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Abstract

EF-G is a universally conserved translational GTPase that promotes the translocation of tRNA and 

mRNA through the ribosome. EF-G binds to the ribosome in a GTP-bound form and subsequently 

catalyzes GTP hydrolysis. The contribution of the ribosome-stimulated GTP hydrolysis by EF-G 

to tRNA/mRNA translocation remains debated. Here, we show that while EF-G•GDP does not 

stably bind to the ribosome and induce translocation, EFG• GDP in complex with phosphate group 

analogues BeF3
− and AlF4

− promotes the translocation of tRNA and mRNA. Furthermore, the 

rates of mRNA translocation induced by EF-G in the presence of GTP and a non-hydrolysable 

analogue of GTP, GDP•BeF3
−are similar. Our results are consistent with the model suggesting that 

GTP hydrolysis is not directly coupled to mRNA/tRNA translocation. Hence, GTP binding is 

required to induce the activated, translocation-competent conformation of EF-G while GTP 

hydrolysis triggers EF-G release from the ribosome.

Introduction

During protein synthesis, tRNAs and their associated codons on the mRNA are translocated 

from the A (aminoacyl) to the P (peptidyl) and the E (exit) sites of the ribosome. This 

process is induced by the binding of a universally conserved elongation factor G (EF-G) in 

bacteria and elongation factor 2 (EF-2) in eukaryotes. EF-G accelerates translocation by 

~50,000 fold[1, 2]. Domain I of EF-G (Fig. 1B) comprises the G’ and G subdomains; the 

latter hydrolyzes GTP and is structurally similar to the G-domains in other G-proteins[3, 4]. 

EF-G binds to the ribosome with high affinity only in the GTP-bound form[5, 6]. EF-G has 

low intrinsic GTPase activity, which is enhanced via the interaction of the G domain of EF-

G with the universally conserved sarcin-ricin loop (SRL) of the 23S rRNA of the large 

ribosomal subunit[7–9]. GTP hydrolysis and the subsequent release of inorganic phosphate 

(Pi) trigger EF-G dissociation from the ribosome[6, 10].

The role of GTP hydrolysis in the translocation of tRNAs and mRNA is still debated. Early 

experiments demonstrated that GTP hydrolysis is not required for translocation because the 
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replacement of GTP with non-hydrolysable analogues of GTP blocked EF-G release from 

the ribosome but allowed for a single round of translocation[5, 6]. However, more recent 

kinetic experiments suggested that GTP is hydrolyzed by EF-G at rates significantly faster 

than the rate of translocation; hence, GTP hydrolysis precedes translocation[1]. Furthermore, 

translocation in the presence of GTP was shown to be up to 50-fold faster than translocation 

in the presence of non-hydrolysable analogues of GTP, thus, suggesting that GTP hydrolysis 

contributes to the acceleration of translocation[1]. Additional kinetic experiments revealed 

that the release of inorganic phosphate following GTP hydrolysis occurs at rates similar to 

the rate of tRNA/mRNA translocation[10]. Therefore, the release of inorganic phosphate 

may be coupled to translocation[10]. It was hypothesized that GTP hydrolysis and the 

following inorganic phosphate release may trigger interdomain rearrangements in EF-G; 

namely, the movement of domain IV of EF-G relative to the rest of EF-G[10–14] that 

induces the translocation of tRNAs. Indeed, domain IV of EF-G was shown to be critical for 

the catalysis of translocation[1, 15] and is thought to displace the peptidyl-tRNA from the A 

site because domain IV is bound to the A site of the small subunit in the posttranslocation 

state of the ribosome[9, 16].

Although the model that directly links GTP hydrolysis and translocation is popular in the 

field, there are a number of experimental observations that are not consistent with this 

model. Several independent reports suggested that substituting GTP with non-hydrolysable 

analogues of GTP only moderately (by 2–3 fold) slow down the rate of mRNA 

translocation[17, 18]. Amino acid substitutions in the G domain of EF-G that inhibited the 

GTPase activity of EF-G reduced the rate of mRNA/tRNA translocation by only 7 to 30 

fold[12, 19–21]. Furthermore, a number of antibiotics, such as viomycin or hygromycin B, 

strongly inhibit translocation by binding to the ribosome without impeding the binding of 

EF-G, GTP hydrolysis or Pi release[1, 22, 23]. Hence, at least in the presence of inhibitors of 

translocation, GTP hydrolysis and translocation may be completely decoupled. Consistent 

with this model, single-molecule Förster resonance energy transfer (smFRET) experiments 

show that translocation on average requires multiple EF-G binding events[20, 24, 25] 

suggesting that EF-G dissociation triggered by Pi release sometimes occurs before the 

tRNA/mRNA are translocated. These results suggest the possibility that Pi release and 

tRNA/mRNA translocation evolved to occur concurrently but they are not mechanistically 

coupled.

It was suggested that one potential source of discrepancies between the different reports on 

the role of GTP hydrolysis in translocation was the possible contamination of commercially 

available synthetic non-hydrolysable GTP analogues with GTP[12]. Although we are not 

aware of publications that unequivocally demonstrated the presence of GTP contamination 

in nonhydrolysable GTP analogues, we aimed to overcome this conceivable caveat to further 

examine the role of GTP hydrolysis in translocation.

Complexes of GDP with phosphate analogues vanadate, beryllium and aluminum fluorides 

are known to mimic GTP or the transition state intermediate of GTP hydrolysis[26, 27]. 

Previous structural studies of a number of GTPases and ATPases suggested that GDP (or 

ADP)•BeF3
− bound to the active site of an enzyme mimics the pre-hydrolysis state of the 

hydrolysis reaction while the geometry of GDP (ADP)•AlF4
− and GDP(ADP)•VO4

3− 
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resemble the transition or posthydrolysis state of the reaction[27–31]. Furthermore, it was 

previously reported that vanadate inhibits the ability of EF-G to induce RRF (ribosome 

recycling factor)-assisted ribosome dissociation into subunits after the termination of protein 

synthesis[32]. Since GTP hydrolysis was previously shown to be essential for the ribosome 

recycling[33, 34], inhibition of EFG/ RRF-assisted subunit dissociation by vanadate 

suggests that vanadate can bind to EF-G•GDP and act as a GTP analogue.

Here we test whether BeF3
−, AlF4

−, and VO4
3− can act on EF-G as phosphate analogues and 

support ribosomal translocation. We show that EF-G in the presence of beryllium fluoride 

and GDP that was purified from GTP contamination induces translocation at rates similar to 

the rates observed in the presence of GTP. Our results indicate that EF-G induces fast and 

efficient translocation in the GTP-bound pre-hydrolysis state. Thus, our results are consistent 

with the model suggesting that GTP hydrolysis by EF-G is not directly coupled to the 

translocation of mRNA and tRNA.

Results

EF-G stably binds to the ribosome in the presence of GDP and phosphate analogues

Because EF-G binds stably to the ribosome only in the GTP-bound form, we first aimed to 

test whether BeF3
−, AlF4

−, and VO4
3− stabilize the binding of EF-G to the ribosome in the 

presence of GDP. Consistent with previous reports, we found that commercially available 

GDP contains significant amounts of GTP[17, 35, 36]. Nevertheless, GDP and GTP could be 

easily separated using anion exchange chromatography[35]. Purified GDP was used in all 

experiments presented in this work.

To examine EF-G binding to the ribosome in the presence of various phosphate analogues 

we used a non-equilibrium ribosome pelleting assay[12, 37]. Vacant ribosomes from E. coli 
were incubated with EF-G in the presence of GDP or a non-hydrolysable analogue of GTP, 

β,γ -imidoguanosine 5’-triphosphate(GDPNP). Then the amount of EF-G bound to the 

ribosome after pelleting the solution through a sucrose cushion was determined using SDS-

PAGE. Consistent with published reports[5, 6], EF-G was stably bound to the ribosome in 

the presence of GDPNP but was absent in the ribosome pellet in the presence of GDP. 

However, the addition of beryllium fluoride or aluminum fluoride to GDP resulted in the 

stable binding of EF-G to the ribosome (Fig. 1, Supplementary Fig. 1) suggesting that 

GDP•BeF3
− and GDP•AlF4

− can bind to EF-G and act as GTP analogues. Addition of either 

sodium orthovanadate (NaVO3) or metavanadate (Na3VO4) led to a sub-stoichiometric EF-G 

binding indicating that vanadate-GDP is less potent in stabilizing the GTP-bound 

conformation of EF-G (Fig.1). It has been reported that Mg2+, which is present in the 

polyamine buffer used for the pelleting experiments, can make a complex with fluoride and 

GDP (GDP•MgF3
−)[27] in the active sites of GTPases, thus making another GTP analogue. 

When we incubated EF-G with ribosomes in the presence of potassium fluoride and GDP, no 

EF-G binding was observed (Fig. 1). Hence, the stabilization of EF-G binding observed in 

the presence of GDP, beryllium fluoride and aluminum fluoride in Mg-containing buffer is 

not due to the formation of an EF-G•GDP•MgF3
− complex. Finally, vanadate, beryllium and 

aluminum fluorides alone (i.e. in the absence of GDP) did not stabilize EF-G binding (Fig. 

1). Taken together, these pelleting experiments indicate that beryllium and aluminum 
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fluorides (and, to a lesser extent, vanadate) can bind to EF-G•GDP and act as GTP 

analogues by trapping EF-G on the ribosome.

EF-G induces tRNA translocation in the presence of GDP combined with beryllium or 
aluminum fluoride

We next tested whether phosphate analogues can activate EF-G and support translocation. 

Pretranslocation ribosome complexes were assembled via the non-enzymatic binding of 

deacylated elongator tRNAMet to the P site followed by the binding of N-acetyl-[3H]Tyr-

tRNATyr to the A site of the ribosome in the presence of a defined mRNA. Pretranslocation 

ribosomes were then incubated with EF-G and various nucleotide/phosphate analogues and 

the extent of translocation was measured by the reactivity of N-acetyl-[3H]Tyr-tRNATyr 

toward the A-site substrate of the peptidyl-transferase reaction, the antibiotic puromycin. In 

agreement with previous reports[36, 38], in the absence of EF-G, less than 15% of N-acetyl-

[3H]Tyr-tRNATyr bound to the ribosome reacted with puromycin indicating that N-acetyl-

[3H]Tyr-tRNATyr remains bound to the A site (Fig. 2a). EF-G•GTP induced efficient 

translocation as over 95% N-acetyl-[3H]Tyr-tRNATyr became puromycin-reactive (Fig. 2b), 

indicating the movement of N-acetyl-[3H]Tyr-tRNATyr into the P site of the ribosome. EF-G 

did not show significant translocation activity in the absence of nucleotides (Fig. 2c). 

Likewise, no translocation was observed in the presence of GDP, GDP with potassium 

fluoride or GDP with sodium vanadate (Fig. 2d–f). In contrast, 80%, 70% and 52% of 

ribosome-bound N-acetyl-[3H]Tyr-tRNATyr was puromycinreactive after incubation of 

pretranslocation ribosomes with EF-G•GDPNP, EF-G•GDP•BeF3
− and EF-G•GDP•AlF4

−, 

respectively (Fig. 2g–i). Although we tested a wide range of GDP, beryllium and aluminum 

fluoride concentrations, EF-G•GDP•BeF3
− and EF-G•GDP•AlF4

− induced translocation of 

N-acetyl-[3H]Tyr-tRNATyr into the P site only in a fraction of the ribosomes. Possible 

reasons for the incompleteness of translocation are considered in the Discussion. These 

results indicate that GDP•BeF3
− and GDP•AlF4

− act similarly to GDPNP by mimicking 

GTP and inducing an EF-G conformation which is active in translocation.

When pretranslocation ribosomes were preincubated with an inhibitor of translocation, the 

antibiotic viomycin, before the addition of EF-G•GTP, EF-G•GDP•BeF3
− or EF-

G•GDP•AlF4
−, less than 20–25% of ribosome-bound N-acetyl-[3H]Tyr-tRNATyr was 

puromycin-reactive (Fig. 2 j–l). Viomycin is known to block translocation without 

hampering EF-G binding to the ribosome or GTP hydrolysis[23, 39, 40]. Hence, the increase 

in puromycin reactivity of ribosome-bound N-acetyl-[3H]Tyr-tRNATyr induced by EF-

G•GDP•BeF3
− or EF-G•GDP•AlF4

− in the absence of viomycin (Fig. 2h–i) was due to the 

translocation of N-acetyl-[3H]Tyr-tRNATyr into the P site and not simply a result of EF-G 

binding to the pretranslocation ribosome.

Rates of EF-G-induced translocation in the presence of GTP and GDP·BeF3
− are similar

We next measured the kinetics of mRNA translocation in the presence of EF-G•GDP•BeF3
− 

and EF-G•GDP•AlF4
−. The kinetics of mRNA translocation were followed by the 

fluorescence quenching of a fluorescein dye attached to the 3’ end of an mRNA as it moves 

within the ribosome[41, 42]. Pretranslocation complexes were assembled with fluorescein-

labeled mRNA, deacylated tRNAMet, N-acetyl-Tyr-tRNATyr and 70S ribosomes. When these 

Salsi et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2017 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pretranslocation ribosomes were mixed with EF-G•GTP using a stopped-flow apparatus, 

rapid quenching of fluorescein fluorescence was observed, indicative of mRNA translocation 

(Fig. 3). As has been reported previously[18, 23, 43–45], the kinetics of mRNA 

translocation are clearly biphasic and are best fitted by the sum of two exponentials, 

corresponding to the apparent rate constants k1 and k2 (Table 1); the faster rate constant k1 

accounts for 40–50% of the amplitude of the change in fluorescence (Table 1). Although the 

biphasic manner of fluorescence changes associated with mRNA translocation is well 

documented[18, 23, 43–45], the physical basis of this phenomenon remains unclear and will 

be discussed below. We have previously used a single-exponential approximation of the bi-

phasic kinetics by estimating kav, the weighted average rate constant calculated as the sum 

of k1 and k2 normalized to their respective contributions to the total amplitude of the 

fluorescence change [kav = (k1*A1 + k2*A2)/(A1 + A2)][18].

When pretranslocation ribosomes were mixed with buffer in the absence of EF-G and GTP, 

no fluorescence change was observed indicating that photobleaching of the fluorophore and 

spontaneous translocation are negligible in the 5 s time scale (Fig. 3). Likewise, no 

fluorescence change was observed when pretranslocation ribosomes were mixed with EF-G 

preincubated with GDP demonstrating that, consistent with the results of the puromycin 

translocation assay (Fig.2) and published reports[17, 18, 35], EF-G•GDP does not induce 

rapid translocation. Consistent with previous reports [17, 18], EF-G preincubated with 

GDPNP induced mRNA translocation at a rate that was similar to the rate of translocation 

measured in the presence of EF-G and GTP (Fig.3, Table 1). Interestingly, translocation in 

the presence of two other synthetic nonhydrolysable analogues of GTP, β,γ -

methyleneguanosine 5’-triphosphate (GDPCP) and guanosine 5’-O-(gamma-thio) 

triphosphate (GTPγS) was less efficient than translocation in the presence of GDPNP as 

indicated by the significant decrease in both amplitude and the rate of fluorescence change 

(Supplementary Fig. 2, Supplementary Table 1). This observation suggests that GDPNP 

more authentically mimics GTP in the GTP binding pocket of EF-G than GDPCP and 

GTPγS.

Next, we measured the mRNA translocation rate in the presence of various phosphate 

analogues and GDP. EF-G preincubated with either GDP and metavanadate or GDP and 

potassium fluoride (which could form an EF-G•GDP•MgF3
− complex with Mg2+ ions in the 

polyamine buffer used for kinetic measurements) did not induce a measurable mRNA 

translocation (Fig. 3). By contrast, EF-G preincubated with GDP and beryllium fluoride 

induced rapid fluorescence change corresponding to mRNA translocation. Remarkably, the 

measured rate of translocation with EF-G•GDP•BeF3
− was similar to the rate of 

translocation measured in the presence of EF-G and GTP (Table 1). The amplitude (but not 

the rate) of the fluorescence change was notably smaller in experiments performed with EF-

G•GDP•BeF3
− than in experiments with EF-G and GTP (Fig. 3). This observation, which is 

consistent with the results of the puromycin translocation assay (Fig. 2), suggests that EF-

G•GDP•BeF3
− induces translocation in a majority, but not in all ribosomes.

Measurement of the translocation kinetics in the presence of GDP and aluminum fluoride 

using a fluorescence quenching assay was complicated by the contribution of light scattering 

to the measured fluorescent signal. The light scattering likely results from the formation of 
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insoluble aluminum hydroxide to which aluminum fluoride converts to over time in the 

polyamine buffer (pH 7.5) that was used for the kinetic, puromycin translocation assay and 

ribosome pelleting experiments. Indeed, a white pellet of aluminum hydroxide could be 

detected in aluminum fluoride containing samples by centrifugation. Hence, we repeated the 

kinetic experiments at pH 6.0, at which no detectable precipitation of aluminum hydroxide 

was observed.

Decreasing the pH from 7.5 to 6.0 did not significantly affect either the rate or amplitude of 

translocation catalyzed by EF-G and GTP (Fig. 4a and Table 1). The amplitude of the 

fluorescence change corresponding to the translocation induced by EF-G•GDP•BeF3
− did 

not change upon lowering the pH to 6.0, while the rate of translocation in the presence of 

EFG• GDP•BeF3
− was about three times slower than translocation in the presence of EF-G 

and GTP (Fig. 4a, Table 1).

At pH 6.0, a slow decrease in fluorescence was observed when pretranslocation ribosomes 

were mixed with EF-G pre-incubated with GDP•AlF4
− (Fig. 4). The amplitude of 

fluorescence change was about half the amplitude observed in the presence of EF-G and 

GTP suggesting that EF-G•GDP•AlF4
− induced translocation only in a fraction of the 

ribosomes. In the time scale of slow translocation brought by EF-G•GDP•AlF4
− (250 s) 

photobleaching of fluorescein and/or spontaneous translocation make a measurable 

contribution to the observed fluorescence change as evident from the mixing of 

pretranslocation ribosomes with buffer not containing EF-G and GTP (Fig. 4b). The 

decrease in fluorescence corresponding to photobleaching and/or spontaneous translocation 

can be fit by a linear function giving the rate constant of ~0.001 s−1. Hence, we fit the 

decrease in fluorescence brought by EF-G•GDP•AlF4
− by the sum of two exponentials and a 

linear component corresponding to photobleaching and/or spontaneous translocation. The 

rate of translocation determined in the presence of EF-G•GDP•AlF4
− was about 40 times 

slower than the rate of translocation observed in the presence of GTP (Table 1). Hence, EF-

G•GDP•AlF4
−, which likely resembles the geometry of the transition state of the GTP 

hydrolysis reaction[27], is significantly less active in promoting of tRNA/mRNA 

translocation than EF-G•GTP and EF-G•GDP•BeF3
−.

Discussion

GDP·BeF3
−and GDP·AlF4

− act as analogues of GTP

Our binding and translocation experiments unambiguously show that, consistent with 

previous reports, EF-G•GDP does not stably bind to the ribosome and induce tRNA/mRNA 

translocation. By contrast, EF-G•GDP•BeF3
− and EF-G•GDP•AlF4

− trap EF-G on the 

ribosome (Fig.1) and promote tRNA/mRNA translocation (Fig. 2–4). Hence, GDP•BeF3
− 

and GDP•AlF4
− act as non-hydrolysable analogues of GTP. Importantly, since no 

translocation was observed in the presence of EF-G•GDP, EF-G with AlF3 (without GDP) or 

EF-G with BeF2 (without GDP), translocation observed in the presence of EF-

G•GDP•BeF3
− and EF-G·GDP•AlF4

− cannot be due to GTP contamination in any of the 

reaction components.
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Interestingly, phosphate analogues dramatically differ in their ability to support EF-G-

induced translocation. GDP•VO4
3− weakly stabilized EF-G binding but did not support 

translocation. GDP•AlF4
− strongly stabilizes EF-G binding to the ribosome (Fig. 1), 

however, translocation with EF-G•GDP•AlF4
− was almost two orders of magnitude slower 

than translocation catalyzed by EF-G•GTP. Finally, EF-G•GDP•BeF3
− induces translocation 

at a similar rate (at pH 7.5) as EF-G•GTP. Previous studies of ATPases and GTPases, whose 

structure were determined in the presence of ADP (or GDP) and phosphate analogues, 

suggested that GDP•BeF3
− bound to the active site on the enzyme resembles the geometry 

of a prehydrolysis state of the reaction while GDP•AlF4
− and GDP•VO4

3− mimic the 

transition or posthydrolysis state of the reaction[27–31]. Hence, our data suggest that EF-G 

is the most potent in promoting tRNA/mRNA translocation when it is bound to GTP in the 

pre-hydrolysis state of the hydrolysis reaction.

Notably, translocation in the presence of EF-G•GDP•AlF4
− and EF-G•GDP•BeF3

− occurred 

only in a fraction of ribosomes in both puromycin and fluorescence quenching translocation 

assays even with extended observation time (Fig. 3–4). Kinetic and puromycin assay 

experiments were done at saturating concentrations of EF-G, GDP and phosphate analogues, 

i.e. a further increase in the concentrations of EF-G, GDP and phosphate analogues did not 

accelerate the rate of translocation nor its extent in the ribosome population. Translocation in 

the presence of EFG• GTP occurs in ~95% of ribosomes ruling out a possibility that 

incomplete translocation observed with EF-G•GDP•AlF4
− and EF-G•GDP•BeF3

− is due to 

the heterogeneity in the population of pretranslocation ribosomes. Hence, it appears that a 

fraction of EF-G•GDP•AlF4
− and EF-G•GDP•BeF3

− bind to pretranslocation ribosomes in a 

conformation incapable to induce translocation. However, these inactive EF-G molecules 

may remain bound to the ribosome and prevent translocation to occur upon binding of EF-G 

in an active conformation. The idea that EFG can be stably bound to the ribosome in a 

translocation-incompetent conformation is supported by the observation that GDP•VO4
3− 

can trap EF-G on the ribosome in the ribosome pelleting assay (Fig. 1) but is completely 

incapable of supporting translocation (Fig. 2–3). A possible reason for the conformational 

heterogeneity in EF-G is that aluminum and beryllium fluoride can form multiple 

structurally different species that are in equilibrium with each other. For instance, aluminum 

fluoride can form AlF3, AlF4
−, AlF3(OH)−, AlF2(OH)2

− and AlF(OH)3
− species while 

beryllium fluoride can interchange between BeF3
−, BeF4

2− and BeF2 species[46, 47]. 

Further investigation is required to elucidate which of these species of aluminum and 

beryllium fluoride stabilize the translocation-competent conformation of ribosome-bound 

EF-G.

Why is fluorescence quenching corresponding to mRNA translocation biphasic?

As it was previously documented, the interpretation of mRNA translocation kinetic 

experiments that are based on the quenching of a fluorophore (pyrene or fluorescein) is 

complicated by the biphasic character of the fluorescence change. No commonly accepted 

explanation of this biphasic behavior has so far emerged. Only the fast phase of mRNA 

translocation kinetics is often considered as the signal corresponding to mRNA translocation 

[23, 43, 44, 48], while others fit the data to a single exponential[10, 41, 49, 50]. However, 

conditions that slow down the rate of translocation, such as the addition of antibiotics, 
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decrease the rates of both phases[18, 23]. In addition, when translocation is inhibited by 

antibiotics, the contribution of the fast phase to the total amplitude of fluorescence change 

was reported to decrease while the contribution of the slow phase showed the reciprocal 

increase [18, 23] thus implicating both the fast and slow phases in the translocation of 

mRNA. It is noteworthy that the rate of fluorophore photobleaching/spontaneous 

translocation is ~ 3 orders of magnitude slower than the rate of the slow phase of 

fluorophore quenching induced by EF-G•GTP (Fig. 3 and 4) thus ruling out photobleaching/

spontaneous translocation as possible processes responsible for the appearance of the slow 

kinetic phase. Nevertheless, one cannot exclude the possibility that the slow phase of 

fluorophore quenching corresponds to a structural rearrangement of the ribosome that is not 

concurrent, but instead subsequent to mRNA translocation.

An alternative explanation of biphasic kinetics is the existence of two populations of 

ribosomes that translocate at different rates[23, 51]. Pretranslocation ribosomes are known to 

spontaneously fluctuate between the classical, non-rotated and hybrid-state, rotated 

conformations while EF-G is thought to transiently stabilize the rotated, hybrid state 

conformation during translocation[18, 52–55]. Hence, it has been hypothesized that EF-G 

binding to rotated ribosomes results in fast translocation while EF-G binding to non-rotated 

ribosomes also leads to translocation but at the slower rate[51]. This hypothesis, however, is 

rendered doubtful by the lack of correlation between variations in the distribution between 

rotated, hybrid and non-rotated, classical conformations of the ribosome and the amplitudes 

of the fast and slow phases of the mRNA kinetic assay[18, 45, 54]. Furthermore, previous 

FRET studies revealed that, unlike the kinetics of mRNA translocation, the kinetics of the 

reverse intersubunit rotation and swivel-like motion of the head domain of the small 

ribosomal subunit, which are thought to be coupled to mRNA translocation, are monophasic 

[18, 48]. These observations further challenge the idea of translocation heterogeneity within 

the ribosome population that, nevertheless, cannot be ruled out. To analyze the rate of 

translocation in a potentially heterogeneous ribosome population, we calculated a pseudo-

first-order rate constant (kav) as a weighted average of the fast and slow rate phases (Table 

1).

Finally, the deviation from single exponential behavior in our kinetic traces may indicate 

that mRNA translocation process itself is heterogeneous, i.e. translocation occurs through 

more than one pathway. It is has been shown that mRNA translocation is accompanied by 

the reverse rotation of the small ribosomal subunit relative to the large subunit into the 

nonrotated conformation of the ribosome [18] and the back-swiveling motion of the head 

domain of the small ribosomal subunit into the “non-swiveled” conformation [48]. However, 

it is not quite clear whether these two rearrangements happen concurrently or sequentially. It 

is also possible that mRNA translocation may be accompanied by either intersubunit rotation 

or the 30S head swivel, i.e. through a couple of alternative pathways. The degree of the 30S 

swivel/back-swivel and intersubunit rotation that accompany translocation may also vary. 

Pathway heterogeneity, indicated by the appearance of nonexponential kinetic traces, was 

previously observed for a number of processes ranging from fluorophore quenching [56, 57] 

to protein folding [58] whose kinetics were described by the stretched exponential function 

y=y0 +A*exp(−kstretched*t)β where kstretched is the stretched exponential rate constant; β is 

the stretched exponential parameter (0<β≤1)[56–58]. Our kinetic data are fit equally well by 
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the sum of two exponentials and the stretched exponential function (Fig. 5, Supplementary 

Table 2) suggesting that translocation pathway heterogeneity may cause a deviation in 

mRNA translocation kinetics from single exponential behavior.

At this point, it seems difficult to unambiguously determine what the reason for the apparent 

biphasic character of mRNA translocation kinetics is. Nevertheless, whether (i) only the 

rates of the fast phase are considered or (ii) the weighted average of the fast and slow phases 

are compared or (iii) the stretch exponential rate constants are examined, the rates of 

translocation induced by EF-G•GTP and EF-G•GDP•BeF3
− appear similar.

The role of GTP hydrolysis in translocation

Macromolecules and macromolecular complexes move in a unidirectional manner by 

converting the energy of a chemical reaction into mechanical movement. There are two 

fundamental mechanisms of such conversion. In the first mechanism, called the power 

stroke, chemical change occurs either concurrently with the movement or precedes it [59]. In 

the second mechanism, called the Brownian ratchet, the movement occurs spontaneously 

and precedes the chemical change[59]. In the Brownian ratchet mechanism, the chemical 

change traps the macromolecule in the post-movement state thus acting like a pawl that 

rectifies the movement of the wheel of a mechanical ratchet. The model suggesting that GTP 

hydrolysis precedes translocation and triggers the large movement of domain IV of EF-G, 

which promotes the translocation of tRNA/mRNA[1, 12, 14, 24], is consistent with the 

power stroke mechanism.

By contrast, our data suggest that the rate of translocation induced by EF-G bound with the 

non-hydrolysable analogue of GTP, GDP•BeF3
− is similar to the rate of translocation 

induced by EF-G•GTP and, thus, argue against the direct involvement of GTP hydrolysis in 

translocation. Our results are also consistent with previously published data showing that 

replacement of GTP with the synthetic non-hydrolysable analogue of GTP, GDPNP, only 

moderately slows down translocation[17, 18]. Nevertheless, consistent with previous 

reports[5, 6, 35, 36], our results suggest that GTP binding is required to induce the 

translocation-competent conformation of EFG. Therefore, translocation is likely promoted 

by the energy stored in EF-G•GTP, although GTP hydrolysis itself is not directly coupled to 

translocation. These mechanistic features are consistent with the Brownian ratchet model, in 

which by binding to the A site of the small subunit [9, 16], domain IV of EF-G acts as the 

pawl of the Brownian ratchet mechanism of translocation. The Brownian ratchet and the 

power stroke mechanisms are idealized models; ribosomal translocation may combine 

features of both models [60]. Nevertheless, recent optical tweezers measurements of 

ribosomal translocation against an applied force also suggested that the ribosome likely 

translocates by the Brownian ratchet mechanism [60].

Taken together, our data provide new insights into the role of GTP hydrolysis in 

translocation and raise a possibility that phosphate analogues beryllium and aluminum 

fluorides can be used in structural studies of the catalytic mechanism of GTP hydrolysis by 

the EF-G-ribosome complex.
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Materials and Methods

Materials and sample preparation

All chemicals and reagents were purchased from Sigma with the exception of puromycin 

(Acros Organics). tRNAMet, and tRNATyr were purchased from Chemblock. The mRNAs 

were synthesized by IDT. Ribosomes, 6-histidine-tagged EF-G and aminoacylated tRNAs 

were prepared as previously described[61, 62]. To prepare stock solutions of phosphate 

analogues, Na3VO4 and NaVO3 were dissolved in water at 40 °C to the final concentration 

of 5 mM; AlF3 was dissolved in 5 mM K-acetate, pH 5.3 at 50 °C (final concentration 60 

mM); BeF2 was diluted in water to the final concentration of 50 mM. GDP was purified 

using a 6 ml BioRad Qcolumn as previously described[62].

Ribosome pelleting assay

Ribosome pelleting assay was performed as previously described [12, 37] with few 

modifications. The ribosome-EF-G complexes were assembled in polyamine buffer (30 mM 

Hepes-KOH, pH 7.5, 6 mM MgCl2, 150 mM NH4Cl, 2 mM spermidine, 0.1 mM spermine, 

6 mM β-mercaptoethanol) by incubating 2.0 µM 70S ribosomes with 2.0 µM EF-G at 37°C 

for 10 minutes; the concentrations of nucleotides and salt analogs were 0.5 mM for GDP, 

GDPNP, BeF2 and KF, 15 mM for AlF3, and 2 mM for Na3VO4 and NaVO3 as indicated in 

Fig. 1. Then, 10 µl of each sample were saved as the loading control for the subsequent 

SDS-PAGE analysis while 10 µl were layered onto a 400 µl sucrose cushion (1.1 M sucrose 

in polyamine buffer with concentration of MgCl2 increased to 20 mM) and centrifuged at 

120000 rpm for 90 minutes, at 4°C using Beckman TLA 120.1 rotor. Pellets were 

resuspended in SDS-PAGE sample buffer; all samples were run on a 10% Laemmli SDS-

PAGE and visualized by coomassie blue staining.

Filter binding and puromycin assay

Pre-translocation ribosomal complexes were assembled in polyamine buffer, pH 7.5 as 

follows: deacylated elongator tRNAMet was bound to the P site by incubating 600 nM 70S 

ribosomes with 1.2 µM mRNA (5’ GGC AAG GAG GUA AAA AUG UAC AAA GUA 

UAA 3’; the Shine-Dalgarno sequence and start codon are underlined) and 1.2 µM tRNAMet 

at 37 °C for 20 minutes. Radiolabeled tRNA was then bound to the A site by adding N-

acetyl-[3H]Tyr-tRNATyr (final concentration 1.1 µM) and incubating at 37 °C for 30 

minutes. The translocation reaction was carried out in polyamine buffer by incubating 300 

nM pre-translocation ribosomes with EF-G (final concentration 2.0 µM) at 37 °C for 10 

minutes; concentrations of nucleotides and salt analogs were 0.5 mM for GDP, GDPNP, 

GTP, and BeF2; 15 mM for AlF3; and 2 mM for Na3VO4. Subsequently, 5 µl of the 

translocation reaction mix were added to a nitrocellulose membrane filter, which was then 

washed three times with 3 ml of ice-cold polyamine buffer containing 20 mM MgCl2. Filters 

were then dried at 70 °C for 15 minutes, immersed in scintillation fluid, and radioactivity 

was quantified. The puromycin reactivity of ribosomal complexes was measured as follows: 

5 µl of the translocation reaction mix were incubated with puromycin (final concentration 1 

mM) in polyamine buffer at 37°C for 10 minutes. The puromycin reaction was stopped by 

diluting the reaction mix to 80 µl by MgSO4-saturated 0.15 M sodium acetate, pH 5.3, and 

the N-acetyl-[3H]Tyr-puromycin product was extracted by adding 1 ml ethyl acetate. 
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Radioactivity was measured as 800 µl of the ethyl acetate phase was mixed with scintillation 

fluid.

Stopped-flow measurements of pre-steady-state translocation kinetics

Kinetics of mRNA translocation were measured as previously described with minor 

modifications [18, 41, 42]. Pretranslocation complexes were constructed by the incubation 

of 70S ribosomes (1 µM) with fluorescein-labeled mRNA (5’-GGC AAG GAG GUA AAA 

AUG UAC AAA-3’- fluorescein, synthesized by IDT, 0.85 µM) and deacylated tRNAMet (2 

µM) in polyamine buffer (30 mM HEPES•KOH, pH 7.5, 150 mM NH4Cl, 6 mM MgCl2, 2 

mM spermidine, 0.1 mM spermine, or 30 mM MES•KOH, pH 6.0, 150 mM NH4Cl, 6 mM 

MgCl2, 2 mM spermidine, 0.1 mM spermine) for 15 minutes at 37 °C, followed by an 

incubation with N-acetyl-Tyr-tRNATyr (1.5 µM) for 30 minutes at 37 °C. Pretranslocation 

ribosomes were mixed with EF-G and GTP (or GTP analogues) using an Applied 

Photophysics stopped-flow fluorometer. Final concentrations after mixing were: 35 nM 

ribosomes, 1 µM EF-G, 0.5 mM GTP, 0.5 mM GDPNP (GDPCP or GTPγS), 0.5 mM GDP, 

0.5 mM BeF2, 15 mM AlF3, 0.5 mM KF, 0.5 mM Na3VO4. Fluorescein was excited at 490 

nm and fluorescence emission was detected using a 515 nm long-pass filter. All stopped-

flow experiments were done at 23°C; monochromator slits were adjusted to 9.3 nm. 

Translocation of the mRNA resulted in a partial quenching of fluorescein coupled to the 3’ 

end of the mRNA (8). Time traces were analyzed using Origin. As reported previously (9, 

11, 12), the kinetics of mRNA translocation are clearly biphasic and are best fitted to the 

sum of two exponentials (y=y0+A1*exp(−k1*t)+A2*exp(−k2*t)), corresponding to the 

apparent rate constants k1 and k2. The rate of translocation was defined as the weighted 

average rate constant kav (Table 1), calculated as the sum of k1 and k2 normalized to their 

respective contributions to the total amplitude of fluorescence change [kav = (k1*A1 + 

k2*A2)/(A1 + A2)] (9). Fluorescence change corresponding to translocation in the presence 

of EFG, GDP and aluminum fluoride was fit the sum of two exponentials and a linear 

component (0.001*t) corresponding to photobleaching and/or spontaneous translocation 

(y=y0+A1*exp(−k1*t)+A2*exp(−k2*t)−0.001*t).
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Refer to Web version on PubMed Central for supplementary material.
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RESEARCH HIGLIGHTS

• GDP•BeF3
− and GDP•AlF4

− trap EF-G bound to the ribosome.

• EF-G•GDP•BeF3
− and EF-G•GDP•AlF4

− promote mRNA translocation.

• The rates of mRNA translocation induced by EF-G•GTP and EFG• GDP•BeF3
− 

are similar.

• GTP hydrolysis is not directly involved in promoting mRNA/tRNA 

translocation.
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Figure 1. 
Binding of EF-G to vacant ribosomes in the presence of various nucleotides and phosphate 

analogues (as indicated) measured by the pelleting assay. EF-G was incubated with vacant 

ribosomes. Half of each sample was pelleted through a sucrose cushion (pellet); the other 

half was used as a loading control (input). Protein content of ribosome pellets was analyzed 

using SDS-PAGE. The band corresponding to EF-G and the largest ribosomal protein S1 are 

indicated by arrows.
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Figure 2. 
Puromycin reactivity of pretranslocation ribosomes incubated with EF-G in the presence of 

various nucleotides and phosphate analogues. Deacylated tRNAMet was bound to the P site, 

and N-acetyl-[3H]Tyr-tRNATyr was bound to the A site of the ribosome. Bar graphs indicate 

the fraction of ribosome-bound N-acetyl-[3H]Tyr-tRNATyr, measured by a filter-binding 

assay, that is puromycin reactive in pretranslocation ribosomes in the absence of EF-G (a) or 

pretranslocation ribosomes incubated with EF-G in the presence of various nucleotides and 

phosphate analogues (as indicated) (b–l). EF-G was added with GTP (b, j), in the absence of 

any nucleotides (c), with GDP (d), with GDP and KF (e), with GDP and sodium meta 

vanadate (f), with GDPNP (g), with GDP and beryllium fluoride (h, k) or with GDP and 

aluminum fluoride (i, l). In (j–l) pretranslocation ribosomes were pre-incubated with 

viomycin (0.5 mM). Error bars show standard deviations calculated from four to six 

independent measurements.
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Figure 3. 
Pre-steady-state kinetics of translocation in the presence of phosphate analogues at pH 7.5. 

mRNA translocation was induced by mixing pretranslocation ribosomes (35 nM after 

mixing) with EF-G (1 µM after mixing) preincubated with GTP (blue), GDPNP (magenta), 

GDP (dark green), GDP and KF (grey), GDP and VO4
3− (orange) or GDP and BeF3

− (red). 

Experiments were performed in polyamine buffer at pH 7.5. mRNA translocation was 

detected by the quenching of fluorescein attached to the 3’ end of mRNA using a stopped-

flow apparatus. Pretranslocation ribosomes were also mixed with buffer only (cyan) to 

account for the rates of the photobleaching of fluorescein and spontaneous translocation. 

Double-exponential fits for fluorescence quenching (black lines) are reported in Table 1.
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Figure 4. 
Pre-steady-state kinetics of translocation in the presence of phosphate analogues at pH 6.0. 

mRNA translocation was induced by mixing pretranslocation ribosomes (35 nM after 

mixing) EF-G (1 µM after mixing) preincubated with GTP (blue), GDP (dark green), GDP 

and BeF3
− (red) or GDP and AlF4

− (magenta). Pretranslocation ribosomes were also mixed 

with buffer only (cyan) to account for the rates of the photobleaching of fluorescein and 

spontaneous translocation. Experiments were performed in polyamine buffer at pH 6.0. 

Double-exponential fits for fluorescence quenching (black lines) are reported in Table 1. 

Same kinetic traces are shown in the two time scales set to 5 s (panel a) and 250 s (panel b).
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Figure 5. 
Comparison of double-exponential and stretched exponential fits of kinetics of mRNA 

translocation induced by EF-G•GTP (a) or EF-G•GDP•BeF3
− (b). Fluorescein quenching is 

shown in grey, double-exponential and stretched exponential fits in blue and red, 

respectively. The corresponding residuals obtained by subtracting the fitted curves from the 

raw data are shown at the bottom. The reduced chi-squared and the coefficient of 

determination R2 for both double-exponential and stretched exponentials fits in (a) were 

2*10−4 and 0.999, respectively; in (b) − 1*10−4 and 0.999, respectively. Experiments were 

performed in polyamine buffer at pH 7.5.
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Table 1

Rates of mRNA translocation induced by EF-G in the presence of various nucleotides and phosphate 

analogues.

Nucleotide k1, s−1 k2, s−1 A1/(A1+A2) kav, s−1

GTP, pH 7.5 4.5±0.3 0.7±0.02 0.44±0.04 2.3±0.2

GDP•BeF3
−, pH 7.5 3.2±0.4 0.5±0.02 0.42±0.11 1.8±0.4

GDPNP, pH 7.5 3.3±0.6 0.6±0.06 0.48±0.03 1.9±0.4

GTP, pH 6.0 6.9±0.5 0.5±0.02 0.39±0.03 3.0±0.3

GDP•BeF3
−, pH 6.0 1.8±0.4 0.3±0.05 0.32±0.01 0.8±0.2

GDP•AlF4
−, pH 6.0 0.30±0.01 0.019±0.001 0.17±0.01 0.068±0.003

Rates of translocation induced by EF-G in the presence of GTP or GTP analogues were measured in pre-steady-state stopped-flow kinetic 
experiments. EF-G and ribosome concentrations after mixing were 1 µM and 35 nM, respectively. Experiments were performed in polyamine 
buffer at pH 7.5 and 6.0, as indicated. k1 and k2 are the rate constants of double-exponential fits of the mRNA translocation data; A1/(A1+A2) is 

the relative contribution of the faster phase to the total amplitude of fluorescein quenching. About ten time traces were acquired for each 
experiment. Rate constants averaged from two to five experiments and respective standard deviations are presented in the table. Weighted average 
values (kav) [18] for mRNA translocation rates were calculated by combining the rate constants derived from the twoexponential fits: kav = (k1A1 
+ k2A2)/(A1 + A2).
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