
REVIEW

Dynamic basis of fidelity and speed in
translation: Coordinated multistep
mechanisms of elongation and termination

Arjun Prabhakar,1,2 Junhong Choi,1,3 Jinfan Wang,1 Alexey Petrov,1 and
Joseph D. Puglisi1*

1Department of Structural Biology, Stanford University School of Medicine, Stanford, California 94305
2Program in Biophysics, Stanford University, Stanford, California 94305
3Department of Applied Physics, Stanford University, Stanford, California 94305

Received 1 May 2017; Accepted 3 May 2017
DOI: 10.1002/pro.3190

Published online 8 May 2017 proteinscience.org

Abstract: As the universal machine that transfers genetic information from RNA to protein, the ribo-
some synthesizes proteins with remarkably high fidelity and speed. This is a result of the accurate

and efficient decoding of mRNA codons via multistep mechanisms during elongation and termina-

tion stages of translation. These mechanisms control how the correct sense codon is recognized
by a tRNA for peptide elongation, how the next codon is presented to the decoding center without

change of frame during translocation, and how the stop codon is discriminated for timely release

of the nascent peptide. These processes occur efficiently through coupling of chemical energy
expenditure, ligand interactions, and conformational changes. Understanding this coupling in detail

required integration of many techniques that were developed in the past two decades. This multi-

disciplinary approach has revealed the dynamic nature of translational control and uncovered how
external cellular factors such as tRNA abundance and mRNA modifications affect the synthesis of

the protein product. Insights from these studies will aid synthetic biology and therapeutic

approaches to translation.
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Introduction

Cellular proteins are all synthesized by the ribo-

some, a conserved macromolecular machine that

translates the genetic material encoded in messen-

ger RNA (mRNA). The ribosome consists of multiple

protein and RNA components that coordinate among

themselves to regulate translation. In addition to

the small and large ribosomal subunits bound to the

mRNA, the translation machinery consists of trans-

fer RNAs (tRNAs) that recognize specific codons to

incorporate the respective amino acids. The whole

process is also mediated by protein factors that regu-

late the four stages of translation: initiation, elonga-

tion, termination, and recycling (Fig. 1).

The small (30S in prokaryotes and 40S in

eukaryotes) and large ribosomal subunits (50S in

prokaryotes and 60S in eukaryotes) assemble at the

translation start site of the mRNA during initiation.

With the help of the initiator tRNA and initiation

factors, the reading frame is established to set the
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identity of the nascent protein. The sense codons on

the mRNA downstream of the start site are subse-

quently decoded to build the protein during elongation

until a stop codon signals release of the completed pro-

tein from the ribosome during termination. The ribo-

some is then disassembled into the subunits via

ribosome recycling.

Of these stages of translation, elongation and

termination show unique coupling of ligand binding,

energy consumption, and conformational changes

that produce high fidelity and high rates during pro-

tein synthesis. The multistep process of tRNA selec-

tion and accommodation into the aminoacyl-tRNA

acceptor site (A site) on the ribosome minimizes the

frequency of erroneous amino acids incorporated

during elongation. The motor-like action of elonga-

tion factor G (EF-G) is synchronized with the precise

one-codon shift of tRNAs and mRNA through the

ribosome, maintaining the reading frame after each

elongation cycle. A protein of correct length is cre-

ated by accurate recognition of a stop codon, which

leads to termination of protein synthesis. These

dynamic features of elongation and termination

were elucidated through a combination of biochemi-

cal, structural, single-molecule, and computational

studies. This review highlights the current models

developed from interdisciplinary work, illustrating

the molecular choreography that results in the

observed high fidelity of bacterial translation.

tRNA Selection and Accommodation: Faithful

Decoding of Sense Codons

Translation elongation begins with decoding one

mRNA codon, where a cognate aminoacylated tRNA

is selected and accommodated into the ribosome for

the peptidyl transfer reaction. The translation appa-

ratus has evolved to balance fidelity and efficiency

during the last step of genetic information transfer,

and structural dynamics and chemical energy expen-

ditures are at the heart of the decoding machinery

design. Selection of aminoacylated tRNA (aa-tRNA,

or simply tRNA in this section) and accommodation

kinetics are likely key dynamic regulatory steps dur-

ing translation elongation, supported by recent

reports on their importance during nascent protein

folding.1,2 While structural and energetic aspects of

the translational decoding have been superbly

reviewed previously,3,4 this section will focus on con-

cepts used in achieving high fidelity and efficiency

Figure 1. Overview of bacterial translation cycle. The 30S and 50S ribosomal subunits assemble at the start site of mRNA dur-

ing initiation. The codons in the open reading frame are decoded for nascent peptide extension if a sense codon is presented

in the A site during elongation. Elongation involves a sequential cycle: tRNA selection in the A site, peptidyl transfer from the P-

site tRNA to the A-site tRNA, and translocation of the P-site and A-site tRNAs to E site and P site, respectively. If a stop codon

is presented in the A site, it is decoded for nascent peptide release during termination. The terminated ribosome complex is

disassembled during recycling.
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of decoding via a multistep, dynamic selection

process.

Translational decoding is the process to select

cognate (for an A-site codon) tRNA substrates from

the pool of different tRNA species with high accu-

racy (error rate of 1023 to 1024)5–7 and rates (5–20

amino acids per second).8 To achieve this combina-

tion of speed and accuracy, the decoding process has

two necessary components: rapid sampling and com-

mitment. During sampling, the stability of each

interaction, quantified in terms of a free-energy of

codon–anticodon pair binding (DG), can be measured

as a lifetime of the tRNA bound to the ribosome or a

frequency of related structural rearrangement. The

intrinsic accuracy of decoding will be determined by

the difference of DG (DDG) between a cognate sub-

strate and a noncognate (or near-cognate) substrate

for initial ribosome–mRNA interaction. After sam-

pling, an irreversible commitment step prohibits a

reverse reaction to ensure the processivity of the

reaction. Here, we note an inherent tradeoff among

the accuracy, the efficiency, and the energy expendi-

ture: for a single-step selection process, where DG

manifests as a kinetic parameter of an exponentially

distributed population during sampling, discriminat-

ing for a longer bound substrate or more frequent

structural rearrangement—thus a less efficient pro-

cess—would always ensure equal or higher accuracy.

This tradeoff between accuracy and efficiency can be

improved if multiple selection processes are used in

tandem to include a proofreading mechanism, which

geometrically increases accuracy while linearly

decreasing efficiency, at the expense of added irre-

versible chemical steps via energy expenditures.9,10

Within this framework, studies of translational

decoding machinery have attempted to answer the

following mechanistic questions: how is the stability

of codon–anticodon interaction measured on the

ribosome, what is the time-scale of selection process,

what are the irreversible chemical steps, and how

many of irreversible selection steps are used to

ensure highly efficient and accurate decoding? Use

of biochemical, single-molecule, and structural meth-

ods has helped answering many of these questions.

The decoding process can be divided into two

phases: initial selection and proofreading. The use of

structural and single-molecule methods unveiled a

structural aspect of the initial selection mechanism.

Initial selection starts with the mRNA-independent

initial binding of each aa-tRNA molecule to the ribo-

some as a ternary complex (TC) with the elongation

factor Tu (EF-Tu) and GTP. This binding is mediated

by the interaction between EF-Tu and the ribosomal

L7/L12 stalk, and followed by the sampling of the

codon–anticodon interaction in the decoding center

(DC) of the small ribosomal subunit.4 An induced-fit

mechanism was proposed by which the ribosome dis-

criminates noncognate/near-cognate codon–anticodon

interactions.11,12 That is, the ribosome uses three

universally conserved “monitoring bases” (A1492,

A1493, and G530 of 16S rRNA) to stereoselect the

cognate codon–anticodon recognition geometry,11,13

which leads to a domain closure of the small ribo-

somal subunit.12 Such conformational rearrangement

of the ribosomal subunit is postulated to accelerate

the forward steps in decoding, namely, the GTPase

activation and GTP hydrolysis on EF-Tu.14

Single-molecule and bulk biochemical methods

have revealed the dynamic nature of initial selec-

tion. By comparing the cognate and the near-

cognate aa-tRNA species sampling characteristics to

the ribosome, single-molecule methods revealed that

the cognate tRNA binds longer during its initial

selection,15 and leads to a more stable tRNA–ribosome

interaction via more frequent bending or movement of

the tRNA toward the fully accommodated state.16

Based on these observations, the cognate tRNA selec-

tion mechanism may use both the bound lifetime and/

or the frequency of the structural rearrangement to

measure DG of codon–anticodon interaction. Both

mechanisms support kinetic discrimination and place

the timescale of the selection process on the order of

tens of milliseconds. Similar approaches to characterize

the difference between the cognate and the near-

cognate species have been taken using in vitro bulk

kinetics techniques. Utilizing parametrization of effi-

ciency and accuracy tradeoff by magnesium ions,

Johansson et al. elegantly depicted the linear tradeoff

between the efficiency of cognate codon reading and

the accuracy of tRNA initial selection.17 This work for-

mulated a framework to measure the maximally possi-

ble initial selection accuracy of various tRNAs in

reading different near-cognate codons, which revealed

the large variation in initial selection accuracy depend-

ing on the codon–anticodon identities and suggested

error hotspots in initial selection.18

The initial selection accuracy alone is not suffi-

cient to account for the high fidelity of intracellular

protein synthesis. After passing through initial selec-

tion, the genetic code reading accuracy can be ampli-

fied by a proofreading step, where the noncognate (or

near-cognate) substrates can be discarded with a

higher probability than the cognate substrates. This

additional selection step is thermodynamically driven

by the chemical potential drop from the GTP-

hydrolysis reaction on EF-Tu. Similar to the initial

selection, the proofreading step needs to distinguish a

cognate tRNA species from near-cognate tRNA spe-

cies by sampling and harnessing the free energy of

the codon–anticodon interaction, before an irrevers-

ible commitment step takes place. On the translation

apparatus, the free energy of interaction is amplified

through the dynamic rearrangement of structure,

which allows stable interaction to be kinetically

selected and accommodated further. The dynamic

nature of proofreading demanded the use of time-
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resolved methods, such as single-molecule and bulk

kinetics, to elucidate its mechanism, while structural

methods provided the context of involved molecular

movements.

Bulk biochemical measurements have contrib-

uted deeply to our understanding of proofreading

accuracy and its complimentary nature to the initial

selection. Experimentally, proofreading accuracy can

be measured as the number of GTP hydrolyzed by

EF-Tu per peptide bond formation, or be calculated

by dividing the overall peptide bond formation accu-

racy by the initial selection accuracy. By comparing

three different tRNA isoacceptors in reading their

cognate and all near-cognate codons, Zhang et al.

demonstrated that proofreading and initial selection

accuracies are positively correlated at high initial

selection.19 Interestingly, at low initial selection,

proofreading accuracy does not decrease further.19

This provides an explanation for how proofreading

neutralizes potential error hotspots in tRNA selec-

tion. In conjunction with translation accuracies mea-

sured in vivo,20 this study also opened a window to

understand how much of the intrinsic accuracy is

used to tune the accuracy and efficiency of protein

synthesis in living bacterial cells.19

Using reagents to hinder GTP-hydrolysis after

the initial selection, single-molecule experiments

have reported that tRNA can assume accommodated

conformation even prior to GTP-hydrolysis, albeit

transiently.21 Based on this observation, it has been

speculated that DG of the codon–anticodon interac-

tion is measured via frequency of such accommo-

dated conformation during proofreading steps, and a

higher frequency of more stable interaction leads to

the selection of cognate tRNA.

On the other hand, recent reports have sug-

gested that there are two-selection steps during the

proofreading phase.22 By studying the translation

accuracies of tRNA mutants with altered EF-Tu

binding affinities in the presence or absence of EF-

Tu:GTP, Ieong et al. hinted that the EF-Tu:GDP

departure event can be another irreversible step in

addition to GTP hydrolysis and peptide bond forma-

tion (Fig. 2). Thus, the decoding involves at least

three selection steps, each with its own sampling

and commitment components, to ensure highly accu-

rate and efficient process.

The endpoint of proofreading is the peptidyl

transfer reaction, in which the a-N nucleophile of

the A-site aa-tRNA attacks the ester carbonyl carbon

of the peptidyl-tRNA bound to the peptidyl-tRNA

binding site (P site) to form a peptide bond. This key

chemical step in protein synthesis occurs in the pep-

tidyl transferase center (PTC) of the large ribosomal

subunit. Structural, biochemical, and computational

studies revealed that there were no proteins contrib-

uting to the catalysis of peptidyl transfer in the PTC

and thus the PTC was regarded as a ribozyme.23–26

The ribosomal PTC can catalyze this reaction to a

>107-fold faster rate in relation to that of the unca-

talyzed reaction, which is the result of at least 13

kcal/mol more favorable activation entropy brought

about by the ribosome positioning the substrates in

the optimal orientation.27,28 The ultimate commit-

ment to the incorporated aa-tRNA is marked by a

successful peptidyl transfer reaction, which enables

EF-G to bind and begin a translocation process,

where the next codon can be brought into the ribo-

some for the subsequent round of decoding.

With such a complex decoding process, kinetics

of tRNA selection and accommodation can be modu-

lated via multiple ways. tRNA selection inherently

depends on the concentration of available cognate

aa-tRNA species, and the strength of the codon–anti-

codon interaction. Several recent reports have tried

disrupting native rhythm of protein synthesis by

scrambling codons with less represented synony-

mous codons without affecting amino acid sequence,

which resulted in differently folded structures of

nascent proteins.1,2 In addition, the discovery of

Figure 2. Two-step kinetic proofreading model of tRNA accommodation. Initial selection of aa-tRNA:EF-Tu:GTP ternary com-

plex in the A site (i) presents the first chance of rejection of the complex (kd), followed by GTP hydrolysis by EF-Tu (ii) as the

first commitment step. The second chance of rejection of aa-tRNA:EF-Tu:GDP ternary complex (q1) occurs after GTP hydroly-

sis, followed by the second commitment step of EF-Tu:GDP dissociation (iii). One last chance of rejection of the aa-tRNA hap-

pens afterwards (q2), followed by accommodation of the aa-tRNA (iv) and the final commitment step of peptidyl transfer.

Prabhakar et al. PROTEIN SCIENCE VOL 26:1352—1362 1355



numerous chemical modifications within the coding

region of mRNA has been suggested to be another

way to modulate translation elongation dynam-

ics.29–33 In particular, the N6-methylation of adeno-

sine within a codon has been shown to affect initial

selection step during decoding.34 Given that the N6-

methyladenosine modification is dynamically regu-

lated by its writer and eraser factors, this revealed a

possibility of dynamic regulation of local translation

elongation kinetics, which may be used as a cellular

signal such as DNA repair.35

On the other hand, the peptidyl transfer reaction

has been revealed to be sensitive to the interaction

between the nascent peptide chain and its exit tunnel

within the ribosome. While the rate of peptidyl trans-

fer reaction depends on the identity of incoming

amino acid similar to that of tRNA selection, the

sequence of recently incorporated amino acids may

serve as an intrinsic memory to affect the reaction

rate cooperatively. Using a single-molecule approach

to observe translation elongation over multiple

codons, two recent reports have revealed such cooper-

ativity in delaying peptidyl transfer reaction of par-

ticular peptide sequence.36,37 A similar mechanism

may be used by a family of antibiotics including mac-

rolides, where a peptide sequence that normally does

not inhibit peptidyl transfer reaction may interact

with the drug to do so.38–40 Given such a wide pres-

ence of modulators of translation elongation, its

dynamic control may be one of the key regulating

factors of protein synthesis in health and disease

(reviewed by Richter & Coller).41 However, further

studies would be needed to see how all these factors

come together to regulate the rhythm of protein

synthesis.

Translocation: Ribosome as a Molecular Motor
Peptide bond formation sets the stage for transloca-

tion catalyzed by EF-G in bacteria, where tRNAs

and mRNA needs to be moved by one codon. Deca-

des of research delineated the main features of the

translocation. Following peptidyl transfer, the small

ribosomal subunit undergoes a rapid (�48 s21)42

counterclockwise rotation of 3–108 with respect to

the large subunit [Fig. 3(A)], resulting in a so-called

rotated state conformation.43,44 The tRNAs also

transitions from the classical (P/P, A/A) to the hybrid

(P/E, A/E) state [Fig. 3(B)]. EF-G interacts with ribo-

some and stabilizes the tRNAs in this hybrid

state25,45–47 [Fig. 3(D)]. The GTP hydrolysis by EF-G

permits counterclockwise swivel of the head of the

small subunit by �18–218 [Fig. 3(C)], followed by

rapid relaxation back. Head swivel is accompanied

by tRNA and mRNA movement placing them in par-

tially translocated states.48,49 Simultaneously, the

small ribosomal subunit rotates back clockwise rela-

tive to the large subunit placing the ribosome back

in the nonrotated intersubunit conformation.50–52

The emerging detailed picture of the ribosome in

action highlights remaining unanswered questions:

Figure 3. Conformational changes in the ribosome during translocation. Peptide bond formation unlocks the ribosome allowing

ribosome intersubunit movements between the nonrotated and rotated states (A), movements of the A-site and P-site tRNAs

between the classical (A/A, P/P) and hybrid (A/P, P/E) conformers (B), and swiveling of the head domain of the small subunit

(C). EF-G binding stabilizes the hybrid rotated state (D) and translocation via GTP hydrolysis brings the ribosome back to the

nonrotated state, with the tRNAs in the classical conformation.
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What is the conformation of the ribosome before and

after translocation? What is the conformational path

of translocation? How is the energy from GTP hydro-

lysis used and what is the role of EF-G?

Translocation is the only part of the elongation

cycle when the ribosome performs a directional

motor function and moves by one codon over mRNA

toward the 30 end. This movement might occur via

two principally different mechanisms. The chemical

energy of the GTP hydrolysis by EF-G could be

directly converted into mechanical work through a

mechanism known as the power stroke. Based on

thermodynamic concerns, the alternative Brownian

ratchet hypothesis was proposed. In this model, the

mRNA and tRNA are moved back and forth by ther-

mal fluctuations and recuperating energy of GTP

hydrolysis is used to bias the forward reaction. Dis-

tinguishing between these two models is required to

understand the mechanism of frame maintenance,

recoding, and drug function.

Movement of mRNA and tRNAs occurs in a sin-

gle mechanical step.53 In principle, the step size

allows distinguishing between power stroke and

Brownian ratchet models. Power stroke will occur

with a step that is equal to the mechanical change

corresponding to the transition intermediate, and

with the Brownian ratchet the step is expected to be

equal to the full extent of the movement. The behav-

ior of the ribosomes under mechanical load shows

that step size is close to a triplet length.53,54 Thus,

the ribosome is either moving by power stroke mech-

anism at a step size equal to triplet length or

employs a Brownian ratchet.

The ribosome conformation unlocks upon pep-

tide bond formation, permitting a number of ther-

mally driven movements that were suppressed prior

to peptide bond formation. tRNAs are exchanging

between classical and hybrid conformations, and

ribosomal subunits are possibly spontaneously rotat-

ing. Defining movement timescale will allow assign-

ing their significance in the translocation process

and might help to distinguish between the two

translocation models.

Following actively translating ribosomes demon-

strated that prior to A-site tRNA binding, ribosomal

subunits are in the nonrotated conformation. Peptidyl

transfer induces the rotated conformation and the

ribosome rotates back during translocation.50,51,55 The

rotational and functional states are linked with lack of

the spontaneous conformational exchange at the

observed time scales (slower than 10 s21), implying a

high-energy barrier between the two rotamers.50,51,55

Alternatively, ensemble measurements and single-

molecule measurements on stalled complexes showed

a very different picture where ribosomal subunits

spontaneously rotate at rates between 0.2 and 40 s21.

The ensemble measurements showed rapid reversible

intersubunit rotations at 40 s21 and 27 s21 for

forward and reverse rotations, respectively.42 The

static single-molecule measurements show much

slower rotations at the order of 0.1 to 10 s21.42,56 In

both cases, the presence of spontaneous rotations was

viewed as an evidence of the Brownian ratchet mecha-

nism. This created a seeming discrepancy that could

be attributed to the methodology rather than to the

principal differences in the results. The rapid fluctua-

tions observed in the bulk measurements will be aver-

aged out in real time translation experiments. The

static single-molecule measurements are done at lower

temperatures and high magnesium (up to 15 mM),

which both slow down RNA rearrangement rates. In

agreement, the real-time translation measurements to

achieve efficient protein synthesis are performed at

low free Mg (1.5 mM), which might speed up the rota-

tion rates beyond detection limit (10 s21). Therefore, it

is possible that rapid ribosomal rotations indeed exist.

This means the energy barrier between rotational

states is low, with high-energy barrier separating the

two grand states that have different spontaneous rota-

tion kinetics. In this case, the actively translating ribo-

somes measurements detect a superposition of

rotational states and report on transition between the

two grand states. However, additional research will be

required to fully reconcile these observations.

Translation occurs fast at �20 amino acids per

second in vivo,57,58 equivalent of 50 ms per codon.

The translocation step occurs at �30–100 mM21s21

at 378C,59–61 thus at cellular concentrations of EF-G

(in mM range),62,63 the entire process is expected to

take <30 ms. Thus for spontaneous fluctuations to

be a part of the Brownian ratchet mechanism they

have to occur faster than translocation, which could

be the case if rapid rotations are observed in ensem-

ble measurements of actively translating ribosomes.

Alternatively, the observed spontaneous modes of

the ribosome movements are too slow to occur on

their own during translation at in vivo speeds and

thus are not evidence for a Brownian ratchet mecha-

nism. They rather demonstrate the decreased energy

barriers between these conformations, which repre-

sent ribosome in various states along the transloca-

tion pathway. In this view, translocation is driven by

the power stroke of EF-G, while the decreased

energy barrier between translocated and nontranslo-

cated states permits rapid catalysis of translocation

by EF-G.

The additional case for Brownian ratchet comes

from evolution considerations. In the RNA world,

the peptidyl transferase evolved prior to decod-

ing.64,65 Thus, early primordial ribosomes may have

been able to conduct peptide elongation in absence

of the protein factors and EF-G and GTP hydrolysis.

The protoribosomes would have to rely on the Brow-

nian motor mechanism, where translocation would

have to be driven thermally and recuperating energy

comes from difference between pre- and post-
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translocation complexes, or from formation of the

next peptide bond. Surprisingly, DG of peptidyl trans-

fer27,66 is similar to the mechanical work of the ribo-

some, implying no need for EF-G.53

In the end, the debate on translocation mecha-

nism remains to be settled, as we could not clearly

discriminate between two models of translocation.

Yet, the most recent report argues that translocation

may happen in a hybrid of two mechanisms, where

conformational change by EF-G leads to a partial

translocation, then thermal fluctuation completes the

translocation.67 Thus, it is possible that translocation

is occurring via a combination of both mechanisms.

Termination: Factor-Mediated Release of

Nascent Peptide
The well-orchestrated movements of the ribosome,

tRNAs, and protein factors during elongation ensure

synthesis of protein with the correct sequence.

Another important mission in translation is to recog-

nize the correct stopping point of protein synthesis.

During the last elongation cycle, the ribosome trans-

locates a stop codon (UAG, UGA, or UAA) into the A

site, signaling the end of elongation and release of

the newly synthesized protein from the ribosome, a

process known as termination. During termination,

the stop codon recruits two classes of release factors

(RFs) to facilitate the release of the nascent peptide.

Class I RF, analogous to aa-tRNA in elongation, rec-

ognizes the stop codon and catalyzes the hydrolysis

of the ester bond linking the peptide to the P-site

tRNA. The two bacterial class I RFs, RF1 and RF2,

specifically recognize UAG and UGA codons, respec-

tively, and both recognize UAA codon. A subset of

bacterial species also have a class II RF or RF3 that

regulates the process of termination.68 Although

RF3 is nonessential for cell viability,69,70 it was

found to accelerate the dissociation of class I RFs

after peptide release.71

Misrecognition of sense codons by the class I RFs

leads to energy-costly and potentially toxic truncated

proteins, making accurate discrimination of stop

codons during termination critical to the fidelity of

translation. The in vivo error rate of termination for a

sense codon is 1025 per codon,72 making stop codon

recognition by the class I RFs even more accurate

than tRNA selection during elongation (1023 to 1024

error rate).73 Analogous to the anticodons and the

30CCA acceptor ends of tRNAs, the class I RFs have

tripeptide sequences (PVT in RF1 and SPF in RF2)

called the tripeptide anticodon (TA) motifs that dis-

criminate cognate stop codons and the universally

conserved GGQ motif responsible for triggering pep-

tide release in the PTC.74,75 However, the mechanism

of stop codon recognition that produces such high

fidelity is distinct from the one observed in elonga-

tion. Unlike the role of EF-Tu as a GTPase in the

kinetic proofreading mechanism of elongation, the

GTPase activity of RF3 in termination is not involved

in a proofreading mechanism.76 The accuracy of ter-

mination is solely due to the ability of class I RFs to

discriminate the stop codons.

Structural studies provided the first hint that the

mechanism of stop codon recognition involves structural

rearrangements of the release factor. Crystal structures

of RF1 and RF2 defined the class I RFs to have four

domains, with the TA and GGQ motifs located in

domains II and III, respectively [Fig. 4(A)].77,78 With the

distance between them at 23Å, these conserved motifs

did not span the distance between the DC and the PTC

Figure 4. Structures of RF2 in the (A) closed (PDB: 1GQE) and (B) open (PDB: 4V67) conformations. Domains II (blue) and IV

(orange) form a structural core that shows little change in the two structures. Domain I (purple) rotates 308 with respect to the

static domains in the open RF2 structure. Successful stop codon recognition in the decoding center (DC) by the tripeptide anti-

codon (TA) motif of domain II results in the closed-to-open conformational transition. This is mediated by the interaction of the

switch loop (red) with Helix 69 of the 23S rRNA, rotating domain III (green) by 758 placing its GGQ motif into the peptidyl trans-

ferase center (PTC) to induce peptide release.
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of the ribosome (75Å). Cryo-EM structures of ribosome-

bound RF2 showed an open conformer with its two

motifs interacting with the DC and PTC.79 This is

achieved with disruption of the interactions between

domains III and II and rotation of domain III by 758

toward the PTC [Fig. 4(B)]. In contrast, domains II and

IV of the RFs form a stable structural core that shows

little movement between the closed and open conform-

ers. Crystal structures of class I RFs bound to the ribo-

some resolving the specific RF-ribosome interactions led

to the proposal that the class I RF initially binds to the

ribosome in the low-affinity closed state [Fig. 4(A)] and

a successful conformational change into the high-

affinity open state only occurs upon recognition of the

cognate stop codon in the DC.80,81 Upon initial RF bind-

ing, the proposed switch loop of RF connecting domains

III and IV docks in the pocket in the DC formed by ribo-

somal protein S12, A1492 and A1493 of 16S rRNA, and

A1913 of 23S rRNA. Structural rearrangements in the

DC upon stop codon recognition by RF triggers a confor-

mational change of the switch loop opening domain III

to the catalytically active conformer for peptide release.

Bulk kinetics studies supported this model by

showing that the dissociation rate of RF1 is signifi-

cantly faster from a ribosome complex with A-site

sense codon.82 This low-affinity complex with the

sense codon still had the class I RF in the closed con-

formation,83 requiring cognate stop codon for this

ribosome-induced conformational change. This

induced-fit model is depicted in Figure 5. Of the steps

shown in this model, two key parameters that deter-

mine the likelihood of peptide release upon RF bind-

ing to a codon are the rate of RF dissociation from the

ribosome (koff) and measured rate of peptide release

(krelease).
76,82 Changes in the codon identity during

termination changed both the measured koff and

krelease values by up to 3 orders of magnitude, with no

significant change in initial association rate of RF

(kon). The measured krelease consists of three elemen-

tary steps: RF conformational change (kconf), hydroly-

sis of the peptide (khydr), and dissociation of the

peptide from the ribosome (kdiss) (Fig. 5). The chance

of peptide release upon RF binding is determined by

the competition between the forward steps of RF

opening and peptide hydrolysis and the reverse step

of RF dissociation.

The dramatic changes in affinity (koff) of RFs to

cognate versus noncognate codons76,82 are also

explained by the network of interactions between the

RFs and the respective stop codons. In contrast to the

codon–anticodon base-pairing during elongation,

domain 2 of RF interacts with both the Watson–Crick

edges and Hoogsteen edges of the stop codon bases.

The conserved 16S rRNA bases G530, A1492, and

A1493 that are involved in sense codon discrimina-

tion during elongation are not directly involved in

stop codon recognition, but instead stabilize the open

conformation of RF. The specific interactions of the

RFs with the stop codons resolved by structural stud-

ies80,81 produced differences in binding free energies

to the noncognate codons (DDG) of about 4 kcal/mol,

corresponding to a factor of �1,000 in affinity.84

These free energy differences agree with the affinity

differences measured in the biochemical studies.76,82

The discriminatory ability of RFs together with their

stop codon-dependent switch into the active confor-

mation provides the mechanistic features that reflect

on the accuracy of termination.

After successful stop codon recognition, the RFs

position the conserved GGQ motif in the PTC to cata-

lyze the hydrolysis of the ester bond linking the

nascent peptide to the P-site tRNA. To prevent prema-

ture peptide hydrolysis during translation, the ribo-

somal PTC protects the ester bond from nucleophilic

Figure 5. Induced-fit model of stop codon recognition by class I RFs. Initial binding of closed RF to cognate stop codon in

A site (kon) is followed by a ribosome-induced conformational change (kconf) into the higher affinity open conformation (koff2 �
koff1). This active conformation of RF then catalyzes the hydrolysis of the nascent peptide from the P-site tRNA (khydr), releasing

the peptide from the ribosome (kdiss). The experimentally measured peptide release rate (krelease) is dependent on kconf, khydr,

and kdiss.
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attack by a water molecule, as shown by the 10-fold

reduction in nonenzymatic hydrolysis of the peptidyl-

tRNA when bound to the ribosome.85 Interactions

with RF induces conformational rearrangements in

the PTC that exposes the ester carbon for the nucleo-

philic attack, accelerating the rate of the reaction by

�105-fold,86 which corresponds to lowering of the acti-

vation free energy by 7–8 kcal/mol.87 These entropic

contributions of the PTC and RFs provide the

required specificity for accurate release of the nascent

peptide during termination.

Concluding Remarks

Translation of codons in mRNA into a polypeptide

sequence is a hallmark of the central dogma made

possible by the tight regulation of protein synthesis.

Multidisciplinary studies of translation dynamics in

the last two decades have illustrated the intricate

network of movements and interactions of this mul-

ticomponent machinery that result in the observed

high fidelity of translation. Many of these discussed

regulatory features of bacterial translation are con-

served and can be extended to our study of eukary-

otic translation. Last, the molecular underpinnings

of translation provide the foundation for optimiza-

tion of ribosomes for expression of proteins and

development of new strategies to interfere with the

translation machine to treat diseases.
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