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Abstract Release factors RF1 and RF2 promote hydrolysis of peptidyl-tRNA during translation

termination. The GTPase RF3 promotes recycling of RF1 and RF2. Using single molecule FRET and

biochemical assays, we show that ribosome termination complexes that carry two factors, RF1–RF3

or RF2–RF3, are dynamic and fluctuate between non-rotated and rotated states, whereas each

factor alone has its distinct signature on ribosome dynamics and conformation. Dissociation of RF1

depends on peptide release and the presence of RF3, whereas RF2 can dissociate spontaneously.

RF3 binds in the GTP-bound state and can rapidly dissociate without GTP hydrolysis from

termination complex carrying RF1. In the absence of RF1, RF3 is stalled on ribosomes if GTP

hydrolysis is blocked. Our data suggest how the assembly of the ribosome–RF1–RF3–GTP complex,

peptide release, and ribosome fluctuations promote termination of protein synthesis and recycling

of the release factors.

DOI: https://doi.org/10.7554/eLife.34252.001

Introduction
Termination of protein synthesis occurs when a translating ribosome encounters one of the three uni-

versally conserved stop codons UAA, UAG or UGA. In bacteria, the release of the nascent peptide is

promoted by release factors RF1 and RF2 which recognize the stop codons in the A site and hydro-

lyze the ester bond in the peptidyl-tRNA bound to the P site, allowing the nascent peptide to leave

the ribosome through the polypeptide exit tunnel (Dunkle and Cate, 2010; Nakamura et al.,

1996). RF1 and RF2 bind to the ribosome in the space between the small and large ribosomal subu-

nits. RF1 and RF2 differ in their stop codon specificity: RF1 utilizes a conserved PET motif to recog-

nize UAG and UAA codons, whereas RF2 uses an SPF motif to recognize UGA and UAA codons.

Both RF1 and RF2 have a universally conserved GGQ motif which promotes the catalysis of peptidyl-

tRNA hydrolysis (Seit-Nebi et al., 2001); mutations of the GGQ motif to GAQ or GGA inhibit pep-

tide release (Frolova et al., 1999; Mora et al., 2003; Shaw and Green, 2007; Zavialov et al.,

2002). After peptide release, RF1 and RF2 dissociate from the post-termination complex to allow for

the next steps of translation. The dissociation is accelerated by RF3, a translational GTPase that

binds and hydrolyses GTP in the course of termination (Freistroffer et al., 1997; Koutmou et al.,

2014; Zavialov et al., 2002). In addition to canonical termination, RF2 takes part in non-canonical

termination events such as post-peptidyl transfer quality control (Zaher and Green, 2009) and ribo-

some rescue on truncated mRNAs (Kurita et al., 2014).

There are two different models concerning the sequence of events during termination, including

the timing of peptide release, the order of RF1, RF2 and RF3 binding and dissociation, and the role

of nucleotide exchange in RF3 and GTP hydrolysis. The first model of translation termination was

proposed by Ehrenberg and colleagues (Zavialov et al., 2001; Zavialov et al., 2002). Based on
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nitrocellulose filtration experiments, the authors reported that free RF3 has a much higher affinity for

GDP (Kd = 5.5 nM) than for GTP (Kd = 2.5 mM) or GDPNP (Kd = 8.5 mM) (Zavialov et al., 2001),

which would imply that at cellular GTP/GDP concentrations RF3 is expected to be predominantly in

the GDP form. The exchange of GDP for GTP occurs only when RF3–GDP binds to the ribosome in

complex with RF1 or RF2 (Zavialov et al., 2001). In the absence of the nucleotide, RF3-dependent

RF1/2 recycling is slow, which has been interpreted as an indication for a high-affinity complex of

apo-RF3 to the ribosome–RF1/2 complex (Zavialov et al., 2001). Furthermore, because RF3-depen-

dent turnover GTPase activity was stimulated by peptidyl-tRNA hydrolysis, the authors suggested

that RF3 binds to the ribosome–RF1 complex only after the peptide is released. Based on these

results, Ehrenberg et al. suggested the following sequential mechanism of termination: RF1/RF2

bind to the ribosome and hydrolyze peptidyl-tRNA, allowing RF3–GDP to enter the ribosome occu-

pied by RF1 or RF2 to form an unstable encounter complex. Dissociation of GDP leads to a stable

high-affinity complex with RF3 in the nucleotide-free state. The subsequent binding of GTP by RF3

promotes RF1/RF2 dissociation. In the final step, RF3 hydrolyses GTP and as a result dissociates

from the ribosome (Zavialov et al., 2001; Zavialov et al., 2002).

An alternative model was proposed based on the kinetic and thermodynamic analysis of GTP/

GDP binding to RF3 by ensemble kinetics and equilibrium methods. The results of those experi-

ments indicated that the affinity of RF3 to GDP and GTP is on the same order of magnitude (5 nM

and 20 nM, respectively [Koutmou et al., 2014; Peske et al., 2014]). As the cellular GTP concentra-

tion is at least 10 times higher than the GDP concentration (Bennett et al., 2009), these affinities

imply that nucleotide exchange in RF3 can occur spontaneously, off the ribosome, and thus RF3

could enter the ribosome in either the GTP- or GDP-bound form. Consistent with previous findings

(Zavialov et al., 2001; Zavialov et al., 2002), ribosome–RF1 or ribosome–RF2 complexes accelerate

nucleotide exchange in RF3 (Koutmou et al., 2014; Peske et al., 2014); however, this effect is inde-

pendent of peptide release, because also a catalytically inactive RF2 mutant activates nucleotide

exchange in RF3 (Peske et al., 2014; Zavialov et al., 2002). Binding of GTP to RF3 in complex with

the ribosome and RF2 is rapid (130 s�1) (Peske et al., 2014), and thus the lifetime of the apo-RF3

state would be too short to assume a tentative physiological role. Peptide release results in the

eLife digest Inside cells, molecular machines called ribosomes make proteins using messenger

RNA as a template. However, the template contains more than just the information needed to

create the protein. A ‘stop codon’ in the mRNA marks where the ribosome should stop. When this is

reached a group of proteins called release factors removes the newly made protein from the

ribosome.

Bacteria typically have three types of release factors. RF1 and RF2 recognize the stop codon, and

RF3 helps to release RF1 or RF2 from the ribosome so that it can be recycled to produce another

protein. It was not fully understood how the release factors interact with the ribosome and how this

terminates protein synthesis.

Adio et al. used TIRF microscopy to study individual ribosomes from the commonly studied

bacteria species Escherichia coli. This technique allows researchers to monitor movements of the

ribosome and record how release factors bind to it. The results of the experiments performed by

Adio et al. show that although RF1 and RF2 are very similar to each other, they interact with the

ribosome in different ways. In addition, only RF1 relies upon RF3 to release it from the ribosome;

RF2 can release itself. RF3 releases RF1 by forcing the ribosome to change shape. RF3 then uses

energy produced by the breakdown of a molecule called GTP to help release itself from the

ribosome.

Most importantly, the findings presented by Adio et al. highlight that the movements of

ribosomes and release factors during termination are only loosely coupled rather than occur in a set

order. Other molecular machines are likely to work in a similar way. The results could also help us to

understand the molecular basis of several human diseases, such as Duchenne muscular dystrophy

and cystic fibrosis, that result from ribosomes not recognizing stop codons in the mRNA.

DOI: https://doi.org/10.7554/eLife.34252.002
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stabilization of the RF3–GTP–ribosome complex, thereby promoting the dissociation of RF1/2, fol-

lowed by GTP hydrolysis and dissociation of RF3–GDP from the ribosome (Peske et al., 2014).

Efficient translation termination not only requires the coordinated action of the release factors,

but also entails conformational dynamics of the factors and the ribosome. The key conformational

motions of the ribosome during termination and in general in all phases of translation include the

rotation of ribosomal subunits relative to each other, the swiveling motion of the body and head

domains of the small ribosomal subunit, the movement of the ribosomal protein L1 toward or away

from the E-site tRNA, and the movement of tRNAs between classic and hybrid conformation. These

motions are loosely coupled and gated by ligands of the ribosome such as translation factors and

tRNAs (Adio et al., 2015; Chen et al., 2011; Cornish et al., 2008; Horan and Noller, 2007;

Sharma et al., 2016; Shi and Joseph, 2016; Valle et al., 2003; Wasserman et al., 2016). Crystal

structures show that termination complexes with RF1 or RF2 are predominantly in the non-rotated

(N) state. The P-site tRNA in the complexes is in the classical state and the L1 stalk in an open con-

formation (Jin et al., 2010; Korostelev et al., 2008; Laurberg et al., 2008; Weixlbaumer et al.,

2008). A single molecule fluorescence resonance energy transfer (smFRET) study showed that bind-

ing of RF1 to termination complexes stabilizes the open conformation of the L1 stalk, whereas in the

absence of RF1 termination complexes make reversible transitions between the open and closed

state (Sternberg et al., 2009); the rotation of the ribosomal subunits was not investigated directly in

that study. The high sequence similarity between RF1 and RF2 suggests that the two factors interact

with the ribosome in the same manner and promote peptide release by a similar mechanism

(Freistroffer et al., 1997; Zavialov et al., 2001). However, structures of RF1 or RF2 bound to termi-

nation complexes reveal differences regarding the interaction with the L11 region of the 50S subunit

(Korostelev et al., 2008; Laurberg et al., 2008; Petry et al., 2005; Pierson et al., 2016;

Rawat et al., 2006; Rawat et al., 2003; Weixlbaumer et al., 2008). Thus, it is not clear whether

RF1 and RF2 follow the same mechanism and whether they respond in the same way to the recruit-

ment of RF3 to termination complexes.

In the absence of RF1/RF2, binding of RF3 with a non-hydrolyzable GTP analog to the ribosomes

where the nascent peptide has been released induces formation of the rotated (R) state of the ribo-

some, with the tRNA in the P/E hybrid state and the closed conformation of the L1 stalk (Gao et al.,

2007; Jin et al., 2011; Zhou et al., 2012). A very similar effect of RF3–GDPNP was found by

smFRET (Sternberg et al., 2009). However, it is much less clear what happens when RF1/RF2 and

RF3 bind to the ribosome together. Modeling of the atomic structures of RF1 and RF2 into the cryo-

EM structure of RF3-bound post-release complex suggests that the RF3-induced ribosome rear-

rangements break the interactions of RF1/RF2 with both the decoding center and the L11 region of

the ribosome, leading to the release of RF1/RF2 (Gao et al., 2007). In this model, stable binding of

RF1 and RF3 is mutually exclusive. On the other hand, a cryo-EM structure of ribosomes in complex

with a deacylated tRNA in the P site, RF1, and RF3 in the apo form, that is, in the absence of added

nucleotide, suggest that both factors can bind simultaneously to the ribosome (Pallesen et al.,

2013). smFRET measurements carried out with post-release complexes in the presence of excess

RF1 showed that the addition of RF3–GTP induced short-lived transitions from the L1-open to the

L1-closed state which were not observed in the absence of RF3. This suggests that the two factors

can bind to the ribosome simultaneously (Sternberg et al., 2009). No structural studies are available

on the interaction of RF3 with RF2-bound complexes. The interaction of RF3 with the ribosomes

prior to peptide release has not been studied.

Here, we use TIRF microscopy to monitor smFRET signals reporting on subunit rotation to follow

changes in ribosome conformation in response to RF1, RF2 and RF3 and the binding of each individ-

ual release factor to the ribosome during termination. Our results demonstrate how the recruitment

of release factors change the ribosome conformation in termination complexes, how the dissociation

of the factors is achieved, show differences in the function of RF1 and RF2, and explain the impor-

tance of GTP binding and hydrolysis by RF3.
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Results

RF1 and RF2 have distinct effects on ribosome dynamics
To monitor the rotation of the ribosomal subunits during termination, we utilized ribosomes with

fluorescent labels attached to the small subunit protein S6 and the large subunit protein L9, S6-Cy5

and L9-Cy3, respectively. This FRET pair has been extensively characterized in both smFRET and

ensemble kinetics experiments and reports on the formation of the non-rotated (N) or the rotated

(R) state of the ribosome (Cornish et al., 2008; Ermolenko et al., 2013; Sharma et al., 2016). We

prepared termination complexes on an mRNA which is translated up to the stop codon UAA recog-

nized by both RF1 and RF2. The complexes contain a peptidyl-tRNA in the P site and have a stop

codon in the A site; those complexes are denoted as pre-hydrolysis complexes (PreHC). In the

absence of termination factors, PreHC is found predominantly in a state with the FRET efficiency of

0.73 ± 0.01 (denoted as 0.7 FRET state in the following) (Figure 1A, Figure 1—figure supplement

1; Supplementary file 1). Previous work has shown that this state corresponds to the N state of the

ribosome (Cornish et al., 2008; Qin et al., 2014; Sharma et al., 2016). A small fraction of com-

plexes shows a FRET state with an efficiency of 0.52 ± 0.02 (0.5 FRET state), which corresponds to

the R state of the ribosome. While peptidyl-tRNA generally favors the N state, the ability of ribo-

somes with peptidyl-tRNA in the P site to adopt the R state at room temperature has been demon-

strated previously by smFRET and cryo-EM (Cornish et al., 2008; Fischer et al., 2010; Ling and

Ermolenko, 2015). The distribution of FRET efficiencies and thus the ratio between N and R confor-

mations of PreHC is independent of the tRNA in the P site and of the presence of a single N-terminal

amino acid (fMet) or a dipeptide (fMetPhe, fMetVal or fMetLys) at the P-site tRNA (Figure 1—figure

supplement 1; Supplementary file 1). This finding has prompted us to use the PreHC with fMet-

tRNAfMet in the P site and a stop codon in the A site as a minimal model system, following previous

publications which used this approach to study termination (Casy et al., 2018; Jin et al., 2010;

Koutmou et al., 2014; Kuhlenkoetter et al., 2011; Pallesen et al., 2013; Pierson et al., 2016;

Shi and Joseph, 2016; Sternberg et al., 2009).

To probe the effect of RF1/RF2 binding on subunit rotation, we mixed PreHC with RF1 or RF2 at

saturating concentrations of the factors (Zavialov et al., 2002). Peptide release was avoided by

using RF1(GAQ) or RF2(GAQ) mutants which are catalytically deficient (Frolova et al., 1999;

Zavialov et al., 2002) (Figure 1—figure supplement 2A). Binding of RF1(GAQ) to PreHC stabilizes

the N state (Figure 1B). The fraction of the PreHC in the R state, albeit small, is somewhat higher

with RF2(GAQ) than with RF1(GAQ) (Figure 1B,C).

The hydrolysis of the ester bond between the tRNA and the nascent peptide in PreHC leads to

the formation of post-hydrolysis complex (PostHC). To prepare PostHC without the use of termina-

tion factors, we released nascent peptides with the help of puromycin, an analog of the A-site ami-

noacyl-tRNA that reacts with the peptidyl-tRNA in the P site to form peptidyl-puromycin (which then

dissociates from the ribosome) and a deacylated tRNA in the P site. These complexes are denoted

as PostHC*. The FRET histogram of PostHC* in the absence of the factors indicate the presence of

two states, the 0.5 FRET (R) state and the 0.7 FRET (N) state (Figure 1D, Supplementary file 1).

FRET time courses of individual ribosomes show reversible transitions between the N and R states

(Figure 1—figure supplement 1B). The exact distribution of states depends on the P-site tRNA (Fig-

ure 1—figure supplement 1; Supplementary file 1) (Cornish et al., 2008) with tRNAfMet behaving

similarly to tRNAVal, thus underscoring the suitability of the minimal model system.

To test the effect of RF1 and RF2 on subunit rotation of PostHC, we added saturating concentra-

tions of the wild type RF1 or RF2 to PreHC to allow peptide release. RF1 halts PostHC in the N state

(Figure 1E, Figure 1—figure supplement 2B,D), in agreement with the previous smFRET study

where RF1 binding stabilizes the L1 stalk in the open state (Sternberg et al., 2009). Binding of RF2

to PostHC shifts the equilibrium toward the N state, but not to the same extent as RF1 (Figure 1F,

Figure 1—figure supplement 2C,E). Complexes with RF2 make occasional N to R transitions, in par-

ticular with RF2(GAQ) bound to PostHC (Figure 1—figure supplement 2C). These initial observa-

tions suggest that although both factors favor the N state, RF1 appears more efficient than RF2.

To further probe the potential differences between RF1 and RF2, we monitored subunit rotation

in response to factor binding in real time. We injected catalytic amounts of release factors to PreHC

and PostHC and recorded the time courses of FRET signal changes (Figure 1—figure supplement

3). RF1(GAQ) binding to PreHC does not change the FRET efficiency appreciably, as the complex is
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predominantly in the N state with or without the factor (Figure 1—figure supplement 3A). Also the

binding of wild-type RF1 to PreHC with subsequent peptide release does not change the FRET effi-

ciency (Figure 1—figure supplement 3B), supporting the notion that stabilization of the N state by

RF1 is independent of peptide release (Figure 1B,E). PostHC without factor fluctuates between the

N and R state; binding of RF1 to PostHC halts fluctuating ribosomes in the N state and prevents

excursions to the R state (Figure 1—figure supplement 3C).

With RF2 the picture is somewhat different. PreHC–RF2(GAQ) is predominantly in the N state

(Figure 1—figure supplement 3D). However, binding of wild type RF2 and peptide release shift the

Figure 1. Subunit rotation of termination complexes in the presence of release factors. Histograms and Gaussian

fits of normalized FRET distributions of S6/L9-labeled termination complexes in the presence of saturating RF1/

RF2 concentrations. (A,D) PreHC and PostHC in the absence of RFs. In (D) PostHC* was generated by addition of

puromycin to PreHC. (B,E) Same as A,D in the presence of RF1(GAQ) (1 mM) and RF1 (1 mM), respectively. PostHC

is formed by the action of RF1. (C,F) Same as B,E in the presence of RF2(GAQ) (1 mM) and RF2 (1 mM), respectively.

Cartoons show the complex composition. Grey triangles and brown circles represent the formyl group and the

amino acid of fMet, respectively; stars indicate the positions of the Cy3 (green) and Cy5 (red) labels. The red shade

of histogram in (D) indicates frequent reversible transitions between N and R states. The grey shade of all other

histograms indicates that transitions were observed in less than 20% of traces. FRET values (Supplementary file 1)

are calculated from three independent data sets. See also Figure 1—figure supplement 1, Figure 1—figure

supplement 2 Figure 1—figure supplement 3 and Supplementary file 1.

DOI: https://doi.org/10.7554/eLife.34252.003

The following figure supplements are available for figure 1:

Figure supplement 1. Subunit rotation of termination complexes in the absence of release factors.

DOI: https://doi.org/10.7554/eLife.34252.004

Figure supplement 2. Peptide hydrolysis by RF1/RF2(GAQ) mutants and subunit rotation of Post HC* monitored

using FRET between S6-Cy5 and L9-Cy3.

DOI: https://doi.org/10.7554/eLife.34252.005

Figure supplement 3. Time-resolved subunit rotation.

DOI: https://doi.org/10.7554/eLife.34252.006

Adio et al. eLife 2018;7:e34252. DOI: https://doi.org/10.7554/eLife.34252 5 of 24

Research article Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.7554/eLife.34252.003
https://doi.org/10.7554/eLife.34252.004
https://doi.org/10.7554/eLife.34252.005
https://doi.org/10.7554/eLife.34252.006
https://doi.org/10.7554/eLife.34252


distribution toward the R state (Figure 1—figure supplement 3E). The resulting PostHC fluctuates

between N and R states as shown by synchronization of FRET traces to the first N to R transition.

PostHC obtained by puromycin treatment also shows reversible N to R transitions which remain

undisturbed by the addition of RF2 (Figure 1—figure supplement 3F). Although the binding of the

factors is not directly monitored in these experiments, the differences in the rotation pattern suggest

that RF1 and RF2 have distinct effects on ribosome dynamics. Such differences may result from a

shorter residence time of RF2 compared to RF1 on the ribosome, which we tested in the following

experiments.

Binding of RF1 and RF2 to the ribosome
To measure how long the factors remain bound to the ribosome, we prepared Cy5-labeled RF1 and

RF2, as well as the respective RF1/2(GAQ) mutants and ribosomes containing Cy3-labeled protein

L11 (Adio et al., 2015; Chen et al., 2011; Geggier et al., 2010; Holmberg and Noller, 1999;

Stöffler et al., 1980) (Figure 2—figure supplement 1A). The biochemical activity of labeled release

factors was indistinguishable from that of the unlabeled counterparts (Figure 2—figure supplement

1B,C) and the factors were fully methylated (Figure 2—figure supplement 2). L11 constitutes part

of the factor binding site (Pallesen et al., 2013; Petry et al., 2005; Rawat et al., 2006;

Rawat et al., 2003). Recruitment of the factors to the ribosome is expected to result in high FRET

efficiency. Binding of RF1 or RF1(GAQ) to either PreHC or PostHC results in a single FRET popula-

tion centered at 0.72 ± 0.02 (0.7 FRET) (Figure 2A–C, Supplementary file 1). RF1 and RF1(GAQ)

are stably bound to the ribosome, in agreement with previous biochemical reports on dissociation

rates of RF1 and RF1(GAQ) (0.005–0.1 s�1; [Koutmou et al., 2014; Shi and Joseph, 2016]). The esti-

mated upper limit of the dissociation rate in our experiments is 0.2 s�1 (Supplementary file 1),

defined by the photobleaching rate of the FRET dye pair with kphotobleaching = 0.07–0.19 s�1 at the

given imaging conditions (Materials and methods). Binding of RF2 or RF2(GAQ) to PreHC or PostHC

leads to single FRET populations with efficiencies between 0.6 and 0.7 (Figure 2D–F,

Supplementary file 1). However, the residence time of RF2 is much shorter compared to RF1 or RF1

(GAQ), with the koff values in the range from 0.8 ± 0.1 s�1 to 1.3 ± 0.2 s�1 (Figure 2D–F,

Supplementary file 1). Peptide hydrolysis has no visible effect on RF1 and only a minor effect on

RF2 dissociation (in the absence of RF3).

The difference in the dissociation rates of RF1 and RF2 implies that RF1 needs an auxiliary factor,

RF3, to help it to dissociate from the ribosome, whereas RF2 may be able to recycle independent of

RF3. This notion is consistent with previous reports (Petropoulos et al., 2014; Zavialov et al., 2002)

and is further supported by our peptide hydrolysis turnover assay (Figure 2—figure supplement

3A). With catalytic amounts of RF1 in the absence of RF3, that is, when RF1 turnover depends on its

intrinsic dissociation rate from the ribosome, termination is essentially blocked, whereas in the pres-

ence of RF3 RF1-mediated peptide release is very efficient. In contrast, even catalytic amounts of

RF2 are sufficient to complete peptide release from PreHC, although RF3 accelerates the reaction

by a factor of 10. Thus, RF3 is essential for RF1, but not for RF2 recycling. Addition of RF3 to

PreHC–RF2(GAQ) or PostHC–RF2 complexes makes the complexes more dynamic (Figure 2—figure

supplement 3B–E). Our results demonstrate that during canonical termination RF1 and RF2 interact

with termination complexes in somewhat different ways, as they have different residence times on

the ribosome and respond differently to the presence of RF3.

Interaction with RF3–GTP
Next, we studied how RF3 affects ribosome dynamics and promotes the dissociation of RF1/RF2. To

investigate the effect of RF3 on subunit rotation in the absence of RF1 or RF2, we added saturating

concentrations of RF3 to S6/L9-labeled PreHC (Figure 3A, Figure 2—figure supplement 1). Binding

of RF3 to PreHC, which in the absence of the factor is in the N state, strongly shifts the equilibrium

toward the R state (Figure 3A), that is, RF3 has the opposite effect on subunit rotation than RF1 or

RF2. The traces are now highly dynamic and show reversible N to R transitions (Supplementary file

1). This finding seems unexpected as ribosomes with peptidyl-tRNA in the P site favor the N state.

However, previous cryo-EM and smFRET studies have indicated that those complexes can in fact

adopt the R state (Cornish et al., 2008; Fischer et al., 2010; Ling and Ermolenko, 2015). Thus,
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RF3 appears to bias spontaneous fluctuations of peptidyl-tRNA in the PreHC, rather than induce a

previously disallowed conformation.

To further characterize the conformational changes of the ribosome induced by RF3, we probed

the position of the P-site tRNA relative to protein L1. We used a FRET pair with the donor label at

the tRNA (fMet-tRNAfMet-Cy3) and the acceptor label on ribosomal protein L1 (L1-Cy5). The two

labels are close together and give a high FRET signal when ribosomes are in the L1-closed state and

move apart to give a low FRET signal when ribosomes are in the L1-open state (Fei et al., 2009;

Fei et al., 2008; Munro et al., 2010a; Munro et al., 2010b; Munro et al., 2010c; Sternberg et al.,

2009). FRET histograms of PreHC in the absence of RF3 are dominated by a low-FRET population

(0.32 ± 0.01) and do not show transitions to other states (Figure 3—figure supplement 1A,

Supplementary file 1). This indicates that ribosomes are predominantly in the L1-open state with

Figure 2. Residence times of RF1 and RF2 on PreHC and PostHC. (A–C) smFRET upon addition of RF1-Cy5 or RF1(GAQ)-Cy5 to PreHC or PostHC

labeled at protein L11 with Cy3. FRET values (mean ± sd) center at 0.72 ± 0.02 (A), 0.71 ± 0.01 (B), and 0.71 ± 0.01 (C). (D–F) smFRET upon addition of

RF2-Cy5 or RF2(GAQ)-Cy5 to PreHC or PostHC labeled at protein L11 with Cy3. FRET values (mean ± sd) center at 0.65 ± 0.03 (D), 0.56 ± 0.05 (E), and

0.70 ± 0.04 (F). Experiments were carried out with catalytic amounts of labeled release factors (10 nM). Individual traces were combined in contour plots.

FRET histograms are plotted to the right of the contour plots. In (B,E) the peptide was released using puromycin. In the (C,F) peptide was released by

RF1 and RF2, respectively. FRET signals were synchronized to the beginning of the FRET signal. koff is the rate of RF1 or RF2 dissociation. Mean FRET

values and rate constants with sd were calculated from three independent data sets. See also Figure 2—figure supplement 1, Figure 2—figure

supplement 2, Figure 2—figure supplement 3 and Supplementary file 1.

DOI: https://doi.org/10.7554/eLife.34252.007

The following figure supplements are available for figure 2:

Figure supplement 1. Activity of the fluorescence-labeled RFs.

DOI: https://doi.org/10.7554/eLife.34252.008

Figure supplement 2. Quantification of release factor methylation by mass spectrometry.

DOI: https://doi.org/10.7554/eLife.34252.009

Figure supplement 3. Interplay between RF2 and RF3.

DOI: https://doi.org/10.7554/eLife.34252.010
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fMet-tRNAfMet in the classic P/P state, in agreement with previous studies (Cornish et al., 2009;

Fei et al., 2008; Sternberg et al., 2009). RF3 induces dynamic transitions from the low FRET state

to a high FRET state (0.74 ± 0.02), which suggests that ribosomes transiently sample the L1-closed

state with fMet-tRNAfMet in a hybrid-like P/E state (Figure 3B). This state is short lived

(kclosedfiopen = 6.0 ± 0.8 s�1; Supplementary file 1). The transition rate is faster than subunit rotation

(kRfiN = 2.2 ± 0.4 s�1) suggesting that the two processes are not tightly coupled, consistent with the

previous smFRET work (Munro et al., 2010a; Wasserman et al., 2016) and cryo-EM reconstructions

(Fischer et al., 2010).

We then monitored the dissociation of RF3 from PreHC using FRET between RF3–Cy5 and L11–

Cy3 (Figure 3C). Labeling of RF3 did not change its catalytic properties (Figure 2—figure supple-

ment 1A,D). The dissociation rate of RF3 from PreHC is koff = 5.9 ± 1.1 s�1 (Figure 3C;

Supplementary file 1). Thus, RF3-GTP can bind to PreHC and alter its conformation as shown by

the rotation of subunits and movement of the peptidyl-tRNA into a P/E-like state, but the residence

time of the factor on the ribosome is short.

To test whether the interaction of RF3 with termination complexes depends on peptide release,

we then studied the effect of RF3 on subunit rotation of PostHC prepared by puromycin treatment

(PostHC*) (Figure 3D–F). S6/L9-labeled PostHC* fluctuates between 0.5 and 0.7 FRET states (Fig-

ure 1—figure supplement 1). RF3 binding shifts the distribution toward the 0.5 FRET state,

Figure 3. Interaction of RF3–GTP with termination complexes. (A,D) Subunit rotation of S6/L9-labeled PreHC and PostHC* in the presence of excess

RF3 (1 mM) with GTP (1 mM). (B,E) Distribution of L1-open and L1-closed states in PreHC and PostHC* labeled at tRNAfMet and protein L1 in the

presence of excess RF3 (1 mM) with GTP (1 mM). Smooth red and gray lines show distributions of states without RF3. Color code is the same as in

histograms (red, frequent transitions between the states; gray, transitions in less than 20% of traces). (C,F) Contour plots representing the residence

time of RF3-Cy5 (10 nM) on PreHC and PostHC* labeled at L11 by Cy3. FRET time courses were synchronized to the beginning of the first FRET event.

FRET values (mean ±sd) 0.62 ± 0.02 (C) and 0.64 ± 0.04 (F) are from three independent data sets and plotted to the right of the contour plots. koff is the

rate of RF3 dissociation. See also Figure 3—figure supplement 1 and Supplementary file 1.

DOI: https://doi.org/10.7554/eLife.34252.011

The following figure supplement is available for figure 3:

Figure supplement 1. tRNA conformation in PreHC and PostHC*.

DOI: https://doi.org/10.7554/eLife.34252.012
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indicating that the R state is stabilized (Figure 3D). The L1–tRNA FRET pair shows an enrichment of

the high FRET state corresponding to the P/E state of the tRNA (Figure 3E). While subunits are sta-

bilized in the R state and do not fluctuate toward N state, the L1-tRNA label shows reversible transi-

tions between P/E and P/P conformations (Supplementary file 1). This suggests that also in PostHC

subunit rotation and the formation of a hybrid-like state are not tightly coupled. Dissociation of RF3

from PostHC is as rapid as from PreHC, koff = 5.4 ± 1.3 s�1 (Figure 3F, Supplementary file 1).

Our results show that RF3 facilitates the formation of the R state with the tRNA in a P/E-like orien-

tation on both PreHC and PostHC. RF3 dissociation is not directly coupled to subunit rotation, as

the rate of R to N transitions is lower than that of RF3 dissociation (Figure 3, Supplementary file 1).

The residence time of RF3 on the ribosome is nearly identical on Pre- and PostHC which indicates

that the presence of RF3 on the ribosome is not regulated by peptide release. We also note that the

observed RF3 dissociation rates are much higher than the rate of GTP hydrolysis by RF3

(Peske et al., 2014; Shi and Joseph, 2016; Zavialov et al., 2001). This implies that rapid RF3 disso-

ciation is independent of GTP hydrolysis.

Interplay between RF1 and RF3
Next, we studied the interplay between RF1, RF3 and ribosomes during termination. We compared

three different termination conditions including PreHC, PostHC* prepared by puromycin treatment,

and PreHC which was converted to PostHC in situ upon the interaction with RF1. For each condition,

we monitored (i) subunit rotation in the presence of saturating concentrations of both RF1 and RF3;

(ii) RF1-Cy5 binding to the ribosome at saturating concentrations of unlabeled RF3; and (iii) RF3-Cy5

binding to the ribosome at saturating concentrations of unlabeled RF1 (Figure 4).

To follow the interactions of RF1 and RF3 with PreHC (Figure 4A,B,C), we again used the RF1

(GAQ) mutant, which ensures that peptidyl-tRNA in PreHC is not hydrolyzed. While RF1(GAQ) alone

stabilizes the N state (grey line in Figure 4A; Figure 1B) and RF3 alone induces transitions from the

N to the R state (Figure 3A), in the presence of saturating amounts of RF1(GAQ) and RF3 together

the N and R states are almost equally populated (Figure 4A). Ribosomes show rapid reversible N to

R transitions indicating that RF3 can promote subunit rotation even when RF1 is present. RF1(GAQ)

binding to PreHC–RF3 results in a single FRET population centered at a FRET efficiency of

0.67 ± 0.02, similar to the 0.7 FRET when RF1 binds to the ribosome in the absence of RF3. The RF1

(GAQ) dissociation rate is low, <0.3 s�1 (Figure 4B,D; Supplementary file 1), in agreement with pre-

vious reports (0.14 ± 0.02 s�1, [Koutmou et al., 2014]). RF3 binds to PreHC–RF1 (Figure 4C), but

the FRET efficiency for the RF3-L11 pair is reduced compared to the complex in the absence of RF1

(0.51 ± 0.03 and 0.62 ± 0.02 in the presence and absence of RF1, respectively; Supplementary file

1). Thus, the orientation of RF3 on the PreHC is shifted by RF1, whereas the position of RF1 appears

unchanged, at least with respect to L11. The rate of RF3 dissociation in the presence of RF1(GAQ) is

1.3 ± 0.1 s�1, which is higher than the dissociation rate of RF1(GAQ), but about fivefold slower than

that of RF3 in the absence of RF1 (Figure 3C; Figure 4D; Supplementary file 1), indicating that RF1

stabilizes the binding of RF3 to PreHC. Dwell time distributions for N or R state in the presence of

RF1(GAQ) and RF3 are biphasic, suggesting the presence of two populations of each complex. The

majority of ribosomes display rapid transitions (>70%, kNfiR = 5.9 ± 0.6 s�1, kRfiN = 2.9 ± 0.4 s�1;

Figure 4D; Supplementary file 1) that are faster than RF1 or RF3 dissociation, indicating that subu-

nits can rotate while both factors are bound to the ribosome. Low rotation rates (kNfiR = 1.30 ± 0.07

s�1, kRfiN = 0.80 ± 0.05 s�1; <30% of ribosomes) are also observed with RF3 alone and thus may rep-

resent subunit rotation after RF1 dissociation (Supplementary file 1). The observed shift of PreHC–

RF1 from the predominantly N to a fluctuating ensemble of N and R states upon RF3 addition,

together with the altered RF3 position and the decreased RF3 dissociation rate when the two factors

are bound suggest that the complex undergoes conformational adjustments when RF1 and RF3–

GTP are bound simultaneously.

Next, we monitored subunit rotation in PostHC. For better comparison with the results obtained

with PreHC and RF1(GAQ), we first prepared PostHC* by puromycin treatment of PreHC and stud-

ied the interactions with RF1(GAQ) and RF3–GTP (Figure 4E,F,G,H). In the presence of RF1 and

RF3, the majority of complexes undergo rapid N to R transitions and the equilibrium is shifted

toward the R state (Figure 4E). The mean FRET efficiency for RF1(GAQ) binding to PostHC*–RF3

changes to 0.67 ± 0.02 compared to 0.50 ± 0.03 for RF1(GAQ) binding to PreHC–RF3 (Figure 4B,F)

or 0.71 ± 0.01 for binding to complexes in the absence of RF3 (Figure 2A–C). The decrease in FRET

Adio et al. eLife 2018;7:e34252. DOI: https://doi.org/10.7554/eLife.34252 9 of 24

Research article Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.7554/eLife.34252


efficiency suggests that peptide release allows a rearrangement of the complex which alters the

position of RF1 relative to L11. The FRET efficiency for RF3 binding to either PreHC–RF1(GAQ) or

PostHC*–RF1(GAQ) is 0.51 ± 0.03 (Figure 4C,G), as compared to 0.62 and 0.64, respectively, for

binding to PreHC or PostHC in the absence of RF1 (Figure 3C,F). This suggests that the position of

RF3 on PreHC and PostHC is affected by the presence of RF1, but not by peptide release

(Figures 3F and 4G). The dissociation rates are 1.3 ± 0.2 s�1 and 1.3 ± 0.1 s�1 for RF1(GAQ) and

RF3, respectively (Figure 4F–H; Supplementary file 1). A small fraction (8%) of complexes that

release RF1(GAQ) slowly (koff = 0.12 ± 0.07 s�1) is likely due to incomplete peptide hydrolysis by

Figure 4. Interplay between RF1 and RF3–GTP. (A,E,I) Subunit rotation of S6/L9-labeled Pre- and PostHC measured at saturating RF1 and RF3–GTP

concentrations (1 mM each). Grey line represents FRET distribution in the absence of RF3. (B,F,J) Contour plots representing the residence time of RF1-

Cy5/RF1(GAQ)-Cy5 ribosomes labeled at protein L11 by Cy3 in the presence of excess RF3 (1 mM). Time courses were synchronized to the beginning of

the FRET signal. FRET values (mean ±sd) are 0.67 ± 0.02 (B), 0.50 ± 0.03 and 0.76 ± 0.02 (F), and 0.53 ± 0.04 (I). (C,G,K) Contour plots representing the

residence time of RF3-Cy3 on ribosomes labeled at protein L11 by Cy3 in the presence of excess RF1 or RF1(GAQ) (1 mM). FRET values (mean ± sd) are

0.51 ± 0.03 (C), 0.51 ± 0.03 (G), and 0.51 ± 0.03 (K). (D,H,L) Comparison of the rates of RF1 and RF3 dissociation and subunit rotation. (A–D) Interactions

with PreHC. (E–H) Interactions with PostHC* obtained by puromycin treatment. (I–L) Interactions with PostHC which is formed in situ using RF1. All

values are mean ± sd from three independent data sets. See also Supplementary file 1.

DOI: https://doi.org/10.7554/eLife.34252.013
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puromycin. The rotation rates (kNfiR = 4.20 ± 0.08 s�1, kRfiN = 2.50 ± 0.03 s�1) are somewhat higher

than RF1 and RF3 dissociation rates, but the most prominent effect of peptide release is the acceler-

ation of RF1 dissociation from <0.3 s�1 to 1.3 ± 0.2 s�1 (Figure 4D,H; Supplementary file 1).

Similar effects are observed when instead of puromycin we used wild-type RF1 to convert PreHC

to PostHC (Figure 4I–L): at saturating concentrations of RF1 and RF3 the R state of PostHC is

enriched and the complexes show reversible N to R transitions (Figure 4I; Supplementary file 1).

RF1 and RF3 are bound to PostHC in the 0.5 FRET state (Figure 4J,K; Supplementary file 1). The

dissociation rates are 1.2 ± 0.4 s�1 for RF1 (>70% of ribosomes; Figure 4J; Supplementary file 1)

and 1.3 ± 0.2 s�1for RF3 (Figure 4K; Supplementary file 1). Thus, RF1 stabilizes the binding of RF3

on PreHC or PostHC, whereas RF3 destabilizes RF1 binding, but only after peptide release. Peptide

release also allows an adjustment in the positions of both factors relative to L11. Thus, peptide

release is a major determinant for RF1, but not RF3, dissociation.

Because the kinetics of subunit rotation is faster than RF3 and RF1 dissociation, it remains unclear

from which state, N or R, the factors dissociate. To test whether R state formation is required for

RF3 dissociation, we used the antimicrobial peptide apidaecin 137 (Api) as a tool to trap RF1 on ter-

mination complexes. Api binds into the exit tunnel of PostHC and prevents RF1/RF2 dissociation

(Florin et al., 2017). When we monitor subunit rotation in the presence of saturating concentrations

of RF1, RF3 and Api, the PostHC–RF1–RF3–Api complex is stalled in the N state (Figure 5A). In the

absence of RF1 Api does not alter the relative fraction of N and R states induced by RF3

(Figure 5B). In the PostHC–RF1–Api–RF3 complex, RF1 is stably bound in the 0.7 FRET state

(Figure 5C). RF3 is bound in 0.5 FRET state and dissociates with the rate of 1.2 ± 0.1 s�1

(Figure 5D). These data suggest that RF3 can dissociate independent of subunit rotation from termi-

nation complexes that are exclusively in the N state as well as from termination complexes that show

mixed N and R populations.

The role of GTP binding and hydrolysis
By analogy with other GTPases, GTP hydrolysis by RF3 is expected to regulate the dissociation of

RF3 from the ribosome. In contrast to all other GTPases, RF3 was suggested to bind to the PostHC-

RF1 complex in the GDP-bound form; the ribosome-induced rapid release of GDP should stabilize

RF3 binding, while subsequent GTP binding induces a conformational change of the ribosome and

the release of RF1 (Sternberg et al., 2009; Zavialov et al., 2002). We first tested these models

using a biochemical turnover peptidyl-tRNA hydrolysis assay and compared the effect of different

nucleotides on factor recycling (Figure 6A,B). When both RF1 and RF3 are sub-stoichiometric to

PreHC, such that 10 cycles of RF1 and RF3 turnover are required to convert all PreHC to PostHC,

peptide release is only observed in the presence of GTP (Figure 6A). In excess of RF3, when only

RF1 has to turnover, efficient peptide release is observed with wild type RF3 in the presence of GTP,

GTPgS or GDPNP (Figure 6B). Also RF3(H92A)–GTP, a RF3 mutant deficient in GTP hydrolysis, indu-

ces efficient recycling of RF1, contrary to previous reports (Gao et al., 2007), but consistent with a

recent kinetic study (Shi and Joseph, 2016). Apo-RF3 has no activity, again consistent with previous

reports (Shi and Joseph, 2016; Zavialov et al., 2002). The low activity in the presence of GDP is

most likely due to a minor contamination with GTP. Thus, GTP hydrolysis is not required for RF1

recycling but is necessary to ensure recycling of RF3, while the apo and GDPforms of RF3 appear

inactive.

Next, we sought to understand how different nucleotides affect the interaction of RF3 with termi-

nation complexes. RF3–GTP promotes R state formation, which can be used as readout for the ribo-

some interaction with RF3 in complex with different nucleotides (Figure 6—figure supplement 1).

PreHC in the presence of excess RF3–GDP or RF3 in the apo form are predominantly in the N state

and do not show transitions to the R state (Figure 6—figure supplement 1A,B); the ratio of N and

R states is identical to that in the PreHC in the absence of RF3 (Figure 1A). Also RF1-bound PostHC

in the presence of excess RF3–GDP or apo-RF3 are predominantly in the N state and the distribution

of states is very similar to that in RF1-bound termination complexes (Figure 6—figure supplement

1C,D and Figure 1E, respectively). Together, these experiments suggest that RF3-GDP and apo-RF3

are not able to induce the R state in termination complexes. By analogy, smFRET experiments moni-

toring the position of the L1 stalk show that addition of RF3-GDP or apo-RF3 does not change the

ribosome conformation (Sternberg et al., 2009). For a more direct observation of RF3-GDP or apo-

RF3 binding to the ribosome, we made an attempt to follow FRET between RF3-Cy5 and termination
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complexes labeled at protein L11 with Cy3. However, we did not find any FRET events indicative of

RF3 binding in the presence of GDP or with apo-RF3 (data not shown). These observations suggest

that although RF3-GDP or apo-RF3 must bind to PostHC–RF1 in some way, because this interaction

accelerates nucleotide exchange in RF3 (Koutmou et al., 2014; Peske et al., 2014; Shi and Joseph,

2016; Zavialov et al., 2001) the interaction must be transient and does not engage the factor at its

binding site at L11 unless GTP is bound.

We then asked whether GTP hydrolysis by RF3 is required to induce subunit rotation. We

replaced GTP with a non-hydrolysable analog, GDPNP, which is extensively used in structural stud-

ies. RF3–GDPNP can bind to the PreHC or PostHC obtained by addition of RF1 and induces forma-

tion of the R state, albeit not to the same extent as RF3–GTP and with fewer transitions between N

and R states (Figure 6C,D). The same tendencies are observed with RF3(H92A)–GTP or RF3–GTPgS

(Figure 6—figure supplement 1E,F,G). The exact fraction of the R state and dynamic ribosomes

depends on the choice of nucleotide, which may indicate that the ability of RF3–GDPNP or RF3–

GTPgS to form a stable complex with the ribosome is reduced compared to RF3–GTP.

We then tested whether GTP hydrolysis is required for RF3 dissociation from the ribosome. The

dissociation rate of RF3–GDPNP from PostHC* in the absence of RF1 is koff = 0.34 ± 0.04 s�1, much

Figure 5. Dissociation of RF3 from RF1-bound PostHC in the presence of Api. (A,B) Subunit rotation of S6/L9-

labeled Pre- and PostHC with or without RF1 (1 mM), with saturating RF3 concentrations (1 mM) and Api (1 mM).

Red lines in (A) and (B) represent FRET distribution in the absence of Api. (C) Contour plot representing the

residence time of RF1-Cy5 on PostHC-Cy3 in the presence of saturating RF3 concentration (1 mM) and Api (1 mM).

FRET values (mean ± sd) center at 0.71 ± 0.01. (D) Contour plot representing the residence time of RF3-Cy5 on

PostHC-Cy3 in the presence of saturating RF1 concentration (1 mM) and Api (1 mM). FRET values (mean ± sd)

center at 0.55 ± 0.04. All values are mean ± sd from three independent data sets. See also Supplementary file 1.

DOI: https://doi.org/10.7554/eLife.34252.014
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Figure 6. The role of GTP hydrolysis for RF1 and RF3 recycling. (A,B) Effect of different nucleotides on peptidyl-

tRNA hydrolysis (GTP, black circles; GTPgS, green circles; GDPNP, blue circles; GDP, red circles; no nucleotide,

grey circles) or in the presence of RF3(H92A) and GTP (purple circles). Control experiments are in the absence of

RF3 (blue crosses). Error bars represent the range of two technical replicates. (A) Peptide hydrolysis was performed

by incubating PreHC (100 nM) with RF3 (10 nM) and the respective nucleotides (1 mM); reactions were started with

the addition of RF1 (10 nM). (B) Same as in (A), but at 1 mM RF3. (C,D) FRET distribution reporting on subunit

rotation of S6/L9-labeled PreHC in the presence of saturating amounts of RF3–GDPNP (C) or RF1 with RF3–

GDPNP (D) (1 mM RF each). Red lines represent the distribution of FRET states with RF3–GTP. (E,F) Contour plots

representing the residence time of RF3-Cy5 (10 nM) on PostHC labeled at L11 by Cy3 in the presence of GDPNP

(1 mM) without RF1 (E) or (F) in the presence of saturating RF1 concentration (1 mM). FRET values (mean ± sd)

center at 0.71 ± 0.01 and 0.40 ± 0.01 (E) and 0.58 ± 0.03 (F). All values are mean ± sd from three independent data

sets. See also Figure 6—figure supplement 1, Figure 6—figure supplement 2 and Supplementary file 1.

DOI: https://doi.org/10.7554/eLife.34252.015

The following figure supplements are available for figure 6:

Figure supplement 1. Effect of the nucleotide bound to RF3 on subunit rotation.

DOI: https://doi.org/10.7554/eLife.34252.016

Figure supplement 2. Dissociation of RF1 from PostHC mediated by RF3 in the absence of GTP hydrolysis.

DOI: https://doi.org/10.7554/eLife.34252.017
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lower than with GTP (Figure 6E and Supplementary file 1). In contrast, in the presence of saturating

RF1 concentrations dissociation of RF3–GDPNP from PostHC-RF1 is as rapid as with GTP (Figure 6F

and Supplementary file 1), indicating that GTP hydrolysis is not essential when RF1 is present.

Experiments with RF3–GTPgS gave very similar results (Figure 6—figure supplement 2). At saturat-

ing RF3 concentrations, dissociation of RF1 from PostHC is independent of GTP hydrolysis (Fig-

ure 6—figure supplement 2), consistent with the biochemical data (Figure 6B). In the simplest

model, these findings can be interpreted as an indication for the role of GTP hydrolysis in RF3 disso-

ciation from termination complexes in the absence of RF1. They also explain why RF1 turnover is

impaired at sub-stoichiometric RF3 concentrations when GTP hydrolysis is blocked (Figure 6A):

those RF3 molecules that bind to ribosomes lacking RF1 remain stalled if GTP is not hydrolyzed,

thereby depleting the pool of RF3 which has to turnover to stimulate RF1 dissociation. Thus, the

only reaction where GTP hydrolysis or an authentic GTP conformation appears to play an essential

role is the dissociation of RF3 from termination complexes in the absence of RF1.

Discussion
Our experiments show how release factors navigate through the landscape of possible ribosome

conformations during translation termination (Figure 7A). Release factors not only change the ratio

between the N and R states, but also alter the fraction of the ribosomes that make transient fluctua-

tions between the states. Each factor alone has its distinct signature on ribosome conformation and

dynamics. Binding of RF1 to either PreHC or PostHC favors the static N state; protein L1 adopts an

open conformation, which correlates with a classical state of the P-site tRNA. The N state of the ribo-

some–RF1 complex has been also captured by structural studies (James et al., 2016;

Korostelev et al., 2008; Laurberg et al., 2008; Petry et al., 2005; Weixlbaumer et al., 2008). Sur-

prisingly, we find that PreHC–RF2 is more dynamic, and has a higher fraction of the R states than the

complex with RF1. Furthermore, RF2 can dissociate equally well from the PreHC and PostHC and is

Figure 7. The mechanism of translation termination. (A) Ribosome dynamics in the presence of RF1, RF2, and RF3. Ribosome fluctuations are color-

coded from static (gray) to dynamic (red) and correlated to the fraction of N and R state in the respective complex. (B) Summary of the dissociation rate

constants of RF1, RF2 and RF3 from different type of complexes. Bars representing the dissociation of RF1 are colored teal, RF2 gray, RF3 magenta. (C)

The landscape of ribosome conformations with RF1 and RF3. The ribosome states (N and R, PreHC and PostHC) are indicated. Red arrows indicate

rapid reaction, blue arrows static or slowly exchanging states, with the preferential direction indicated by color gradient; single-headed arrows indicate

irreversible steps of peptidyl-tRNA hydrolysis. See also Supplementary file 1.

DOI: https://doi.org/10.7554/eLife.34252.018
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less dependent on the action of RF3 than RF1 (Figure 2—figure supplement 3A, Figure 7B). With

its high dissociation rate, RF2 action may depend on the ratio between the rate of peptide release

and factor dissociation, for example, if the rate of peptidyl-tRNA hydrolysis is about 10 s�1

(Indrisiunaite et al., 2015; Kuhlenkoetter et al., 2011) and the rate of RF2 dissociation is ~1 s�1

(this paper), the factor can achieve efficient peptide release before dissociating. Thus, RF1 and RF2 –

albeit fulfilling a similar function during canonical termination – differ in their ability to affect ribo-

some dynamics.

Binding of RF3–GTP to termination complexes shifts the conformational distribution toward the R

state (Figure 7A). The PreHC–RF3 complex is dynamic, whereas the PostHC–RF3 is stabilized in the

R state, consistent with the previous smFRET work (Sternberg et al., 2009) and structural studies

(Gao et al., 2007; Jin et al., 2011; Zhou et al., 2012). After peptide release, RF1 and RF3 or RF2

and RF3 together shift the distribution of ribosome conformations towards the middle of the

dynamic spectrum (Figure 7A). The rates of ribosome fluctuations are in the range of 2–6 s�1, some-

what faster than in the absence of the factors, 0.5–2.6 s�1 (Supplementary file 1).

One open question is what drives the dissociation of RF1 and RF3 from the ribosome (Figure 7B).

Dissociation of RF1 from the static N state is very slow. RF3 accelerates the dissociation, which corre-

lates with increased ribosome dynamics and frequent transitions from N to R state. However,

dynamic transitions alone are not sufficient to induce RF1 dissociation from the ribosome, because

peptide release is crucial to allow RF1 to dissociate rapidly. Peptide release leads to a change in the

orientation of RF1 with respect to L11. On the other hand, peptide release alone is not sufficient, as

the dissociation rate of RF1 from the PostHC is slow in the absence of RF3. Thus, RF1 dissociation is

promoted by the concerted action of RF3, which stimulates subunit rotation and may directly dis-

place RF1 from its original binding site, and by peptide release, which allows a conformational

adjustment of RF1.

RF3 dissociation is independent of peptide release or the ribosome dynamics, but is affected by

the presence of RF1 or RF2, which stabilize RF3 binding to the ribosome and change conformation/

position of RF3 relative to L11. In the presence of RF1, RF3 efficiently dissociates from the N state

even in the absence of GTP hydrolysis (this paper and [Shi and Joseph, 2016]). The order of RF1

and RF3 dissociation appears random, because the rates of factor release are quite similar and the

exact sequence depends on experimental conditions (this paper; [Koutmou et al., 2014; Shi and

Joseph, 2016]). In those cases where RF1 happens to dissociate before RF3 has left the ribosome,

GTP hydrolysis completes RF3 recycling. In summary, subunit rotation, peptide release, conforma-

tional changes of the factors, and GTP hydrolysis together drive dissociation of RF1 and RF3. How-

ever, kinetically these movements are not directly coupled, that is the dissociation rates of the

factors and the rates of subunit rotation are independent of each other but are individually defined

by the dynamic properties of the complex. Thus, translation termination is a stochastic process that

utilizes loosely coupled motions of its players to complete protein synthesis and release the newly

synthesized nascent chain toward its cellular destination.

Our results lead to the following model of translation termination for RF1 (Figure 7C). Among all

possible reaction routes, two appear most likely, either via RF1 binding to PreHC, followed by pep-

tide release and RF3–GTP recruitment, or through simultaneous binding of RF1 and RF3–GTP to

PreHC followed by peptide release. The resulting complex PostHC–RF1–RF3–GTP can make rapid

transitions between the N and R states. RF1 and RF3 change their relative positions and can now

both rapidly dissociate from the ribosome. The order of events is not deterministic: multiple ribo-

some conformations, ribosome dynamics and the lack of strong coupling between the rates of sub-

unit rotation and the dissociation of RF1 and RF3 seem characteristic features of RF1-dependent

termination.

This work provides an unexpected view on the role of nucleotide exchange and GTP hydrolysis

by RF3. Although RF3-GDP or apo-RF3 can bind to the ribosome carrying RF1/RF2 (Peske et al.,

2014; Zavialov et al., 2001), this interaction does not result in the recruitment of the factor to its

binding site at the vicinity of L11. In vitro in the absence of GTP, apo-RF3 can form a relatively stable

complex with PostHC–RF1 (Pallesen et al., 2013; Shi and Joseph, 2016), but this binding does not

alter the dynamics of subunit rotation and does not accelerate RF1 dissociation (this paper and

[Sternberg et al., 2009]). Rather, the GTP-bound form of RF3 is required to stimulate ribosome

dynamics and RF1 dissociation from PostHC. Given the moderate difference in the affinities of RF3

for GTP and GDP, at cellular concentrations a large fraction of RF3 is in the GTP form. Furthermore,
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given the high GTP association rate, apo-RF3 will be immediately converted into the functionally

active GTP form (Peske et al., 2014); thus, the apo-RF3–ribosome complex can only be a transient

intermediate. The present experiments, most of which are performed in the presence of a GTP

regeneration system, which does not allow for accumulation of the GDP- or apo-form of RF3, show

efficient factor binding, peptide release and factor recycling. We thus have no indication for an

active role of nucleotide exchange or for an essential role of the GDP- or the apo-form of RF3 in ter-

mination at cellular conditions and we consider the respective models unlikely.

Unexpectedly, our data suggest that GTP hydrolysis or an authentic GTP-bound form of RF3 are

required to release RF3 that is arrested on the ribosome in the absence of RF1. At the first glance,

the low dissociation rate of RF3–GDPNP from the ribosome appears to contradict the results of the

experiments with RF3–GTP, which show that factor dissociation is not coupled to GTP hydrolysis

(Figure 3C,F). We hypothesize that upon binding to the ribosome, RF3 can either form an initial

binding complex from which the factor can dissociate rapidly, or enter an engaged complex, from

which RF3 can only dissociate after GTP hydrolysis (Figure 6E). In principle, this should result in

biphasic dissociation time courses of RF3-GTP with a second slow phase corresponding to the rate

of GTP hydrolysis, which we did not observe. However, in the presence of GTP the fraction of RF3

molecules that enter the engaged state may be too small to capture. As RF3–GDPNP appears to

have a lower affinity to the ribosome than RF3–GTP, the transient initial RF3–ribosome complex

might be too short-lived to be detected and only the stable engaged complexes are captured. Alter-

natively, GDPNP, as well as GTPgS or the RF3(H92A) mutant may induce a conformation that hinders

RF3 from dissociation but is hardly populated in the presence of GTP; in this case, the effects are

purely conformational and not due to GTP hydrolysis as such.

Available structures of ribosome-bound RF3 suggest that RF3 is arrested on ribosomes in the R

state (Gao et al., 2007; Jin et al., 2011; Zhou et al., 2012). This could explain why PostHC, with its

higher propensity to be in the R state than the PreHC, is more efficient in stimulating GTP hydrolysis

by RF3 (Zavialov et al., 2002). In this respect, RF3 appears to be an unusual GTPase that differs

from other translational GTPases, such as EF-G, EF-Tu and IF2, where GTP hydrolysis is coupled to

key steps on the reaction pathway of the factors and is required on all ribosome complexes. Rather,

the internal clock of the RF3 GTPase (Peske et al., 2014) acts as a rescue mechanism to release RF3

recruited to complexes that do not contain RF1. This scenario is realistic at the concentrations of fac-

tors in the cell where RF3 is much more abundant than RF1 (Schmidt et al., 2016).

The smFRET data presented here for a simple model system present a starting point to study

dynamics of more natural termination complexes containing long peptide nascent chains. While

model termination systems are fully functional in all steps of termination and the rate of GTP hydroly-

sis by RF3 is similar with the fM-Stop and fMFTI-Stop termination contexts (Zavialov and Ehrenberg,

2003), the length of the nascent peptide and the nature of the P-site tRNA may attenuate the ribo-

some dynamics. While currently such complexes are biochemically too heterogeneous to study, fur-

ther development of smFRET techniques toward multicolor detection and better time resolution

may provide a tool to decipher the dynamics of these heterogeneous assemblies.

Materials and methods

Key resources table

Reagent type (species)
or resource Designation Source or reference Identifiers Additional information

Strain, strain
background (E. coli)

JW3947-1 Keio collection CGSC#: 12041 E. coli rplA knockout strain

Sequence-based
reagent

Start-stop mRNA IBA (Göttingen) N/A RNA oligonucleotide:
5’-GGCAAGGAGGUAAAUAAU
GUAAACGAUU-3’

Sequence-based
reagent

mMetStop IBA (Göttingen) N/A RNA oligonucleotide:
50-Biotin-CAACCUAAAACUUACACA
CCCGGCAAGGAGGUAAAUAAU
GUAAACGAUU-30

Continued on next page
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Continued

Reagent type (species)
or resource Designation Source or reference Identifiers Additional information

Sequence-based
reagent

mMetPheStop IBA (Göttingen) N/A RNA oligonucleotide:
5‘-Biotin-CAACCUAAAACUUACACACCC
GGCAAGGAGGUAAAUAAUGUUU
UAAACGAUU-3 ‘

Sequence-based
reagent

mMetLysStop IBA (Göttingen) N/A RNA oligonucleotide:
5‘-Biotin-CAACCUAAAACUU
ACACACCCGGCAAGGAGGUA
AAUAAUGAAGUAAACGAUU-3 ‘

Sequence-based
reagent

mMetValStop IBA (Göttingen) N/A RNA oligonucleotide:
5‘-Biotin-CAACCUAAAACUUAC
ACACCCGGCAAGGAGGUAAAU
AAUGGUUUAAACGAUU-3 ‘

Peptide,
recombinant protein

RF2(GAQ)
(recombinant protein)

PMID: 12419223

Peptide,
recombinant protein

RF1(GAQ)
(recombinant protein)

PMID: 12419223

Peptide,
recombinant protein

RF1(S167C) (recombinant protein) PMID: 19597483 Single-cysteine RF1

Peptide,
recombinant protein

RF2(C273)
(recombinant protein)

This paper Single-cysteine RF2

Peptide,
recombinant protein

RF3(L233C) (recombinant protein) This paper Single-cysteine RF3

Peptide,
recombinant protein

L1(T202C)
(recombinant protein)

PMID: 18471980 Single-cysteine L1

Peptide,
recombinant protein

Apidaecin137 (API) (peptide) NovoPro
Biosciences Inc.

N/A

Chemical
compound, drug

Cy3-maleimide GE Healthcare PA23031

Chemical
compound, drug

Cy5-maleimide GE Healthcare PA25031

Software,
algorithm

Matlab MathWorks

Software,
algorithm

Prism GraphPad GraphPad Software,
La Jolla California
USA, www.graphpad.com

Software,
algorithm

Matlab code vbFRET http://vbfret.source
forge.net/

Described in
Bronson et al. (2009)

Buffers
All smFRET experiments were performed in imaging buffer (50 mM Tris-HCl pH 7.5, 70 mM NH4Cl,

30 mM KCl, 15 mM MgCl2, 1 mM spermidine, 8 mM putrescine, 2.5 mM protocatechuic acid, 50 nM

protocatechuate-3,4-dioxygenase (from Pseudomonas), 1 mM Trolox (6-hydroxy-2,5,7,8-tetramethyl-

chromane-2-carboxylic acid), and 1 mM methylviologen). Peptide hydrolysis experiments were per-

formed in TAKM7 buffer (50 mM Tris-HCl pH 7.5, 70 mM NH4Cl, 30 mM KCl, 7 mM MgCl2).

Labeled ribosomes, release factors and tRNA
The preparation and functional characterization of ribosomes labeled with Cy3 at protein L11 and

double-labeled at S6-Cy5 and L9-Cy3 was carried out as described (Adio et al., 2015;

Sharma et al., 2016). E. coli strain lacking L1 were obtained from the Keio collection (CGSC#:

12041) and DL1 ribosomes purified according to the protocol used for native ribosomes

(Rodnina and Wintermeyer, 1995). A single cysteine was introduced at position T202 of L1 and the

protein purified as described in Fei et al. (2008). L1(T202C) was fluorescence labeled with Cy5-mal-

eimide (GE Healthcare) and purified using a 5 ml HiTrap SP HP cation exchange chromatography

column (GE Healthcare). DL1 ribosomes were reconstituted by incubation with a 5-fold molar excess
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of L1-Cy5 for 30 min at 37˚C. Excess protein was removed by centrifugation through a 30% sucrose

cushion in 50 mM Tris-HCl pH 7.5, 70 mM NH4Cl, 30 mM KCl, 15 mM MgCl2, pH 7.5.

The RF2 construct was cloned from the E. coli K12 strain and contains the natural T246A replace-

ment (Wilson et al., 2000). Catalytically impaired RF1(G234A) (RF1(GAQ)) and RF2(G251A) (RF2

(GAQ)), and the respective single-cysteine variant RF1(S167C) (Sternberg et al., 2009;

Wilson et al., 2000), RF2(C273) and RF3(L233C) were generated by Quickchange mutagenesis

according to the standard protocol. Native cysteines were replaced by serine or alanine based on

the sequence conservation analysis performed using the Consurf database. RF1 and RF2 were puri-

fied and in vitro methylated as described (Kuhlenkoetter et al., 2011). RF3 was purified by affinity

chromatography on a Ni-IDA column (Macherey-Nagel) followed by ion exchange chromatography

on a HiTrapQ column (Peske et al., 2014). Prior to labeling, methylated RF1 and RF2 were incu-

bated for 30 min with a 10-fold molar excess of TCEP (Sigma) at room temperature (RT). Cy5 malei-

mide (GE Healthcare) was dissolved in DMSO and added to the proteins (5- to 10-fold molar

excess). Labeling was performed for 2 hr at RT and quenched by addition of a 10-fold molar excess

of 2-mercaptoethanol over dye. Excess dye was removed by gel filtration on a PD-10 column (GE

Healthcare). tRNAfMet was labeled at position s4U8 with Cy3-maleimide (Fei et al., 2010) and amino-

acylated and purified as described (Milon et al., 2007).

mRNA
All mRNAs used in the smFRET experiments are labeled with biotin at the 5´end and were purchased

from IBA (Göttingen, Germany). The following sequences were used: mMetStop

50-Biotin-CAACCUAAAACUUACACACCCGGCAAGGAGGUAAAUAAUGUAAACGAUU-30

mMetPheStop

5‘-Biotin-CAACCUAAAACUUACACACCCGGCAAGGAGGUAAAUAAUGUUUUAAACGAUU-3‘

mMetLysStop

5‘-Biotin-CAACCUAAAACUUACACACCCGGCAAGGAGGUAAAUAAUGAAGUAAACGAUU-3‘

mMetValStop

5‘-Biotin-CAACCUAAAACUUACACACCCGGCAAGGAGGUAAAUAAUGGUUUAAACGAUU-3 ‘

For the peptide hydrolysis experiments, ribosome complexes were assembled on the synthetic

model mRNA, 5’-GGCAAGGAGGUAAAUAAUGUAAACGAUU-3’ (IBA) with a start codon followed

by a stop codon.

Sample preparation for smFRET TIRF experiments
Initiation complex formation was carried out by incubating ribosomes (100 nM) with a three-fold

excess of IF1, 2 and 3, fMet-tRNAfMet, mRNA and 1 mM GTP in TAKM7 for 30 min at 37˚C. To form

initiation complexes with fMet-tRNAfMet-Cy3, equal amounts of ribosomes and tRNA were used. In

case of the mRNA coding for fMetStop, the initiation complex was used as PreHC. To generate

PreHC on other mRNAs, an equal volume of ternary complex was added containing EF-Tu (1 mM)

incubated with GTP (1 mM), phosphoenolpyruvate (3 mM) and pyruvate kinase (0.1 mg/ml) in

TAKM7 for 15 min at 37˚C, followed by addition of Phe-tRNAPhe, Lys-tRNALys or Val-tRNAVal (500

nM). Addition of EF-G (100 nM) and GTP (1 mM) induced tRNA translocation to form PreHC that

contains peptidyl tRNA in the P site and displays the UAA stop codon in the A site.

TIRF experiments
Complexes were diluted to 1 nM with smFRET buffer (50 mM Tris-HCl, 70 mM NH4Cl, 30 mM KCl,

15 mM MgCl2, 1 mM spermidine and 8 mM putrescine). Biotin/PEG functionalized cover slips were

incubated for 5 min at room temperature with the same buffer containing additionally BSA (10 mg/

ml) and neutravidin (1 mM) (Thermo Scientific). Excess neutravidin was removed by washing the cover

slip with buffer containing BSA (1 mg/ml). Ribosome complexes were applied to the surface and

immobilized through the mRNA-biotin:neutravidin interaction. Images were recorded at a rate of 30

frames/s after exchanging the buffer with imaging buffer at room temperature (22˚C) (Adio et al.,

2015).

To monitor subunit rotation of L9/S6-labeled ribosomes in the presence of release factors at

steady-state conditions, imaging buffer was supplemented with RF1, RF2 and/or RF3 (1 mM each). In

experiments with RF1(GAQ) or RF2(GAQ), the observation time was limited to <10 min in order to
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minimize peptide hydrolysis due to residual factor activity. In experiments monitoring subunit rota-

tion by RF3 in the GTP form or in complex with non-hydrolysable GTP analogs, imaging buffer was

additionally supplemented with the energy recycling system (1 mM GTP or 1 mM GDPNP or 1 mM

GTPgS, 3 mM phosphoenolpyruvate and 0.1 mg/ml pyruvate kinase). FRET signals reporting on the

time course of subunit rotation during termination were obtained by injecting RF1 or RF2 (100 nM)

in imaging buffer to immobilized PreHC or PostHC.

To measure FRET signals reporting on the residence time of labeled release factors on PreHC or

PostHC labeled at protein L11 with Cy3, the complexes were immobilized on the cover slip. Movies

were recorded upon addition of Cy5-labeled RF1, RF2 or RF3 to a final concentration of 10 nM in

imaging buffer. To study the residence time of Cy5-labeled RF3 or to study the residence time of

Cy5-labeled RF1 or RF1(GAQ) on ribosomes in the presence of unlabeled RF3, imaging buffer was

supplemented with unlabeled RF3 (1 mM), GTP (1 mM), phosphoenolpyruvate (3 mM) and pyruvate

kinase (0.1 mg/ml). To study the residence time of Cy5-labeled RF3 in the presence of RF1, imaging

buffer was supplemented with unlabeled RF1 (1 mM), GTP (1 mM), phosphoenolpyruvate (3 mM) and

pyruvate kinase (0.1 mg/ml).

To monitor FRET signals reporting on the conformation of the P-site tRNA PreHC or PostHC

labeled on protein L1(C202-Cy5) and on fMet-tRNAfMet(thioU8-Cy3) or tRNAfMet(U8-Cy3) were

immobilized on the coverslip. Movies were recorded upon addition of imaging buffer or imaging

buffer containing RF3 (1 mM). In experiments with RF3 imaging, buffer was additionally supple-

mented with the energy recycling system (1 mM GTP or 1 mM GDPNP or 1 mM GTPgS, 3 mM phos-

phoenolpyruvate and 0.1 mg/ml pyruvate kinase) (Sternberg et al., 2009).

Data analysis
Fluorescence time courses for donor (Cy3) and acceptor (Cy5) were extracted as described

(Adio et al., 2015; Fei et al., 2008; Roy et al., 2008). A semi-automated algorithm (Matlab) was

used to select anti-correlated fluorescence traces (correlation coefficient <0.1) exhibiting characteris-

tic single fluorophore fluorescence intensities (Adio et al., 2015). Time traces for further analysis

were selected from the dataset by choosing only those traces that contained single photobleaching

steps for Cy3 and Cy5 (as recommended in [Fei et al., 2008]). The bleed-through of the Cy3 signal

into the Cy5 channel was corrected using an experimentally determined coefficient (~0.13 in our

experimental system [Adio et al., 2015]). All trajectories were smoothed over three data points.

FRET efficiency was defined as the ratio of the measured emission intensities, Cy5/(Cy3 +Cy5)

(Roy et al., 2008). FRET-histograms were fitted to Gaussian distributions using Matlab code

(Adio et al., 2015). Mean FRET values (mean ±sd) and population distribution (p=area under the

curve ± sd) were calculated from three independent datasets and are summarized in

Supplementary file 1.

The vbFRET software package (http://vbfret.sourceforge.net/) (Bronson et al., 2009) was used

for hidden Markov model (HMM) analysis of the FRET data. Time trajectories with only one transition

per trace and with the FRET changes of less than 0.1 were excluded from further kinetic analysis

(Fei et al., 2008; Sternberg et al., 2009). Individual time-resolved FRET traces were compiled into

FRET probability density plots (contour plots) (Blanchard et al., 2004; Munro et al., 2007). For the

experiments measuring subunit rotation of PostHC upon binding of RF1 in real time, FRET traces

were synchronized at the transition to the stable N state. For the experiments measuring subunit

rotation of PreHC upon binding of RF2 in real time, FRET traces were synchronized to the first N to

R transition. In experiments measuring the residence time of labeled release factors, FRET traces are

synchronized to the beginning of the FRET event reporting on the binding of the factor to the ribo-

some. One-dimensional histograms at the right side of the contour plots summarize FRET values of

the first 10–30 time frames (0.3–1.0 s) of the FRET signals. The photobleaching rates of the S6/L9-

FRET pair were estimated as described (Adio et al., 2015) from the non-fluctuating 0.7 FRET trajec-

tories obtained with PreHC, PreHC-RF1(GAQ) and PostHC-RF1, as well as from the non-fluctuating

0.5 FRET trajectories of PostHC*-RF3(GTP); the photobleaching rates were in the range of 0.07–0.19

s�1, comparable to 0.05–0.3 s�1 in (Sternberg et al., 2009). Dwell times of individual FRET states in

traces with multiple FRET states were calculated from idealized traces (Bronson et al., 2009). Dwell

time histograms were fitted to either one- or two-exponential function. Rates (k) were calculated by

taking the inverse of dwell times. Rate constants ± standard deviations were determined from three
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independent datasets as described in Fei et al. (2011); Sternberg et al. (2009); Wasserman et al.

(2016) and summarized in Supplementary file 1.

Peptide hydrolysis assay
PreHC was prepared as described (Peske et al., 2014) and purified through sucrose cushion centri-

fugation. After centrifugation, ribosome pellets were resuspended in TAKM7, frozen in liquid nitro-

gen and stored at �80˚C. The extent of initiation was better than 95% as determined by

nitrocellulose filtration and radioactive counting. PreHC (100 nM) was incubated with RF3 at the indi-

cated concentration and nucleotide (1 mM) for 15 min at 37˚C. Pyruvate kinase (0.1 mg/ml) and

phosphoenol pyruvate (3 mM) were added in all experiments performed in the presence of GTP.

Time courses were started by addition of RF1 or RF2 (10 nM). Samples were quenched with a solu-

tion containing TCA (10%) and ethanol (50%). After centrifugation (30 min, 16,000 g), the amount of

released f[3H]Met in the supernatant was quantified by radioactive counting.
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Mora L, Heurgué-Hamard V, Champ S, Ehrenberg M, Kisselev LL, Buckingham RH. 2003. The essential role of the
invariant GGQ motif in the function and stability in vivo of bacterial release factors RF1 and RF2. Molecular
Microbiology 47:267–275. DOI: https://doi.org/10.1046/j.1365-2958.2003.03301.x, PMID: 12492870

Munro JB, Altman RB, O’Connor N, Blanchard SC. 2007. Identification of two distinct hybrid state intermediates
on the ribosome. Molecular Cell 25:505–517. DOI: https://doi.org/10.1016/j.molcel.2007.01.022,
PMID: 17317624

Munro JB, Altman RB, Tung CS, Cate JH, Sanbonmatsu KY, Blanchard SC. 2010a. Spontaneous formation of the
unlocked state of the ribosome is a multistep process. PNAS 107:709–714. DOI: https://doi.org/10.1073/pnas.
0908597107, PMID: 20018653

Munro JB, Altman RB, Tung CS, Sanbonmatsu KY, Blanchard SC. 2010b. A fast dynamic mode of the EF-G-
bound ribosome. The EMBO Journal 29:770–781. DOI: https://doi.org/10.1038/emboj.2009.384,
PMID: 20033061

Munro JB, Wasserman MR, Altman RB, Wang L, Blanchard SC. 2010c. Correlated conformational events in EF-G
and the ribosome regulate translocation. Nature Structural & Molecular Biology 17:1470–1477. DOI: https://
doi.org/10.1038/nsmb.1925, PMID: 21057527

Nakamura Y, Ito K, Isaksson LA. 1996. Emerging understanding of translation termination. Cell 87:147–150.
DOI: https://doi.org/10.1016/S0092-8674(00)81331-8, PMID: 8861897

Adio et al. eLife 2018;7:e34252. DOI: https://doi.org/10.7554/eLife.34252 22 of 24

Research article Biochemistry and Chemical Biology Structural Biology and Molecular Biophysics

https://doi.org/10.1093/emboj/16.13.4126
http://www.ncbi.nlm.nih.gov/pubmed/9233821
https://doi.org/10.1017/S135583829999043X
https://doi.org/10.1017/S135583829999043X
http://www.ncbi.nlm.nih.gov/pubmed/10445876
https://doi.org/10.1016/j.cell.2007.03.050
http://www.ncbi.nlm.nih.gov/pubmed/17540173
https://doi.org/10.1016/j.jmb.2010.04.038
http://www.ncbi.nlm.nih.gov/pubmed/20434456
https://doi.org/10.1006/jmbi.1999.2706
http://www.ncbi.nlm.nih.gov/pubmed/10366501
https://doi.org/10.1073/pnas.0700762104
http://www.ncbi.nlm.nih.gov/pubmed/17360328
https://doi.org/10.1016/j.jmb.2015.01.007
https://doi.org/10.1016/j.jmb.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25619162
https://doi.org/10.1126/science.aai9127
http://www.ncbi.nlm.nih.gov/pubmed/27934701
https://doi.org/10.1073/pnas.1003995107
https://doi.org/10.1073/pnas.1003995107
http://www.ncbi.nlm.nih.gov/pubmed/20421507
https://doi.org/10.1073/pnas.1112185108
https://doi.org/10.1073/pnas.1112185108
http://www.ncbi.nlm.nih.gov/pubmed/21903932
https://doi.org/10.1073/pnas.0810953105
http://www.ncbi.nlm.nih.gov/pubmed/19064930
https://doi.org/10.1038/emboj.2010.139
http://www.ncbi.nlm.nih.gov/pubmed/20588254
https://doi.org/10.1261/rna.042523.113
http://www.ncbi.nlm.nih.gov/pubmed/24667215
https://doi.org/10.1038/nature10247
http://www.ncbi.nlm.nih.gov/pubmed/21804565
https://doi.org/10.1093/nar/gku1069
https://doi.org/10.1093/nar/gku1069
http://www.ncbi.nlm.nih.gov/pubmed/25355516
https://doi.org/10.1038/nature07115
http://www.ncbi.nlm.nih.gov/pubmed/18596689
http://www.ncbi.nlm.nih.gov/pubmed/18596689
https://doi.org/10.1073/pnas.1520337112
http://www.ncbi.nlm.nih.gov/pubmed/26668356
https://doi.org/10.1016/S0076-6879(07)30001-3
https://doi.org/10.1016/S0076-6879(07)30001-3
http://www.ncbi.nlm.nih.gov/pubmed/17913632
https://doi.org/10.1046/j.1365-2958.2003.03301.x
http://www.ncbi.nlm.nih.gov/pubmed/12492870
https://doi.org/10.1016/j.molcel.2007.01.022
http://www.ncbi.nlm.nih.gov/pubmed/17317624
https://doi.org/10.1073/pnas.0908597107
https://doi.org/10.1073/pnas.0908597107
http://www.ncbi.nlm.nih.gov/pubmed/20018653
https://doi.org/10.1038/emboj.2009.384
http://www.ncbi.nlm.nih.gov/pubmed/20033061
https://doi.org/10.1038/nsmb.1925
https://doi.org/10.1038/nsmb.1925
http://www.ncbi.nlm.nih.gov/pubmed/21057527
https://doi.org/10.1016/S0092-8674(00)81331-8
http://www.ncbi.nlm.nih.gov/pubmed/8861897
https://doi.org/10.7554/eLife.34252


Pallesen J, Hashem Y, Korkmaz G, Koripella RK, Huang C, Ehrenberg M, Sanyal S, Frank J. 2013. Cryo-EM
visualization of the ribosome in termination complex with apo-RF3 and RF1. eLife 2:e00411. DOI: https://doi.
org/10.7554/eLife.00411, PMID: 23755360

Peske F, Kuhlenkoetter S, Rodnina MV, Wintermeyer W. 2014. Timing of GTP binding and hydrolysis by
translation termination factor RF3. Nucleic Acids Research 42:1812–1820. DOI: https://doi.org/10.1093/nar/
gkt1095, PMID: 24214994

Petropoulos AD, McDonald ME, Green R, Zaher HS. 2014. Distinct roles for release factor 1 and release factor 2
in translational quality control. Journal of Biological Chemistry 289:17589–17596. DOI: https://doi.org/10.1074/
jbc.M114.564989, PMID: 24798339

Petry S, Brodersen DE, Murphy FV, Dunham CM, Selmer M, Tarry MJ, Kelley AC, Ramakrishnan V. 2005. Crystal
structures of the ribosome in complex with release factors RF1 and RF2 bound to a cognate stop codon. Cell
123:1255–1266. DOI: https://doi.org/10.1016/j.cell.2005.09.039, PMID: 16377566

Pierson WE, Hoffer ED, Keedy HE, Simms CL, Dunham CM, Zaher HS. 2016. Uniformity of peptide release is
maintained by methylation of release factors. Cell Reports 17:11–18. DOI: https://doi.org/10.1016/j.celrep.
2016.08.085, PMID: 27681416

Qin P, Yu D, Zuo X, Cornish PV. 2014. Structured mRNA induces the ribosome into a hyper-rotated state. EMBO
Reports 15:185–190. DOI: https://doi.org/10.1002/embr.201337762, PMID: 24401932

Rawat U, Gao H, Zavialov A, Gursky R, Ehrenberg M, Frank J. 2006. Interactions of the release factor RF1 with
the ribosome as revealed by cryo-EM. Journal of Molecular Biology 357:1144–1153. DOI: https://doi.org/10.
1016/j.jmb.2006.01.038, PMID: 16476444

Rawat UB, Zavialov AV, Sengupta J, Valle M, Grassucci RA, Linde J, Vestergaard B, Ehrenberg M, Frank J. 2003.
A cryo-electron microscopic study of ribosome-bound termination factor RF2. Nature 421:87–90. DOI: https://
doi.org/10.1038/nature01224, PMID: 12511960

Rodnina MV, Wintermeyer W. 1995. GTP consumption of elongation factor Tu during translation of
heteropolymeric mRNAs. PNAS 92:1945–1949. DOI: https://doi.org/10.1073/pnas.92.6.1945, PMID: 7892205

Roy R, Hohng S, Ha T. 2008. A practical guide to single-molecule FRET. Nature Methods 5:507–516.
DOI: https://doi.org/10.1038/nmeth.1208, PMID: 18511918
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