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Abstract

Elongation factor G (EF-G) plays a crucial role in two stages of mRNA-(tRNA)2 translocation.

First, EF-G•GTP enters the pre-translocational ribosome in its intersubunit-rotated state, with

tRNAs in their hybrid (P/E and A/P) positions. Second, a conformational change in EF-G’s

Domain IV induced by GTP hydrolysis disengages the mRNA-anticodon stem-loops of the tRNAs

from the decoding center to advance relative to the small subunit when the ribosome undergoes a

backward inter-subunit rotation. These events take place as EF-G undergoes a series of large

conformational changes as visualized by cryo-EM and X-ray studies. The number and variety of

these structures leave open many questions on how these different configurations form during the

dynamic translocation process. To understand the molecular mechanism of translocation, we

examined the molecular motions of EF-G in solution by means of molecular dynamics

simulations. Our results show: (1) rotations of the super-domain formed by Domains III–V with

respect to the super-domain formed by I–II, and rotations of Domain IV with respect to Domain

III; (2) flexible conformations of both 503- and 575-loops; (3) large conformational variability in

the bound form caused by the interaction between Domain V and the GTPase-associated center;

(4) after GTP hydrolysis, the Switch I region seems to be instrumental for effecting the

conformational change at the end of Domain IV implicated in the disengagement of the codon-

anticodon helix from the decoding center.
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INTRODUCTION

As a GTPase, elongation factor G (EF-G) in bacterial cells, corresponding to EF2 in

eukaryotic and archaeal cells, plays a crucial role in polypeptide elongation. During this

process, tRNAs and mRNA are translocated by one codon with respect to the ribosome,

allowing the next codon to move into the A site and to be recognized by an incoming

aminoacyl-tRNA. Translocation may be divided into two steps: translocation of the acceptor

arms of tRNAs on the large subunit, followed by mRNA-(tRNA)2 translocation on the small

subunit. The first step entails an inter-subunit rotation of the 30S subunit relative to the 50S

subunit around an axis normal to their interface, while tRNAs move from their classical

(A/A and P/P) into the hybrid (P/E and A/P) positions1–5 and mRNA remains tied to the

small subunit. This intermediate state of the complex formed by the ribosome, tRNAs, and

mRNA has been termed macrostate II (MS-II),6 to distinguish it from macrostate I (MS-I)

characterized by an unrotated small subunit and classic tRNA positions. The second step of

translocation entails a rotation of the small subunit head and a backward rotation of the 30S

subunit, during which mRNA and the anticodon stem-loops of the tRNAs advance relative

to the small subunit.7

The role of EF-G in this process, first thought to be instrumental for inducing inter-subunit

rotation,1,8 has been clarified following experimental evidence for spontaneous, factor-free

rotation in smFRET9 and cryo-EM studies.10,11 Accordingly, EF-G in the GTP-bound

conformation enters the 70S ribosome when the latter is in its MS-II state and temporarily

stabilizes this conformation. GTP hydrolysis is triggered on EF-G, and a conformational

change in EF-G’s Domain IV disengages the mRNA-anticodon helix from the decoding

center, allowing the second step of translocation to proceed.7 These events take place as EF-

G undergoes a series of large conformational changes as visualized by cryo-EM8

(summarized in the Supplement to Frank et al.,13 see Fig. 1) and X-ray studies.12

To date, structural data shedding light on the interaction of EF-G with the ribosome include

the reconstruction of a complex of 70S•EF-G•GDPNP, where the non-hydrolyzable GTP

analog GDPNP was used to stabilize the state for visualization.8,14 Another complex is

composed of 70S•EF-G•GDP•fusidic acid, stabilized immediately after GTP hydrolysis,

which was visualized by cryo-EM8 and X-ray crystallography.12 These complexes show

differences (i) in the conformation of the 70S ribosome, namely the presence or absence of

the intersubunit rotation, (ii) in the configuration of the P-site tRNA being in either the P/P

or the P/E state, and (iii) in the relative inter-domain orientations of EF-G.15 The number

and variety of these structures leave open many questions on how these different

configurations form during the dynamic translocation process.

The dynamics during translocation was recently investigated by an smFRET study of a pre-

translocational ribosome complex in the presence of EF-G•GDPNP.16 In this study, the

authors found that the ribosome-EF-G complex moves dynamically between the classical

non-rotated (MS-I) and rotated state (MS-II). This observation implies that EF-G in the

GTP-bound form flexibly fits in two different conformations of the translocating ribosome.

Evidently, its conformational flexibility allows EF-G to adapt to different structural contexts

within the highly dynamic ribosome.
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The conformations assumed by EF-G during the translocation process have been described

by comparing the 70S-bound complexes with its unbound form, pointing to an extensive

rotation of Domain IV and a rotation between the two super-domains comprising Domains

I–II and III–V.8,13 In these studies, either the super-domains were treated as two rigid

bodies13 or each domain was treated as a separate rigid body.8 Thus, motions within the

domains were left for further investigation. In addition, the large variability observed raises

the question if EF-G in isolation can realize spontaneously the whole conformational

spectrum. To this end, we studied the molecular motions of EF-G in solution by means of

molecular dynamics (MD) simulations. A large conformational range was sampled along

15-ns MD trajectories, showing (1) collective rotations of super-domain III–V with respect

to super-domain I–II; (2) rotations of Domain IV with respect to Domain III; (3) flexible

conformations of both 503- and 575-loops. It is found that the tip of Domain IV (the 503-

loop) sweeps through an arc of more than 50 Å from the compacted ribosome-unbound

conformation to the ribosome-bound forms. Evidently, the large conformational variability

in the bound form is included through interaction between the GTPase-associated center and

Domain V of EF-G, interaction between Domain IV and the tRNA, as well as helix 44 in the

30S subunit. Most importantly, the Switch I region (residues: 37–56) is involved in the

super-domain rotation, passing the conformational changes caused by GTP hydrolysis on

toward the end of Domain IV, which is located in the vicinity of the codon-anticodon

pairing. This observation sheds light on the way GTP hydrolysis on EF-G is involved in

translocation.

METHODS

MD simulations

The MD simulations were prepared and performed using the molecular simulation software

package AMBER8 (University of California, San Francisco)17 and the Cornell force field.18

The X-ray atomic coordinates of EF-G from Thermotoga maritima were obtained from the

Brookhaven Protein Data Bank (PDB code: 1FNM).19 The missing residues in the switch

region I were grafted from an EF-G model.20 Net charges on EF-G were neutralized by

adding sodium ions around the protein. In addition, an ionic condition of 100 Na+/100 Cl−

was used for the simulation system. The system was placed in a water box with a water shell

that was at least 10 Å away from the solute to the outer edge of the shell, using the TIP3P

water model.21 The water box had a size of 112 × 69 × 76 Å 3 and contained 30,130 water

molecules. The system was subjected to an energy minimization and justification of the size

of the water box. Three independent simulation runs were performed lasting 15 ns each

starting from independent initial velocity distributions (random seeds), see the detailed

protocol by Li et al.22 The simulations were done in the NpT ensemble (p = 1 bar, T = 300

K). The equations of motion were integrated with a time step of 2 fs, with SHAKE23 used to

restrain the bonds involving hydrogen atoms. A distance cut-off of 9 Å was applied to short-

range non-bonded interactions, whereas long-range electrostatic interactions were treated

using the particle-mesh Ewald method.24 The Ptraj program17 was used for trajectory

analysis.
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An atomic model of the Escherichia coli ribosome25 was obtained from a cryo-EM

reconstruction of a 70S•EF-G•GDPNP complex (EMD-13638) using the molecular

dynamics flexible fitting (MDFF) method,26 as previously described.27 An EF-G crystal

structure (PDB code: 1FNM18) was flexibly fitted into a segmented density from EMD-1363

using MDFF in explicit solvent.28 In addition to the secondary structure restraints usually

applied in MDFF simulations, harmonic restraints were employed to preserve hydrogen

bonds involving EF-G backbone atoms present in secondary structure elements; the new

hydrogen-bond restraints resulted in improved stability of EF-G beta sheets during the

fitting process. After the EF-G model was refined using a segmented density map, it was

incorporated into the ribosome model and the 70S:EF-G complex was further refined into

the cryo-EM map using MDFF in explicit solvent.

RESULTS

Motion of the ribosome-unbound EF-G

The dynamics of EF-G in the ribosome-unbound form was examined using MD simulations.

The simulations started with an all-atom model, which was built based on the X-ray

structure of EF-G (PDB code: 1FNM), onto which the missing fragments in Domain I were

grafted from a structure obtained from an EF-G model.19 In a solvated simulation system

this atomic model was initially subjected to an energy minimization and a brief equilibration

before the start of equilibration simulations. Then, three independent trajectories were

obtained lasting for 15 ns each. For each of these trajectories, the beginning conformation

was used as a reference for analyzing the conformational changes along the trajectory. The

conformational changes in the overall structure were calculated including only the

coordinate changes in the Cα atoms along each of the three trajectories, resulting in a

maximum root mean-squared deviation (RMSD) of 5 Å [Fig. 2(A)]. The RMSD data imply

that the X-ray conformation was neither stably kept nor anywhere closely resumed

throughout the MD trajectories. The changes in the overall structure are found to be

contributed by the structural components at both the domain level and the loop level. The

overall conformational changes include frequent reorientations between the two super-

domains [Fig. 2(B)], as well as a motion of Domain IV that is independent from the other

domains. Local conformational changes include the Switch I region within Domain I [Fig.

2(C)] and the mobile 503-loop within Domain IV [Fig. 2(D)].

At the loop level, the Switch I region within Domain I, containing about 20 residues

(residues: 37–56), was only partially ordered in the X-ray structures in both the GTP-bound

and the GDP-bound forms, indicating a high flexibility.29,30 This region was modeled in the

context of EF-G bound to a translocating 70S ribosome, where it shows up as a large

unstructured loop.20 Along the simulation trajectories, the unstructured loop of the Switch I

region moves around the starting position, without following an identifiable pattern.

Accounting for the Cα atoms, the maximum RMSD reaches 3.8 Å [Fig. 2(C)]. Such a large

conformational fluctuation agrees with the biochemical findings that conformational

changes in the Switch I region are involved in the exchange of GTP and GDP on EF-G. An

interesting question to be asked is if the exchange between GTP and GDP would prompt a

rally of conformational changes to other domains of EF-G. Indeed, we observed that several
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residues (numbers: 50–57) in the Switch I region are positioned within bonding distance to

portions of Domains III, and thus their contact may affect the motion of Domain III.

Throughout the simulation trajectories, this close contact is maintained, but there is no

obvious structural correlation found between the fluctuations of the Switch I loops and the

motion of Domain III.

The other highly mobile loop, the 503-loop, is composed of residues 503–506 in Domain IV,

showing a large RMSD of their Cα atoms of about 1.7 Å [Fig. 2(D)]. This RMSD refers to

only the very local conformational change within that loop, and does not include the

collective motion along with the entire Domain IV. The 503-loop loop sweeps over more

than 10 Å throughout the trajectories. The re-positioning of this loop is believed to be

involved in the tRNA translocation; (see details in Discussion).

Changing orientation between the two super-domains (I–II and III–IV) of EF-G

As observed in previous cryo-EM studies, 70S-bound EF-G is in an extended conformation

compared with its unbound X-ray form.8,13 These cryo-EM studies combine the five

domains of the protein into two super-Domains: I–II and III–V. When each super-domain is

treated as a rigid body, a rotation of super-domain III–V around its X-ray position by about

23° is found in the 70S-bound EF-G whereas super-domain I–II keeps its position

unchanged.13 This observation indicated that binding to the ribosome is associated with

some major conformational changes in EF-G, but left unclear if EF-G may form this

conformation without interacting with the ribosome. In the current study, we re-examined

the binding effect, but without treating the domains as rigid bodies. We found that the

domain re-orientation, recognized in the previous study, remains the same after removing

the rigidity restrains [Fig. 2(B)]. Domains I and II keep a virtually unchanged overall

dimension although there are internal changes in the Switch I region. We observe a rotation

of super-domain II along the simulation trajectories, defining a dihedral angle (ϕ =

615:Cα-433:Cα-116:Cα-128:Cα, see Fig. 3 for the measurement). The value of ϕ is 59° in

the unbound form, as shown in the X-ray structure, and increases to near 99° in the 70S-

bound form, as shown by the cryo-EM study.13 This large angle appears to be similar in

both the 70S•EF-G•GDP•fusidic acid complex and the 70S•EF-G•GDPNP complex,

indicating a substantial change caused by the binding of the factor to the ribosome.

Along the simulation trajectories, the angle ϕ frequently varies in a range from 52° to 83°

(Fig. 3), fluctuating around the position in the unbound structure. The substantial range of

this rotation indicates a major motion of EF-G in the unbound form, which, however, does

not quite reach the angle needed to form the position in the ribosome-bound form. A likely

reason is the absence, in the simulation systems, of the interaction with the ribosome, which

occurs in the experimentally observed 70S ribosome-bound structures. Another likely reason

is the limited simulation time which might not allow the observation of the full functional

range.

Motion of Domain IV

The major conformational difference between the ribosome-bound and -unbound EF-G, as

shown by previous cryo-EM studies, is in the position of Domain IV (Fig. 1). The very end
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of Domain IV is 30 Å apart between the two conformations. This position is obviously

affected by the rotation of super-domain II. In addition, Domain IV also rotates relative to

the position of Domain III and V within super-domain II, as shown in Figure 4A. This

internal super-domain motion was not observed in the previous fitting structure.8 It is of

interest to observe how this extended position of Domain IV is formed. In this study, we

designated the position of Domain IV using the distance d (distance between residue 343 in

Domain III and 499 in Domain IV) to analyze the motion of Domain IV along three MD

simulation trajectories. The results show (Fig. 4) that d varies in the unbound EF-G between

47 Å and 58 Å, fluctuating around the beginning position where it has a distance of 52 Å.

Although the very end of Domain IV sweeps over a wide range of about 40 Å across the

simulation trajectories (Fig. 4), the most extended position (58 Å) does not reach that in the

bound EF-G. Furthermore, we see that the large fluctuation does not occur in the exact

direction toward the bound form. Clearly, the direction of Domain IV’s motion is sensitive

to the collective rotation of super-domain III–V. A larger rotational angle of super-domain

III–V than the upper bound of ϕ, which we observed through the trajectories, would change

the direction toward the ribosome-bound position.

It is interesting to look at the large motion of Domain IV when comparing the entire

configuration of EF-G with the tRNA•EF-Tu complex. The conformational flexibility in

Domain IV of EF-G strikingly resembles the flexibility of its structural mimic in the 70S

ribosome-bound aa-tRNA•EF-Tu complex. A superimposition of EF-G onto the aa-

tRNA•EF-Tu•GDP ternary complex reveals that the position of Domain IV is equivalent to

that of the anticodon stem loop in the aa-tRNA, which is positioned in the A/T-state

significantly different from the ribosome-unbound tRNA (Fig. 4). The position of the

anticodon stem is confined by the mobile D-stem loop while the T-loop interacts with the

GTPase-associated center (composed of ribosomal protein L11 and its binding region in the

23S rRNA).31 This observation again suggests that the extended position of Domain IV in

the bound form of EF-G might be the result of its interaction with the ribosome when both

Domains IV and V are confined by the binding contexts at the two separately located sites.

Conformational changes in EF-G due to the inter-subunit rotation

Snapshots of EF-G bound to the 70S ribosome have been obtained by cryo-EM studies and

X-ray crystallography.8,12 One of these is the cryo-EM reconstruction map of the 70S-EF-

G•GDPNP complex, using the non-hydrolyzable analog GDPNP to preserve EF-G in the

GTP state.8 In this complex, the 70S ribosome is in a rotated state is associated with a tRNA

in the P/E hybrid state. The molecular conformation in this complex was obtained using the

MDFF method.26 The MDFF model improves the structure-density matching for EF-G from

0.57 with the starting X-ray structure to 0.74. The conformational changes in EF-G are

obvious, with an RMSD of 5.5 Å. In contrast, there are no obvious changes in the

conformation of the ribosome from the initial model.

The other snapshot showing the 70S ribosome•EF-G•GDP•fusidic acid complex is available

from both cryo-EM and X-ray crystallography.8,12 This state is formed immediately after

GTP hydrolysis, as the result of which the intersubunit rotation is reversed, a tRNA occupies

the P site, but EF-G stays in the complex due to the presence of fusidic acid. Thus, the two
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conformations, the MDFF model and the X-ray structure, provide two consecutive states of

EF-G: before versus after GTP hydrolysis.

The major conformational differences in the 70S ribosome-bound EF-G•GDPNP and EF-

G•GDP•fusidic acid states appear in the degrees of the rotation of super-domain II. By

overlapping super-domain I in the two complexes, we find a rotation of super-domain II by

about 14° (Fig. 5). In addition to this super-domain rotation, the other important difference

between these two EF-G conformations is that the Switch I region is absent in the X-ray

structure for the EFG•GDP state,9 implying the existence of large conformational flexibility

in this region. As shown in the fitting model, this region appears at the interface between the

two super-domains in the EF-G•GDPNP conformation (red piece in Fig. 5). This position

makes it obvious that any conformational differences of Switch I region would perturb the

relative orientation between the two super-domains.

Another major difference in these two EF-G conformations is in the manner of binding

between Domain V and the L11 lobe, including helices 43 and 44 of the 23S rRNA and

protein L11. The base of A1067 is in a loose bonding distance to Ile631 in Domain V of EF-

G-GDP in the ribosome-bound complex,12 but this Domain V-L11 lobe binding situation

changes substantially in the 70S ribosome-EF-G•GDPNP complex when the ribosome is in

the inter-subunit rotated state. Here the binding network is re-organized such that the A1095

base in the 23S rRNA and protein L11 move into a strong bonding network with Domain V

of EF-G•GDPNP, in contrast to the situation in the other state where these elements are

distant from EF-G. As shown in Figure 6, in the rotated state of the ribosome, residue 21 in

the N-terminal domain of L11 directly contacts residue 639 in Domain V of EF-G.

Beyond the difference in super-domain rotation observed in the two EF-G conformations,

the end loops of Domain IV, the 503-loop and the 575-loop, show local conformational

changes, with a separation in the 575-loop positions by 8 Å, and by 4 Å in the 503-loop.

Apparently, the current MD simulations enable us to observe this dynamic motion, unlike

the previous fitting approach treating the domains as individual rigid bodies.8 The re-

positioning of the end loops of Domain IV is associated with the repositioning of the tRNA

from the P site to the P/E configuration since the 503-loop interacts with the codon-

anticodon binding region in the two states. In addition, the 575-loop of Domain IV also

interacts with the ribosome during the tRNA translocation such that residues 578–579 in this

loop contact the conserved A1493 residue of 16S rRNA in the decoding center, as shown in

the X-ray structure. Evidently, these two loops need to be positioned flexibly so that they

can move together with either the tRNA or h44 separately. Our MD simulations of free EF-

G show that the distance between residues 503 and 575 in these two loops varies within a

range of •4 Å around the initial position in the X-ray conformation. This range would allow

the 503-loop to move with the P-site tRNA relatively independently from the other loop

when the 575-loop moves, bound to h44. This type of motion is actually illustrated by a

recent smFRET study,16 showing that, in the presence of EF-G•GDPNP, the P-site tRNA

moves back and forth between the P-site and the hybrid P/E configuration before the

translocation is completed.
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DISCUSSION

In this study, we have used MD simulations to analyze the conformational variability of EF-

G and use this information to understand the conformational changes that are associated

with the binding of the factor to the 70S ribosome during translocation. Our results show

that an unbound EF-G samples a wide space of conformations, with the most pronounced

differences being in the orientation of Domain IV relative to the rest of the molecule. This

observation is consistent with the cryo-EM data, as well as a more recent X-ray structure,

showing the repositioning of Domain IV in the 70S-bound form. The rotation of super-

domain II, evident from a comparison of unbound EF-G with the 70S ribosome-bound form,

is observed along the MD simulation samples in a smaller range.

Putting the structural information together, it becomes clear that the function of EF-G in the

translocation process relies on its structural flexibility, as seen from two conformations of

the ribosome-bound EF-G. EF-G binds to the ribosome in two different conformations: EF-

G•GDPNP binds to the ribosome in the state with the inter-subunit rotation; in contrast, EF-

G•GDP binds with the ribosome in the state without the rotation. Comparing these two

states, the conformational changes in the ribosome are substantial, as summarized by Frank

and coworkers.13 Some of these changes are associated with the binding of EF-G. One

special binding site in the ribosome with numerous ribosomal factors, including EF-Tu, EF-

G and RF3, is the L11 lobe. As a previous study shows,31 when bound to EF-Tu, the L11

lobe has been found in a “closed” position with respect to the main body of the 70S

ribosome, compared with its “open” position seen in the pre-translocational ribosome. The

position of the L11 lobe, moving from the closed to the open state, is in a range of 10 Å. In

addition, there are also some relatively minor, yet crucial, conformational changes within the

lobe, namely a substantial rotation of the N-terminal domain of L11, and the flipping of base

A1067.22 These local changes are directly involved in the binding between the lobe and the

EF-Tu•tRNA complex. One direct binding site is the flexible base of A1067 in H43, which

interacts with the T-loop of the aa-tRNA bound with EF-Tu.22,32 When these two

components make contact, the base of A1067 is flipped outward from the helix. The base,

otherwise, is in the position of stacking with its neighboring nucleotide when the lobe is

unbound. Similar to this inter-molecular interaction, we observe the loose involvement of

the base of A1067 in the binding to Domain V of EF-G•GDP in the ribosome-bound

complex, but a substantially stronger binding in the 70S ribosome•EF-G•GDPNP complex

when the ribosome is in the inter-subunit rotated state. In this strong binding situation,

protein L11 forms part of the binding network: together with helices H43–H44 they

completely wrap around Domain V of EF-G, seemingly with the purpose to lock Domain V

in its extensively rotated position. These multiple binding interactions between the L11 lobe

and EF-G are obviously stronger than the single binding site in the case of binding of

tRNA•EF-Tu, showing a rotation of super-domain III–V by about 14 degrees from the other

ribosome-bound position seen in the 70S•EF-G•GDP•fusidic acid crystal structure.12 The

strong involvement of the L11 lobe is indicated by the fact that the rotation of super-domain

II is affected by its contact with the lobe. This situation changes when EF-G is to be released

from the ribosome after the GTP hydrolysis. The loose contact between the L11 lobe and

EF-G enables the outgoing EF-G to leave the ribosome. Thus, our observations on the
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structural differences between the two ribosome-EF-G binding states imply that the GTPase-

associated center plays a key role in locking Domain V of EF-G to the position in the

ribosome entrance when the ribosome undergoes the inter-subunit rotation. The intrinsic

flexibility of EF-G allows these conformational changes to take place, and the interactions

with the ribosome are likely to push EF-G to change its conformation to a larger extent than

that occurring spontaneously.

Interestingly, we observed that the 70S ribosome-bound EF-G8 shows a conformation close

to that of the ternary complex including the A/T aa-tRNA bound with EF-

Tu•GTP•kirromycin.31,32 In that cryo-EM study, as well as more recent studies,33,34 the A/T

tRNA is found to have a large structural distortion in its D stem and anticodon-stem loop.

The A/T tRNA is in a position equivalent to super-domain II of EF-G, and the anticodon-

stem loop is at the position of Domain IV of EF-G. The distortion in the A/T-tRNA is

similar to the conformational change of EF-G due to the rotation of Domain IV relative to

III and V. Thus, it seems that the ternary complex and EF-G share a common mechanism of

conformational changes as they bind to the ribosome.
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Figure 1.
The conformations of EF-G in various bound states, as observed by both X-ray

crystallography and cryo-EM: EF-G•GTP in unbound form (red); EF-G•GTP bound to the

ribosome (yellow); EF-G•GDP bound to the ribosome (blue); and EF-G•GDP in unbound

form (pink). As summarized by Frank et al.,13 the conformational changes involve a hinge-

like movement of the C-terminal domains (III, IV, and V) with respect to the N-terminal

domains (I, II, and G′). Reproduced with permission by the National Academy of Sciences,

USA.
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Figure 2.
The RMSD traces of three independent MD simulation trajectories. A: RMSD of entire EF-

G. B: RMSD of super-domain II. C: RMSD of the switch region I. D: RMSD of the 503-

loop.
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Figure 3.
Illustration of rotation of super-domain III–V. A: Illustration of dihedral angle ϕ which is

used to measure the rotation of super-domain III–V. B: Traces of the changes in angle ϕ

along three MD simulation trajectories.
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Figure 4.
Illustration of dynamics of Domain IV. A: X-ray structure of 70S ribosome-bound EF-G

(green)12 and the unbound form (pink).20 B: Snapshots of MD simulation (green and blue)

show the range of Domain IV’s motion. C: Superimposition of ternary complex (gray) and

EF-G (blue).

Li et al. Page 15

Proteins. Author manuscript; available in PMC 2011 July 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Illustration of EF-G’s conformation bound to the ribosome in the post-translocational state

(green)12 which is superimposed by EF-G in the conformation bound with the ribosome in

the rotated state (blue), as shown in the current MDFF model.
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Figure 6.
Illustration of EF-G interacting with the L11 lobe when the ribosome is in a non-rotated

(upper) and the inter-subunit rotated (middle) states.
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