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GTP hydrolysis by EF-G synchronizes tRNA
movement on small and large ribosomal subunits
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Abstract

Elongation factor G (EF-G) promotes the movement of two tRNAs
and the mRNA through the ribosome in each cycle of peptide elon-
gation. During translocation, the tRNAs transiently occupy inter-
mediate positions on both small (30S) and large (50S) ribosomal
subunits. How EF-G and GTP hydrolysis control these movements
is still unclear. We used fluorescence labels that specifically moni-
tor movements on either 30S or 50S subunits in combination with
EF-G mutants and translocation-specific antibiotics to investigate
timing and energetics of translocation. We show that EF-G–GTP
facilitates synchronous movements of peptidyl-tRNA on the two
subunits into an early post-translocation state, which resembles a
chimeric state identified by structural studies. EF-G binding with-
out GTP hydrolysis promotes only partial tRNA movement on the
50S subunit. However, rapid 30S translocation and the concomi-
tant completion of 50S translocation require GTP hydrolysis and a
functional domain 4 of EF-G. Our results reveal two distinct modes
for utilizing the energy of EF-G binding and GTP hydrolysis and
suggest that coupling of GTP hydrolysis to translocation is medi-
ated through rearrangements of the 30S subunit.
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Introduction

The elongation phase of protein synthesis entails repetitive cycles of

mRNA decoding by aminoacyl-tRNA, peptide bond formation, and

translocation of tRNAs and mRNA through the ribosome, which

exposes the next codon in the decoding site. Each time after an

amino acid has been transferred to the growing peptide chain, the

ribosome carries a peptidyl-tRNA in the A site and a deacylated

tRNA in the P site (pre-translocation state, PRE). Translocation is a

function inherent to the ribosome (Gavrilova & Spirin, 1972;

Fredrick & Noller, 2003). Spontaneous translocation is very slow (in

the time range of minutes to hours) and is driven in either direction

by the differences in the free energy of tRNA–mRNA–ribosome

interactions (Shoji et al, 2006; Konevega et al, 2007; Bock et al,

2013). In the cell, translocation is promoted by elongation factor G

(EF-G) at the cost of GTP hydrolysis and proceeds in the millisec-

onds time range. EF-G, a five-domain translational GTPase, binds to

the complex and facilitates the movement of tRNAs to the P and E

site, respectively, which frees the A site for accepting of the next

aminoacyl-tRNA, thereby completing the translation elongation

cycle. Translocation is inhibited by a number of antibiotics, such as

tuberactinomycins (e.g., viomycin), aminoglycosides (hygromycin B

or paromomycin), as well as spectinomycin, thiostrepton, and

fusidic acid (Wilson, 2013). The antibiotics inhibit translocation

in diverse ways, by blocking peptidyl-tRNA in the A site, stabilizing

particular intermediate conformations of the ribosome, or affecting

EF-G binding to the ribosome. Therefore, antibiotics are useful tools

to dissect the process of translocation.

The PRE complex is dynamic (Blanchard et al, 2004; Cornish

et al, 2008) and fluctuates between the classical state, where the

tRNAs are located in the A and P sites on both 30S and 50S subunits

(A/A and P/P states), and hybrid states, where the acceptor

domains of the tRNAs are moved toward the P and E sites, while

the anticodon domains remain bound in the A and P sites (A/P and

P/E states) (Moazed & Noller, 1989). At the same time, the subunits

rotate with respect to one another (Frank & Agrawal, 2000;

Agirrezabala et al, 2008; Julian et al, 2008). Structurally, the

hybrid/rotated state is not a single intermediate, because a variety

of distinct hybrid states have been identified. The classical and

different hybrid/rotated substates [denoted as classical C and hybrid

H1 and H2 states (Munro et al, 2007), GS1 and GS2 (Fei et al,

2008), MSI and MSII (Frank & Gonzalez, 2010), classes 2, 4A, 4B, 5

and 6 (Agirrezabala et al, 2012), R1 and R2 (Zhang et al, 2009),

or PRE1-5 states (Fischer et al, 2010)] differ in the orientation of

the tRNAs, the degree of subunit rotation, the conformation of

the 30S subunit, and the position of the L1 stalk. Moreover, crystal
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and cryo-electron microscopy (cryo-EM) structures indicate that

binding of EF-G with a non-hydrolyzable GTP analog to a ribosome

with a tRNA in the P site induces the formation of further inter-

mediate states of translocation on the 30S subunit (Ratje et al, 2010;

Pulk & Cate, 2013; Tourigny et al, 2013; Zhou et al, 2013). Due to a

swiveling motion of the 30S head domain, the tRNA anticodon

domain is shifted to a position between the P and E sites on the 30S

subunit, resulting in a pe/E state of the tRNA; presumably, the

A-site tRNA may also attain a transient ap/P state. Further inter-

mediates, containing both deacylated and peptidyl-tRNA and EF-G,

were isolated using the antibiotics viomycin (Brilot et al, 2013) and

fusidic acid (Ramrath et al, 2013). All these different structures

show tRNAs in somewhat different chimeric positions, which we

collectively name chimeric (CHI) states. However, the position of

such chimeric intermediates on the time axis of translocation is

uncertain, and the timing of 50S translocation to the final post-

translocation (POST) state is unknown.

One controversial issue concerns the mechanism by which

hybrid/rotated state formation contributes to EF-G-facilitated translo-

cation. It was suggested that EF-G binding is restricted to the hybrid/

rotated state and that the rate of conversion from the classic to the

hybrid state determines the rate of EF-G-dependent translocation

(Zavialov & Ehrenberg, 2003; Munro et al, 2010). On the other hand,

EF-G binding to the ribosome and subsequent GTP hydrolysis are

largely independent of the conformational state of the ribosome

(Rodnina et al, 1997; Walker et al, 2008; Chen et al, 2011a; Winter-

meyer et al, 2011). Recent single-molecule data suggest that EF-G can

sample both states (Chen et al, 2013). In some cases (e.g., with initia-

tor tRNAfMet in the P site), the hybrid intermediate is only short-lived

and induced by EF-G binding (Chen et al, 2011a; Fei et al, 2011).

The spontaneous movements of the tRNA acceptor ends on the

50S subunit between the classical and hybrid states are rapid, taking

place in the milliseconds to seconds range. Binding of EF-G in

complex with a non-hydrolyzable GTP analog favors the formation of

hybrid/rotated states by slowing down the transition from the hybrid

to the classical state, whereas the rate of transition from the classical

to hybrid/rotated state remains unaltered (Kim et al, 2007; Spiegel

et al, 2007; Cornish et al, 2008; Fei et al, 2009, 2011; Munro et al,

2010; Chen et al, 2011a, 2013); Mg2+ ions have the opposite effect

(Kim et al, 2007; Chen et al, 2013). However, in the hybrid A/P state,

the peptidyl transferase reactivity of peptidyl-tRNA (as measured

with the indicator puromycin (Pmn) reaction) remains low (Semenkov

et al, 1992; Sharma et al, 2004), indicating that it has not reached

the final post-translocation (POST) state on the 50S subunit. In

comparison with the high tRNA mobility on the 50S subunit, the

translocation of the tRNA anticodon domains together with the

mRNA on the 30S subunit is intrinsically very slow (Shoji et al, 2006;

Konevega et al, 2007; Fischer et al, 2010); EF-G accelerates 30S

translocation by several orders of magnitude (Rodnina et al, 1997;

Savelsbergh et al, 2003; Seo et al, 2006). The ribosome is intrinsi-

cally dynamic and appears to function as a Brownian machine that

undergoes spontaneous conformational fluctuations driven by ther-

mal energy, which can be coupled to directed motion (Wintermeyer

et al, 2004; Spirin, 2009; Fischer et al, 2010; Frank & Gonzalez, 2010;

Munro et al, 2010). EF-G is a GTP-binding protein that combines the

energy regime characteristic for switch GTPases with that of motor

proteins (Cunha et al, 2013). The interactions of EF-G with the

ribosome and GTP hydrolysis lead to conformational changes that

may (i) facilitate tRNA movement, for example by remodeling struc-

tural elements of the ribosome that limit the movement (Savelsbergh

et al, 2003; Schuwirth et al, 2005; Khade & Joseph, 2011); (ii) allow

EF-G to act as a Brownian pawl providing directionality of tRNA

movement (Savelsbergh et al, 2000); or (iii) induce a power stroke-

like movement of EF-G, thereby actively transporting tRNAs through

the ribosome (Taylor et al, 2007; Chen et al, 2013). The contribution

of GTP hydrolysis to the formation of translocation intermediates or

the movement to the POST state on the 30S and 50S subunits is not

clear. Here, we address these questions by rapid kinetic analysis

using reporter groups attached to the amino terminus of peptidyl-

tRNA and to the 30 end of the mRNA. To identify reaction intermedi-

ates, we utilized translocation-specific antibiotics and EF-G mutants,

including a GTPase-deficient EF-G mutant. The results reveal the

timing of tRNA translocation on 30S and 50S subunits and suggest

how the energy of EF-G binding and GTP hydrolysis is utilized to

promote tRNAmovement through the ribosome.

Results

Direct observation of 30S and 50S translocation

Previously, movement on the 30S subunit has been observed using

various environmentally sensitive fluorescence reporters, such as

pyrene or fluorescein attached to the 30end of the mRNA (Studer

et al, 2003; Peske et al, 2004; Dorner et al, 2006; Ermolenko &

Noller, 2011). In contrast, due to the lack of suitable reporters, the

movement of the tRNA acceptor end on the 50S subunit during

translocation has not been examined kinetically. To study tRNA

translocation on the 50S subunit, we utilized BODIPY-FL (Bpy)

attached to the N-terminal methionine of the nascent peptide on

peptidyl-tRNA (Bpy-MetPhe-tRNAPhe). Bpy does not interfere with

translation and appears to be an ideal fluorophore due to its small

size and advantageous, well-characterized spectroscopic properties

(Ellis et al, 2008). The translocation of tRNA and mRNA on the 30S

and 50S subunits of Escherichia coli ribosomes was monitored using

reporter groups both in Bpy-MetPhe-tRNAPhe and the 30 end of the

mRNA (Alexa405, Alx) in the same complex (Fig 1A, inset). The

latter fluorophore was chosen because its fluorescence can be moni-

tored selectively also in the presence of Bpy (Supplementary Fig S1).

When translocation on double-labeled PRE complexes with mRNA-

Alx, deacylated tRNAfMet in the P site and Bpy-MetPhe-tRNAPhe in

the A site was initiated by rapid mixing with EF-G and GTP in a

stopped-flow apparatus, the fluorescence of both reporters

decreased with similar rates (Fig 1A). The translocation efficiency

was close to 80%, as verified biochemically using the Pmn test

(Supplementary Fig S2). Two-exponential fitting of the traces

obtained with the two labels yielded a rapid phase, which contrib-

uted >90% of the fluorescence change (referred to as amplitude) for

Bpy and >80% for Alx and a slow phase (about 1 s�1), which may

be due to a small portion of inactive ribosomes and was not consid-

ered further. Comparison of the rates of the predominant rapid

phases of 50S and 30S translocation showed that the movements on

the two subunits took place at the same rate, about 28 s�1 at saturation

with EF-G (Table 1).

To further validate the use of Bpy as a reporter of 50S transloca-

tion, we developed a time-resolved Pmn assay to investigate the
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movement of the 30 end of Bpy-MetPhe-tRNAPhe into the POST state.

The Pmn reaction with peptidyl-tRNA in the P site is completed

within milliseconds, which is comparable to the rate of translocation

itself; hence, to derive the rate of translocation from Pmn kinetics,

the two reactions have to be deconvoluted. This difficulty probably

explains why the Pmn reaction was so far mostly used to study slow

translocation kinetics, as observed in the presence of antibiotics

(Peske et al, 2004; Pan et al, 2007). To measure the rate of authen-

tic, unperturbed translocation with the help of Pmn, we performed

experiments in a time-resolved fashion using the quench-flow

technique (Fig 1B). The rate of the Pmn reaction was measured

upon addition of EF-G to the PRE complex and compared with that

of the POST complex. The time required for the PRE complex to

react includes the times for both translocation and Pmn reaction

of the resulting POST state, which allowed us to elucidate the

intrinsic rate of 50S translocation (designated as kTL Pmn) (Materials

and Methods), about 20 s�1 (Table 1). This rate is within the

standard deviation of the translocation rate measured with Bpy,

suggesting that the latter reporter in fact monitors the movement

of the peptidyl-tRNA to the POST state; for comparison, the rate of

the Pmn reaction of peptidyl-tRNA in the hybrid PRE state (A/P)

is in the range 0.002–0.02 s�1 (Peske et al, 2004; Sharma

et al, 2004).

For peptidyl-tRNAPhe, a translocation rate of about 25 s�1 was

measured not only by the Bpy and Alx labels, as described above,

but was also observed when translocation was monitored by a

proflavin label attached to the elbow region of the tRNA (Fig 1C), a

well-characterized label previously used to study the kinetics of

translocation (Rodnina et al, 1997; Savelsbergh et al, 2003; Pan

et al, 2007). 50S and 30S translocations were also synchronous at

23°C, about 7 s�1 (Supplementary Fig S3A), in agreement with

values obtained with the proflavin label (Pan et al, 2007). Similar

translocation rates were obtained with a PRE complex containing

Bpy-MetVal-tRNAVal (Fig 1D, Supplementary Fig S3B), which in the

absence of EF-G is prone to undergo spontaneous reverse transloca-

tion (Konevega et al, 2007). Thus, EF-G–GTP binding and GTP

hydrolysis promote the synchronous forward movement of both

acceptor and anticodon domains of the tRNAs together with the

mRNA, and the elbow region of peptidyl-tRNA on the two ribosomal

subunits, regardless of the intrinsic thermodynamic gradient of

tRNA affinities, which would favor the POST state for fMetPhe-

tRNAPhe and the PRE state for fMetVal-tRNAVal (Konevega

et al, 2007).

Previous work using the proflavin reporter in tRNAfMet(Prf20)

suggested that the displacement of the P site-bound deacylated

tRNA may precede the movement of the A-site peptidyl-tRNA

BA

DC

Figure 1. Kinetics of 50S and 30S translocation.

A Time courses of Bpy-MetPhe-tRNAPhe translocation on the 50S subunit (50S TL; blue trace) and mRNA-Alx translocation on the 30S subunit (30S TL; red trace) after
rapid mixing of EF-G (4 lM, final concentration after mixing) with the PRE complex double-labeled with Bpy and Alx. The inset shows positions of the fluorescence
reporters in the PRE complex, including the position of the proflavin (Prf) label in the D loop, which was used for comparison with previous data.

B Time-resolved Pmn reaction with PRE and POST complexes double-labeled with Bpy and Alx. PRE complexes were mixed with Pmn in the absence of EF-G (Pre; ♦) or
with Pmn and EF-G and GTP (Pre + EF-G; ▲) (kPRE = 14 � 4 s�1). POST complexes reacted with Pmn at a rate of kPOST = 48 � 7 s�1 (Post; ●). The intrinsic rate of
translocation into the Pmn-reactive POST intermediate (kTL Pmn; Table 1) was calculated from kPRE and kPOST (Materials and Methods). Error bars represent standard
deviations (s.d.) obtained from three independent experiments.

C Concentration dependence of the apparent rate constants of Bpy-MetPhe-tRNAPhe (MF) translocation (kapp) monitored by Bpy (▲) and Alx (●). Translocation rates
measured with the Prf label in fMetPhe-tRNAPhe(Prf16/17) are shown for comparison (□).

D As (C), but with Bpy-MetVal-tRNAVal (MV). Time courses of translocation (kapp) were monitored by Bpy (▲), Alx (●), or Prf in fMetVal-tRNAVal(Prf) (□).
Data information: Error bars (s.d.) in (B) and (C) were obtained from at least two independent experiments with 7 technical replicates each.
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(Pan et al., 2007). The time courses of the reaction showed the

formation of a short-lived high-fluorescence intermediate, called

INT (Pan et al, 2007), followed by a slower reaction (Supplemen-

tary Fig S3C and D). At 25°C, INT formation was faster (15–

25 s�1) than 50S and 30S translocations (6 s�1), as reported previ-

ously (Pan et al, 2007). However, at 37°C, INT formation took

place at a rate (30 s�1) which is not significantly different from

that of peptidyl-tRNA movement on the 50S and 30S subunits

(28 s�1) and was followed by a slower step (13 s�1), which proba-

bly reflects tRNA movement through the E site (Cunha et al,

2013). Thus, the formation of the INT state, that is, the EF-G-facili-

tated movement of the elbow of deacylated tRNA on the 50S

subunit, may precede or accompany full translocation of tRNAs,

depending on experimental conditions.

50S translocation on ribosomes in classical or hybrid states

Previous cryo-EM studies have shown that the ribosomes in classi-

cal and rotated/hybrid conformations are in equilibrium with each

other under experimental conditions similar to those used here

(Blanchard et al, 2004; Munro et al, 2007; Agirrezabala et al,

2008; Cornish et al, 2008; Fei et al, 2008; Julian et al, 2008;

Fischer et al, 2010; Chen et al, 2013). Single-molecule FRET

studies suggested that increasing the concentration of Mg2+ ions

increased the population of the classical state by increasing its life-

time, whereas the lifetime of the hybrid state was not affected

(Kim et al, 2007; Lee et al, 2007). The effect of Mg2+ on the

conversion from the hybrid (H) to the classical (C) state can be

described by an equilibrium dissociation constant KHC (Fig 2A).

EF-G binding shifts the equilibrium toward the hybrid/rotated state

by reducing the rate of the conversion from the hybrid to classical

state (Cornish et al, 2008; Fei et al, 2008; Munro et al, 2010). If

translocation preferentially proceeded through the hybrid/rotated

state, then translocation should become slower when most of the

complexes are trapped in the C state (Fig 2A). To test the relation-

ship between hybrid-state formation, EF-G binding, and EF-G-

induced translocation, we examined whether shifting the dynamic

equilibrium between hybrid and classical states by varying the

Mg2+ concentration affected 50S translocation. The amplitude of

50S translocation did not change in the whole range of Mg2+

concentrations from 3.5 to 20 mM (37°C), which suggests that

the step monitored by Bpy does not represent hybrid/rotated

state formation; otherwise, the amplitude of the fluorescence

change would be expected to be smaller at lower Mg2+ concen-

trations, which favor the hybrid state. The rate of translocation

decreased with increasing Mg2+ concentrations in a logarithmic

manner from 30 to 15 s�1 (Fig 2B). Thus, EF-G-driven transloca-

tion on ribosomes that are predominantly in the classical state

(at 20 mM Mg2+) proceeds at a similar rate (within a factor of

two) as on those predominantly in the hybrid state (at 3.5 mM

Mg2+).

If EF-G shifts the equilibrium between classical and hybrid states

(Cornish et al, 2008; Fei et al, 2008; Munro et al, 2010), then—in

the simplest model (Fig 2A)—the law of mass balance would predict

that the affinities of EF-G for states C and H differ by the same

factor, that is, the affinity of EF-G to the classical state should be

lower than to the hybrid state. To test this prediction, we measured

the kcat and KM values of EF-G-dependent 50S translocation at

different Mg2+ concentrations (Supplementary Fig S4A); these

experiments were carried out at 23°C for better comparison with

single-molecule data obtained at buffer conditions very similar to

those used in this work (Kim et al, 2007). At these conditions, the

rate of 50S translocation was independent of Mg2+ (Fig 2C).

Surprisingly, the KM values decreased with increasing Mg2+ concen-

tration ((Fig 2D, a < 0.2), rather than increased as would be

predicted by a simple model (Fig 2A). Notably, because the KM

value includes all microstates that contribute to the apparent affinity

of EF-G, the effect on the KM value should be independent of the

detailed kinetic mechanism of EF-G binding and the exact nucleotide

state of EF-G at the onset of 50S translocation. These data indicate

that EF-G can bind to the classical state very efficiently and promote

rapid translocation, in stark contrast to previous claims (Zavialov &

Ehrenberg, 2003). The linear replot of the Mg2+ dependence (Kim

et al, 2007) indicates that the stabilization of the classical state C

depends on one or two net Mg2+ ions (Supplementary Fig S4B).

This fully accounts for the observed Mg2+ dependence of the KM

values, which involves one net Mg2+, supporting the notion that

the observed change in the KM values is due to the conversion of

the ribosomes from the classical to the hybrid state, although an

additional effect of Mg2+ on the EF-G dwell time (Chen et al, 2013)

may also contribute.

Uncoupling of 50S and 30S translocation

To relate EF-G-promoted 50S translocation to conformational

states of the ribosome, we used a number of well-characterized

antibiotics, including viomycin, spectinomycin, streptomycin, and

hygromycin B, that affect translocation in different ways. Vio-

mycin (Vio) binds at the interface between the two subunits,

promotes the formation of the rotated-state conformation of the

ribosome, suppresses tRNA dynamics, perturbs EF-G dynamics

Table 1. Rate constants of 50S and 30S translocation

EF-G/

antibiotic

50S translocationa 30S translocationa

k50S fast, s�1 k50S slow, s
�1 kTl Pmn, s

�1 k30S, s
�1

wtb/no
antibiotic

28 � 3 –c 20 � 6d 27 � 2d

wt/Vio 25 � 1 – ~0 ~0

wt/Spc 61 � 5 – n.d.e 0.17 � 0.01

wt/Str 11 � 1 – n.d.e 11 � 1

wt/HygB 28 � 2 0.06 � 0.02 0.16 � 0.02 0.08 � 0.01

EF-G(H91A) 9 � 1 0.7 � 0.1 1.5 � 0.2 0.9 � 0.2

EF-G(H583K) 25 � 1 0.7 � 0.1 1.7 � 0.2 1.0 � 0.2

EF-G(D4/5) – 0.06 � 0.01 ~0.01f 0.04 � 0.02

aRate constants determined at 4 lM EF-G, 37°C.
bwt, wild-type EF-G.
c–, not observed, that is, the amplitude of the signal change is < 10% of the
total amplitude observed with wt EF-G in the absence of antibiotics.
dThe reported rates for kTl Pmn and k30S pertain to the steps that constitute
80% or more of the total reaction amplitudes.
en.d., not determined. The rates could not be determined, because binding of
Spc and Str significantly reduced the rate of Pmn reaction in the POST
complex, precluding the deconvolution of the two rates.
fFrom (Savelsbergh et al, 2000).
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when sampling the PRE state of the ribosome, and completely

blocks translocation (Modolell & Vazquez, 1977; Peske et al,

2004; Ermolenko et al, 2007; Kim et al, 2007; Stanley et al, 2010;

Chen et al, 2013). The addition of Vio to the PRE complex

resulted in a small decrease in Bpy fluorescence, followed by an

additional signal change brought about by EF-G (Fig 3A). This

additional amplitude indicates that the expected increase in the

fraction of the rotated states, as induced by Vio (Ermolenko et al,

2007; Spiegel et al, 2007), alone does not lead to full 50S translo-

cation. The rate of 50S translocation was the same as in the

absence of antibiotic (Table 1). No translocation was observed

on the 30S subunit when Vio was present (Fig 3B), and the reac-

tivity of peptidyl-tRNA with Pmn remained low, as expected

(Modolell & Vazquez, 1977; Peske et al, 2004). Thus, in the

presence of Vio, partial 50S translocation takes place independent

of 30S translocation, and the resulting intermediate is frozen in a

state which is not populated during translocation without the

inhibitor.

Spectinomycin (Spc), which binds to helix 34 in the head domain

of the 30S subunit and traps a distinct swiveling state of the head

domain (Borovinskaya et al, 2007), increased the rate of 50S trans-

location and uncoupled it from 30S translocation, which was very

slow (Fig 3C and D; Table 1). Binding of streptomycin (Str) has a

dual effect on translocation: on one hand, it traps the 30S subunit in

a conformation that is both error-prone (Carter et al, 2000) and

inherently more prone to rapid translocation as manifested by

lowering of the transition state barrier (Peske et al, 2004). On the

other hand, Str stabilizes the tRNA in the A site, which in effect

disfavors translocation by decreasing the energy of the ground state

(Peske et al, 2004). Str reduced the rate of both 30S and 50S translo-

cations to a similar extent (Fig 3C and D; Table 1). Hygromycin B

(HygB) strongly inhibited 30S translocation, whereas 50S transloca-

tion proceeded to completion. HygB binds between A and P sites at

the decoding center of the 30S subunit and stabilizes nucleotide

A1493 of 16S rRNA in a position which causes a steric block to the

movement of tRNAs (Borovinskaya et al, 2008). With HygB present,

the fluorescence change due to rapid tRNA movement on the 50S

subunit was about 50% of the control, whereas the rate of the

following slow step coincided with the rate of 30S translocation

(Fig 3C and D; Table 1). The rate of tRNA movement into the Pmn-

reactive state was similar to that of 30S translocation and of the

second phase of 50S translocation monitored by fluorescence

(Supplementary Fig S2; Table 1). This result suggests the existence

of an intermediate state, which is not Pmn-reactive and is stabilized

by HygB, during the stepwise movement of peptidyl-tRNA on the

50S subunit from the A/A or A/P to the P/P state.

A B

C D

Figure 2. Effect of hybrid-to-classical state transition on 50S translocation.

A Dynamic equilibria between hybrid (H) and classical (C) states of the ribosome and the effect of EF-G (G). Mg2+ shifts the equilibrium from H toward C [equilibrium
dissociation constant KHC; (Kim et al, 2007)]. This equilibrium is affected by EF-G, which favors the H–G complex (Cornish et al, 2008), resulting in an equilibrium
dissociation constant aKHC. H binds EF-G with equilibrium dissociation constant KEFG; according to the law of mass balance, C must bind EF-G with the constant
aKEFG. The rates of translocation in the H–G and C–G complexes (k50S Tl) may be the same or differ by a factor b.

B Mg2+ dependence of 50S translocation rates, k50S Tl (▲), and reaction amplitudes (△) at 37°C. b is the ratio of the lowest and highest k50Tl values.
C Mg2+ dependence of 50S translocation rate at 23°C at buffer conditions used in Kim et al (2007).
D Mg2+ dependence of KEFG at conditions as in (C). The values are from the experiment shown in Supplementary Fig S4A. a is the ratio of the lowest and highest KM

values.

Data information: Error bars (s.d.) in (B–D) were obtained from at least two independent experiments with 7 technical replicates each.
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Role of GTP hydrolysis

GTP hydrolysis increases the overall rate of translocation by

about 30-fold (Rodnina et al, 1997; Katunin et al, 2002; Pan et al,

2007; Cunha et al, 2013). To assess whether or not the effect is

subunit-specific, we used a GTPase-deficient EF-G mutant with

His91 replaced with Ala, by analogy to the H84A substitution in

E. coli EF-Tu, which decreased the rate of GTP hydrolysis by six

orders of magnitude (Daviter et al, 2003). EF-G(H91A) binds GTP

with unchanged affinity, but does not hydrolyze GTP on the ribo-

some; the mutant factor supports only a single round of translo-

cation, because its release from the ribosome is blocked (Cunha

et al, 2013). When double-labeled pre-translocation complexes

were mixed with EF-G(H91A), the fluorescence of Bpy and Alx

decreased to similar levels as with wild-type (wt) EF-G (Fig 4A

and B); however, the rates were lowered substantially (Table 1).

The rate of 30S translocation was reduced to about 1 s�1, 30-fold

lower than with wt EF-G, in agreement with previous results with

non-hydrolyzable GTP analogs, such as GTPcS or caged GTP

(Rodnina et al, 1997; Katunin et al, 2002). The kinetics of 50S

translocation became biphasic (Fig 4A), with a fast step of

approximately 10 s�1 (Fig 4C), which was only three times slower

than with wt EF-G, and an additional slow step which contrib-

uted about 50% of the amplitude and had a rate of 1 s�1 at EF-G

saturation. The latter rate coincided with the rate of 30S translo-

cation (Fig 4D) and with the movement of the peptidyl-tRNA into

the Pmn-reactive POST state (Supplementary Fig S2; Table S1).

Thus, when GTP hydrolysis was blocked, the two steps of 50S

translocation were uncoupled. The formation of the intermediate

50S translocation state required EF-G binding, but not GTP hydro-

lysis, whereas the transition from the intermediate to the 50S

POST state was linked to 30S translocation, which, in turn, was

coupled to GTP hydrolysis.

Role of domain 4 of EF-G

Domain 4 of EF-G is known to play an important role in transloca-

tion by coupling the conformational rearrangements of EF-G to

forward movement of the tRNAs (Rodnina et al, 1997; Peske et al,

2000, 2004; Savelsbergh et al, 2000; Taylor et al, 2007). With an

EF-G mutant lacking domains 4 and 5 (EF-G(D4/5)) both 50S and

30S translocations were severely inhibited (Fig 4E and F; Table 1).

Because EF-G(D4/5) binds to the ribosome and hydrolyzes GTP as

rapidly as wt EF-G (Savelsbergh et al, 2000), translocation with

EF-G(D4/5) must be inhibited directly after the GTP hydrolysis

step, presumably by an inhibition of a rate-limiting rearrangement

of the ribosome that controls tRNA translocation and Pi release

(Savelsbergh et al, 2003).

The replacement of the conserved His583 at the tip of domain 4

with Lys (EF-G(H583K)) inhibits translocation, but does not inter-

fere with GTP hydrolysis, Pi release, or the dissociation of EF-G

from the ribosome (Savelsbergh et al, 2000). Similar to the effect of

HygB (Fig 3C and D) or the H91A mutation (Fig 4A and B), 50S

translocation in the presence of EF-G(H583K) was biphasic (Fig 4E).

The rapid step was independent of 30S translocation and led to an

intermediate that was not reactive with Pmn (Supplementary Fig S2).

A B

C D

Figure 3. Uncoupling of 50S and 30S translocation by antibiotics.

A Fluorescence change of Bpy-MetPhe-tRNAPhe upon addition of Vio alone (gray), EF-G alone (blue), EF-G to the PRE complex pre-incubated with Vio (EF-G+Vio)
(magenta), or buffer (black).

B 30S translocation at conditions as in (A) or in the absence of antibiotics (EF-G, red).
C Time courses of 50S translocation in the presence of Spc (orange), HygB (green), Str, (lilac), and control in the absence of EF-G (Buffer, black).
D 30S translocation with antibiotics as indicated in (C).
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The slower step proceeded at the rate of 30S translocation and led

to a Pmn-reactive POST state (Table 1). The rate of 30S transloca-

tion was reduced substantially, suggesting a specific effect of

domain 4 on mRNA–tRNA movement on the 30S subunit.

Discussion

Role of rotational PRE substates for translocation

The present kinetic analysis of correlated tRNA movements during

translocation on both 50S and 30S subunits provides new insights

into translocation catalysis by EF-G (Fig 5). Peptide bond forma-

tion, which results in deacylated tRNA in the P site and peptidyl-

tRNA in the A site, promotes the formation of the hybrid/rotated

states and accelerates EF-G-dependent translocation (Semenkov

et al, 2000; Horan & Noller, 2007; Marshall et al, 2008; Walker

et al, 2008), and there are several ways of how this acceleration

may be achieved. One possibility is that the initial recruitment of

EF-G is restricted to the hybrid/rotated state of the ribosome (Valle

et al, 2003; Zavialov & Ehrenberg, 2003; Munro et al, 2010). This

model is not supported by the present data (Fig 2; Supplementary

Fig S4), which rather suggest that EF-G can bind to the pre-translo-

cation complex in either state, hybrid or classical, and—by infer-

ence—to any substate between the two. This is in line with reports

that indicated similar association rate constants (or arrival rates)

for EF-G–GTP and binding affinities of EF-G to ribosomes in differ-

ent conformational states (Rodnina et al, 1997; Walker et al, 2008;

A B

C D

E F

Figure 4. Inhibition of translocation by mutations in EF-G.

A Time courses of 50S translocation in the presence of GTPase-deficient EF-G(H91A) (green, right Y-axis) compared with wt EF-G (blue, left Y-axis).
B Time courses of 30S translocation in the presence of EF-G(H91A) (pink, right Y-axis) compared to wt EF-G (red, left Y-axis).
C Concentration dependence of apparent rate constants of the fast step of 50S translocation as induced by EF-G(H91A) (▲).
D Concentration dependence of apparent rate constants of the slow step of 50S translocation (△) and 30S translocation (●).
E Time courses of 50S translocation with wt EF-G (blue), EF-G(H583K) (orange), EF-G(D4/5) (magenta) or without factor (Buffer, black).
F Time courses of 30S translocation with wt EF-G and EF-G mutants (colors as in (E)).
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Chen et al, 2011a, 2013; Wintermeyer et al, 2011). Interestingly, a

recent single-molecule study reported that the average dwell times

for EF-G–GTP sampling rotated and non-rotated states were similar,

whereas EF-G–GDPNP dissociated 7.5 times more rapidly from the

non-rotated state (Chen et al, 2013). This finding may suggest that

the GTP or GDPNP-bound states of EF-G have different preferences

to the ribosome sub-states, which should be considered when

analyzing EF-G recruitment to the ribosome. It also may explain

why in cryo-EM only a complex of EF-G–GDPNP with rotated ribo-

somes was observed (Valle et al, 2003), as the low concentration

of complexes used in cryo-EM would probably not allow the isola-

tion of readily dissociating complexes. Furthermore, initial

sampling (Chen et al, 2013) and the following EF-G engagement

(Munro et al, 2010) appear to be distinct steps, which may favor

different substates of the ribosome. Finally, the identity of the tRNA

bound to the ribosome appears to influence the distribution

of conformational states of the ribosome and EF-G dynamics

(Fei et al, 2011).

Another model that links hybrid state formation to transloca-

tion suggests that the transition from the classical to the hybrid/

rotated state comprises the rate-limiting state of translocation

(Valle et al, 2003; Zavialov & Ehrenberg, 2003; Munro et al,

2010). We show here that the rate of 50S translocation is largely

independent of whether the ribosome assumes the classical or

hybrid/rotated state. Similarly, mutations in 23S rRNA or tRNA

(e.g., initiator tRNAfMet) that disfavor hybrid state formation only

moderately (within a factor of five) affect the rate of 30S translo-

cation (Dorner et al, 2006; Walker et al, 2008; Fei et al, 2011),

consistent with the reported differences in EF-G arrival times

(Chen et al, 2013). Furthermore, recent molecular dynamics

simulations suggest that spontaneous subunit rotation and move-

ments within the 30S subunit during the interconversion of

classic and hybrid states are very rapid, taking place in the

sub-microseconds time range (Bock et al, 2013). Taken together,

these results challenge the notion that the formation or stabiliza-

tion of the hybrid/rotated state provides the rate-limiting step of

EF-G-dependent translocation. Rather, our results are consistent

with a model in which the initial reversible EF-G binding to the

ribosome (“sampling”) (Chen et al, 2013) is followed by GTP

hydrolysis and the rapid formation of a short-lived hybrid/

rotated intermediate (Chen et al, 2011a; Fei et al, 2011), which

is then stabilized by EF-G docking on the PRE state (Cornish

et al, 2008; Munro et al, 2010; Fei et al, 2011; Chen et al, 2013),

followed by further conformational adjustments upon formation

of the POST state (Gao et al, 2009; Tourigny et al, 2013). Thus,

whereas the hybrid/rotated states are authentic intermediates of

translocation that reflect the intrinsic dynamics of the ribosome

and are crucial for translocation, the kinetics of these fluctua-

tions are unlikely to be rate-limiting for EF-G recruitment or

tRNA translocation.

Figure 5. Schematic of translocation.

EF-G–GTP binds to the PRE complex in the classical (C) state (with tRNAs in the P/P and A/A orientations) or in the hybrid/rotated state (H) (with tRNA positions
designated as P/E1 and A/P1) (Walker et al, 2008; Chen et al, 2011a), resulting in PRE C–G or H–G intermediates, followed by rapid GTP hydrolysis.
Step 1, 30S unlocking (indicated by green subunit) (Savelsbergh et al, 2003) concomitant with the movement of the P-site tRNA toward the E site (INT position (Pan et al,
2007); designated here as P/E2) and the A-site tRNA into the intermediate position (A/P2). A/P2 state is observed with HygB, EF-G(H91A), and EF-G(583K) prior to 30S
translocation. The intermediate shown in square brackets normally is short-lived and accumulates when there is no GTP hydrolysis.
Step 2, translocation on the 30S subunit and the completion of translocation on the 50S subunit, resulting in the POST complex with tRNAs in the classical E/E and P/P
states and EF-G occupying the A site (POST–G).
Step 3, relocking of the 30S subunit and dissociation of EF-G and deacylated tRNA, leading to the POST complex.
Movements of individual elements of the ribosome (e.g., proteins L1, L11, and L12, or the 30S subunit head) and various chimeric states of 30S are not shown. The rate of
unperturbed 50S and 30S translocation is 30 s�1 (this paper), the rate of the following rearrangements, which probably involves back-rotation of the 30S subunit head, is
10 s�1 (Cunha et al, 2013).
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Substates of EF-G-dependent translocation

Binding of EF-G–GTP and GTP hydrolysis induces rapid (at about

30 s�1) concerted movements of the tRNAs on both subunits to a

state which is likely to be an early POST state (Fig 5). We assign

this state as POST, rather than PRE, because peptidyl-tRNA in that

state rapidly reacts with Pmn. This early POST complex (POST–G,

because EF-G is still bound in this complex) undergoes further rear-

rangements into a late POST complex, which entail further move-

ment of deacylated tRNA through the E site, backward rotation of

the subunit head, and dissociation of EF-G (Guo & Noller, 2012;

Chen et al, 2013; Cunha et al, 2013) and takes place at a rate of

about 10 s�1 (Cunha et al, 2013). The rates of tRNA and mRNA

movement into the POST–G state coincide with the rate of Pi

release (Savelsbergh et al, 2003). Although the intrinsic rates of

translocation on the 50S and 30S subunits and of Pi release may be

different, they are synchronized by the preceding rate-limiting step

of 30S unlocking (Savelsbergh et al, 2003). In comparison, the

movement of tRNAs through the unlocked state of the ribosome

appears intrinsically rapid (Savelsbergh et al, 2003; Wen et al,

2008; Munro et al, 2010). EF-G might accelerate translocation by

opening of the groove where the codon–anticodon complexes

reside and displacing ribosome elements that act as hurdles for 30S

translocation (Schuwirth et al, 2005; Zhang et al, 2009). Alterna-

tively, EF-G may facilitate 30S head domain movements, consistent

with recent findings suggesting that the movement of the 30S head

coincides with mRNA movement (Ratje et al, 2010; Guo & Noller,

2012). In keeping with this notion, the translocation rate can be

increased by manipulating the decoding center of the 30S subunit

toward higher conformational flexibility, for example by cleavage

of 16S rRNA between nucleotides A1493 and G1494 (Lancaster

et al, 2008), by disrupting the interactions between the A-site

codon and ribosomal residues in the decoding site (Khade &

Joseph, 2011), or by altering intersubunit bridges B1a, B4, B7a,

and B8 (Liu & Fredrick, 2013).

The concerted movement of the tRNA acceptor and anticodon

domains on 50S and 30S subunits, respectively, can be uncoupled

by antibiotics or mutations in EF-G. This allowed us to isolate

discrete substates of translocation that cannot be observed other-

wise. The results obtained with HygB, EF-G(H91A), and EF-G

(H583K) suggest that 50S translocation proceeds in at least two

steps (PRE A/P1? PRE A/P2? POST–G; Fig 5). During the first

step (Step 1), which is independent of 30S translocation, the 30 end
of peptidyl-tRNA moves from the classic (C) or hybrid (A/P1) state

into the A/P2 state; in that state, the reaction with Pmn remains

slow (Table 1), suggesting that the A/P2 state differs from the final

POST state. It is likely that the P-site tRNA concomitantly moves to

the state designated as INT (Pan et al, 2007). EF-G–GTP binding—

independent of GTP hydrolysis—is sufficient to promote this move-

ment, probably by re-shaping the landscape of spontaneous thermal

motions within the ribosome. On the other hand, the energy of EF-

G–GTP binding alone is not sufficient to promote rapid movement

on the 30S subunit. Rather, the second step (Step 2, Fig 5), which

entails both 30S translocation and tRNA movement on the 50S

subunit from the PRE A/P2 state into the early POST–G state, is

driven by GTP hydrolysis, which couples conformational rearrange-

ments of EF-G to the engagement of domain 4 with the 30S

codon-anticodon complex. In the final step, deacylated tRNA

spontaneously dissociates from the ribosome (Semenkov et al,

1996; Uemura et al, 2010; Chen et al, 2011b, 2013), probably

coupled to the backward swiveling of the 30S head, counter-

rotation of the 30S body, and dissociation of EF-G (Ermolenko &

Noller, 2011; Guo & Noller, 2012; Chen et al, 2013; Cunha et al,

2013), resulting in the final POST (P/P) state.

Some antibiotics stabilize intermediates that are distinct from

the A/P2 state. With Spc, 30S translocation is strongly inhibited,

while the 30 end of peptidyl-tRNA moves into a state which—

according to the extent of the fluorescence change we observe—is

very close to the POST state. This notion is consistent with the

reported high Pmn reactivity of the Spc-blocked translocation

intermediate, which is two orders of magnitude faster than that of

the PRE state and only tenfold slower than that of the POST state

(Pan et al, 2007). An EF-G mutant lacking domain 1, which

promotes 50S translocation to the Pmn-reactive state, but not 30S

translocation (Borowski et al, 1996), may stabilize a similar inter-

mediate. Also in the presence of Vio, the 30 end of peptidyl-tRNA

appears to occupy a position close to the P site; however, the

Pmn reactivity of that state remains low and 30S translocation is

blocked; the structure of that state was recently determined by

cryo-EM (Brilot et al, 2013). Yet another intermediate of transloca-

tion was recently characterized, using the antibiotic fusidic acid

and GDP for stabilization (Ramrath et al, 2013). In that state, the

tRNAs were in chimeric ap/P and pe/E states, and the 30S subunit

assumed a conformation with swiveled head. Because fusidic acid

blocks EF-G in a state where the mRNA has already moved by

one codon (Spiegel et al, 2007) and the 30 end of peptidyl-tRNA is

reactive with Pmn (Savelsbergh et al, 2009), that state may be

classified as an early POST state, although it is not clear whether

it is identical to the POST–G state described here. Together,

kinetic and structural data suggest that, in addition to several

distinct PRE and POST states, there are also several chimeric

states where the 30 ends of tRNA have moved partially toward the

authentic POST state, or the translocation on the 30S subunit is

incomplete due to the swiveled conformation of the 30S head

domain.

The role of EF-G and GTP hydrolysis

EF-G is a GTP-binding protein, which combines the characteristics

of a switch GTPase, which upon Pi release changes to a low-

affinity conformation allowing for the dissociation of the factor from

the ribosome, with those of a motor that accelerates movement by

a conformational change induced by GTP hydrolysis (Rodnina

et al, 1997; Cunha et al, 2013). GTP hydrolysis is utilized to accel-

erate mRNA and tRNA movements on the 30S subunit, thereby

synchronizing tRNA and mRNA movements on the two ribosomal

subunits. The rate of 30S translocation closely correlates with the

ability of domain 4 of EF-G to engage with the A site (Munro et al,

2010), presumably by interactions of the tip of domain 4 with the

A-site codon-anticodon complex (Savelsbergh et al, 2000; Taylor

et al, 2007; Gao et al, 2009; Ratje et al, 2010; Ramrath et al,

2013). The rate of EF-G engagement is controlled by conforma-

tional changes of EF-G (Peske et al, 2000; Wriggers et al, 2000;

Taylor et al, 2007) which are driven by GTP hydrolysis (Rodnina

et al, 1997; Katunin et al, 2002; Pan et al, 2007; Munro et al,

2010) and coupled to ribosome rearrangements through the
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delayed release of Pi (Savelsbergh et al, 2003, 2005; Pan et al,

2007). Domain 4 may promote 30S translocation by altering the

conformation of the ribosome, for example by opening the mRNA-

binding cleft or by stabilizing the open conformation of the E-site

gate (Borovinskaya et al, 2008; Ratje et al, 2010; Pulk & Cate,

2013; Tourigny et al, 2013). EF-G domain 4 may disrupt the inter-

actions of the mRNA–tRNA duplex with two universally conserved

bases (A1492, A1493) in the ribosomal decoding center (Taylor

et al, 2007; Ramrath et al, 2013) or restrict backward movement

(Frank & Agrawal, 2000; Gao et al, 2009; Pulk & Cate, 2013; Tourigny

et al, 2013; Zhou et al, 2013), thus coupling GTP hydrolysis to 30S

translocation in a way that resembles the power stroke of motor

proteins. This view is supported by the recent crystal structures of

EF-G trapped on the ribosome in the pre-hydrolysis state (Pulk &

Cate, 2013; Tourigny et al, 2013; Zhou et al, 2013). These struc-

tures predict that GTP hydrolysis is associated with a rearrange-

ment of EF-G that is initiated at the nucleotide binding pocket,

pivots around domain 3, and results in a movement of domain 4

that affects the interactions with the 30S subunit. One attractive

possibility suggested by those structures is that GTP hydrolysis is

required to allow for the backward rotation of the 30S subunit

head, which would complete the transition to the POST state, and

there is kinetic evidence in favor of this suggestion (Cunha et al,

2013). Conformational dynamics of EF-G that links GTP hydrolysis,

Pi release, and factor dissociation to conformational rearrange-

ments of the ribosome may account for the multiple kinetically

significant steps prior to the counter-rotation of the subunits,

which completes the translocation process (Chen et al, 2013).

Recent force measurements suggested that EF-G generates a power

stroke of 89 pN during ribosome translocation (Yao et al, 2013),

also in line with a motor function of the factor. Thus, the translo-

cating ribosome–EF-G complex combines features of a Brownian

machine and a power-stroke motor. EF-G orchestrates the rapid

synchronous progression of tRNAs and mRNA through the ribo-

some by combining the two energy regimes.

Materials and Methods

Buffers and reagents

Ribosomes, translation factors, and tRNAs were from E. coli, if not

stated otherwise. The experiments were carried out in buffer A

(50 mM Tris–HCl, pH 7.5, 70 mM NH4Cl, 30 mM KCl, and 7 mM

MgCl2) at 37°C.

Ribosomes, mRNAs, tRNAs, and translation factors

Chemicals were from Roche Molecular Biochemicals, Sigma

Aldrich, or Merck. Radioactive compounds were from Hartmann

Analytic. Ribosomes from E. coli MRE 600, f[3H]Met-tRNAfMet,

[3H]Met-tRNAfMet, [14C]Phe-tRNAPhe, EF-Tu, and initiation factors

were prepared as described (Rodnina et al, 1997, 1999; Savels-

bergh et al, 2003). Proflavin-labeled tRNAPhe (yeast) and tRNAVal

(E. coli) were prepared according to the published protocols

(Wintermeyer et al, 1979; Milon et al, 2007). The following mRNA

constructs (IBA, Göttingen) were used (start codon and first

elongation codon are underlined):

mMFAlx405: GUUAACAGGUAUACAUACUAUGUUUGUUAUUAC-

Alx405

mMVAlx405: GUUAACAGGUAUACAUACUAUGGUUUUCAUUAC-

Alx405

Bpy-Met-tRNAfMet

[3H]Met-tRNAfMet was prepared and purified by HPLC as described

(Milon et al, 2007), except that N10-formyltetrahydrofolate was

omitted. Modification of [3H]Met-tRNAfMet at the a-amino group

with BODIPY-FL sulfosuccinimidyl ester (Bpy-SSE; Invitrogen,

D6140) was carried out by incubating [3H]Met-tRNAfMet (30 lM)

with a 130-fold excess of Bpy-SSE (4 mM) in 20 mM HEPES buffer

(pH 8.5) for 4 min at 0°C. The reaction was stopped by adding

potassium acetate (pH 5) to 0.2 M, and the tRNA was precipitated

by adding 2.5 volumes of ice-cold ethanol. Excess dye was removed

by four additional precipitation steps. The resulting tRNA pellet was

dried, dissolved in H2O and stored at �80°C. The concentration of

tRNA was determined by radioactivity counting, and the extent of

Bpy modification was assessed photometrically, using extinction

coefficients of 75,000 M�1 cm�1 for Bpy (505 nm), and

575,000 M�1 cm�1 for the tRNA (260 nm), yielding labeling

efficiencies of >80%. Bpy-[3H]Met-tRNAfMet was fully active in

initiation complex formation.

Cloning, expression, and purification of EF-G and EF-G mutants

The gene coding for EF-G containing a C-terminal His tag was

cloned into pET24a(+). The H583K mutation was introduced using

the QuikChange protocol. The gene coding for EF-G was cloned

into pTXB1, the H91A mutation was introduced by the QuikChange

protocol, and the EF-G(Δ4/5) construct was produced by deletion

of amino acids R475 to K704 using the Phusion polymerase

deletion protocol (NEB). EF-G and EF-G mutants were overexpres-

sed in BL21(DE3) and purified as described (Cunha et al, 2013).

EF-G(H91A) and EF-G(Δ4/5) were expressed using plasmid pTXB1

with an N-terminal intein cleavage site, a chitin-binding domain,

and a His tag (Cunha et al, 2013). Concentrations were determined

either by spectrophotometry at 280 nm, using an extinction coeffi-

cient of 64,300 M�1 cm�1 for EF-G (Nguyen et al, 2010) or by

SDS–PAGE and densitometry using a reference protein of known

concentration.

Ribosome complexes

To prepare initiation complexes, ribosomes (1 lM) were incubated

with a threefold excess of mRNA and a 1.5-fold excess each of

IF1, IF2, IF3, and f[3H]Met-tRNAfMet, or Bpy-[3H]Met-tRNAfMet, in

buffer A containing 1 mM GTP for 30 min at 37°C. Ternary

complex EF-Tu–[14C]Phe-tRNAPhe–GTP was prepared by incubating

EF-Tu (2 lM) with GTP (1 mM), phosphoenolpyruvate (3 mM),

and pyruvate kinase (0.5 mg ml�1) for 15 min at 37°C and then

with [14C]Phe-tRNAPhe (1 lM) for 1 min. To form the PRE

complex with fMetPhe-tRNAPhe in the A site, initiation

complex and ternary complex were mixed and incubated for

1 min at 37°C.

To form ternary complex containing [14C]Phe-tRNAPhe(Prf) or

[14C]Val-tRNAVal(Prf), deacylated proflavinated tRNA (25 lM) was
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incubated in buffer A with the respective purified aa-tRNA-

synthetase, GTP (1 mM), ATP (3 mM), DTT (1 mM), [14C]Val or

[14C]Phe (45 lM), pyruvate kinase (0.1 mg ml�1) and EF-Tu

(48 lM) for 30 min at 37°C. Ternary complex was purified by size-

exclusion chromatography on a Biosuite 250 HR column using an

Alliance HPLC system (Waters). Fractions containing ternary

complex were mixed with initiation complex and incubated for

1 min. Resulting PRE complexes were purified by centrifugation

through a 1.1 M sucrose cushion in buffer A with 21 mM MgCl2.

Pellets were dissolved in buffer A with 21 mM MgCl2, and tRNA

binding was verified by nitrocellulose filtration. The functional

activity of pre-translocation complexes was tested by the Pmn assay

(Rodnina et al, 1997). For the kinetic experiments, the concentra-

tion of MgCl2 was lowered to 7 mM.

Rapid kinetic methods

Fluorescence experiments were carried out in buffer A containing

1 mM GTP at 37°C, if not stated otherwise, using a stopped-flow

apparatus (SX-20MV; Applied Photophysics). Bpy fluorescence was

excited at 470 nm and detected after passing a KV500 cut-off filter

(Schott). Alx405 fluorescence was excited at 400 nm and measured

after passing a KV418 cut-off filter (Schott). Prf fluorescence was

excited at 470 nm and measured after passing a KV500 cut-off filter

(Schott). Equal volumes of pre-translocation complexes (80 nM)

were rapidly mixed with EF-G or EF-G(H91A) at different concentra-

tions as indicated. Experiments with the EF-G mutants H583K and

Δ4/5 and translocation experiments in the presence of antibiotics

(Vio 200 lM, Spc 900 lM, Str 20 lM, and HygB 20 lM) were

performed at saturating EF-G concentration (4 lM). Time courses

were evaluated using TableCurve software by exponential fitting

using two exponential terms with two apparent rate constants, kapp1
and kapp2 and the fraction of the fast step in the overall reaction

amplitude (% fast). EF-G titrations were fitted to hyperbolic func-

tions. Average kapp values and standard deviations (SD) were

obtained from at least seven time courses.

The time-resolved Pmn reaction was performed in a quench-flow

apparatus (KinTek) by mixing Bpy/Alx-labeled PRE or POST

complexes (0.2 lM, final concentration after mixing) with Pmn

(10 mM) and EF-G (4 lM) in buffer A at 37°C. The reactions were

quenched with 50% formic acid and mixed with 1.5 M sodium

acetate saturated with MgSO4. Bpy-[3H]Met[14C]Phe-Pmn was

extracted into ethyl acetate and quantified by radioactivity counting

(Rodnina et al, 1997). The time required for the PRE complex to

react (apparent rate constant kPRE) includes the time needed for

translocation (kTL Pmn) and for the Pmn reaction of the resulting

POST state (kPOST). Deconvolution of the translocation rate from the

two values (1/kTl Pmn = 1/kPRE � 1/kPOST) gives the rate of tRNA

translocation. Mean rates and standard deviations were derived

from three independent experiments.

Supplementary information for this article is available online:

http://emboj.embopress.org
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