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ABSTRACT Ribosome recycling factor is proposed to be flexible, and that flexibility is believed to be important to its function.
Here we use molecular dynamics to test the flexibility of Escherichia coli RRF (ecRRF) with and without decanoic acid bound to
a hydrophobic pocket between domains 1 and 2, and Thermus thermophilus RRF (ttRRF) with and without a mutation in the
hinge between domains 1 and 2. Our simulations show that the structure of ecRRF rapidly goes from having an interdomain an-
gle of 124� to an angle of 98� independently of the presence of decanoic acid. The simulations also show that the presence or
absence of decanoic acid leads to changes in ecRRF flexibility. Simulations of wild-type and mutant ttRRF (R32G) show that
mutating Arg-32 to glycine decreases RRF flexibility. This was unexpected because the range of dihedral angles for arginine is
limited relative to glycine. Furthermore, the interdomain angle of wild-type T. thermophilus goes from 81� to 118� whereas the
R32G mutant remains very close to the crystallographic angle of 78�. We propose that this difference accounts for the fact that
mutant ttRRF complements an RRF deficient strain of E. coli whereas wild-type ttRRF does not. When the ensemble of RRF
structures is modeled into the ribosomal crystal structure, a series of overlaps is found that corresponds with regions where con-
formational changes have been found in the cryoelectron microscopic structure of the RRF/ribosome complex, and in the crystal
structure of a cocomplex of RRF with the 50S subunit. There are also overlaps with the P-site, suggesting that RRF flexibility
plays a role in removing the deacylated P-site tRNA during termination of translation.

INTRODUCTION

After termination of translation in prokaryotes, the complex

of the 70S ribosome, deacylated tRNA, and mRNA (the post-

termination complex) must be broken down into individual

components, or recycled, before translation can begin again.

This reaction is in part catalyzed by ribosome recycling

factor (RRF) (reviewed in Janosi et al. (1) and Nakamura and

Ito (2)). An essential gene in Escherichia coli (3), RRF binds

to the posttermination complex along with EF-G and GTP

and helps recycle the translational components in a GTP-

dependent manner.

The detailed mechanism for RRF action is unclear. One

model for how RRF participates in ribosome disassembly

proposes that RRF works in a similar manner to

tRNAs, binding to the A-site, and then being translocated

to the P-site by EF-G and GTP hydrolysis (4). In this model,

translocation of RRF ejects the deacylated tRNA and

mRNA, and the disassembly of the 70S is later completed

by IF3. In the second model, RRF along with EF-G splits the

70S into the 30S and 50S, leaving the mRNA and P-site

tRNA bound to the 30S (5).

The first crystal structure solved for RRF revealed it to

have a geometry similar to that of tRNA (6) with two do-

mains (domains 1 and 2) spaced ;90� from each other. This

led to the suggestion that RRF is a tRNA mimic. Recent

studies, however, have shown that RRF binds to the ribo-

some in a different location than tRNAs. Hydroxyl radical

probing by Lancaster et al. (7) indicated that RRF binds the

ribosome near the interface between the large and small

subunits in an orientation never observed for tRNAs. This

orientation was essentially confirmed in a cryoelectron mi-

croscopy (cryo-EM) study that determined the structure of

RRF bound to the ribosome at 12 Å resolution (8), although

these authors did find some differences in the positions from

cryo-EM versus those predicted by hydroxyl radical probing.

They found that RRF lies along the subunit interface with

domain 1 overlapping the A- and P-sites, and the tip of do-

main 2 close to the decoding site. It interacts primarily with

those parts of the 23S (large subunit) rRNA that form in-

tersubunit bridges B2a and B3. Both the hydroxyl radical

probing and cryo-EM studies suggest that the mechanism of

RRF recycling involves more than simple tRNA mimicry.

Both studies were performed in the absence of EF-G, how-

ever, and it is possible that RRF changes conformation after

EF-G binds, or that RRF mimics tRNA in later stages of

recycling. RRF has recently been crystallized with the large

ribosomal subunit from Deinococcus radiodurans (9). The

crystal structure is consistent with the cryo-EM studies on

RRF in the intact ribosome, although RRF is rotated;7� and
translated;1.5 Å, leading to the suggestion that RRF primes

the intersubunit bridge B2a for the action of EF-G (9).

Crystal structures have been determined for RRF isolated

from several different species (6,10–12). The fold of RRF in

all these structures is very similar. The structure is comprised

of two domains connected by two loops (Fig. 1 A). Domain 1

consists of a three-helix bundle whereas domain 2 is a b/a/b
sandwich. The relative orientation of domains 1 and 2 differs

substantially between the various structures. For example,

the structure from Thermatoga maritima (6) shows the inter-
domain angle to be 95�, whereas RRF from E. coli in
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complex with the detergent decyl-b-D-maltopyranoside (10)

has an angle of 124�. The fact that the interdomain orien-

tation differs so much between the structures has lead to the

suggestion that RRF is flexible, and that the flexibility may

be important to RRF function.

Various other studies have suggested that the loops con-

necting domain 1 and 2 of RRF act as a flexible hinge. In one

study, expressing T. maritima RRF in E. coli inhibited the

growth of the host cells (13). It was suggested that this might

be because T. maritima RRF is less flexible at 37�C than at

the native temperature of 80�C. Like T. maritima RRF,

Thermus thermophilus RRF is incapable of complementing

a temperature sensitive mutation of RRF in E. coli (14).
Another study showed that mutating residues in loop 1 or

loop 2 of T. thermophilus RRF conferred on it the ability to

complement temperature-sensitive E. coli RRF and sug-

gested that the mutations increased RRF flexibility (12).

Finally, a crystal structure of RRF from E. coli was solved in
complex with a detergent molecule, decyl-b-D-maltopyrano-

side (an agent added during crystallization), that binds

a hydrophobic cleft in domain 2 and appears to stabilize RRF

in an open conformation (10). These authors suggested that

RRF is capable of large interdomain motions, and that the

detergent stabilizes RRF in the open conformation, inhibit-

ing RRF flexibility in vivo.

The flexibility of RRF was measured directly by Yoshida

et al. (15). Using NMR and molecular dynamics (MD) simu-

lations, they showed that domains 1 and 2 undergo character-

istic interdomain reorientations on the nanosecond timescale.

In their 4.5-ns simulation, they observed domain 2 to under-

go an 11� rotation around the axis of the three-helix bundle

comprising domain 1. However, because their simulation

was limited to 4.5 ns, only the lower limit of domain motions

was observed.

Here we report further investigations of RRF flexibility

using molecular dynamics simulations. We performed 20-ns

simulations of RRF from E. coli (ecRRF), with and without

decanoic acid, which we used as a substitute for the crys-

tallographic detergent molecule. We also simulated wild-

type T. thermophilus RRF (ttRRF) and a mutant where we

changed Arg-32 to glycine (ttRRF_R32G). We analyzed the

simulations for interdomain motions. These studies show

that RRF undergoes large interdomain motions on a nano-

second timescale. They also show that the presence of the

detergent molecule in ecRRF or mutation of residue 32 of

ttRRF results in changes in both RRF conformation and

flexibility. We also examine what these results imply for the

function of RRF on the ribosome.

METHODS

Molecular dynamics

Simulations were performed using the NAMD software package (16) run

on 60 2.67 GHz Intel Xeon processors of our in-house Linux cluster. Each

simulation ran for;180 h of CPU time. The simulations were run for 20 ns,

except for ttRRF and ttRRF_R32G, which were run for 19.6 ns.

The proteins were simulated using the CHARMM22 force field (17).

Because there are no parameters for decyl-b-D-maltopyranoside in any of the

CHARMM force fields, the detergent molecule in ecRRF/DEC was modeled

as decanoic acid. Decanoic acid was parameterized based on palmitic acid in

the CHARMM27 lipid force field by removing six methylene groups from

palmitic acid. Each protein was solvated in a periodic box of TIP3 water.

Electrostatics were calculated using the particle mesh Ewald method (18).

Simulations were carried out in the constant pressure and temperature re-

gime using the Berendsen method (19). Bonds were held rigid using the

SHAKE algorithm, allowing for a time step of 2 fs. The simulations were

equilibrated by ramping the temperature 10 K every picosecond from 30 to

300 K over 20 ps, after which the temperature was held at 300 K for 180 ps.

The mutation of Arg-32 of ttRRF to glycine was accomplished using the

psfgen program in the NAMD package by simply substituting glycine for

arginine at that position in the structure.

Angle definitions

The three angles describing intramolecular RRF motions were determined

as follows. The hinge point is defined by the center of mass of residues 30,

31, 104, and 105. The long axis of each domain is defined by connecting

the hinge to a point at the other end of the domain; for ecRRF, the center of

mass of residues 5, 139, and 156 defines the tip of domain 1, whereas the tip

of domain 2 is defined by the center of mass of residues 51, 56, 68, 78, and 98.

Centers of mass of homologous residues were used to define the tips of the

two domains in ttRRF and ttRRF_R32G. The bend angle between the two

domains, u, is simply the dot product of unit vectors along the two domain

axes; a was calculated by superposing domain 2 in each frame of the tra-

jectory onto domain 2 of the crystal structure of ecRRF, then measuring the

angle between the instantaneous axis of domain 1 and the plane defined by

the two axes in the first frame. For both sets of simulations of ecRRF and

ttRRF, the proteins were superposed on the crystal structure of ecRRF so

that the angles could be compared relative to a standard orientation; b, the

angle for rotations of domain 1 around domain 2, was determined similarly.

FIGURE 1 The structure of E. coli RRF and decanoic acid. (A) Domain 1

(red) of RRF is connected to domain 2 (orange) by two loop regions

(yellow). Decanoic acid (spheres) is bound to a hydrophobic pocket in

domain 2. Arg-31, which is homologous to Arg-32 in ttRRF, is shown as

sticks. (B) Chemical structure of decanoic acid. (C) Rotational degrees of

freedom when domains 1 and 2 are treated as rigid bodies; u is the inter-

domain bend angle, a is the rotation of domain 2 around domain 1, and b is

the rotation of domain 1 around domain 2.
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Model of RRF in situ

To examine the functional implications of RRF flexibility, we generated an

ensemble of models for RRF in the 70S ribosome. We began by superposing

the Deinococcus 50S subunit from the RRF/50S crystal structure (9) onto

the 50S subunit from the crystal structure of the Thermus thermophilus 70S

ribosome (20). This places domain 1 of RRF into the Thermus ribosome. We

then positioned each frame of the MD simulation by superposing domain 1

from the simulation onto domain 1 of the RRF/ribosome model, generating

an ensemble of structures that suggests possible interactions generated by

the thermal fluctuations. Next we superposed full-length protein for both

ecRRF and ttRRF onto domain 1 of the RRF/ribosome model. We then

generated a second ensemble by using domain 2 of the newly docked protein

for the superposition of each frame of the simulation onto the RRF/ribosome

model.

RESULTS

Simulations of ;20 ns were performed on each of the

following: ecRRF, ecRRF in complex with decanoic acid

(ecRRF/DEC), wild-type ttRRF, and ttRRF with Arg-32

mutated to glycine (ttRRF_R32G). For the simulation of

ecRRF, the starting structure was simply the protein com-

ponent of the crystal structure of ecRRF in complex with

decyl-b-D-maltopyranoside (10). No additional cofactors

were included in this simulation. For ecRRF/DEC, decanoic

acid (Fig. 2 B) was substituted for decyl-b-D-maltopyrano-

side because decyl-b-D-maltopyranoside is not parameter-

ized in any of the common force fields. Decanoic acid was

chosen because its acyl chain is the same length as that of

decyl-b-D-maltopyranoside, and decanoic acid could be

parameterized based on other fatty acids (see Methods). The

starting structure of ttRRF was identical to the ttRRF crystal

structure (12). For the ttRRF mutant, we modified the ttRRF

crystal structure, mutating Arg-32 to glycine. In each sim-

ulation, the protein was solvated in a periodic water box and

simulated at constant temperature and pressure. The sub-

sequent trajectories were analyzed for collective domain

motions.

For all the simulations, domains 1 and 2 remain intact

through the course of the simulations. The stability of each

domain was examined by superposing each domain of each

frame of the trajectory onto itself in the first frame. The aver-

age root mean square deviation (RMSD) is 2–3 Å for both

domains 1 and 2. Thus, to a first approximation, each domain

moves as a rigid body.

We measured the degree of collective domain motion by

defining angles for three types of domain motions (Figs. 1 C
and 2, center panel). Briefly, a hinged body with two rigid

domains has three internal degrees of freedom, whose defi-

nitions are aided by defining two axes that intersect at the

hinge point, one axis for each domain. The first degree of

freedom, the bend angle u, corresponds to the angle between
the two axes. The second, a, can be thought of in either of

two ways. If subunit 2 is considered fixed, a describes the

rotation of subunit 1 about its long axis. If subunit 1 is

FIGURE 2 Domain motions of

ecRRF and ttRRF. The three types of

domain motions measured are indicated

in the center panels (blue ribbons). Pan-

els A–C are measurements of the

ecRRF (black) and ecRRF/DEC (blue)
angles whereas panels D and F are

measurements of ttRRF (black) and

ttRRF_R32G (blue). Panels A andD are

measurements of the angle between

domains 1 and 2. Panels B and E are

measurements of rotations of domain 2

around domain 1. Panels C and F are

measurements of rotations of domain 1

around domain 2.
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considered fixed, a describes the rotation of subunit 2

about subunit 1, a sort of wagglingmotion that carries subunit

2 out of the plane defined by the original pair of axes. The

schematic for a in the center panel of Fig. 2 shows the latter

definition. Similarly, the third degree of freedom describes

rotations of domain 2 about its long axis, or, alternatively,

the rotation of domain 1 relative to domain 2 (b in Fig. 2).

The analyses for these three types of angular motion are

summarized in Table 1, and movies of the domain motions

for each of the simulations are provided in the Supplemen-

tary Material.

Changes in the interdomain angle u

First we calculated the bend angle, u, between domains 1 and

2. In the ecRRF crystal structure, this angle is 124�. After 1
ns in the simulations of both ecRRF and ecRRF/DEC, the

angle went to an equilibrium value of 98� (Fig. 2 A). This is
surprising, because one would assume that the crystal struc-

ture is very close to the equilibrium structure. The standard

deviation of the angle is 5.4� for both ecRRF and ecRRF/

DEC, indicating that the two proteins are equally flexible in

this degree of freedom.

The same analysis was performed for the simulations of

ttRRF. Over the course of the first 5 ns, the interdomain angle

of wild-type ttRRF gradually increased from the crystallo-

graphic value of 81� to an equilibrium value of 118� (Fig.

2D). The bend angle for the mutant ttRRF, on the other hand,

stayed very close to the crystallographic value. This result

was surprising, as one would expect the mutant rather than

the wild type to change from the crystallographic confor-

mation. The standard deviation of the interdomain angle for

wild-type ttRRF after the first 5 ns is 5.3 Å, whereas the

standard deviation for ttRRF_R32G is 6.3 Å. This indicates

that once wild-type ttRRF has reached its optimal bend angle

of ;118�, it is modestly less flexible in this degree of free-

dom than is ttRF_R32G.

Rotations of domain 2 around domain 1 (a)

The second degree of freedom describes rotations around the

long axis of domain 1. ecRRF samples two conformations

for this type of rotation, one around a ¼ �10� and one near

a ¼ 50� (Fig. 2 B). For ecRRF/DEC, the angle oscillates

around 13�. These results suggest that the presence of

decanoic acid reduces the conformational variability of RRF

by favoring the 13� angle. ttRRF shows a high degree of flexi-
bility for this type of rotation. It samples angles as low as�39�
and as high as 80� (Fig. 2 E). Compared to ttRRF, the flexibility

of ttRRF_R32G is reduced for this degree of freedom, with

values of a ranging from �32� to 43�.

Rotations of domain 1 around domain 2 (b)

The third degree of freedom corresponds to rotations around

the long axis of domain 2. For this rotation, ecRRF was once

again highly mobile, with large fluctuations around an aver-

age value of b¼ 53� (Fig. 2 C). ecRRF/DEC was less mobile

and stays very close to the crystallographic value with an

average angle of�1.7�. This suggests that decanoic acid sta-
bilizes the crystallographic conformation for this type of do-

main motion. Like ecRRF, ttRRF is also highly mobile for

this motion. It starts with an angle of 49�, then, after ;5 ns,

goes to an angle of ;�16�, and finally ends at an angle of

�60�. For ttRRF_R32G, on the other hand, b stays very

close to the crystallographic value of 53�. The R32G

mutation stabilizes the conformation at b ¼ 53� and reduces

the flexibility for this motion.

Overall flexibility

The global flexibility of the proteins was measured by

calculating the average structure for each simulation and

then superposing each frame onto the average structure and

calculating the RMSD (Fig. 3). ecRRF requires ;5 ns to

reach equilibrium values of a, b, and u, (Fig. 2), so the first

5 ns of the simulation were excluded from the calculation

of the average structure of ecRRF. ecRRF and ecRRF/DEC

fluctuate around average RMSDs of 3.95 and 3.86 Å, re-

spectively (Fig. 3 A), whereas ttRRF and ttRRF_R32G

fluctuate around RMSDs of 2.74 and 2.30 Å (Fig. 3 B). The
standard deviations of the RMSDs for ecRRF and ecRRF/

DEC differ significantly. The standard deviation for ecRRF

is 0.76 Å whereas the standard deviation for ecRRF/DEC

is 0.49 Å, indicating that ecRRF is globally more flexible

than ecRRF/DEC. The standard deviations of ttRRF and

ttRRF_R32G are 0.68 and 0.58 Å, respectively, indicating

that ttRRF is moderately more flexible than ttRRF_R32G.

DISCUSSION

We have characterized the flexibility of RRF and how

different mutations and cofactors affect RRF conforma-

tion and flexibility. The most significant experimental data

against which our simulations might be compared are from

the NMR relaxation experiments carried out by Yoshida et al.

(15) on E. coli RRF. Those authors attempted to develop a

unified view of intramolecular motions in RRF by comparing

their NMR data with the results of a 4.5-ns MD simulation.

TABLE 1 Average angles and standard deviations for the

different domain motions in the RRF simulations

ecRRF ecRRF/DEC ttRRF ttRRF_R32G

Average 6SD Average 6SD Average 6SD Average 6SD

u 98.0 6.5 97.8 5.9 116.3 12.4 77.5 5.7

118.4* 5.3* 77.4* 6.3*

a 19.3 33.1 13.4 8.6 18.7 20.4 �0.1 12.5

b 53.2 14.2 �1.7 8.8 �1.9 37.7 53.2 6.6

*Measurements excluding the first 5 ns.
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They admitted a number of difficulties with the analysis

of their NMR data, which precludes a rigorous quantitative

comparison of our results with theirs, but the qualitative com-

parisons are quite interesting.

We begin by considering the problems that Yoshida et al.

(15) encountered in analyzing their NMR data. They found

that the motions were too complex to be analyzed by the

model-free approach often used in such NMR experiments,

stating that ‘‘the quality of fit in (the) simple model-free

approach is poor.’’ They attempted to generate relaxation

data at multiple field strengths, an approach that had been

successfully used by others to tease out complex intramo-

lecular motions (21,22). Unfortunately, experimental prob-

lems frustrated those efforts. In the end, Yoshida et al. (15)

invoked an extended model-free analysis for domain motion

that had been previously introduced by Clore et al. (23).

They drew two conclusions, subject to the limitations of this

model.

First, Yoshida et al. (15) concluded that the RRF flexibili-

ty did not substantially alter the interarm angle (our angle u),
so that the overall ‘‘tRNA-mimicking L-shape of RRF (is)

maintained.’’ Our simulations indicate that, after an initial

equilibration period during which u moves to a new mean

value, this is indeed the stiffest degree of freedom for the

molecule; this is true for E. coli RRF and for both wild-type

and mutant T. thermophilus RRF.
Second, those authors found that domain 2 wobbles

through a cone with a semiangle of ;30� (a full angle of

;60�), and they suggested that the principal mode of motion

might be that which corresponds to our angle a, (their Fig.
8). It is interesting to note that this is the same degree of

freedom for which we find the largest range of motion in E.
coli RRF (Fig. 2 B). In our model, this angle changes from

;�20� to ;160�. We also see a slightly smaller range of

motion in b, and the average of these two motions would

give reasonably good agreement with the NMR results, if we

interpret the combination as filling a cone, and assuming that

the RRF molecule continues to diffuse back and forth in both

degrees of freedom.

It is also interesting to note that the largest eigenvalue

that Yoshida et al. (15) found in their principal component

analysis corresponds to a motion that combines our a and b

degrees of freedom (their Fig. 2). These are the major

motions in our model, too, suggesting that their conclusion

that RRF flexibility is essentially due to ‘‘door-like’’ motions

along a is an oversimplification.

The presence of decyl-b-D-maltopyranoside in the crystal

structure of ecRRF (10) appeared to stabilize the 124� angle
observed between domain 1 and domain 2. We expected that

in simulating ecRRF in the presence decanoic acid, the pro-

tein would stay in the open conformation, and that the angle

would close in the absence of the lipid. To our surprise,

simulations of that structure in complex with and without

decanoic acid show that both structures rapidly go to an

equilibrium angle of 98�. Thus, decanoic acid does not ap-

pear to stabilize the open conformation. Decanoic acid does,

however, affect the flexibility of RRF. Compared to ecRRF/

DEC, ecRRF is more flexible in rotations of each subunit

about its own axis (the a and b modes in Fig. 2, B and C).
Decanoic acid contacts both domain 1 and domain 2, so it

may be acting as a sort of ‘‘door stop’’, limiting the motions

of the domains relative to each other. If the flexibility is

important to RRF function, molecules that bind to the pocket

between domain 1 and 2 may limit RRF’s flexibility and be

exploited in drug design.

Toyoda et al. (12) solved the structure of T. thermophilus
RRF and performed genetic analyses on the functions of

loop 1 and loop 2. They found that when wild-type ttRRF is

grown in a strain of E. coli with an RRF defect, ttRRF is

incapable of complementing the phenotype. However, when

they mutated residues in the loop regions of ttRRF, they

found that the mutants were able to fully complement the

ecRRF defect. They postulated that the ability of mutant

ttRRF to complement defective ecRRF was due to increased

flexibility of the mutant protein. We simulated wild-type

ttRRF and ttRRF with Arg-32 in loop 1 mutated to glycine.

Contrary to what was expected, ttRRF_R32G was less flex-

ible than wild-type ttRRF in both a and b rotations (Fig. 2, E
and F). However, the difference in global flexibility was

modest (Fig. 3). This was shown by the standard deviations

of the superposition of each frame of the trajectories onto

the respective average structures. The standard deviations

were 0.68 and 0.58 Å for ttRRF and ttRRF_R32G, re-

spectively.

FIGURE 3 RMSD of RRF simula-

tions to average structure. PanelA shows

the RMSDs of ecRRF (black) and

ecRRF/DEC (blue). Panel B shows the

RMSDs of ttRRF (black) and ttRRF_

R32G (blue).
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Another unexpected finding was that the interdomain

angle for ttRRF_R32G oscillated around 78�, which is close

to the crystallographic value of 81�, whereas ttRRF moved to

an equilibrium value of 118�. Interestingly, the 118� angle of
ttRRF is similar to the crystallographic angle for ecRRF in

complex with decyl-b-D-maltopyranoside. This suggests that

RRFs have both open and closed conformations, and that

ttRRF favors the open conformation, whereas ttRRF_R32G,

ecRRF, and ecRRF/DEC favor the closed conformation. One

possible reason that wild-type ttRRF does not complement

mutant ecRRF is that E. coli requires RRF to be in the closed

conformation.

It would be extremely expensive to carry out molecular

dynamics simulations on RRF in situ on the ribosome, and

the simulated motions for RRF reported here may be differ-

ent if they were performed in the presence of the ribosome.

Nonetheless, our simulations can be used to suggest how the

natural modes of RRF flexibility might favor some inter-

actions with the ribosome over others. This can be done by

placing the collection of RRF structures generated in the MD

simulation into a rigid model of the ribosome and examining

the resulting steric conflicts.

In the absence of a crystal structure of RRF bound to the

70S ribosome, it is not possible to accurately and unam-

biguously place the ensemble of RRF structures from the

simulations into the ribosome. We could generate an ensem-

ble of models based on either the cryo-EM structure (8), or

the RRF/50S crystal structure (9). Since those studies re-

ported similar positions for RRF, we chose the latter because

of the higher resolution of the structure, and because there is

some variability of the location of domain 2 in the cryo-EM

structure.

Fig. 4 shows the results of this analysis. The top pair of

panels shows that similar contacts are predicted for factor-

free ecRRF (left) and wild-type ttRRF (right) if the models

are derived by superposing domain 1. This is reasonable,

because we positioned RRF using the crystal structure of the

RRF/50S complex (9) (which had been first superposed on

the 70S crystal structure (20)), and domain 1 provides the

principle contacts in that structure. It is also interesting to

note that the interactions of the ribosome with domain 1 are

more clearly defined in the cryo-EM structure than are those

with domain 2, where two alternative conformations are

suggested (8). Both the upper panels show contacts with the

base of the L7/L12 stalk, which is the region of the largest

conformational change in the cryo-EM structure (8). Con-

tacts are also seen with bridge B2a, which connects helix 69

of the large subunit with helix 44 of the small subunit, not far

from the decoding site. Both the cryo-EM structure (8) and

the crystal structure (9) showed that RRF binding induces

appreciable conformational changes in this part of the

ribosome.

The predictions for ecRRF and ttRRF differ substantially

when superposition of domain 2 is used to generate the

FIGURE 4 Regions of the ribosome that would be

contacted by RRF if it were free to adopt the conforma-

tions seen in the MD simulations. A cutaway view of the

ribosome is shown in gray, seen from above, with the large

subunit at the top of each panel, and the small subunit at the

bottom. (The projection to the left is L1, and the projection

to the right is the spur; the L7/L12 stalk rises toward the

viewer from the top right-hand region of the ribosome.)

The three tRNAs (blue) lie in the intersubunit space and are

located at the E-site, P-site, and A-site, from left to right.

The top two panels show predictions based on superpo-

sition of domain 1 from each panel of the simulation onto

domain 1 of the RRF/ribosome model (see Methods),

whereas the lower two panels show predictions based on

superposition of domain 2. The structures on the left are

from simulations of ecRRF without decanoic acid, and

those on the right are from wild-type ttRRF. Colored

spheres indicate atoms of the ribosome and tRNAs that lie

within 5 Å of any RRF atom, and the coloring indicates the

frequency of contact, ranging from green (least) through

yellow and orange to red (most).
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ensemble of models (Fig. 4, bottom panels). Domain 2 is sub-

stantially smaller than domain 1, so the consequences of the

differences in preferred conformations (Fig. 2) are exagger-

ated when domain 2 is used for superposition. Even so, pre-

dictions similar to those of the previous paragraph would

result, whether they are based on ecRRF (there are conflicts

at bridge B2a), or on ttRRF (which shows conflicts at the

base of the L7/L12 stalk). Both ensembles suggest that do-

main 1 will have steric conflicts with the acceptor terminus

of the P-site tRNA. This overlap was among the most im-

portant observations of the cryo-EM structure (Agrawal et al.,

2004). Those authors suggested that this conflict would lead

to the removal of the deacylated P-site tRNA upon EF-G

binding; our results suggest that RRF flexibility provides an

additional proclivity of RRF to move into the P-site.

In summary, we find that RRF is a highly dynamic pro-

tein and that the degree of its flexibility can be influenced

by factor binding or by mutations in the hinge region. The

presence of decanoic acid inhibited rotations of domain 2

around domain 1 in our simulations, and vice versa for

ecRRF. These rotational modes were also inhibited by the

R32G mutation of ttRRF. We find that the interdomain bend

angle, u, shows a mixture of open and closed conformations.

The simulations of ecRRF start with an angle of 124� (from
the crystal structure) and go to an equilibrium value of 98�,
whereas the simulation of ttRRF goes to an equilibrium

value of 118�, and ttRRF_R32G has an equilibrium value of

77�. Additionally, it is possible that RRF favors two different

conformations for rotations of domain 1 around domain 2

and vice versa. When the preferred motions of RRF are

mapped onto a rigid model of the ribosome, steric conflicts

are produced primarily in those regions where RRF-induced

conformational changes have been observed in cryo-EM and

in the cocrystal of RRF with the 50S subunit. It is particularly

interesting to observe that the natural modes of RRF flex-

ibility favor motions that would tend to push the deacylated

tRNA out of the P-site, which has obvious implications for

promoting the normal termination of translation. As compu-

tational power and molecular dynamics protocols advance,

simulations of a fully hydrated ribosome with cofactors may

elucidate these detailed molecular mechanisms of trans-

lation.

SUPPLEMENTARY MATERAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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