93).

That we observed a striking length dependence on a
range of mRNAs picked arbitrarily based on size, and that
the length dependence persists across conditions where the
mRNA is exposed to different RNA-binding proteins (e.g.
eIF4G, eIF4A), suggests that specific sequence features may
be less important in determining eIF4F–mRNA interaction
dynamics than simply the overall length. Put otherwise, the
probability is rather low of obtaining a strong length-rate
correlation if sequence effects were deterministic for the ki-
netics. Our results certainly do not exclude sequence ele-
ments in other mRNAs from further controlling eIF4F–
mRNA dynamics; however, such effects are not apparent in
our study. Similar to eIF4A and eIF4G, other RNA binding
proteins may also act to modulate length-dependent eIF4E–
mRNA interaction dynamics.

Dynamic eIF4F subunit coordination in the eIF4F•mRNA
complex

Our results point to a dynamic progression of yeast eIF4F–
mRNA interactions that unfold during cap recognition. Ini-
tial eIF4F–mRNA binding is kinetically biased to the cap
structure through the eIF4E–cap interaction, which our
data suggest precedes stable formation of eIF4G–mRNA
contacts. The presence of eIF4A and ATP in the eIF4F
complex further modulate this efficiency of eIF4E accessing
the cap. After accommodation of eIF4F onto the mRNA,
eIF4G–mRNA interactions maintain the eIF4E–cap in-
teraction on the initiation timescale, though the complex
is conformationally dynamic. eIF4A ATP hydrolysis then
promotes eIF4E•eIF4G dissociation from the mRNA.

Each eIF4F subunit thus plays a role in establishing the
net efficiency of cap recognition. mRNA identity––asserted
through a combination of length and structural features –
contributes more to variability in cap recognition toward
the beginning of this sequence of events, while the fac-
tor activities dominate the later stages. As discussed below,
such an arrangement is optimal for maximizing mRNA-to-
mRNA discrimination through kinetic control of the recog-
nition process.

Lack of structural information renders it challenging to
assess the nature of conformational rearrangements in the
eIF4F•mRNA complex. However, a structure of the human
48S PIC that included partial density for eIF4G indicated
that the protein is highly flexible; likewise, a structure of the
yeast 48S PIC did not identify the position of eIF4F, at-
tributed to its dynamic nature (72,94), and pointing to this
as one potential source of the conformational rearrange-
ments. Similarly, eIF4G stabilizes a closed conformation of
eIF4A (42), and this is associated with a reciprocal confor-
mational change in eIF4G (81). Whatever their exact na-
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ture, our data suggest that conformational changes in the
eIF4F•mRNA complex involve large-scale intersubunit co-
ordination. Further experiments will be required to map out
the topology and dynamics of this intricate molecular as-
sembly.

Moving forward through the initiation process, our data
also suggest a molecular mechanism for guiding the mRNA
as it accommodates onto the 40S subunit during PIC re-
cruitment. Our four-colour single-molecule fluorescence ex-
periments strongly suggest that eIF4G is ejected from the
cap at the same time as eIF4E (Figure 6F). In this model,
ejection of eIF4E and eIF4G following eIF4A-catalyzed
ATP hydrolysis frees the 5’ end whilst eIF4A remains
mRNA-bound to act in contacting the PIC during its at-
tachment to the mRNA (95,96). Release of eIF4E•eIF4G
is consistent with evidence from genome-wide translation-
complex profiling studies in yeast that scanning is cap-
severed (70). While the 5’-proximal mRNA footprint of
eIF4G has not been measured in yeast to our knowledge,
crosslinking experiments in mammalian systems indicate a
footprint of up to ∼12 nt from the 5′ end, with a broadly
similar crosslinking profile for eIF4A (97). Yeast eIF4G
has two additional mRNA binding domains over the mam-
malian protein; thus, the mammalian eIF4G footprint size
might reasonably be expected to set a lower limit on how
much of the 5’ end yeast eIF4G covers. Based on our addi-
tional data, the ejection of eIF4E•eIF4G would thus ‘free’
or uncover the mRNA 5’ end to a length no more than
about half of the shortest footprint sizes measured for the
yeast 48S pre-initiation complex (70). We are hesitant to
speculate about the position of eIF4A relative to the mRNA
5′ end, though the observation of appreciable FRET be-
tween eIF4E and eIF4A shows that their respective flu-
orophores are relatively close (within ∼40–70 Å) in the
cap-recognition complex. Nevertheless, the binding of yeast
eIF4B to Rps20p, which promotes eIF4A interaction with
the 43S pre-initiation complex that aid mRNA recruitment
(98), argues that on arrival of the pre-initiation complex
(PIC) eIF4A localises near the mRNA entry channel. This
would contrast with the cryo-EM structure of the human
48S pre-initiation complex, where eIF4A was assigned to
bind eIF3k and eIF3l; however, yeast eIF3 does not con-
tain those subunits and eIF4B was omitted in the struc-
ture of the human PIC. Our proposal is thus consistent with
the suggestion (72) that eIF4F positioning in the 48S pre-
initiation complex may differ substantially between yeast
and humans. The transient rebinding events we observe fol-
lowing initial eIF4E•eIF4G ejection may ensure that the
eIF4F complex is recycled and retained at the mRNA 5’
end for the next round of PIC recruitment after scanning,
or for efficient reinitiation. Further studies are required to
understand the role of PIC-eIF4F•mRNA contacts in the
dynamics of early initiation.

Implications for cellular translation and translational control

Our results provide a rationale for how eIF4E/eIF4F
concentration can be leveraged to mediate differences in
mRNA activation for translation, even though eIF4F–
mRNA binding is saturated in an equilibrium sense un-
der cellular conditions, where eIF4E and total mRNA are
present at similar concentrations in yeast cells––∼1 �M

(74,75)––in great excess over eIF4F•mRNA Kd values.
Based on the eIF4E–mRNA binding rates we measured for
the eIF4F complex, at these concentrations eIF4E will be
substantially bound to mRNAs in cells, thus limiting the
pool of eIF4F available for de-novo translation initiation
(7,48). In this regime, the rate of the eIF4E–mRNA inter-
action that begins de-novo cap recognition becomes an im-
portant determinant of initiation efficiency. Differences in
this rate between mRNAs differentiate the mRNAs’ abil-
ity to compete for initiation, in accord with mathematical
modeling (17).

Cellular mRNAs begin de-novo translation in an envi-
ronment replete with RNA-binding proteins, and are sub-
sequently incorporated into polysomes. While our exper-
iments do not contain the cellular complement of RNA-
binding proteins, the two-color experiments containing
eIF4A (Figures 3 and 4) include it at concentrations that
fully saturate its double-stranded RNA binding and signif-
icantly saturate single-stranded RNA binding (46). Thus,
the mRNAs in these experiments are expected to exist in an
eIF4A mRNP. Our data (Figure 3) then suggest that mRNP
formation accelerates eIF4F–cap association in a length-
dependent manner, and that the acceleration is physiolog-
ically relevant.

While our study does not probe eIF4F–mRNA dynam-
ics in polysomes, polysome formation is expected to disrupt
both secondary and tertiary structures in mRNA. This is
consistent with the finding that very long mRNAs engaged
in translation show end-to-end separation that greatly re-
duces when ribosomes are released by puromycin treatment
(86). Since our data suggest that disruption of mRNA struc-
ture leads to enhanced cap recognition, our model pre-
dicts that cap recognition may become more efficient as
polysomes form and begin to grow in size. Interestingly
this could also, in principle, permit a cooperative effect
on cap-/eIF4F-dependent pre-initiation complex loading
rates during the earlier rounds of translation. As higher-
order polysomes form, eIF4F-dependence of initiation may
become less prominent, due both to efficient re-initiation
of terminating ribosomes and also enhanced mRNA com-
paction observed in very heavy polysomes (99).

Given our finding that mRNA length impacts the eIF4E
association rate, these results highlight how information en-
coded along the mRNA length intrinsically contributes to
the efficiency of early initiation, and offers one explanation
for why longer mRNAs are often translated less efficiently
and with higher eIF4F dependence (29,30,34). Moreover,
reduction in the availability or activity of any one eIF4F
subunit is expected to impact different mRNAs differently
in this model. Short mRNAs and/or less structured mR-
NAs that effectively compete for eIF4F–cap binding are
predicted to be less sensitive to depletion of active eIF4F.
mRNAs that associate faster with eIF4F might be expected
to have an advantage in terms of translational efficiency un-
der conditions such as stress where eIF4F activity is down-
regulated, provided they do not accumulate in stress gran-
ules or P bodies.

A second aspect of this kinetic scheme is that eIF4G, by
inducing long eIF4E–mRNA binding events, has the effect
of rendering cap recognition a non-equilibrium process on
the initiation timescale. PIC–mRNA recruitment rates mea-
sured in vitro are in the ∼0.001–0.01 s–1 range at 30 nM 40S
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subunits (35,65). Extrapolating to a ∼1 �M lower limit for
the cellular concentration of free 40S subunits thus implies
a minimum recruitment rate of ∼0.05–0.4 s–1 at physiolog-
ical PIC concentrations. This places recruitment occurring
at rates close to or much faster than slow eIF4E–cap dis-
sociation in the presence of eIF4G. With this kinetic bal-
ance, the overall efficiency of all steps from initial cap recog-
nition to PIC–mRNA attachment is partially or fully lim-
ited by the eIF4E–mRNA association rate if PICs are suf-
ficiently abundant. In contrast, for mRNAs that associate
rapidly with eIF4E, PIC availability is predicted to limit ini-
tiation, suggesting a rationale for why translation of differ-
ent subsets of mRNAs are affected differently by regula-
tion directed at eIF4F and the PIC (100). Kinetic control
of this type is consistent with our observation that eIF4E–
and eIF4E•eIF4G–mRNA association rates show evidence
for a discernible trend (if short of a statistically-significant
correlation) with in-vivo RIP-seq enrichment, while the cor-
responding equilibrium dissociation constants do not, and
our observation that the eIF4E–mRNA on-rate for eIF4F
in the presence of ATP mirrors the translation efficiency of
mRNAs measured by ribosome-density mapping and ribo-
some profiling (82,83).

Interestingly, mammalian eIF4F differs from yeast eIF4F
in several aspects, particularly in terms of eIF4G1 archi-
tecture and eIF4A helicase activity. Moreover, mammalian
mRNAs are generally longer and more structurally complex
due to their higher GC content. Hence, it will be important
to separately characterize these dynamics for mammalian
eIF4F in future experiments.

In summary, we find that an intricate interplay of mRNA
identity with factor activities facilitates mRNA-to-mRNA
discrimination in cap recognition. Within this, ATP binding
and hydrolysis also play important and distinct roles. The
dynamics of the eIF4F•mRNA complex suggest a mecha-
nism for coordinating eIF4F–cap recognition with PIC re-
cruitment, and for conferring mRNA sensitivity to distinct
translational control pathways.
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