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Abstract

Background: Eukaryotic initiation factor 4A (eIF4A) plays a key role in the process of protein translation initiation by
facilitating the melting of the 59 proximal secondary structure of eukaryotic mRNA for ribosomal subunit attachment. It was
experimentally postulated that the closed conformation of the eIF4A protein bound by the ATP and RNA substrates is
coupled to RNA duplex unwinding to promote protein translation initiation, rather than an open conformation in the
absence of ATP and RNA substrates. However, the allosteric process of eIF4A from the open to closed state induced by the
ATP and RNA substrates are not yet fully understood.

Methodology: In the present work, we constructed a series of diplex and ternary models of the eIF4A protein bound by the
ATP and RNA substrates to carry out molecular dynamics simulations, free energy calculations and conformation analysis
and explore the allosteric properties of eIF4A.

Results: The results showed that the eIF4A protein completes the conformational transition from the open to closed state
via two allosteric processes of ATP binding followed by RNA and vice versa. Based on cooperative allosteric network
analysis, the ATP binding to the eIF4A protein mainly caused the relative rotation of two domains, while the RNA binding
caused the proximity of two domains via the migration of RNA bases in the presence of ATP. The cooperative binding of
ATP and RNA for the eIF4A protein plays a key role in the allosteric transition.
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Introduction

Initiation of translation in eukaryotes is regarded as rate-limiting

for protein synthesis. It requires eukaryotic translation initiation

factors (eIFs) for recruiting ribosomal subunits to messenger

ribonucleic acids (mRNAs) [1]. Eukaryotic translation initiation

factor 4F (eIF4F) plays a key role in translation initiation, and

includes three subunits, i.e., the mRNA cap-binding protein

eIF4E, large scaffolding protein eIF4G and RNA helicase eIF4A.

The eIF4F complex functions to unwind local secondary structures

of mRNA, to create a ribosome landing pad [2–8]. The RNA

helicase eIF4A, i.e., eukaryotic initiation factor 4A, is a member of

DEA (D/H)-box RNA helicase family of proteins. Helicases

interact with RNA during RNA splicing, ribosome biogenesis, and

RNA degradation [9–11]. The eIF4A protein, as an RNA-

dependent ATPase and ATP-dependent RNA helicase, is thought

to facilitate ribosomal attachment in the cytoplasm by melting the

59 proximal secondary structure of eukaryotic mRNAs [12–14].

Specific DEA (D/H)-box proteins use the energy from RNA-

dependent adenosine triphosphate (ATP) hydrolysis to drive the

endothermic strand unwinding of mRNAs [15,16]. It was

postulated that the closed conformation of the eIF4A protein, in

the presence of ATP and RNA substrates, is coupled to RNA

distortion and double-strand destabilization [17–19]. Therefore,

studies pertaining to the structural characteristics and the eIF4A

activity in the protein translation initiation have become a hot

topic in recent years [17–23].

The eIF4A is the prototypic member of the DEAD-box protein

family and represents the minimal helicase core. The first X-ray

structure of amino-terminal domain (assigned as N-domain

including the residues 1–222) of yeast eIF4A protein was

determined respectively by Benz et al. (PDB: 1QVA) and Johnson

et al. (PDB: 1QDE) in 1999 [24,25]. The carboxyl-terminal

domain (assigned as C-domain including the residues 233–394)

and full-length eIF4A protein in open state have been reported by

Caruthers et al. (PDB: 1FUK, 1FUU) in 2000 [26]. Each of two

domains in the eIF4A protein consists of an na-mb-la fold

structure. The n/l and m, respectively, represent the numbers of a
helices and b strands. The mb sheet is located at the center flanked

by na helices on one side and la helices on the other side. The N-

domain and C-domain are formed respectively by the 5a-8b-4a
fold in the order a(1-5)-b(1-8-2-7-6-3-5-4)-a(6-9)) and the 2a-7b-

4a fold in the order a(1-2)-b(3-4-2-5-6-1-7)-a(3-6)) [24–26]. The
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two domains in the open eIF4A state are connected by an

extended linker of 223–233 residues. The end-to-end length of the

eIF4A protein in the open state is about 80 Å, ,18 Å of which is

accounted for by the linker [26]. However, the X-ray structure of

closed yeast eIF4A protein bound by ATP and RNA substrates has

yet to be determined. Further, the yeast eIF4A protein exhibits

62% homology at the amino acid level with the human eukaryotic

translation initiation factor 4AIII (eIF4AIII) [18]. It has been

proposed that the closed conformation of all DEAD-box proteins

was similar to the structure of closed human eIF4AIII [17,23]. The

X-ray structure of closed human eIF4AIII protein bound by

ADPNP and RNA substrates was reported respectively by

Andersen et al (PDB: 2HYI) and Bono et al (PDB: 2J0S) in

2006 [17,18]. The closed human eIF4AIII protein differs

structurally from the open conformation of yeast eIF4A protein

in that the two domains in closed state are in close proximity to

each other and extensively interconnected. They interact with

ATP and RNA substrates with high affinity [17–19,27–29].

Previous studies indicated that cooperative binding of ATP and

RNA to the eIF4A protein triggers the formation of the closed

conformation, as a hydrolysis and unwinding-competent state,

leading to the assemblies of the catalytic sites and the bipartite

RNA binding sites in both domains [19,30–33]. A kink in the

backbone of the bound RNA sequence in a closed state locally

destabilizes the duplex to dissociate an RNA strand [34,35].

Presumably, the eIF4A protein resumes an open state upon ATP

dephosphorylation, resetting it for another catalytic cycle

[21,36,37]. These studies suggest that eIF4A acts as a nucleo-

tide-dependent switch that alternates between open and closed

conformations during the catalytic cycle of duplex separation

[21,30,38]. Therefore, the process of the eIF4A protein change

from an open conformation to a closed one is very important to

the RNA unwinding catalytic cycle. Herschlag and Klostermeier

and their co-workers proposed that the eIF4A enzyme binds ATP

and RNA substrates randomly [30,32]. Furthermore, no exper-

imental structures of both the open and the closed conformations

have been determined for either the yeast or the human eIF4A

protein [26,32]. The structures of the closed human eIF4AIII and

yeast eIF4A are similar. However, the eIF4AIII, which constitutes

the RNA-binding platform anchoring other EJC (exon junction

complex) components to the spliced mRNA in the nucleus, is quite

different functionally from the eIF4A [39]. Therefore, the factors

affecting the conformational transition from the open to the closed

state for the two eIF4AIII and eIF4A proteins might be different.

On the other hand, the allosteric properties of eIF4A protein have

been theoretically investigated little until now. The dynamic

transition mechanism of eIF4A protein from the open to closed

state, mediated by ATP and RNA substrates has yet to be fully

understood at the atomic level.

Since the eIF4A protein was a typical member of the DEAD-

box protein family [26], we selected the yeast eIF4A to explore the

transition mechanisms, to obtain valuable insight into the other

RNA helicases. Molecular dynamics simulations and free energy

calculations for a series of diplex and ternary models of the eIF4A

protein bound by the ATP and RNA substrates were carried out to

investigate the binding of ATP followed by RNA and vice versa.

These studies may be helpful to obtain valuable insights into the

conformational transition mechanism and cooperative binding

networks induced by ATP and RNA substrates.

Models and Methods

Initial structures
Based on the previous experimental studies, the initial structure

of the open eIF4A protein (assigned as O-eIF4A model) used in the

MD simulations was employed from the X-ray crystal structure

(PDB entry 1FUU (B chain)). The O-eIF4A model contains a N-

terminal domain of 1–222 residues consisting of 9a helices and 8b
strands, a C-terminal domain of 234–394 residues consisting of 6a
helices and 7b strands and a linker of two domains consisting of

223–233 residues [26]. The missing residues (i.e. Ser1–Ser10,

Arg352–Arg355) in this model were repaired using the loop search

method in the Swiss-Pdb Viewer (http://spdbv.vital-it.ch/). Based

on the X-ray crystal structure of the human eI-

F4AIII+ADPNP+RNA complex with a closed conformation

(PDB entry 2J0S (A chain)), we build the closed structure of the

yeast eIF4A protein bound by ATP and RNA substrates by using

the homology modeling technologies in the ‘‘Build Mutants

protocol’’ of the Discovery Studio v.2.1 (DS 2.1, 2008) (assigned as

ATP+RNA+C-eIF4A model) [40], which is shown in Figure 1.

The human eIF4AIII protein shares 62% amino acid sequence

identity with the yeast eIF4A protein [18], with highly identical

conserved motifs (see Figure S1). Therefore, the structural

construction of the closed yeast eIF4A protein by using the closed

eIF4AIII template is feasible. In order to investigate the allosteric

properties of eIF4A protein bound by ATP substrate or RNA

molecule, the ATP+eIF4A or RNA+eIF4A model was built by

aligning the crystal structures of open apo eIF4A protein and

eIF4AIII+ADPNP+RNA complex using the N- and C- domains

superimposed sites. We then imported the coordinates of Mg-ATP

or RNA to the open apo eIF4A protein, as a starting structure in

the allosteric step O-eIF4ARATP+eIF4A or O-eIF4ARR-

NA+eIF4A, respectively. The RNA molecule in the RNA+eIF4A

model consists of a 12-uracil single-strand fragment. In order to

investigate further allosteric properties of eIF4A second bound by

RNA molecule or ATP substrate for the stable ATP+eIF4A or

RNA+eIF4A complex, we used the average structure extracted

from the equilibrium trajectories of ATP+eIF4A or RNA+eIF4A

model, then, respectively combined with RNA or ATP substrate as

the initial structure, and used the average structure extracted from

the trajectories of ATP+RNA+C-eIF4A model as the target

structure to carry out targeted molecular dynamics (TMD)

simulations. These two allosteric steps were assigned as the RNA

second binding step of (ATP+eIF4A)+RNAR(ATP+RNA+C-

eIF4A) and as the ATP second binding step of (RNA+eIF4A)+AT-

PR(ATP+RNA+C-eIF4A). We selected four intermediate struc-

tures of I, II, III, IV from the RNA-second binding TMD

simulation or those of I’, II’, III’, IV’ from the ATP-second

binding based on the average interval of RMSD variation as the

starting structures for the CMD simulations in order to obtain the

possible equilibrium intermediate structures during the RNA or

ATP second binding step. Given that the single RNA strand has

some phosphate groups, 43 Na+ and 16 Cl2 counterions are added

to the ATP+RNA+C-eIF4A model to achieve electroneutrality

and to satisfy the experimental ionic strength of 100 mM [30].

Similar counterion processes are applied to other models. The

systems were explicitly solvated by using the TIP3P water potential

inside a rectangular box large enough to ensure the solvent shell

extended to 10 Å in all directions of each system studied.

Molecular dynamics simulation protocols
All CMD and TMD simulations were carried out using the

AMBER9 package [41] with a classical AMBER parm99 force

field parameters [42,43] together with the parmbsc0 refinement

Allostery of eIF4A from the Open to Closed State
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[44] and gaff force field parameters [45]. Details of CMD and

TMD protocols are given in Texts S1 and S2.

Free-energy analyses
The molecular mechanics Poisson–Boltzmann surface area

(MM-PBSA) method [46–49] in AMBER9 package was employed

to perform the free energy analyses. The binding free energy was

computed through calculating the free energy differences of

ligand, receptor and their complex as follows:

DGbinding~Gcomplex{Gligand{Greceptor

In MM-PBSA, the free energy (G) of each state is estimated from

molecular mechanical energy EMM, solvation free energy GSOLV

and vibrational, rotational, and translational entropies S, respec-

tively.

G~EMMzGSOLV {TS

EMM~EintzEvdwzEele

GSOLV~Gpb=solvzGnp=solv

Where T is the temperature; Eint is internal energy, i.e. the sum of

bond, angle, and dihedral energies; Evdw is van der Waals energy;

Eele is electrostatic energy; GSOLV is the sum of electrostatic

solvation free energy, Gpb/solv, and the non-polar salvation free

energy, Gnp/solv. The entropy S is estimated by a normal mode

analysis of the harmonic vibrational frequencies, calculated using

the Nmode module in AMBER9 package [50,51]. Prior to the

normal mode calculations, each structure was fully minimized

using a distance dependent dielectric of e= 4r (r is the distance

between two atoms) to mimic the solvent dielectric change from

the solute to solvent until the root-mean-square of the elements of

the gradient vector was less than 561024 kcal?mol21?Å21. Then,

the entropy was calculated based on standard statistical mechanics

expressions [47,52]. Computational details are available in Text

S3.

DynDom analyses
DynDom is able to determine dynamic domains, hinge axes,

and hinge-bending residues from two protein structures that have

different conformations. DynDom generates short segments of the

amino-acid chains of these proteins by use of a sliding window and

the calculation of the rotation vector associated with the rotation

of these segments between the two structures. By treating the

components of these rotation vectors as coordinates in a ‘rotation

space’, segments that rotate together will have rotation points

collocated, indicating possible rigid domains within the structure.

Moreover, in creating a domain decomposition, DynDom

measures the ratio of interdomain displacement to intradomain

displacement as defined by Hayward & Berendsen [53]. For a

domain decomposition to be accepted for the hinge axis analysis,

this ratio must be larger than 1.0, i.e. there must be more

interdomain displacement than intradomain displacement. Thus

domains can be identified from the distribution of rotation points.

Domains and hinge axes were identified and characterized by

using the DYNDOM program (http://www.cmp.uea.ac.uk/

dyndom/).

Calculation of angle between two helices
To analyze conformational changes in the relative orientations

of any two helices, the program interhlx (written by Kyoko Yap,

available at www.nmr.uhnres.utoronto.ca/ikura/interhlx/) was

used to calculate the angle between two helices, including the

sign in a structure or a family of structures. The program

calculates the sign of the angle between two helices by following

this convenient role: The two helices are taken to be positioned by

helix I being in front of helix II. Helix I (from N to C) is used to

define first vertical vector. A second vertical vector is defined with

its tail at the C-terminus of helix II. The angle between helices I

and II is the rotation required to align the head of the second

vector with the N-terminus of helix II. The vector is rotated in the

direction that produces an angle of less than 180 degrees with the

clockwise or counterclockwise rotation represented by positive or

negative sign. This program can also provide other geometry-

based parameters such as interhelical distances [54,55].

Fluctuation and correlation analyses
The root-mean-square fluctuations (RMSF) values of residues

are a measure of fluctuations and flexibility of backbone Ca of

protein over the trajectory broken down by residues in comparison

to the average structures [41,56]. RMSFi of the Ca atom of each

residue was calculated as follows:

RMSFi~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

T

XT

t~1

ri tð Þ{SriTð Þ2
vuut

Where T is the number of snapshots considered in the time

trajectory, ri(t), the position of the Ca atom of residue i at time t,

and Æriæ, the time-averaged position of the Ca atom of residue i.

The dynamic feature of a protein and the extent of correlation

of the motions of the different regions in a protein were assessed

via the calculation of cross-correlation coefficients, C(i,j) given as

follows:

C i,jð Þ~SDri|DrjT= SDri
2TSDrj

2T
� �1=2

In the equation, Dri and Drj are the displacement vectors for atoms

i and j, respectively, and the angle brackets denotes the ensemble

average [41,56]. In the present study, the correlation coefficients

Figure 1. Superposition of two complexes. Superposition of the
yeast ATP+RNA+C-eIF4A model (magenta) and the closed human
eIF4AIII+ADPNP+RNA complex (gray, PDB-ID 2J0S) in the homology
modeling.
doi:10.1371/journal.pone.0086104.g001
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were averaged over the regions of the protein and the resultant

cross correlation coefficients are presented in the form of a two-

dimensional graph. These structure analyses in the present work

were calculated by using PTRAJ module in AMBER9 program

[41].

Results

The root-mean-square deviation (RMSD) values of all the

backbone atoms relative to the corresponding starting structures

over four trajectories for O-eIF4A, ATP+RNA+C-eIF4A, AT-

P+eIF4A and RNA+eIF4A models were examined to determine

the system equilibrium. It is often considered that small RMSD

values of one simulation indicate a stable state of the system and

also suggest that the newly constructed models satisfactorily

reproduced the experimental structures. However, the large

RMSD values suggest large conformational changes of the

investigated system. Plots of RMSDs for the two equilibrium

systems, O-eIF4A and ATP+RNA+C-eIF4A models, and two

allosteric systems, ATP+eIF4A and RNA+eIF4A models, over

simulation times are shown in Figure 2A, B, C, D, respectively. As

illustrated in Figure 2A and B, the O-eIF4A and ATP+RNA+C-

eIF4A systems reached equilibrium after 5 ns, with stable energies

during the remainder of each simulation. Therefore, the trajectory

analysis of the two systems yielded the equilibrated conformations

between 40 ns and 50 ns of simulation time, recording 5000

snapshots at every 2 ps time-interval of each trajectory. It is

apparent from Figure 2C and D that the RMSD values of eIF4A

protein for the ATP+eIF4A and RNA+eIF4A models presented

great variation, which predicts the allosteric properties of eIF4A

protein in these two models. Only the first 20 ns (10000 snapshots)

of each trajectory for the allosteric ATP+eIF4A and RNA+eIF4A

models were used for the structural analysis. Figure 2E and F

illustrate the plots for the RMSDs of all backbone atoms in the

TMD-simulated structures relative to the final structure of the two

allosteric steps of (ATP+eIF4A)+RNAR(ATP+RNA+C-eIF4A)

and (RNA+eIF4A)+ATPR(ATP+RNA+C-eIF4A). The backbone

atoms in the two TMD simulations reached the same target

conformation within 10 ns simulation time.

1. Stability of the O-eIF4A and ATP+RNA+C-eIF4A states
Based on the RMSD values of O-eIF4A and ATP+RNA+C-

eIF4A models, we obtained two stable states of open eIF4A protein

and closed eIF4A protein bound by ATP and RNA molecules.

The corresponding average structures of these two systems

extracted from the trajectories of their simulations were analyzed

and are shown in Figure 3A and B. The eIF4A protein in each

conformation state consists of two domains (N- and C- domains),

i.e., the N-domain formed by a 5a-8b-4a fold (a1-5-b1-8-2-7-6-3-5-4-

a6-9) and the C-domain formed by a 2a-7b-4a fold (a1-2-b3-4-2-5-6-

1-7-a3-6) (see Figure 4A and B). The RMSD values less than 4.5 Å

in these two models suggest that the average structures of open

eIF4A protein and closed ATP+RNA+eIF4A complex primarily

represent the characteristics in X-ray crystal structure and

homology modeling structure (see Figure 3B), respectively. The

most remarkable differences between the O-eIF4A and ATP+R-

NA+C-eIF4A states are as follows: (1) In the O-eIF4A state, the N-

and C-domains separate from each other with their mass center

distance of 48.7 Å, and their end-to-end length of 80.4 Å between

Ca atoms of Ser86 and Tyr245 residues, and the loop linker length

of 18.7 Å between Ca atoms of Val223 and Thr229 residues. The

end-to-end and loop linker lengths are consistent with the

experimental results of 80 Å and 18 Å, respectively [29]. In the

ATP+RNA+C-eIF4A state, such distances decrease to 29.5 Å,

56.7 Å and 10.5 Å, respectively (see Figure 5A and B). (2) The

angle changes between the domains of O-eIF4A and ATP+R-

NA+C-eIF4A models from the simulations have been analyzed by

using the DynDom program. The relative rotation angle of two

domains in these two states was 103.6u and the corresponding

domain decomposition and the hinge-bending residues are shown

in Figure 6A. (3) Such proximity and relative rotation of two

domains in the two states result in structural changes of the N-

domain – C-domain interface. In the O-eIF4A state, the b2/7/8

strands and a3, a9 helices in the N-domain face the a3/4/5

helices in the C-domain, without any interdomain contacts. In

contrast, in the ATP+RNA+C-eIF4A state, the a5-b4 segments

and b3/6/7 strands in the N-domain face respectively the a3 and

a4/5 helices in the C-domain with extensive contacts in the N-

domain – C-domain interface (see Figure 5A and B). The

interhelical angle of a5 helix in the N-domain and a3 helix in

the C-domain, measured with the INTERHLX program, changed

from the average value of 97.7u in the O-eIF4A state, without any

interaction between the two helices, to that of 65.7u in the

ATP+RNA+C-eIF4A one, with some interactions between the two

helices. The b3 and b6/7 strands in the N-domain are arranged in

parallel, and their C-terminus respectively point to the middle

position of a4 and a5 helices in C-domain with the interactions

between the b3/6/7 strands and the a4/5 helices in the

ATP+RNA+C-eIF4A state. Further, such relative rotation of two

domains also causes rearrangement of the RNA binding residues,

Arg99, Arg148, and others in the N-domain and Arg269, Arg298,

and others, in the C-domain to a linear structure at the edge of

eIF4A protein in the ATP+RNA+C-eIF4A state. (4) In the O-

eIF4A state, the C-terminus of b2–b8 strands in the N-domain and

the C-terminus of b1–b6 strands in the C-domain form an acute

angle of ,60u. In the ATP+RNA+C-eIF4A state, the acute angle

changes to ,90u, i.e. two b-strand groups are almost perpendic-

ular to each other. These results indicate that the significant

structural differences involve variations of distance and angle

between the N- and C- domains in the two states, which results in

the structural change of the N-domain – C-domain interface.

2. Free energy calculations revealed that the open-to-
closed allosteric process is caused by cooperative
binding of ATP or RNA with eIF4A protein

To determine the favorable binding order and cooperativity of

ATP and RNA substrate binding to the eIF4A protein, we

performed binding free energy calculations of the ATP+eIF4A,

RNA+eIF4A and ATP+RNA+C-eIF4A models by using the MM-

PBSA methodology based on the MD simulations. All energy

terms and the total binding free energies of these systems are

displayed in Table 1. It is apparent that the binding free energies

of ATP substrate and RNA molecule to the eIF4A protein in the

ATP+eIF4A and RNA+eIF4A models, respectively, are 28.62

and 212.57 kcal?mol21, which indicates that the initial binding of

ATP substrate or the RNA molecule to eIF4A protein was

energetically favorable and allosterically regulated. It is also

apparent that the binding free energies of ATP substrate and RNA

molecule to the eIF4A protein in the ATP+RNA+C-eIF4A model,

respectively, were 230.32 and 264.85 kcal?mol21. It indicates

that the binding free energies of ATP substrate and RNA molecule

to the eIF4A protein in the ternary systems increased respectively

by 221.70 and 252.28 kcal?mol21 compared with the corre-

sponding binary systems, leading to positive cooperative binding

with each other for the two substrates. The calculated data support

the experimental observation that the affinity of the eIF4A protein

for RNA or ATP was enhanced by the coupling binding of ATP or

RNA [30]. ATP binding to the eIF4A protein enhances the

Allostery of eIF4A from the Open to Closed State
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cooperative binding of the RNA molecule. On the other hand, the

present binding energy calculations for the ATP+RNA+C-eIF4A

model predict that the closed eIF4A state bound by the two

substrates was more energetically stable than the open eIF4A state.

3. Characteristics of the ATP and RNA sequential binding
to eIF4A protein

3.1. Interaction analysis supports the RNA-mediated

positive cooperativity of ATP binding with eIF4A

protein. To address the positive cooperativity of RNA for

ATP binding with the eIF4A protein, the percentages of

occurrences of hydrogen bonds in the ATP+eIF4A and ATP+R-

NA+C-eIF4A models were analyzed and respectively shown in

Table 2 for the ATP–eIF4A interface, in Table 3 and 4 for the

RNA–eIF4A interface, and in Table 5 for the N-domain – C-

domain interface. The criteria for the intermolecular or intramo-

lecular hydrogen bond included a donor-acceptor distance of

,3.5 Å and a donor-proton-acceptor angle of .120u [57,58]. In

Figure 2. RMSD values of the equilibrium and allosteric models. RMSD values of all backbone atoms with respect to the corresponding
starting structures for the CMD simulations of (A) O-eIF4A, (B) ATP+RNA+C-eIF4A, (C) ATP+eIF4A and (D) RNA+eIF4A models, and for the TMD
simulations of (E) the (ATP+eIF4A)+RNAR(ATP+RNA+C-eIF4A) transition and (F) the (RNA+eIF4A)+ATPR(ATP+RNA+C-eIF4A) transition.
doi:10.1371/journal.pone.0086104.g002

Allostery of eIF4A from the Open to Closed State
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the ATP+eIF4A model involving the ATP–eIF4A interface, the

total hydrogen bond occupancies of 1328.46% occur apparently

around the ATP-binding region at the N-domain of eIF4A

protein, i.e., around a2–a3 and b2-P-loop-a4 segments. P-loop is

the linker of b2 strand and a4 helix. This interaction analysis

supports the binding free energy calculations as discussed above.

For the same ATP–eIF4A interface in the ATP+RNA+C-eIF4A

model, the hydrogen bond occupancies between the ATP-binding

a2–a3/b2-P-loop-a4 region of the N-domain, the ATP-binding

a4-b5/a5-b6 region of the C-domain in the eIF4A protein and the

ATP substrate increased to 1703.61% compared with the same

interface in ATP+eIF4A model, which indicated that ATP

interacting with one N-domain in the ATP+eIF4A model bound

with both N- and C-domains in the ATP+RNA+C-eIF4A model.

For example, additional interaction residues Asp324, Arg349, and

Arg352 at the ATP-binding a4-b5/a5-b6 region of C-domain

were found (see Table 2). The binding residues reproduced the

previous experimental observation [19]. The results predict the

tremendous positive cooperativity for ATP binding with eIF4A

protein induced by the subsequent RNA binding. Furthermore, in

the ATP+RNA+C-eIF4A model, the existence of hydrogen bonds

between the RNA binding region at the N-domain, i.e., around

b3-a5, b4-b5-a6 segments, the RNA binding region at the C-

domain, i.e., around a2, b3-a3, b4-a4 segments in the eIF4A

Figure 3. The structures of the open and closed states. MD-simulated overall structures for (A) the open eIF4A state and (B) the closed eIF4A
state bound by ATP (colored in magenta) and RNA (colored in pink), the linker in which is colored in cyan.
doi:10.1371/journal.pone.0086104.g003

Figure 4. The structures of N- and C- domains of eIF4A. The structures of (A) the N-domain 5a (yellow) - 8b (orange) - 4a (slate) and (B) the C-
domain 2a (yellow) - 7b (orange) - 4a (slate) for the eIF4A protein.
doi:10.1371/journal.pone.0086104.g004
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protein and the RNA molecule with the total percentage of

2123.08% (see Table 3 and 4), results in the positive cooperativity

for ATP binding mediated structurally by ATP–eIF4A interface.

The RNA binding residues Pro97, Arg99, Gly125, Gly126,

Thr145, Gly147, Arg148, Arg269, Ser291, Arg298 and Thr316

reproduced the previous experimental observations [19]. On the

other hand, we found specific hydrogen bond interactions at the

N-domain – C-domain interface, i.e., the a5-b4 and b3/6/7

segments of the N-domain versus the a3 helix and a4/5 helices of

the C-domain in the ATP+RNA+C-eIF4A model, respectively, of

which b3, b4, a5 of N-domain and a3, a4 of C-domain not only

belong to RNA-binding region but also belong to N-domain – C-

domain interface (see Table 5). However, such interactions were

not found in the ATP+eIF4A model. Specific interaction residues

in the N-domain – C-domain interface also reproduced the

previous experimental observations [19].

3.2. Allosteric modulation of eIF4A protein induced by

ATP and RNA sequential binding. Based on the structural

differences of eIF4A protein in the O-eIF4A and ATP+RNA+C-

eIF4A models, the conformational changes of eIF4A protein

induced by the ATP and RNA sequential binding were analyzed

by using the allosteric simulation of the O-eIF4A model to the

ATP+eIF4A model, as the first step, and four RNA mediating

models, I, II, III, IV, initiating from the TMD simulation of

(ATP+eIF4A)+RNAR(ATP+RNA+C-eIF4A), as the second step

(see Figure 7). These four models, I, II, III, IV were simulated by

the CMD method and attained the corresponding stable

configurations. The corresponding RMSD values are displayed

Figure 5. The distances in the open and closed eIF4A states. The length of whole eIF4A protein (black line), the mass center distance between
two domains (magenta line) and the length of the linker (blue line) for (A) the open eIF4A state for the O-eIF4A model and (B) the closed eIF4A state
in the ATP+RNA+C-eIF4A model; the a helices and b strands at the N-domain – C-domain interface are labeled and shown in cartoon form with the
remaining part of the protein colored in white semi-transparent surface; the ATP and RNA molecules are shown by magenta stick and pink cartoon,
respectively, in the closed state.
doi:10.1371/journal.pone.0086104.g005
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in Figure S2A–D. The first step entailed ATP-mediated shift in the

P-loop away from b7 strand and close to both b8 and a3 segments

with ,2.2 Å movement distance along with the formation of

hydrogen bonds at the ATP-binding region (see Figure 8). Such

movement of the P-loop results in its open conformation, as

reported experimentally [59]. Interestingly, the initial ATP

binding causes a rotation of 99.2u between the two domains of

protein relative to the O-eIF4A model (see Figure 6B), which

results in structural changes of the N-domain – C-domain

interface and the RNA-binding regions at the N- and C- domains.

At the N-domain – C-domain interface, the a5-b4 and b3/6/7

interface segments in the N-domain gradually move towards the

a3 and a4/5 interface helices, respectively, in the C-domain.

Simultaneously, the residues Pro97, Thr98, Arg99, Gly125,

Gly126, Thr145, Gly147, Arg148 at the RNA-binding b3-a5/

b4-b5-a6 region of N-domain and the residues Arg269, Ser291,

Figure 6. Domain rotation angel between the O-eIF4A and ATP+eIF4A models. (A) Dynamic domain identified between the O-eIF4A and
ATP+eIF4A models. The residues forming the fixed domain, moving domain and bending residues are depicted in colors of blue, red and green,
respectively, with a reference line crossing at the center of rotation. (B) The relative rotation angel of the two domains in the eIF4A protein between
the O-eIF4A (slate) and ATP+eIF4A (orange) models.
doi:10.1371/journal.pone.0086104.g006
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Arg298, Thr316 at the RNA-binding a2/b3-a3/b4-a4 region of

C-domain are rearranged to a linear structure, and are located at

the edge of N-/C- domain, which may favor RNA binding to

eIF4A protein in the cytoplasm (see Figure 9A and B). In addition,

the mass center distance between the two domains was reduced by

,7 Å due to the ATP binding. The ATP mediation in the first

step facilitates the partial open-to-closed transition.

In the second step involving RNA sequential binding, the RNA

binding sites at the N-domain close to the C-domain showed a

decrease in their mass center distance from 32.5 Å in the

ATP+eIF4A model to 13.5 Å in the ATP+RNA+C-eIF4A model

(see Figure 9B and C). Such proximity further narrowed the

average mass center distances from 41.7 Å in the ATP+eIF4A

model, 41.1 Å in the I model, 37.5 Å in the II model, 32.0 Å in

the III model, 29.6 Å in the IV model, to 29.5 Å in the

ATP+RNA+C-eIF4A model (see Figure 7). As expected, the

proximity of two domains induces the gradual formation of

hydrogen bonds in the N-domain – C-domain interface as follows:

0% in the I model, 45% in the II model, 540% in the III model,

740% in the IV model, and 1318% in the ATP+RNA+C-eIF4A

model (see Table 5). With the proximity of two domains, the

binding bases on the RNA molecule simultaneously migrate along

the edge of eIF4A protein from the I model with the RNA binding

bases U396–U402 to the II model with U397–U404, to the III, IV

and ATP+RNA+C-eIF4A models with U398–U403, which was

also apparent from the hydrogen bond formations at the RNA–

eIF4A interface (see Tables 3 and 4). In brief, the two allosteric

steps indicated that the ATP initial binding to the open eIF4A

protein causes the relative rotation of two domains, while the RNA

binding induces considerable proximity of two domains. The

cooperative binding mediated by ATP and RNA completes the

open-to-closed transition for the eIF4A protein.

3.3. Dynamic fluctuation and correlation of the transition

from O-eIF4A model to the ATP+eIF4A model and from the

ATP+eIF4A model to the ATP+RNA+C-eIF4A model. To

further investigate the interaction between the eIF4A protein and

the ATP or RNA molecule and the conformational changes of

eIF4A protein induced by the ATP and RNA binding via the

residue position changes, the dynamics of every residue was

determined and interpreted by residue fluctuations and correla-

tions. The RMSF values of the eIF4A protein in the O-eIF4A,

ATP+eIF4A and ATP+RNA+C-eIF4A models were analyzed and

shown in Figure 10. The additional hydrogen bonds between the

eIF4A protein and ATP substrate in the ATP+eIF4A model with

respect to the O-eIF4A, and between the eIF4A protein and RNA

in the ATP+RNA+C-eIF4A model with respect to ATP+eIF4A

model are directly linked to the changes of RMSF values in the

fluctuation pattern. Namely, the newly-formed hydrogen bonds

between the residues Gln43, Ser45, Gln48, Gln66-Lys71 at the

ATP-binding a2–a3/b2-P-loop-a4 region of the N-domain in the

eIF4A protein and the ATP substrate in the ATP+eIF4A model

caused the decrease in corresponding fluctuations compared with

those in the O-eIF4A model, which contributes to the stabilization

of corresponding contact sites. Further, the newly-formed hydro-

gen bonds between the residues Arg99, Arg148, etc, at the RNA-

Table 1. MM-PBSA free energy (kcal?mol21) components for
the ATP+eIF4A, RNA+eIF4A and ATP+RNA+C-eIF4A models.

ATP+eIF4A
ATP+RNA+C-
eIF4A RNA+eIF4A

ATP+RNA+C-
eIF4A

Receptor eIF4A eIF4A eIF4A eIF4A

Ligand ATP ATP RNA RNA

DEele 2165.13 2171.14 891.80 252.60

DEvdw 227.02 241.38 291.55 280.21

DEint 0.00 8.96 26.31 23.07

DGnp/solv 25.40 25.19 29.55 28.43

DGpb/solv 159.42 161.67 2844.45 42.15

DGnp 232.42 246.57 2101.10 288.64

DGpb 25.71 29.47 47.35 210.46

DTS 229.52 216.72 249.44 237.31

DHbinding 238.14 247.04 260.07 2102.16

DGbinding 28.62 230.32 212.57 264.85

DGpb~DEelezDGpb=solv

DGnp~DEvdwzDGnp=solv

DGbinding~DGnpzDGpbzDEint{DTS

~DHbinding{DTS

doi:10.1371/journal.pone.0086104.t001

Table 2. The occupancies (%) of hydrogen bonds between
the ATP and eIF4A protein for the ATP+eIF4A and
ATP+RNA+C-eIF4A models.

Hydrogen bond ATP+eIF4A
ATP+RNA+C-
eIF4A

N-domain a2–a3 (ATP)N6-H…O(Gln43) 98.61 70.56

(ATP) N7-H…OG (Ser45) 97.95 0

(ATP) N7-H…NE2 (Gln48) 35.17 68.78

(ATP)N6-H…OE1(Gln48) 99.88 73.42

P-loop (ATP) O1A-H…N (Gln66) 88.99 0

(ATP) O1A-H…N (Ser67) 99.66 0

(ATP) O1G-H…OG (Ser67) 71.64 99.32

(ATP) O1B-H…N (Gly68) 0 53.56

(ATP) O3B-H…N (Gly68) 76.70 98.72

(ATP) O1G-H…N (Gly68) 59.38 12.10

(ATP)O39-H…OG1(Thr69) 52.80 0

(ATP) O1B-H…N (Thr69) 0 67.26

(ATP) O1B-H…N (Gly70) 0 98.88

(ATP) O59-H…N (Gly70) 92.56 0

(ATP) O3A-H…N (Gly70) 90.49 30.62

a4 (ATP) O1B-H…N (Lys71) 0 98.08

(ATP) O2B-H…N (Lys71) 95.75 4.48

(ATP) O2A-H…N (Lys71) 62.41 0

(ATP) O1G-H…NZ (Lys71) 77.65 99.70

(ATP) O2B-H…NZ (Lys71) 75.00 97.76

(ATP) O3G-H…NZ (Lys71) 53.82 0.60

(ATP) O2B-H…N (Thr72) 0 73.56

(ATP) O1A-H…N (Thr72) 0 42.54

(ATP) O1A-H…N (Gly73) 0 98.85

C-domain a4-b5 (ATP)O39-H…OD1(Asp324) 0 44.88

a5 (ATP) O2G-H…NH1 (Arg349) 0 99.96

(ATP) O2G-H…NH2 (Arg349) 0 99.60

(ATP) O1G-H…NH1 (Arg349) 0 86.74

a5-b6 (ATP) O2G-H…NH1 (Arg352) 0 97.80

(ATP) O2G-H…NH2 (Arg352) 0 85.84

doi:10.1371/journal.pone.0086104.t002
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binding b3-a5/b4-b5-a6 region of the N-domain, Arg269,

Ser291, Arg298, etc, at the RNA-binding a2/b3-a3/b4-a4 region

of the C-domain in the eIF4A protein, and RNA molecule in the

ATP+RNA+C-eIF4A model caused the decrease of corresponding

fluctuations compared with those in the ATP+eIF4A model.

Furthermore, the fluctuations at the residues of newly-formed

hydrogen bonds, between the residues Arg99–Arg100, Glu170–

Glu173, etc, in the interface a5-b4/b3/6/7 segments of the N-

domain and the residues Gln295, Arg298, Arg321, etc, in the

interface a3/4/5 helices of the C-domain considerably decreased

in the ATP+RNA+C-eIF4A model compared with those in the O-

eIF4A and ATP+eIF4A models. These results are consistent with

the hydrogen bond analysis discussed above.

To explore the allosteric communication of positional changes

in the ATP/RNA binding regions and the N-domain – C-domain

interface in the transition from open to closed conformations, we

constructed and analyzed the motion correlations and their

differences in all Ca atoms of the eIF4A proteins from the

trajectories. They are respectively displayed in Figure 11A for the

first step from the O-eIF4A model to the ATP+eIF4A model and

in Figure 11B between the equilibrium simulations of the

ATP+eIF4A and ATP+RNA+C-eIF4A models. These two maps

show the motion correlations between the residues ranging from

highly anticorrelated (blue) to highly correlated (red). As illustrated

in Figure 11A the motions of ATP-binding a2-a3/b2-P-loop-a4

region in the N-domain, significantly correlate and anticorrelate

with the motions of the RNA-binding b3-a5/b4-b5-a6 region of

N-domain and the RNA-binding a2/b3-a3/b4-a4 region of C-

domain, respectively, (represented by the black squares in

Figure 11A), which predicts that the ATP binding causes the

allostery of the RNA binding sites in the eIF4A protein, resulting

in strong hydrogen bond formation and the high affinity between

the protein and RNA. Further, the large correlated motions of

ATP-binding region vs the a5-b4/b3/6/7 interface segments of

the N-domain occur remarkably with the large anticorrelated

motions of this a5-b4/b3/6/7 interface segments vs the a3/4/5

interface helices of the C-domain (represented by the magenta

squares in Figure 11A), which predicts that the ATP binding to

eIF4A leads to allosteric communication from ATP-binding region

to domain-domain interface, resulting in the interface structure

changes mediated by the rearrangement of the N- and C-domains

with the relative rotation angle of 99u, which completes the partial

transition of the eIF4A protein from the open to closed state. As

shown in Figure 11B the large correlated motions of the RNA-

binding b3-a5/b4-b5-a6 region of N-domain vs the a5-b4/b3/6/

7 interface segments of N-domain occur remarkably with the large

correlated motions of this a5-b4/b3/6/7 interface segments of N-

domain vs the a3/4/5 interface helices of C-domain (see the blue

squares in Figure 11B). Similar effect of the RNA-binding a2/b3-

a3/b4-a4 region upon the C-domain interface was seen, and

further on the N-domain interface (see the green squares in

Figure 11B). It indicates that the RNA binding with eIF4A leads to

allosteric communication from RNA-binding region to domain-

domain interface, resulting in proximity between N- and C-

domains, and the final transition of the eIF4A protein from the

open to closed state.

Table 3. The occupancies (%) of hydrogen bonds between the RNA molecule and the N-domain (ND) of the eIF4A protein for the
I, II, III, IV and ATP+RNA+C-eIF4A (C) models.

ND Hydrogen bond I II III Hydrogen bond IV C

b3-a5 (U402)O29…O-H(Pro97) 10.12 (U400)O29…O-H(Pro97) 80.12

(U402)O2-H…N(Arg99) 16.62 50.16 (U401) O1P-H…OG1(Thr98) 96.54

(U403)O1P-H…NE(Arg99) 6.62 (U402) O1P-H…NE(Arg99) 21.70

(U403)O1P-H…NH2(Arg99) 20.98 (U402)O2P-H…NH2(Arg99) 99.18

(U403)O29-H…NE(Arg99) 11.90 (U401) O1P-H…N(Arg99) 98.51 99.78

(U402)O29-H…N(Arg99) 33.12 (U402) O2P-H…NE(Arg99) 98.40

b4-b5-a6 (U404)O2-H…N(Gly126) 20.52 (U402)O1P-H…N(Gly125) 82.06

(U404)O49-H…N(Gly126) 21.82 (U403)O1P-H…N(Gly126) 99.82

(U401) O4-H…OG1(Thr145) 13.24 (U402)O1P-H…OG1(Thr145) 99.91 100.0

(U402) N3-H…OG1(Thr145) 25.80 (U401) O29-H…N(Gly147) 54.71 40.46

(U401) O4-H…N(Gly147) 92.04 29.28 (U402)O29-H…NE(Arg148) 69.26

(U402) O2-H…NH1(Arg148) 98.26 (U402)O1P-H…N(Arg148) 64.10

(U401) O4-H…N(Arg148) 11.88 (U402) O39-H…NE(Arg148) 43.26

(U402) O4-H…NH2(Arg148) 10.30 (U402)P-H…NH1(Arg148) 37.22

(U402) O4-H…NE(Arg148) 31.62 (U403)O1P-H…NH2(Arg148) 11.98 97.66

(U404)O1P-H…NH2(Arg148) 6.42 (U402)O1P-H…NH1(Arg148) 94.99

(U402)N3-H…OD2(Arg151) 76.54 (U402)O29-H…OD1(Arg151) 33.28

a7-a8 (U399)N3-H…OE2(Glu173) 67.76

(U400)N3-H…OE1(Glu173) 42.54

(U400) O1P…H-OG(Ser177) 85.16

(U399) O29-H…O(Ser177) 62.94

(U400) O2-H…NE2(Gln182) 81.50

doi:10.1371/journal.pone.0086104.t003
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4. Characteristics of the RNA and ATP sequential binding
to eIF4A protein

To address the allosteric mechanism involving the sequential

binding of RNA and ATP, the RNA+eIF4A model of the RNA

initial binding with the eIF4A protein and four I’, II’, III’, IV’

models (involved in the ATP second binding to the RNA+eIF4A

model in the allosteric step of (RNA+eIF4A)+ATPR(ATP+R-

NA+C-eIF4A)) were simulated. The corresponding results are

shown in Tables S1, S2, S3 and Figures S2E–H, S3, S4, S5, S6.

Based on the binding free energy calculations discussed above, the

ATP binding to the RNA+eIF4A complex also enhances the

cooperative binding of RNA with eIF4A protein. As shown in

Tables S1 and S2 involving the RNA–eIF4A interface in the

RNA+eIF4A model, the total hydrogen bond occupancies of

1452.08% occur apparently between the RNA-binding b3-a5/b4-

b5-a6 region of N-domain, the RNA-binding a2/b3-a3/b4-a4

region of C-domain and the U395–U397, U404–U406 bases of

the RNA molecule. We found 694.12% additional occupancies for

such interface in the ATP+RNA+C-eIF4A model, involving the

extra hydrogen bonds between the Gly126, Ser291, Arg298,

Thr316 residues at the RNA-binding regions and U399, U400,

U401, U403 bases of RNA molecule. It also indicated the great

positive cooperativity of RNA binding with eIF4A protein induced

by ATP binding. Furthermore, the conformational changes of

eIF4A protein induced by the initial RNA and later ATP binding

have also been analyzed and are shown in Figure S3. The first

allosteric step involves the mechanism of RNA mediating eIF4A

protein. The second allosteric step involves the ATP binding to the

Table 4. The occupancies (%) of hydrogen bonds between the RNA molecule and the C-domain (CD) of the eIF4A protein for the I,
II, III, IV and ATP+RNA+C-eIF4A (C) models.

CD Hydrogen bond I II III Hydrogen bond IV C

a2 (U396)O29…H-OD1(Pro267) 51.12 (U398)O29…H-O(Pro267) 85.60 66.50

(U396)O2-H…ND2 (Asn267) 46.98 (U399)O1P-H…N(Arg269) 100.0 94.72

(U397) P-H…NH1(Arg269) 10.5 (U399) P-H…NE(Arg269) 56.92 9.70

(U398)O2P-H…NH1(Arg269) 29.30 (U399)O2P-H…NH2(Arg269) 99.51 50.30

(U397)O2P-H…NH2(Arg269) 21.94 (U399)O59-H…NE(Arg269) 64.19 9.66

(U398)O1P-H…NH1(Arg269) 14.00 (U399)O59-H…NH2(Arg269) 32.78

(U397) O59-H…NH1(Arg269) 22.62 (U399)O1P-H…NE(Arg269) 98.31 36.72

(U397) O1P-H…N(Arg270) 13.42 (U399) P-H…NH2(Arg269) 39.13

b3-a3 (U398) O1P-H…OG(Ser291) 32.58 99.82 (U400)O1P-H…OG(Ser291) 6.73 21.88

(U398)O2P-H…OG(Ser291) 79.70 71.30 (U400) P-H…OG(Ser291) 60.00 61.46

(U399)O2P-H…OG(Ser291) 23.22 (U400)O2P-H…OG(Ser291) 99.98 99.34

(U398)O1P-H…N(Ser291) 73.08 (U400)O1P-H…N(Ser291) 99.25 100.0

(U398) P-H…OG(Ser291) 59.44 24.18

(U400)O2P-H…NE2(Gln295) 64.80 (U402)O2P-H…NE2(Gln295) 98.59

(U398) O39-H…NH1(Arg298) 69.20 (U401)O2P-H…NE2(Gln295) 97.27

(U399)O1P-H…NH2(Arg298) 89.14 54.24 52.96 (U401)O1P-H…NH2(Arg298) 99.76

(U399)O1P-H…NH1(Arg298) 44.44 92.62 82.48 (U401)O2P-H…NH1(Arg298) 99.95 99.02

(U399)O2P-H…NH2(Arg298) 92.70 16.66 (U401)O2P-H…NH2(Arg298) 17.71 52.42

b4-a4 (U397)O39-H…OG1(Thr316) 23.08 (U399)O39-H…OG1(Thr316) 58.88

(U398) P-H…OG1(Thr316) 49.52 (U400) P-H…OG1(Thr316) 41.86

(U398)O1P-H…OG1(Thr316) 90.20 (U400)O1P-H…OG1(Thr316) 95.24

(U397)O29…H-OG1(Thr316) 31.94

(U397) O2-H…N(Leu318) 94.26

doi:10.1371/journal.pone.0086104.t004

Table 5. The occupancies (%) of hydrogen bonds of the N-
domain – C-domain interface in the ATP+eIF4A (ATP+4A), I, II,
III, IV and ATP+RNA+C-eIF4A (C) models.

Hydrogen bond ATP+4A I II III IV C

(99Arg) N-H…O(295Gln) 0 0 0 1.62 32.75 99.82

(100Glu) O-H…N(296Gln) 0 0 37.22 0 0 0

(100Glu) O-H…N(298Arg) 0 0 0 0 0 207.16

(100Glu) O-H…N(306Arg) 0 0 0 222.74 123.94 0

(104Gln) O-H…N(324Asp) 0 0 0 0 99.57 115.14

(104Gln) N-H…N(324Asp) 0 0 0 0 9.87 15.28

(104Gln) N-H…O(324Asp) 0 0 0 28.78 99.73 0

(104Gln) N-H…O(322Gly) 0 0 0 0 0 45.58

(124Ile) O-H…N(295Gln) 0 0 0 0 33.80 0

(170Glu) O-H…N(321Arg) 0 0 0 0 0 99.50

(170Glu) O-H…N(345Hie) 0 0 0 0 0 135.38

(172Asp) O-H…N(321Arg) 0 0 0 0 2.87 288.08

(172Asp) O-H…N(345Hie) 0 0 0 0 39.08 0

(173Glu) O-H…N(321Arg) 0 0 7.96 286.88 169.89 183.18

(200Ser) O-H…N(321Arg) 0 0 0 0 0 89.06

(202Thr)O-H…N(321Arg) 0 0 0 0 0 40.2

(202Thr)O-H…N(345Hie) 0 0 0 0 48.61 0

(202Thr)O-H…N(341Gln) 0 0 0 0 80.24 0

doi:10.1371/journal.pone.0086104.t005
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RNA+eIF4A model through four mediating models of I’, II’, III’,

IV’. In the first step, RNA binding to eIF4A protein causes the

proximity of the two domains by decreasing their average mass

center distances from 48.7 Å in the O-eIF4A model to 38.2 Å in

the RNA+eIF4A model, resulting in the structural changes and

hydrogen bond formation at the N-domain – C-domain interface

(see Table S3). The convex structure of RNA molecule around the

bases U398–U403 at the edge of eIF4A protein was formed during

this step (see Figure S3). In the second step, the ATP binding

causes relative rotation of the two domains in the eIF4A protein

with 28u in I’ model, 48u in II’/III’ model, and 63u in the IV’/

ATP+RNA+C-eIF4A model, relative to the RNA+eIF4A model

(see Figure S4), and the migration of the RNA-binding bases along

the edge of eIF4A protein. The original convex structure (I’, II’) of

RNA molecule gradually transforms into a linear structure (III’),

and finally to a concave structure (IV’) with the migration of RNA-

binding bases from the original bases U395–U397, U404–U406 to

new binding bases U398–U403 mediated by ATP binding (see

Figure S3 and Table S1 and S2). Simultaneously, the cooperative

mediation by ATP and RNA induces the proximity of the two

domains with the decrease in their average mass center distances

Figure 7. The structures of the allosteric process. The average structures are extracted from the trajectories of the O-eIF4A, ATP+eIF4A, I, II, III,
IV and ATP+RNA+C-eIF4A models involved in the allosteric process of the ATP binding followed by RNA, i.e., the ATP+eIF4A model for the ATP first
binding to the O-eIF4A model; the I-IV models for the RNA second binding to the equilibrium structure of the ATP+eIF4A model; the ATP+RNA+C-
eIF4A model for the closed state of the eIF4A protein. The center image shows the time-dependence of the mass center distance between two
domains (black), and that of N-domain – C-domain interface (red) during the simulation.
doi:10.1371/journal.pone.0086104.g007

Figure 8. The difference of distances of P-loops. The difference of
the mass center distances of the ATP binding P-loops between the O-
eIF4A (slate) and ATP+eIF4A (orange) models.
doi:10.1371/journal.pone.0086104.g008
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from 38.1 Å in the RNA+eIF4A/I’ model, 35.5 Å in the II’

model, 32.5 Å in the III’ model, to 29.8 Å in the IV’/

ATP+RNA+C-eIF4A model to form the final closed state. The

cooperative occurrence of such relative rotation and proximity of

the two domains induced by ATP and RNA binding to the eIF4A

protein suggests that the cooperative mediation of ATP and RNA

plays a key role in the structural transition of eIF4A protein from

the open to closed state, which supports previous results reported

by Klostermeier and co-workers [32,34]. As expected, the

hydrogen bond strength at the N-domain – C-domain interface

gradually increases from the RNA+eIF4A model to I’, II’, III’, IV’

and the ATP+RNA+C-eIF4A models induced by such cooperative

mediation (see Table S3). Similar findings for the RMSF and

correlation motion analysis are illustrated in Figure S5 and Figure

Figure 9. The distances of RNA binding sites in the eIF4A protein. The residues (red sticks) at the RNA binding region (a helices and b
strands) in (A) the O-eIF4A, (B) ATP+eIF4A and (C) ATP+RNA+C-eIF4A models with the mass center distances of RNA binding sites at the two domains
(light blue line).
doi:10.1371/journal.pone.0086104.g009
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S6A and B. In summary, the two allosteric steps indicated that

initial RNA binding to the open eIF4A protein induces the partial

proximity of the two domains, while ATP binding causes relative

rotation of the two domains and migration of RNA binding bases,

and facilitates RNA-mediated proximity of the two domains,

finally forming the closed eIF4A conformation.

Interestingly, ATP binding to the eIF4A protein caused the

rotation of two domains and the RNA base migration, regardless

of the order of binding. However, RNA mediating the proximity

of two domains via the migration of RNA bases depends partially

on ATP binding. Therefore, the ATP and RNA cooperative

binding completes the conformational transition of the eIF4A

protein from the open to closed state. Furthermore, to compare

the intermediate structures of the eIF4A protein in the present

allosteric processes with the X-ray structure of the eIF4G-eIF4A

complex as ‘‘half-open’’ conformation, the mass center distances

and the relative angles of rotation were analyzed with respect to

the open state between two domains as shown in Figure S7. The

corresponding distance of 38.3 Å in the eIF4G-eIF4A complex

approximates the values of 37.5 Å for the II model and 38.0 Å for

the I’ model as the intermediates induced by the RNA mediating

in the two allosteric processes. Similarly, the rotation angle of 101u
in the eIF4G-eIF4A complex is quite close to the average values of

106u for the II model and 99u for the I’ model induced by the ATP

mediating.

Discussion

Allosteric network induced by ATP binding
We explored the relationships between the motion correlations

and their structural changes in order to understand fully the

allosteric communication network of the eIF4A protein from the

ATP binding region to the RNA binding region and the N-domain

– C-domain interface for the two allosteric processes mediated by

the ATP substrate. Binding with ATP initially followed by RNA

showed that the motions of ATP-binding a2-a3/b2-P-loop-a4

region (i.e., around the Gln43, Ser45, Gln48, Gln66, Ser67,

Gly68, Thr69, Gly70 and Lys71 residues), correlate and antic-

orrelate with the motions of the RNA-binding b3-a5/b4-b5-a6

region of N-domain (i.e., around Pro97, Thr98, Arg99, Gly125,

Gly126, Thr145, Gly147, Arg148 residues) and RNA-binding a2/

b3-a3/b4-a4 region of C-domain (i.e., around Arg269, Ser291,

Arg298, Thr316 residues), respectively (see Figure 11A). As

expected, the structural change relative to this correlation involves

that the structural variation of ATP-binding region with the

movement of P-loop relative to b7/8/a3 segments and the

hydrogen bond formation at the ATP–eIF4A interface commu-

nicate to the RNA-binding region of N-domain and C-domain. It

entailed rearrangement of residues at the RNA-binding b3-a5/b4-

b5-a6 region of N-domain and the RNA-binding a2/b3-a3/b4-

a4 region of C-domain. Due to the structural changes in the ATP-

binding region, we found that the hydrogen bond formation

between the O-H group of Gln48, the N-H groups of Gly68/

Lys71 in N-domain and the N/O atoms of ATP molecule yielded

occupancies of 99%, 76% and 77% of simulation times,

respectively. The RNA binding residues, Pro97, Thr98, Arg99,

Gly125, Gly126, Thr145, Gly147, Arg148, Arg269, Ser291,

Arg298 and Thr316, rearranged into a linear structure located

at the edge of N- and C-domains, which favored the RNA binding

to eIF4A with hydrogen bond formation. The motions of ATP-

binding a2-a3/b2-P-loop-a4 region also correlated with the

motions of the a5-b4/b3/6/7 segments of the N-domain at the

N-domain – C-domain interface. Further, the motions of such

segments of the N-domain correlated with the motions of the a3/

4/5 interface helices of the C-domain. As expected, such

correlations predicted that the movement of P-loop away from

the b7 strand and close to both b8 and a3 segments at the ATP-

binding region of N-domain corresponded to the movements of

the a5-b4 and b3/6/7 segments of the N-domain towards the a3

and a4/5 helices of the C-domain, respectively, at the N-domain –

Figure 10. The fluctuations of residues. The fluctuations of residues in the O-eIF4A (green), ATP+eIF4A (red) and ATP+RNA+C-eIF4A (blue)
models with the labeled a helices and b strands at the ATP/RNA binding region and the N-domain – C-domain interface in the shaded regions.
doi:10.1371/journal.pone.0086104.g010
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Figure 11. Correlation maps and the differences of correlations. Dynamical cross-correlation maps for (A) the allosteric ATP+eIF4A simulation
and (B) the differences of motion correlations between the ATP+RNA+C-eIF4A and ATP+eIF4A equilibrium simulations, with specific sub-regions
squared in black for the correlations of the ATP binding and RNA binding regions, in magenta for the correlations of the ATP binding region and the
N-domain – C-domain interface, in blue for the correlations of the N-domain RNA binding region and the N-domain – C-domain interface, and in
green for the correlations of the C-domain RNA binding region and the N-domain – C-domain interface.
doi:10.1371/journal.pone.0086104.g011
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C-domain interface, leading to a 99.2u relative rotation of two

domains.

In case of the initial RNA binding followed by ATP, it was

apparent (see black squares in Figure S6B) from the differences in

motion correlation between the equilibrium simulations of the

RNA+eIF4A and the ATP+RNA+C-eIF4A models that the

motions of ATP-binding a2-a3/b2-P-loop-a4 region (i.e., around

the Gln43, Ser45, Gln48, Gln66, Ser67, Gly68, Thr69, Gly70 and

Lys71 residues) significantly correlate with the motions of RNA

bases (i.e., U395–U406). As expected, the structural changes

relative to such correlation involve that a variation of the ATP-

binding P-loop communicates to the migration of the RNA-

binding bases U395–U406, leading to RNA structural changes

with the additional hydrogen bond formation between the RNA

molecule and the eIF4A protein. The P-loop first elongates in the

I’ model, shortens in the II’, and moves away from the b7 strand

and close to both b8 and a3 segments at N-domain in the III’, IV’

and ATP+RNA+C-eIF4A models. The original convex structure

of RNA molecule involving the RNA binding bases U395–U397,

U404–U406 in the I’ model slightly changes to a small convex

structure with the RNA binding bases U398, U400–U406 in the

II’ model, and extends to a linear structure with the RNA binding

bases U397–U403, U406 in the III’ model, finally forming a

concave structure with the binding bases U398–U403 in the IV’

and ATP+RNA+C-eIF4A models (see Figure S3, Table S1 and

S2). It suggests that the RNA binding sites gradually migrate from

the ends of RNA sequence to its center, resulting probably in the

unwinding of RNA duplex [34]. In addition, such migration of the

RNA bases is accompanied by 694% increase in hydrogen bond

formation at the RNA–eIF4A interface in the ATP+RNA+C-

eIF4A model compared with the RNA+eIF4A model. For

example, we found extra hydrogen bonds between N-H groups

of Gly126, Arg298 and O atoms of RNA phosphate backbone at

the bases U403, U401 with occupancies of 99.8% and 244.0% of

simulation times, respectively. These observations suggested the

positive cooperativity of the RNA binding to the eIF4A protein

induced by the ATP second successive binding. In addition, the

motion of ATP-binding a2-a3/b2-P-loop-a4 region also correlat-

ed with the motion of the a5-b4/b3/6/7 interface segments of N-

domain. Such segmental motion in N-domain further correlated

with the motions of the a3/4/5 interface helices in C-domain (see

magenta squares in Figure S6B) due to initial ATP binding to the

protein at N-domain. As expected, such correlation network

indicates that the movement of ATP-binding region structurally

communicates to the N-domain – C-domain interface, with the

a5-b4 and b3/6/7 interface segments of the N-domain gradually

and respectively moving towards the a3 and 4/5 interface helices

of the C-domain, resulting in the relative rotation and proximity of

the two domains by ,60u and ,11 Å, respectively. The a5-b4

and b3/6/7 segments of the N-domain show a relative rotation

and proximity respectively with the a3 and 4/5 helices of the C-

domain, resulting in increased hydrogen bond formation in the N-

domain – C-domain interface. For example, we found the

hydrogen bond formation with the total occupancies of 54% in

the RNA+eIF4A model, 51% in the I’ model, 127% in the II’

model, 179% in the III’ model, 589% in the IV’ model, 1318% in

the ATP+RNA+C-eIF4A model (see Table S3).

In summary, the ATP allosteric network analysis demonstrates

that the ATP binding with eIF4A protein mediated the relative

rotation of two protein domains and the rearrangement of RNA

binding sites at the edge of protein, which favored the RNA

binding to the eIF4A protein, and especially promoted the RNA-

mediated proximity of the two domains via RNA binding base

migration.

Allosteric network induced by RNA binding
To understand fully the allosteric communication network in

the RNA-mediated eIF4A binding from the RNA binding region

to the N-domain – C-domain interface in the two allosteric

processes, we explored the relationships between the motion

correlations and their structural changes. Binding with ATP first

followed by RNA yielded differences in motion correlations

between the equilibrium simulations of the ATP+eIF4A model

and the ATP+RNA+C-eIF4A model. The motions of RNA-

binding b3-a5/b4-b5-a6 region of N-domain (i.e., around the

RNA binding residues Pro97, Arg99, Gly125, Gly126, Thr145,

Gly147, Arg148), correlated with the motions of the a5-b4/b3/6/

7 interface segments of the N-domain. Such motions of the

interface segments correlated with the motions of the a3/4/5

interface helices of the C-domain. Similar correlation occurred

involving RNA-binding a2/b3-a3/b4-a4 region, C-domain and

N-domain interfaces (see Figure 11B). As expected, the structural

variation of RNA-binding region reflected the proximity between

the RNA-binding regions of N- and C-domains and the hydrogen

bond formation at the RNA-eIF4A interface. The proximity of the

RNA-binding regions communicated to the movement of a5-b4

and b3/6/7 interface segments at N-domain towards the a3 and

a4/5 interface helices at C-domain, respectively, and the new

hydrogen bond formations in the N-domain – C-domain interface

in the I, II, III and IV models. In detail, the RNA binding residues

Pro97, Thr98, Arg99, Gly125, Gly126, Thr145, Gly147, Arg148

at RNA-binding a5-b4/b3/6/7 region of N-domain moved close

to the RNA binding residues Arg269, Ser291, Arg298, Thr316 at

RNA-binding a2/b3-a3/b4-a4 region of C-domain. The de-

creased mass center distance from 32.5 Å in the ATP+eIF4A

model, 31.4 Å in the I model, 24.0 Å in the II model, 18.9 Å in

the III model, 14.5 Å in the IV model, to 13.5 Å in the

ATP+RNA+C-eIF4A model, suggested the proximity between

the RNA-binding region of N-domain and that of C-domain. Such

proximity accompanied the hydrogen bond formation at the

RNA–eIF4A interface with the average total occupancies of 309%

and 540% at N-domain and C-domain, respectively, for the first

three models (I, II and III) and of 761% and 1077% for the IV and

ATP+RNA+C-eIF4A models (see Tables 3 and 4), which predicts

the increase of affinity between eIF4A protein and RNA molecule.

Furthermore, such proximity of N- and C-domains was associated

with the gradual decrease in average mass center distance of the

interface segments at N- and C-domains from 34.0 Å in the

ATP+eIF4A model, 33.6 Å in the I model, 28.9 Å in the II model,

20.2 Å in the III model, 18.0 Å in the IV model, to 16.9 Å in the

ATP+RNA+C-eIF4A model. It was followed by the formation of

new hydrogen bonds in the N-domain – C-domain interface

starting in the II model, and gradually increasing from the III and

IV models to the ATP+RNA+C-eIF4A models. For example, we

found hydrogen bond formations with the total occupancies of 0%

in the I model, 45% in the II model, 540% in the III model, 740%

in the IV model and 1318% in the ATP+RNA+C-eIF4A model

(see Table 5). In the case of initial RNA binding followed by ATP,

results of the motion correlation analysis (see blue squares of

Figure S6A) for the allosteric simulation of the RNA+eIF4A model

suggest that the motions of RNA-binding b3-a5/b4-b5-a6 region

of N-domain, correlated with the motions of the a5-b4/b3/6/7

interface segments of the N-domain. Further, the motions of the

interface segments correlated with the motions of the a3/4/5

interface helices of the C-domain. Similar correlation occurred

from the RNA-binding a2/b3-a3/b4-a4 region to the interface

region in C-domain, and from the C-domain interface to the N-

domain interface (see green squares in Figure S6A). Such

correlation suggested that the proximity between the two RNA-
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binding regions at N-domain and C-domain was associated with

decreases in their average mass center distances from 47.1 Å in the

O-eIF4A model to 31.6 Å in the RNA+eIF4A model. The effect

communicated to the movement of the a5-b4/b3/6/7 interface

segments of the N-domain close to the a3/4/5 interface helices of

the C-domain with the decreases in their average mass center

distances from 43.9 Å in the O-eIF4A model to 29.1 Å in the

RNA+eIF4A model with hydrogen bond formation. For example,

the hydrogen bond formation between Glu100/Lys107 of N-

domain and Glu297 of C-domain was associated with occupancies

of 26.20% and 14.40%, respectively (see Table S3). Such

hydrogen bond formations at the N-domain – C-domain interface

were absent with the model involving initial ATP binding. i.e., the

ATP+eIF4A model.

In summary, the RNA allosteric network analysis demonstrates

that RNA binding with eIF4A protein mediated the proximity of

the two protein domains via the migration of RNA bases

cooperatively assisted by ATP binding. The migration of RNA

bases may facilitate the unwinding of RNA duplex in the

cytoplasm.

Conclusions

Molecular dynamics simulations and free energy calculations for

a series of constructed O-eIF4A, ATP+RNA+C-eIF4A, AT-

P+eIF4A, RNA+eIF4A and intermediate models have been

performed to explore the possible allosteric mechanisms from an

open eIF4A to closed state due to ATP and RNA binding. The

results for two stable open and closed eIF4A states show that the

mass center distance and the relative angles of N- and C-domains

in the eIF4A protein changed from 48.7 Å and 0u in the open state

to 29.5 Å and 103.6u in the closed state, respectively. Based on the

free energy calculations, the eIF4A protein completed the

conformational transition from the open eIF4A to closed state

via two allosteric mechanisms: ATP binding initially followed by

RNA and vice versa. The ATP and RNA binding caused positive

cooperativity by increasing the affinity of ATP and RNA of

221.70 kcal?mol21 and 252.28 kcal?mol21 induced by RNA and

ATP binding, respectively. The two allosteric processes indicate

that ATP binding to the eIF4A protein led to the relative rotation

of two domains with a rotation angle of ,60u–99u, while RNA

binding caused the proximity of N- and C-domains with decreased

distance of ,12 Å via the migration of RNA bases. Initial binding

by ATP with eIF4A induced the rearrangement of the RNA

binding sites at the edge of N- and C-domains of eIF4A protein,

which enhanced the subsequent RNA binding with the protein.

The migration of RNA bases depends on the ATP binding to

eIF4A protein, which favors the unwinding of the RNA duplex in

the cytoplasm. It suggested that the cooperative mediation of ATP

and RNA completes the conformational transition of eIF4A

protein. The hydrogen bond analysis supported the conforma-

tional changes of eIF4A protein during the allosteric process. The

allosteric correlation and network analysis demonstrates that the

structural changes in ATP-binding region of a2-a3/b2-P-loop-a4

at N-domain communicated to allosteric changes at RNA-binding

regions of b3-a5/b4-b5-a6 at N-domain and a2/b3-a3/b4-a4 at

C-domain, and the N-domain – C-domain interface involved in

initial ATP binding. Such network analysis of initial RNA binding

suggested that the structural variation of RNA binding only

communicates to the allostery of N-domain – C-domain interface.

The present investigations provide useful insights into the

cooperative mediation of ATP and RNA in the allosteric

modulation of eIF4A protein.

Supporting Information

Figure S1 The sequence alignment for the yeast eIF4A
and human eIF4AIII proteins. Structure-based sequence

alignment for the yeast eIF4A and human eIF4AIII. Conserved

residues are colored in deep blue and nine conserved motifs (Q, I,

Ia, Ib, II, III, IV, V and VI) are shown in the sub-regions squared

in magenta.

(TIF)

Figure S2 RMSD values of the intermediate models.
RMSD values of all backbone atoms with respect to the

corresponding starting structures for the CMD simulations of (A)

I, (B) II, (C) III, (D) IV taken from TMD simulation of the

(ATP+eIF4A)+RNAR(ATP+RNA+C-eIF4A) transition and (E) I’,

(F) II’, (G) III’, (H) IV’ taken from the (RNA+eIF4A)+AT-

PR(ATP+RNA+C-eIF4A) transition.

(TIF)

Figure S3 The structures of the allosteric process. The

average structures are extracted from the trajectories of the O-

eIF4A, RNA+eIF4A, I’, II’, III’, IV’ and ATP+RNA+C-eIF4A

models involved in the allosteric process of the RNA binding

followed by ATP, i.e., the RNA+eIF4A model for the RNA first

binding to the O-eIF4A model; the I’–IV’ models for the ATP

second binding to the equilibrium structure of the RNA+eIF4A

model; the ATP+RNA+C-eIF4A model for the closed state of the

eIF4A protein; the average mass center distance of two domains

labeled in black lines.

(TIF)

Figure S4 Domain rotation angel between the
RNA+eIF4A and ATP+RNA+C-eIF4A models. The relative

rotation angel (magenta lines) of the two domains in the eIF4A

protein between the RNA+eIF4A (yellow orange) and ATP+R-

NA+C-eIF4A (pale cyan) models.

(TIF)

Figure S5 The fluctuations of residues. The fluctuations of

residues in O-eIF4A (green), RNA+eIF4A (magenta) and

ATP+RNA+C-eIF4A (blue) models with the labeled a helices

and b strands at the ATP/RNA binding region and the N-domain

– C-domain interface in the shaded regions.

(TIF)

Figure S6 Correlation maps and the differences of
correlations. Dynamical cross-correlation maps for (A) allosteric

RNA+eIF4A simulation and (B) the differences of motion

correlations between the ATP+RNA+C-eIF4A and RNA+eIF4A

equilibrium simulations, with specific sub-regions squared in blue

for the correlations of the N-domain RNA binding region and the

N-domain – C-domain interface, in green for the correlations of

the C-domain RNA binding region and the N-domain – C-

domain interface, in black for the correlations of the ATP binding

and RNA binding bases, and in magenta for the correlations of the

ATP binding region and the N-domain – C-domain interface.

(TIF)

Figure S7 The distance and the rotation angel of two
domains. The mass center distance (black line) of two domains of

the eIF4A protein in the eIF4A-eIF4G complex; the rotation angel

(magenta lines) of the eIF4A protein between the O-eIF4A state

(slate) and the eIF4A-eIF4G complex (cyan). The eIF4A protein

shown in cartoon form and the scaffold eIF4G protein colored in

cyan semi-transparent surface.

(TIF)
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Table S1 The occupancies (%) of hydrogen bonds
between the RNA and the N-domain (ND) of the eIF4A
protein, for the RNA+eIF4A (RNA+4A), I’, II’, III’, IV’
and ATP+RNA+C-eIF4A (C) models.
(PDF)

Table S2 The occupancies (%) of hydrogen bonds
between the RNA and the C-domain (CD) of the eIF4A
for the RNA+eIF4A (RNA+4A), I’, II’, III’, IV’ and
ATP+RNA+C-eIF4A (C) models.
(PDF)

Table S3 The occupancies (%) of hydrogen bonds of the
interface between the N-terminal domain and C-termi-
nal domain in the RNA+eIF4A (RNA+4A), I’, II’, III’, IV’
and ATP+RNA+C-eIF4A (C) model.
(PDF)

Text S1 Molecular dynamics simulation protocols used
in this work.

(PDF)

Text S2 Targeted molecular dynamics simulation pro-
tocols used in this work.

(PDF)

Text S3 MM-PBSA calculation for free energy.

(PDF)
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