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ABSTRACT

The activity of elF4A, a key player in translation ini-
tiation, is regulated by other translation factors
through currently unknown mechanisms. Here, we
provide the necessary framework to understand the
mechanism of elF4A’s regulation by elF4G. In
solution, elF4A adopts a defined conformation that
is different from the crystal structure. Binding of
elF4G induces a ‘half-open’ conformation by inter-
actions with both domains, such that the helicase
motifs are pre-aligned for activation. A primary
interface acts as an anchor for complex formation.
We show here that formation of the secondary inter-
face is essential for imposing the ‘half-open’ con-
formation on elF4A, and it is critical for the
functional interaction of elF4G with elF4A. Via this
bipartite interaction, elF4G guides the transition of
elF4A between the ‘half-open’ and closed conform-
ations, and stimulates its activity by accelerating the
rate-limiting step of phosphate release. Subtle
changes induced by elF4G may be amplified by
input signals from other translation factors,
leading to an efficient regulation of translation
initiation.

INTRODUCTION

Translation initiation is a complex, multi-step process that
is mediated by the combined action of a large number of
translation initiation factors (1). As the rate-limiting step
during protein synthesis, it is subject to tight regulation
(2). The -eukaryotic translation initiation factor4A
(eIF4A) is a unique component of the translation initi-
ation factor network. As a member of the DEAD box
protein family, it is an RNA-dependent ATPase, and
consists of two flexibly linked RecA domains that carry

a set of conserved motifs involved in ATP binding and
hydrolysis, RNA binding and coupling of these activities
(3). eIF4A shows only weak helicase activity (4,5) that is
stimulated by the translation initiation factors eI[F4B (or
its homolog elF4H), eIF4E and elF4G (6-8). el F4G func-
tions as a scaffold protein that mediates interactions
between eIF4A and other translation factors (1,2).
elF4A is thought to unwind secondary structures in the
S’-untranslated region of mRNAs to facilitate scanning of
the 40S ribosomal subunit towards the start codon (9).
As a prototypic member of the DEAD box protein
family (5), eIF4A has been studied intensively (10-13),
and the first DEAD box protein structures determined
were domains of elF4A (14-16), and the complete
elF4A (16). The two RecA domains in elF4A are
arranged into a dumbbell-like shape, lacking any
interdomain contacts. Structures of a number of DEAD
box proteins have revealed that the juxtaposition of the
two RecA domains in the absence of ligands varies
between different DEAD box proteins, but they share as
a common feature two RecA domains separated by a cleft
that is lined by conserved motifs. By contrast, DEAD box
proteins in complex with ligands adopt a compact struc-
ture with extensive contacts between the two RecA
domains, and between conserved motifs of both RecA
domains and the bound nucleotide and RNA (17-22).
According to the current model for DEAD box protein
activity [reviewed in ref. (3), see also references therein],
cooperative binding of ATP and RNA triggers the forma-
tion of the closed conformer (10,11,23), leading to the
assembly of the catalytic site for ATP hydrolysis and of
the bipartite RNA binding site formed by both RecA
domains (17). After ATP hydrolysis, presumably upon
phosphate release (24), the cleft between the two RecA
domains reopens, leading to a release of the bound
RNA, and resetting the enzyme for further catalytic
cycles (25). The transition between open and closed con-
formations is intimately linked to DEAD box protein
function, and a regulation via affecting this
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conformational change is conceivable. The stimulation of
elF4A activity by elF4G has been addressed in previous
studies. A ‘soft clamp’ model for the stimulation of eIF4A
activity by eIF4G has been put forward, in which eIF4G
contacts both RecA domains of elF4A simultaneously,
and thereby restricts elF4A in the closed conformation
(26). An extended study that addressed the topology of
the elF4A/elF4G/elF4H complex suggested that a
network of specific, highly dynamic interactions of
elF4G and elF4H with elF4A regulates its conformation-
al cycle (27). The recently reported crystal structure of
yeast eIF4A in complex with the eIF4A-binding domain
of elF4G confirmed the two interaction sites (28): A
primary interface is formed by the C-terminal RecA
domain of elF4A and the N-terminal region of elF4G,
and a secondary interface is formed by the N-terminal
RecA domain and the C-terminal part of cIF4G
(Figure 1A). In the complex, no contacts between the
two RecA domains of elF4A are formed, but the two
RecA domains are much closer than in the earlier
reported crystal structure of the open conformation (16).
The authors conclude that the secondary interface
between elF4A and ¢IF4G will be disrupted upon forma-
tion of the closed eIF4A conformer, and suggest that
elF4G acts as a ‘stopper’ that prevents the N-terminal
domain of eIF4A from moving too far away (28).

Here, we investigate the interaction between yeast
elF4A and the elF4A-binding domain of elF4G. In
single molecule Forster resonance energy transfer
(smFRET) experiments, we map the conformation of
elF4A in solution and show that it is different from the
crystal structure. Furthermore, we correlate the conform-
ational change that elF4G induces in elF4A with the for-
mation of the secondary interface, and with elF4G’s
stimulation of the e¢IF4A ATPase activity. The
elF4G-stabilized conformation of elF4A is distinct from
the open and closed conformations. In this ‘half-open’
conformation, nucleotide exchange and phosphate
release are facilitated. We propose a conformational
guidance model for elF4G-stimulated activity of elF4A,
in which the N-terminal domain of elF4A alternates
between interactions with eIF4G in the ‘half-open’ con-
formation, and with the C-terminal domain of elF4A in
the closed conformation, allowing for accelerated progres-
sion through the catalytic cycle.

MATERIAL AND METHODS

Site-directed mutagenesis, protein production and
purification

Plasmids encoding the genes for elF4A and elF4G_mid
(aa  572-853) were provided by Ulrich Baumann
(University of Bern). Site-directed mutagenesis was per-
formed according to the Quikchange protocol
(Stratagene). eIF4A-RecA N (aa 1-224) was constructed
by introducing a stop codon after the codon for aa 224.
For elF4A-RecA_C (aa 226-406), an Ndel restriction site
was introduced after the coding region for aa 1-225, and
the region between the two Ndel restriction sites was
deleted by cleavage and subsequent religation. Correct
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Figure 1. Interaction between elF4A and elF4G and contributions of
the eIF4A RecA domains to complex formation. (A) Architecture of
elF4A/elF4G_mid complex (PDB-ID 2vso) (28). elF4A is depicted in
orange, e¢lF4G in blue. The primary interface, formed by the
C-terminal domain of eIF4A and the N-terminal part of eIF4G, and
the secondary interface are marked. Important residues studied in this
work (E43, E101 and Q297 in elF4A, R835 in elF4G) are highlighted.
Residues indicated by circled numbers denote positions for fluorophore
attachment. The pictogram represents the simplified representation of
the elF4A/elF4G complex used throughout all figures. (B) Isothermal
calorimetric titration of elF4A with eIF4G. The Ky value of the elF4A/
elF4G complex is 0.6 £ 0.1 uM. (C) ITC titration of the isolated N-
and C-terminal domains of elF4A with eIF4G. The dissociation
constant for the RecA_C/elF4G complex is 1.3 & 0.1 uM. No binding is
detected for RecA_N, indicating that the secondary interface does not
contribute significantly to complex stability. (D) Steady-state ATPase
activity of eIF4A in the absence (orange squares) and presence (black
triangles) of elF4G. elF4G stimulates the intrinsic ATPase activity of
eIF4A ~5-fold. The ke, values are key = 0.012 £ 0.002s~" (—eIF4G)
and keapsim = 0.057 £ 0.003s7" (+elF4G).

sequences were confirmed for all constructs. elF4G_mid
contains the conservative mutation K590R. All
experiments described in this manuscript have been
performed with elF4G_mid.
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Proteins were produced and purified after Schiitz et al.
(28) with minor modifications. Both proteins were
produced in auto-inducing medium (29) during 24h.
elF4A was produced in Escherichia coli BL21(DE3) at
37°C, and elF4G_mid in E. coli BL21(DE3) CodonPlus
RP (Stratagene) at room temperature.

Cells were disrupted in a microfluidizer in 50 mM Tris/
HCI, pH 7.5, IM NaCl and 2mM [-mercaptoethanol
(BME) in the presence of protease inhibitors (Roche).
Cell debris was separated by centrifugation. The super-
natant was supplemented with 10mM imidazole and
applied to a Ni*’-NTA column (GE Healthcare)
equilibrated in 50 mM Tris/HCI, pH 7.5, 500 mM NacCl,
10mM imidazole and 2mM BME at 4°C. The proteins
were eluted with the same buffer with 500 mM imidazole.
The hexahistidine-tag was cleaved with thrombin
(GE Healthcare) during overnight dialysis against
imidazole-free buffer. Uncleaved protein was removed
via a second Ni*’'~NTA column. The flow through was
concentrated and purified on a size-exclusion S75 column
(GE Healthcare) equilibrated in 50 mM Tris/HCI, pH 7.5,
200mM NaCl, 2mM BME. Protein containing fractions
were pooled, concentrated, shock-frozen in liquid nitrogen
and stored at —80°C. Protein purity was >95% as judged
from Coomassie stained sodium dodecyl sulfate polyacryl-
amide gels. Concentrations were determined photometric-
ally using the extinction coefficients € = 18005M'cm™!
(eIF4A) and £=135200 M 'ecm™' (eIF4G_mid),
calculated with ProtParam (30).

Fluorescence equilibrium titrations

Nucleotides were purchased from Jena Biosciences.
Dissociation constants of elF4A/nucleotide complexes at
25°C were determined in fluorescence equilibrium titra-
tions in a Jobin Yvon FluoroMax3 fluorimeter with the
fluorescent mantADP (31). Mant fluorescence was excited
at 360 nm (2 nm bandwidth) and detected at 440 nm (2 nm
bandwidth). 1 M mantADP in buffer A (50mM Tris/
HCI, pH7.5, 80mM KCI, 2.5mM MgCl,, 1mM
dithiothreitol, 1% glycerol) was titrated with elF4A up
to 60 uM. The nucleotide affinity of the elF4A/elF4G_
mid complex was determined in presence of 100uM
elF4G_mid to ensure saturation. The Ky value was
determined using the solution of the quadratic equation
describing a 1:1 complex formation [Equation (1)]:

AFmax . ([E] lol+[L] l0t+Kd
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Fy is the fluorescence of free mantADP, AF,.. is the
amplitude, [E], the total enzyme concentration and
[L Jiot the total ligand concentration.

The dissociation constants of e[F4A /adenine nucleotide
complexes were determined in competitive titrations of
the mantADP/protein complex with ADP and ADPNP.
The solution of the cubic equation describing the competi-
tive titration was evaluated numerically using the program

F=Fo+

D

Scientist (Micromath) to yield the Ky of the respective
nucleotide complex.

Steady-state ATPase activity

The steady-state ATPase activity of elF4A was measured
in a coupled ATPase assay (32) in buffer A with 2mM
ATP, 0.4mM phosphoenol pyruvate, 0.2mM NADH,
13pugml™"  lactate dehydrogenase and 23 pgml™'
pyruvate kinase at 37°C via the decrease in Asy due to
oxidation of NADH to NAD". The concentrations were
I uM (elF4A) and 6 uM (elF4G). polyU-RNA (GE
Healthcare), a frequently used model substrate for
DEAD box helicases with little or no substrate specificity,
was used as an RNA substrate for eI[F4A. polyU-RNA
concentrations were varied from 0 to 1 mM (bases) to de-
termine Ky rna o values.  Initial - velocities v
(inuM ATPs™ ') were calculated from the absorbance
change AAjg/At with €340, napu = 6300 M~ 'em™',
and converted to k., Data were analyzed according to
the Michaelis—-Menten equation.

Phosphate release

The release of phosphate was detected by an MDCC-
PiBiP (phosphate-binding-protein) phosphate sensor
(0.5uM, Invitrogen) in buffer A at 37°C in the presence
of 2uM elF4A, 6 uM elF4G_mid, 2mM ATP and 1 mM
polyU-RNA. Free phosphate was removed by the
addition of phosphate mop (0.01 U/ml PNPase and
200 uM 7-methyl guanosine, Sigma) (33) to the cuvette
and the ATP stock solution. The reaction was started by
addition of ATP. MDCC-PiBiP fluorescence was moni-
tored at 485nm in a Jobin Yvon FluoroMax3 fluorimeter
(excitation: 425 nm, excitation/emission bandwidth 1 nm
and 2nm). Due to the low MDCC-PiBiP concentrations,
the observed time trace describes single turnover phos-
phate release. Rates of phosphate release were determined
from a single exponential fit.

Isothermal titration calorimetry

Isothermal titration calorimetry experiments were con-
ducted on a VP-ITC (MicroCal). Binding of eIF4A and
elF4G_mid was measured in 50mM Tris/HCI, pH7.5,
80mM KCI at 15°C. The proteins in the cell (20-30 uM)
and syringe (200-300 uM) were transferred into identical
buffers with NAP-5 columns (GE Healthcare). In all titra-
tions shown, eIF4A was added to eIF4G, but reverse ti-
trations delivered similar results. For the determination of
nucleotide affinity, the buffer contained 15mM MgCl,.
Nucleotides were directly dissolved in buffer, and the pH
was adjusted with KOH. The nucleotide concentration in
the syringe was 2-4 mM. Titrations were performed in
10 ul steps at a stirring speed of 305s™" and a reference
power of 71 uJs™' (17 pcals™"). The data were integrated
with Origin for MicroCal ITC and analyzed with a
one-site binding model.

smFRET experiments

Proteins were labeled with a mixture of A488- (donor) and
A546-maleimide (acceptor), respectively, for 1h at 25°C



in the presence of 1 mM Tris(2-carboxyethyl)phosphine.
The ratio of the dyes was varied around 1:4:8 (pro-
tein:donor:acceptor) to maximize the yield of donor/
acceptor-labeled protein. Labeling efficiencies were
determined from absorbance ratios at 495nm (A488S,
corrected for A546 contributions) or 555nm (A546) and
280nm (protein, corrected for dye contributions).
SmFRET experiments were performed in a home-built
confocal microscope as described (23). All measurements
were performed at room temperature in buffer A treated
with active charcoal with 50 pM fluorescently labeled
elF4A (concentration of donor fluorophore) and 10 uM
of elF4G_mid. Only fluorescence bursts above a threshold
of 100 photons were considered in the analysis. Measured
fluorescence intensities were corrected for background.
For calculating FRET histograms, the raw intensities
were corrected for crosstalk of donor fluorescence into
the acceptor channel (o), for cross talk of acceptor fluor-
escence into the donor channel (B), for differences in
quantum yields and detection efficiencies for donor and
acceptor fluorescence (y), and for direct excitation of the
acceptor (9) as described previously (23). Correction par-
ameters and were determined individually for each con-
struct as described (23), and are summarized in
Supplementary Table 1. From experimental uncertainties
in the determination of correction parameters, the experi-
mental errors for FRET efficiencies are <5%.

The Forster distances Ry were also determined indi-
vidually for each construct (Supplementary Table 1) and
used to convert FRET efficiencies of single molecules
into inter-dye distances to create distance histograms.
Distance histograms were described with a Gaussian dis-
tribution. This analysis yielded a mean inter-dye distance,
determined with standard deviations <0.1 nm, and a width
of the distribution, o, that contains contributions from
shot noise, from the local flexibility of the dyes due to
flexible linkers and from the global flexibility of the
protein. Importantly, differences in the mean distance
for the same construct determined in independent experi-
ments do not exceed 0.1 nm.

To further validate the calculated FRET efficiencies,
they were independently determined from lifetimes of the
donor in single molecules carrying a donor only, or a
donor and an acceptor (Supplementary Figure 2).

Nucleotide binding kinetics

Nucleotide exchange kinetics were measured in an SXI18
stopped flow fluorimeter (Applied Photophysics) in buffer
A at 15°C. Pseudo-first-order conditions were ensured
by an excess of mantADP over protein. Protein-bound
mantADP was selectively detected by excitation via
energy transfer from tryptophan. For this purpose,
Y22W was introduced into elF4A. mantADP bound to
the elF4A/elF4G_mid complex was excited by energy
transfer from intrinsic tryptophans in elF4G_mid.
Tryptophan fluorescence was excited at 280 nm, and the
mant fluorescence was detected through a 400 nm cut-off
long pass filter (Schott). At least four traces where
recorded and averaged, and described with single
(RecA_N) or double exponential functions. For elF4A
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and elF4A/elF4G_mid, rate constants of individual
steps, ki, k.1, k> and k_,, were extracted from the depend-
ence of the observed rate constants (4; ») on the mantADP
concentration [mA] with a two-step binding model (34)
using Equation (2):

(ki [mA] + k_y + ko + k_5)

N \/ (il Al+ Ky -+ + ko)

—4A(ky[mA)(ky + k—2) + k_1k2)
Aa = - )
The rate of mantADP dissociation k. was determined at
37°C by displacing mantADP from the protein complex
in the presence or absence of polyU-RNA with 10 mM
ADP with direct excitation of mantADP fluorescence
at 355nm.

RESULTS

Mapping the conformation of elF4A in solution: elF4G
stabilizes a distinct, ‘half-open’ conformation of eIF4A

To provide a framework for dissecting the mechanism of
elF4G-stimulated elF4A activity, we quantified the inter-
action elF4A and a construct comprising aa 572-853 of
elF4G (Figure 1A; elF4G_mid). This so-called ‘middle
domain’ is sufficient for binding to eIF4A, and for stimu-
lation of its ATPase activity (Figure 1B and D) (28). The
K4 value of the elF4A/elF4G complex is 0.6 = 0.1 uM
(Figure 1B), and the rate constant for ATP hydrolysis
by elF4A is ~5-fold increased by elF4G in the presence
of polyU-RNA (Figure 1D).

In the crystal structure of the elF4A/elF4G complex,
elF4G contacts both RecA-like domains of elF4A (28);
(Figure 1A). The two RecA domains are closer than in the
structure of unliganded eIF4A (16) (PDB-ID 1fuu),
prompting the authors to suggest that elF4G restricts
the N-terminal domain from moving too far away.
However, the crystal structure of eIF4A shows the
largest separation of the two RecA domains among all
DEAD box protein structures reported to date, and thus
may not be a suitable reference. We therefore probed the
conformation of elF4A in solution in sSmFRET experi-
ments with Alexa488- (A488-, donor) and Alexa546-
(A546-, acceptor) labeled elF4A. Constructs used were
elF4A_E28/G370C, eIF4A_S87/G370C, elF4A_A112/
G370C, elF4A_E135/G370C, elF4A_Q186/E269C,
elF4A_QI186/E305C and elF4A_Q186/G370C
(Figure 1A). All proteins showed wild-type-like circular
dichroism spectra (Supplementary Figure 1), and
RNA-stimulated ATPase activities that are similar to
wild-type and are stimulated by eIF4G. In the absence
of elF4G, FRET efficiencies of 0.65 + 0.02 (E28/
G370C), 0.22 £0.02 (S87/G370C), 0.71 = 0.01 (A112/
G370C), 0.30 £ 0.01 (E135/G370C), 0.53 £ 0.01 (Q186/
E269C), 0.41 +=0.01 (QI186/E305C) and 0.45 £ 0.01
(Q186/G370C) were obtained from Gaussian fits of the
corrected FRET histograms (Figure 2A, see ‘Materials
and Methods’ section and Supplementary Table 1 for
details of data correction). The unimodal distributions
of FRET efficiencies demonstrate that e[F4A adopts a
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Figure 2. Conformation of elF4A in absence and presence of elF4G.
(A) smFRET histograms for donor/acceptor-labeled elF4A in the
absence (solid line) and presence (broken line) of eIF4G. The positions
for fluorophore attachment are indicated (see also Figure 1A). The
FRET efficiencies decrease upon addition of eIlF4G for elF4A_E28/
G370C, elF4A_S87/G370C, elF4A_E135/G370C and elF4A_Q186/
G370C, and increase for elF4A_QI186/E305C. For elF4A_Al12/
G370C and elF4A_Q186/T269C, only minor changes are observed.
(B) Reconstruction of the open conformation of elF4A in solution
(left) from changes in FRET efficiencies, and the elF4G-stabilized con-
formation as captured in the crystal structure (PDB-ID 2vso, right). See
main text for details. Compared to the crystal structure of eIF4A (PDB
ID 1fuu), the separation of the two RecA domains in eIF4A is smaller
in the conformation derived from smFRET measurements, and the
conserved motifs are pointing more toward each other.

well-defined conformation in solution in the absence of
binding partners. Our previous work has established that
the corrected FRET efficiencies can be used to reliably
calculate inter-dye distances. Inter-dye distances
determined from smFRET experiments with donor/
acceptor-labeled DNA were in very good agreement with
values expected from B-form DNA geometry (35).
Furthermore, for well-defined proteins of limited flexibil-
ity, we have previously reported inter-dye distances from
FRET experiments that are in reasonable agreement with
distances expected from their crystal structures (or struc-
tures of homologous proteins, refs. 23 and 35,
Supplementary Figure 2). Therefore, we converted the
FRET efficiencies of each individual eIF4A molecule into
an inter-dye distance, and calculated distance histograms.
The mean inter-dye distance was determined by describing
the distance distributions in the distance histograms with a
Gaussian distribution. The standard deviation for all mean
distances was <0.1nm (Table 1). In conjunction, the dis-
tances obtained define an open conformation of the
helicase core in eIF4A (see below for construction of the
open conformation of eIF4A in solution from FRET data).

When elF4G was added to elF4A (Figure 2A), the

FRET efficiencies decreased for eIF4A_E28/G370C
(0.40 £ 0.03), eIF4A_S87/G370C (0), elF4A _E135/
G370C (0.14 £ 0.01) and elF4A_Q186/G370C

(0.26 £ 0.01), and increased for elF4A_ Q186/E305C
(0.63 £ 0.01). For elF4A_A112/G370C (0.64 +0.01)
and elF4A_QI86/T269C (0.55 +£0.01), the FRET
efficiencies showed only minor changes. All experimental
distances (Table 1) are comparable to the distances in the
structure of the elF4A/elF4G complex [PDB-ID 2vso;
(28)], confirming a similar conformation of the elF4A/
elF4G complex in solution, and, at the same time,
validating the extraction of reliable distance information
from  our  single-molecule FRET  experiments
(Supplementary Figure 2).

Distance restraints from quantitative FRET experi-
ments allow for mapping of global conformations.
To reconstruct the conformation of eIF4A in solution,
we calculated the differences of inter-dye distances in
the elF4A/elF4G complex and in free eI[F4A (Table 1).

Table 1. Comparison of experimental distances in solution with crystal structures

cIF4A (smFRET)

eIF4A (1fuu)

cIF4A/eIFAG (smFRET) cIF4A/eIFAG (2vso)

r (nm) o (nm) r (nm) r (nm) o (nm) r (nm)
E28/G370C 5.6 £ 0.09 0.85 6.4 5.8 £0.05 0.65 5.9
S87/G370C 6.7 £ 0.07 0.98 7.3 >7 1.22 7.1
A112/G370C 4.7 £0.02 0.43 5.9 4.8 +£0.03 0.48 5.1
E135/G370C 6.6 +0.02 0.45 6.9 7.3 £0.04 0.80 6.6
Q186/E269C 5.4 £0.02 0.49 5.7 5.2 £0.02 0.41 4.9
Q186/E305C 6.4 +0.05 0.61 6.1 5.2 +£0.04 0.64 4.1
Q186/G370C 6.3 £0.02 0.48 5.3 6.8 £ 0.02 0.64 6.1

Distances are means of distance histograms calculated from smFRET data, or Cp-Cg-distances measured from the crystal structures, respectively.
In case of G370, the C, was used for distance measurements from the crystal structure.

E135 was not included in the structural model, hence the distance given for E135/G370C is the distance from the C, of G136 to the C, of G370.
o denotes the width of the Gaussian describing the distance distribution, and contains contributions from the local flexibility of the attached dyes,

and the global flexibility of elF4A.



The same differences of inter-dye distances are obtained
when FRET efficiencies are calculated from donor life-
times for individual molecules (Supplementary Figure 2).
In comparison to modeling the elF4A conformation
directly from the inter-dye distances, a reconstruction
using changes in distances should minimize contributions
from the length of the linker between the fluorophores and
the cysteines. Starting from the conformation of eIF4A in
complex with elF4G as captured in the crystal structure
(28), the position of the C-terminal RecA domain that
forms the primary interface with e¢IF4G was kept in a
fixed orientation, and the N-terminal domain was
manually positioned according to the changes in
distance derived from the smFRET experiments (Figure
2B). In the resulting model, eIF4A is in an open conform-
ation. However, the two domains are significantly rotated,
and the separation of the RecA domains is smaller than in
the crystal structure (PDB-ID 1fuu).

From the comparison of the two conformations, it be-
comes evident that eIF4G re-orients the two RecA-like
domains of eIF4A, but to a much smaller extent than
previously thought. A rotation of the N-terminal RecA
domain brings the conserved motifs closer together, and
orients them toward each other. As a result, the
inter-domain cleft is almost closed at the distal end from
the eIF4G binding site, but remains open at the proximal
end. The conformation stabilized by elF4G is thus distinct
from the open conformation we defined here for the first
time, and from the closed conformation of elIF4A
captured in crystal structures.

Probing the role of the secondary interface for
elF4A stimulation

To quantify the contributions of the primary and second-
ary interfaces to the interaction of eIF4A and elF4G,
the isolated N- and C-terminal RecA-domains of elF4A
(RecA_N, RecA_C) were titrated with elF4G via ITC
(Figures 1C and Supplementary Figure 3). The K4 value
for the RecA_C/elF4G complex was 1.3 +0.2uM,
compared to 0.6 = 0.1 uM for full-length eIF4A. No
binding of RecA_N to eIF4G was detected. From the cor-
responding free energies of complex dissociation for
elF4A/elF4G (AG = 34.3kJ/mol) and RecA_C/elF4G
(AG = 32.5kJ/mol), a contribution by the secondary
interface to complex stability of only ~5% can be
calculated (AAG = AGRreca Njetrac = —1.8kJ/mol). Our
observations are consistent with the different extents of
the two interfaces in the crystal structure, and extend
and quantify previous data that point toward a (small)
contribution of RecA_N to binding (26).

The secondary interface mainly consists of ionic inter-
actions between E43 (eIF4A) and R835 (eIF4G), and a
salt bridge between R35 (elF4A) and D842 (elF4G) (28)
(Figure 1A). In line with a stabilization of the secondary
interface by ionic interactions, the elF4G-imposed con-
formation of eIF4A was lost with increasing salt concen-
trations  (Supplementary  Figure 4). These salt
concentrations were lower than the ones required to
disrupt the elF4A/elF4G complex (26), confirming a
critical role of ionic interactions for the secondary
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interface in general. To probe the role of the secondary
interface for the functional interaction of elF4A and
elF4G, we created mutants that lack the ionic interaction
in this interface formed between E43 and R835
(eIF4A_E43R, elF4G_R835D), or where the side chains
have been swapped (eIF4A_E43R and e[F4G_RS835E). In
addition, an elF4G mutant containing three negative
charges was created (elF4G_K831E/S834D/R835E;
elF4G_37). In ITC experiments with elF4A and
elF4G_R835E and elF4G_37, Ky values of 1.0 + 0.1 uM
and 1.1 £ 0.1 uM were obtained. These values are similar
to the Ky value of 1.3 = 0.2 uM for the isolated RecA_C
domain, supporting that the mutations in eIF4G_RS835E
and elF4G 3~ disrupt the secondary interface
(Supplementary Figure 3). Interestingly, eIF4A_E43R ti-
trations with elF4G yielded a Ky value of 0.2 &+ 0.02 uM
(Supplementary Figure 3), pointing toward an intact sec-
ondary interface and increased overall complex stability.
The elF4G-imposed conformation of el[F4A_E43R was
lost at higher salt concentrations than with wild-type
elF4A (Supplementary Figure 4), in line with the second-
ary interface being stabilized by ionic interactions.

In smFRET experiments, elF4G_R835E (and elF4G_
R853D, data not shown) only caused a negligible shift in
FRET efficiency of elF4A_Q186/G370C (Figure 3A).
With eIF4G_3~, no shift in FRET efficiency was
detected. Thus, elF4G mutants that cannot form the sec-
ondary interface fail to impose the elF4G-specific con-
formation on elF4A. In experiments with eIF4A_E43R,
elF4G was still able to induce the same shift in FRET
efficiency as with wild-type elF4A. When elF4G_R835E
was added to cIF4A_E43R, a combination where the
ionic interaction should be restored, only a partial shift
in Epgrpr Was observed, pointing toward a more com-
plex interaction network in the secondary interface than
a binary interaction between E43 and RS835. The
elF4G_37 mutant had lost the ability to affect the
elF4A_E43R conformation. The effect of eIF4G-
mutations on the elF4A conformation is largely paralleled
by their effect on the ATPase stimulation (Figure 3B and
C). While elF4G stimulates the wild-type eIF4A ATPase
activity 5-fold, elF4G_R835E and elF4G 3~ did not
stimulate elF4A, confirming a role of these residues for
the functional interaction between elF4A and elF4G.
In addition, eIF4G was still able to stimulate the ATPase
of elF4A_E43R 3-fold (Figure 3B), in agreement with
the ability of this mutant to undergo the eIF4G-induced
conformational change (see also ‘Discussion’ section).
The compensatory mutation in ¢IF4G, R835E, did not
restore the 5-fold stimulation as observed in the wild-type
context. Instead, this mutant was not able to stimulate
elF4A_E43R, in agreement with its reduced capacity to
induce the conformational change (Figure 3A). Similarly,
the ATPase stimulation was lost completely with
elF4G 37,

Overall, our experiments for the first time unambigu-
ously link the global orientation of eIF4A in the
complex to the stimulatory effect of eIF4G (Figure 3C),
and demonstrate the crucial role of ionic interactions in
the secondary interface for imposing the complex-specific
conformation on elF4A.
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Figure 3. Probing the role of the secondary interface for eIF4G stimu-
lation of elF4A. (A) smFRET histograms for donor/acceptor labeled
elF4A_Q186/G370C (left) and elF4A_Q186/G370C_E43R (right) in
the presence of elF4G, elF4G_RS835E, and elF4G_3". While elF4G
causes a significant shift in FRET efficiency upon binding, this effect is
lost with eIF4G_R835E and elF4G_3", indicative of a disruption of
the secondary interface. For elF4A_E43R, eIlF4G causes a significant
shift in FRET efficiency upon binding to eI[F4A_E43R. This effect is
reduced with elF4G_R835E and lost with eIF4G_3". The broken lines
indicate the center of the FRET distribution of elF4A (gray broken
lines) and elF4A/elF4G (black broken lines). (B) Steady-state ATPase
activity of elF4A (left, black squares) and elF4A_E43R (right, open
squares) and stimulation by eIF4G (black and open triangles),
elF4G_R835E (black and open stars), and elF4G_3~ (black and
open circles). The ke, values are ke = 0.012 +0.002s~! (eIF4A),
keat = 0.057 £ 0.003s~"  (eIF4A/elF4G), ke = 0.010 + 0.001 s~
(eIF4A/elF4G_R835E) and kea = 0.010 + 0.001 s~ (eIF4A/
elF4G_37). For elF4A_E43R, the values are k¢, = 0.011 £ 0.001 s
kear = 0.028 + 0.001 5™ (+elF4G), kear = 0.015 + 0.001 57!
(+elF4G_R835E) and ke = 0.009 + 0.001s™! (+elF4G_37). (C) The
ability of eIF4G to induce a conformational change (white bars) is
correlated with the extent of stimulation of elF4A’s ATPase activity
(black bars). An exception is elF4A_E43R, which still undergoes a
conformational change, but shows a reduced ATPase stimulation.
Presumably, the increased elF4A_E43R/elF4G complex stability
impairs the transition to the catalytically active closed conformation.

Mechanism of the stimulatory effect of eIF4G on eIF4A

With distance restraints derived from experimental FRET
efficiencies, we have defined the global conformation
of elF4A in the absence of ligands in solution. Together
with structural information (18,19,28), a picture emerges

B

14 % 3

BB

Figure 4. Model for conformational changes of eIF4A and influence
of elF4G. In combination with crystal structures of elF4A/elF4G
[(28), PDB ID 2vso] and elF4A(-III) in the closed conformation
[(18,19), PDB IDs 2j0s, 2hyi], our FRET data support a model
for elF4G-mediated elF4A stimulation that is based on three different
elF4A conformations: open (top), closed (bottom right) and ‘half-
open’, bottom left. In the absence of elF4G, elF4A alternates
between the open and the closed conformations (step3). In the
presence of elF4G, elF4A is fixed in the ‘half-open’ conformation
and cycles between this conformation and the closed conformation
that is formed upon binding of ATP and RNA (step2). In the
‘half-open’ conformation, nucleotide exchange and phosphate release
are facilitated. Possibly, the RNA affinity is not reduced to the same
extent as in the open conformation, and elF4A may remain bound
to the RNA (gray) in the elF4G-stimulated catalytic cycle. See main
text for details.

in which elF4A can switch between three different con-
formations: open (this work) and closed (18,19), and
‘half-open’ as imposed by elF4G [(28), Figure 4].
Careful inspection of the elF4A structure in complex
with elF4G reveals two salient features (Figure 5): First,
the two RecA domains are held apart such that the
nucleotide-binding site formed by conserved motifs I
and II and the Q-motif in RecA N is accessible via a
channel between the two domains. At the same time,
a bound nucleotide cannot establish interactions with
both RecA domains as in the closed conformation
(Figure SA and B). In line with an accessible nucleotide
binding site in the complex, the affinity of eIF4A for ADP
and ATP is moderately decreased in the presence of eIF4G
(Supplementary Figure 5). Yet, it is higher than the nu-
cleotide affinity of RecA_N, suggesting some contribu-
tions of RecA_C to nucleotide binding that are reduced
in complex with elF4G. Second, even though the two
RecA domains are held apart in the region proximal to
the elF4A/elF4G interface, they are close to each other
distal to the interaction site with elF4G. As a conse-
quence, motifs la (PTRELA, RecA_N) and the
QxxR-motif (RecA_C) that contribute to the
RNA-binding site of eIF4A in the closed conformation
are in close proximity. In the crystal, a second elF4A
molecule is close to this region, juxtaposed in an orienta-
tion that aligns the same face of the N-terminal RecA
domain of one molecule with the C-terminal RecA
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Figure 5. Features of the eIF4A/elF4G complex. (A) Superposition of
elF4A in the reconstructed open (orange), and the closed (cyan,
PDB-ID 2hyi) and ‘half-open’ (gray, PDB-ID 2vso) conformations.
The C-terminal RecA domain is represented by the structure of
RecA_C in elF4A-III, in the same orientation as RecA_C of elF4A
in the open and ‘half-open’ conformations to point out the effect of the
different domain orientations on the position of Y371 (stick presenta-
tion, F354 in elF4A). In the closed conformation of elF4A-III, this
residue stacks onto the adenine base. The region around the corres-
ponding F354 in eIF4A has not been resolved in the elF4A/elF4G
structure. The distance between the nucleotide and the aromatic
residue increases from the closed to the open and the ‘half-open’ con-
formations. The conserved phenylalanine from the Q-motif that
contacts the base (F58, pale blue, F42 in eIF4A) and ADPNP
(yellow) are shown in stick representation. As a guide to the eye, the
shape of RecA_C is outlined. (B) Close-up view of the nucleotide-
binding site from A. (C) Possible interaction in the ‘half-open’
conformation between conserved motif Ia (blue) in RecA_N and the
QxxR motif (cyan) in RecA_C. In the crystal structure, an intermo-
lecular contact is assigned between E101 to Q297 in a second elF4A
molecule (pale, top), but the corresponding intramolecular interaction
(bottom) between E101 to Q297 is conceivable if different side-chain
rotamers are populated. See Figure 1A for the location of E101 and
Q297.

domain of the second molecule, and vice versa. An inter-
action between E101 in motif Ia from one molecule with
Q297 on motif QxxR from the second molecule has been
assigned in the crystal structure. However, the geometry
would also be consistent with an intramolecular inter-
action between E101 and Q297 being formed in this
conformation (Figure 5C). Thus, elF4G may keep the
nucleotide-binding pocket accessible, while at the same
time maintaining close contact(s) between the two RecA
domains.

To test whether the interaction between E101 and Q297
is present in solution and contributes to the stabilization
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of the eIF4A conformation imposed by elF4G, we created
the eIF4A mutants E101A, Q297A, Q296/297A, Q297R
and Q297E. The ATPase activity of eIF4A_Q297A was
increased 2.5-fold by elF4G, compared to 5-fold for
wild-type elF4A (Supplementary Figure 6). However, in
smFRET experiments all of these e[F4A mutants adopted
a wild-type-like conformation when bound to elF4G
(Supplementary Figure 6). Hence, an interaction
between these two motifs from both RecA domains in
complex with elF4G is not the only determinant for
stabilizing the ‘half-open’ conformation, but it may con-
tribute to the observed ATPase stimulation.

How can imposing a ‘half-open’ conformation result in
the stimulation of eIF4A’s ATPase activity by eIF4G? An
exposed nucleotide-binding pocket predicts rapid nucleo-
tide exchange. We therefore measured nucleotide-binding
kinetics in stopped flow experiments using mantADP
(Figure 6A and B, and Supplementary Figure 7) under
pseudo-first-order conditions. Binding was followed via
energy transfer from a tryptophan introduced into
elF4A (Y22W) to the mant group, or from the natural
tryptophans in elF4G to the mant group. Interestingly,
transients for nucleotide binding to ecIF4A followed
double exponential functions both in the absence and in
the presence of elF4G (Figure 6A and B). Both observed
rate constants increased with the mantADP concentra-
tion, and were increased 2—4-fold in the presence of
elF4G. The data can be described with a general
two-step binding model [Figure 6B; (34)]. Two Kkinetic
phases in mant-nucleotide binding might be caused by a
transesterification of the mant group between the 2'- and
3’-hydroxyls of the ribose. However, mantADP binding to
RecA N, a control for a completely accessible
nucleotide-binding pocket (without any effect from
RecA_C), follows single exponential kinetics (Figure 6A
and B, see below), arguing against this explanation. In
addition, the observed rate constants for nucleotide
binding to RecA_N were significantly higher than the
rate constants for binding to complete elF4A (Figure 6A
and B, and Supplementary Figure 7), pointing toward an
inhibition of nucleotide exchange by RecA_C. Thus, the
second slow phase most likely results from contributions
of RecA_C to nucleotide binding.

The observed rate constants for mantADP binding to
elF4A did not increase in the presence of eIF4G_RS835E
(Figures 6B and Supplementary Figure 7), a mutant that
still binds to eIF4A via the primary interface, but neither
affected the eIF4A conformation nor its ATPase activity.
Overall, these results confirm that e[F4G moderately ac-
celerates nucleotide exchange by stabilizing eIF4A in a
conformation with an accessible nucleotide-binding
pocket. However, the effect of elF4G is small compared
to bona fide nucleotide exchange factors.

An efficient stimulation of eIF4A by elF4G requires
an effect on the rate-limiting step of the catalytic cycle.
In the nucleotide cycle of the DEAD box protein DbpA,
release of phosphate has been identified as the rate-
limiting step (36). Therefore, we measured phosphate
release from eIF4A in the absence and presence of
elF4G (Figure 6C) and directly compared it to
mantADP release under the same conditions. mantADP
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Figure 6. Nucleotide binding and phosphate release kinetics. (A)
Kinetic transients for 40 uM mantADP binding to RecA_N (black
broken lines), eIF4A/elF4G (black solid line) and elF4A (gray solid
line). Nucleotide binding to elF4A is accelerated in the presence of
elF4G and occurs with a similar velocity as nucleotide binding to
RecA_N. (B) Observed rate constants for nucleotide binding to
RecA_N (gray circles, gray broken lines), elF4A /eIF4G (open triangles,
black solid line) and eIF4A (open gray squares, gray solid line).
Analysis with a general two-step binding model (34) yields the individ-
ual rate constants k; = 0.28 uMs™', k_, = 15957, k, = 12.0s™" and
k_,=25 s! in the absence, and k, = 0.45uMs~ !, k_, =37.2s7",
ky=1239s"" and k_, =3.4s7" in the presence of eIF4G. Nucleotide
exchange is accelerated by elF4G. Nucleotide binding to elF4A-
RecA_N occurs in one step with k; =023 uMs™! and k_; = 36.9s".
The two phases observed for eIF4A and elF4A/elF4G point towards
contributions of the C-terminal RecA domain. (C) Phosphate release
from elF4A (gray) and elF4A/elF4G (black). Rate constants are
0.025 + 0.001s~" in the absence and 0.037 + 0.001s~" in the presence
of elF4G. The broken lines indicate the half-times of the reactions.

release from elF4A occurred with a rate constant of
97 + 65~ in the absence, and 95 + 35~ in the presence
of polyU-RNA (Supplementary Figure 8). Upon addition
of elF4G, these dissociation rate constants increased to
200 + 175" and 169 + 8s™', respectively. Thus, RNA
does not affect mantADP release from elF4A, but

elF4G promotes a 2-fold increase. Phosphate release
from elF4A occurred with a rate constant of
0.025 + 0.001s™" in the presence of RNA, and was
accelerated to 0.035 + 0.001s™" in the presence of eIF4G
(Figure 6C). These rate constants are several orders of
magnitude smaller than those for (mant)ADP release,
hence phosphate release is the rate-limiting step in the
elF4A nucleotide cycle in the presence of RNA. The
values also show reasonable agreement with the
steady-state ATPase rates (0.012s™' versus 0.050 s~ 1),
confirming that under these conditions, phosphate
release is indeed rate limiting. Thus, elF4G does affect
the rate-limiting step in the eIF4A nucleotide cycle and
thereby stimulates its ATPase activity. The overall stimu-
latory effect, however, is small.

DISCUSSION

The conformational states of DEAD box proteins are at
the heart of their RNA unwinding activity (3,23,37).
Stabilizing the open or the closed conformation of
DEAD box proteins thus constitutes a logical way to
regulate their activity. For eIF4A, two examples for regu-
lation that target the conformational change have been
described: The tumor suppressor protein Pdcd4 inhibits
elF4A activity and, consequently, translation initiation
(38) by binding to both domains of eI[F4A and preventing
the formation of the closed state (39). A similar mechan-
ism may underlie the inhibition of eI[F4A by an RNA
aptamer that contacts both RecA domains (40). On the
other hand, components of the exon-junction complex sta-
bilize eIF4A-III in the closed conformation and prevent
re-opening of the inter-domain cleft (18,19). Thereby,
ATP hydrolysis still occurs, but product release is in-
hibited (20), trapping eIF4A-III in the closed conform-
ation with a high affinity for its RNA substrate. A first
model for elF4G action suggested a similar stabilization
of the closed state as the basis for eIF4A activation (26).
However, cycling between the two conformations is
required for DEAD box protein activity. The example of
elF4A-II1 already illustrates that stabilization of the
closed conformer alone does not lead to activation but
to inhibition.

Here, we have defined the conformation of eIF4A in
solution in the absence of ATP and RNA that is largely
different from the crystal structure. In conjunction with
previously reported crystal structures of the closed and the
elF4G-stabilized conformations, our results now provide
the necessary framework to interpret the mechanism of
elF4A activation by elF4G. In free elF4A, the two
RecA-domains are separated to a much lesser extent
than the previously reported crystal structure suggested.
The conserved motifs involved in nucleotide and RNA
binding are already oriented toward the inter-domain
cleft, whereas they are facing further away from each
other in the crystal structure. As a result, the previously
suggested stopper function for elF4A is not required.
Instead, by stabilizing the ‘half-open’ conformation
elF4G acts as a conformational guide toward the closed
conformation. The complex between elF4A and elF4G is



stabilized by interactions of elF4G with the C-terminal
RecA domain of elF4A, the primary interface. In this
respect, elF4G is reminiscent of (covalently attached) ex-
tensions to the helicase core that can be found in other
DEAD box proteins (3). Our data corroborate that the
secondary interface, although not required for overall
complex stability, is indispensable for imposing the
‘half-open’ conformation on elF4A, and thus essential
for the functional interaction between elF4A and elF4G.

Due to their negligible energetic contributions to the
interface stability, the critical residues in the secondary
interface that are responsible for aligning eIF4A in the
‘half-open’ conformation are difficult to pinpoint. The
salt bridge between R35 (eIF4A) and D842 (eIF4G) has
been probed previously (28), and no consistent results
were obtained. elF4G_D842R was still able to form a
complex with eIF4A and to stimulate ATPase activity.
By contrast, no complex formation was observed with
elF4A_R35D, even though the interaction through the
primary interface was unperturbed. Surprisingly, both
mutants were capable of stimulating elF4A’s ATPase
activity to similar extents as wild type. In our hands, the
R35D mutation in eIF4A disrupts the secondary interface
(Supplementary Figure S4). We have probed the second
ionic interaction between E43 (eIF4A) and R835 (elF4G),
and find that R835 in e[F4G is required for imposing the
‘half-open’ conformation on eIF4A and for stimulation of
its ATPase activity, whereas E43 in elF4A is not. Our data
argue against binary interactions between these ionic side
chains in the secondary interface, but are consistent with a
network of ionic interactions that allows for flexibility.
Similarly, a dynamic network of multiple weak, but
specific interactions has already been proposed for the
functional interaction between human elF4A, elF4G
and elF4H (27). The regulation of elF4A by elF4G may
thus be in stark contrast to the clamp-like regulation of
elF4A-III.

Mechanism of elF4A activation and implications for
its regulation in translation

It has previously been suggested that eI[F4G acts as a
‘stopper’ that prevents the N-terminal RecA domain
from moving away too far (28). However, we have
shown that the RecA domains are already considerably
close to each other in the open conformation, hence
such a stopper function is not required. More importantly,
the eI[F4A/elF4G complex forms a channel that in prin-
ciple allows the access to and exit from the nucleotide-
binding pocket of elF4A. We have demonstrated here
that in this conformation, nucleotide release and phos-
phate release are accelerated. Phosphate release (or an
associated conformational change) is the rate-limiting
step in the DEAD box protein catalytic cycle (36), render-
ing it a key step for efficient regulation. The tight inter-
action between elF4A and elF4G via the primary
interface provides an anchor, such that a stable complex
will be maintained even if the secondary interface is dis-
rupted. Thus, the two interfaces in conjunction allow for
elF4A to switch into the closed conformation upon ATP
and RNA binding, while maintaining a stable interaction
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with elF4G. In this model, the N-terminal RecA domain
will alternate between interactions with elF4G in the
‘half-open’ conformation and the C-terminal domain of
elF4A in the closed conformation. As phosphate release
and nucleotide exchange appear to be possible in the
elF4G-bound conformation, no complete opening is
required for product release. If e[F4A does not completely
re-open, the RNA affinity may not be reduced to the same
extent as in the open conformation. Possibly, RNA is not
released, providing an explanation for the increase
in e[F4A processivity upon interaction with e[F4G and
H (6,27).

The importance of eIF4A dynamics within the eIF4A/
elF4G complex and its link to the weak interactions in
the secondary interface becomes evident from the effect
of the E43R mutation. This mutation leads to a stabiliza-
tion of the secondary interface, but at the same time
elF4A_E43R is stimulated less efficiently by eIF4G
(2.5-fold versus 5-fold for wild-type elF4A). Presumably,
this mutant of elF4A is fixed in the eI[F4G-type conform-
ation, and hindered from efficiently proceeding through
the catalytic cycle. The destabilizing effect of E43 on
the secondary interface thus underlines the requirement
for weak interactions that can easily be overcome for
activating elF4A. A variety of regulation mechanisms
that affect the conformational change can be envisaged.
Presumably, more stimulatory proteins that regulate
DEAD box protein activity by accelerating this step will
be identified in the future.

Altogether, elF4G thus plays a more active role in
regulating elF4A activity than proposed in previous
models. Its regulatory effect, however, is subtle. During
the initiation of eukaryotic translation, a large number of
translation factors act in a concerted fashion, and syner-
gistic effects may allow for the amplification of elF4G’s
subtle effect by other translation initiation factors. In this
picture, eIF4A would amplify and integrate all of these
input signals and thus act as a regulatory hub in transla-
tion initiation.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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