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Abstract

Translation accuracy is one of the most critical factors for protein synthesis. It

is regulated by the ribosome and its dynamic behavior, along with translation

factors that direct ribosome rearrangements to make translation a uniform

process. Earlier structural studies of the ribosome complex with arrested trans-

lation factors laid the foundation for an understanding of ribosome dynamics

and the translation process as such. Recent technological advances in time-

resolved and ensemble cryo-EM have made it possible to study translation in

real time at high resolution. These methods provided a detailed view of trans-

lation in bacteria for all three phases: initiation, elongation, and termination.

In this review, we focus on translation factors (in some cases GTP activation)

and their ability to monitor and respond to ribosome organization to enable

efficient and accurate translation.
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1 | INTRODUCTION

The translational process in bacteria leads to protein synthesis, and it is one of the most important physiological pro-
cesses in these organisms (Hershey et al., 2012). Translation is the final phase of gene expression, in which the sequence
of nucleotides on the messenger RNA (mRNA) is decoded by aminoacylated transfer RNAs (tRNAs) into amino acids
to form a polypeptide chain (Rodnina, 2018). This biosynthetic process occurs in a large macromolecular ribonucleopro-
tein complex called a ribosome (Laursen et al., 2005). The bacterial 70S ribosome consists of two subunits: the large 50S
and small 30S subunit. The 30S subunit is composed of 16S ribosomal RNA (rRNA) and 21 ribosomal proteins (r-pro-
teins), and plays a pivotal role in mRNA decoding and translation fidelity (Kaczanowska & Ryden-Aulin, 2007). The
50S subunit contains 23S and 5S rRNAs, 34 r-proteins, and the peptidyl-transferase center (PTC), where the synthesis of
the polypeptide chain takes place (Byrgazov et al., 2013).

Fundamentally, translation includes four major steps, (i) initiation, (ii) elongation, (iii) termination, and (iv)
recycling of the ribosome (Rodnina, 2018). In each step, there is a close collaboration between the ribosome and the
appropriate tRNA or translation factors. These substrates are either rejected or accepted by the ribosome, while still
maintaining the open reading frame of the mRNA.
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The interactions between the mRNA and tRNA are governed by nucleic acid complementarity (Ramakrishnan,
2002). The nascent mRNA contains the message for translation encoded in the form of three nucleotides, called codons,
which base-pair with the three nucleotides (anticodons) in the anticodon stem loop (ASL) of the tRNA carrying the
respective amino acid (Ou et al., 2019). The process of translation largely depends upon the conformational dynamics
of the ribosome (Frank & Agrawal, 2000; Ratje et al., 2010). Extensive ribosome rearrangements enable the transloca-
tion of the mRNA and tRNA during protein synthesis within the aminoacyl (A), peptidyl (P), and exit (E) sites on the
mRNA programmed ribosome (Frank et al., 2007), as validated by Foster Resonance Energy Transfer (FRET) studies
(Belardinelli et al., 2016; Cornish et al., 2008; Guo & Noller, 2012; Wasserman et al., 2016). These rearrangements con-
tain a rotation (�10�) of the 30S relative to the 50S subunit, which is also known as “intersubunit rotation,” (Frank &
Agrawal, 2000) and an �20� rotation of the head relative to the body of the 30S subunit (known as head swivel) (Ratje
et al., 2010) (Figure 1). The peptidyl transfer occurs from the peptidyl-tRNA onto the aminoacyl-tRNA (aa-tRNA) fol-
lowing the GTP-(guanosine-50-triphosphate) catalyzed delivery of the aa-tRNA into the A-site of the ribosome, which is
mediated by elongation factor Tu (EF-Tu) as part of the ternary complex. During this process, the 30S undergoes a
counterclockwise rotation, and the acceptor arm of the tRNA moves onto the 50S subunit (Frank & Gonzalez, 2010).
This movement results in a rotated ribosome, in which the tRNA is in a hybrid state (A/P state). In this A/P state, the
A-site of the 30S subunit is still occupied by the ASL of the tRNA, and the acceptor arm of the tRNA is present in the
P-site of the 50S subunit. The translocation step proceeds when the GTP-bound elongation factor G (EF-G) initiates a
clockwise (reverse) rotation (Noller et al., 2017), which enables the transfer of the ASLs of the A- and P-site tRNAs to
the P- and E-sites, respectively. During reverse rotation, the head of the 30S subunit undergoes a forward head swivel
that enables full accommodation of tRNAs relative to the body of the 30S subunit. This movement completes the trans-
location cycle, generating a non-rotated conformation of the ribosome ready for the next translocation event.

Previous structural studies mainly reported single-state structures, and most of them relied on the usage of inhibi-
tors (Fischer et al., 2015; Gao et al., 2009; Lancaster et al., 2013; Schmeing et al., 2009), mutations (Fislage et al., 2018;
Lin et al., 2015; Santos et al., 2013), or GTP analogs (Allen et al., 2005; Loveland et al., 2017; Simonetti et al., 2013) to
visualize these stalled ribosome complexes with the respective translation factors. Although these structures largely
contributed to the current understanding of bacterial translation, they lack some important information about critical
transient conformations necessary for translation regulation and fidelity. Structural information on intermediate states
of the translational apparatus with authentic substrates would unveil key details of how the ribosome and translation
factors regulate each step of translation.

FIGURE 1 Translocation cycle scheme. The EF-Tu.GTP-catalyzed delivery of the aa-tRNA into the ribosome initiates the peptidyl

transfer and rearranges the classical (pre-translocation) non-rotated ribosome with P/P, A/A tRNAs and a vacant E-site into a rotated

ribosome (counterclockwise rotation of 30S subunit) with tRNAs in P/E and A/P hybrid states. During EF-G.GTP-catalyzed translocation,

tRNAs are found in chimeric pe/E and ap/P hybrid states, which is accompanied by counterclockwise rotation of the 30S head. The

dissociation of EF-G results in a classical (post-translocation) non-rotated ribosome containing E/E and P/P tRNAs.
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Over the past two decades, cryo-electron microscopy (cryo-EM) has become the preferred method of choice for
structural biologists to visualize the structures of macromolecules and/or macromolecular complexes (Earl et al., 2017;
Nogales, 2016). Some of the technical advancements in this field include, (i) improved instrumentation in the sample
preparation for vitrification and controlling ice thickness (Weissenberger et al., 2021), (ii) automated data collection
strategies, (iii) the development of packages for image analysis (Scheres, 2012; Tang et al., 2007), (iv) beam-induced
motion correction (Brilot et al., 2012; Zheng et al., 2017), and (v) improved computational approaches (Grigorieff, 2016;
Punjani et al., 2017; Zivanov et al., 2018).

These advancements have enabled scientists to elucidate an ensemble of conformational states of macromolecules
in a single solution at near-atomic resolution. Numerous biochemical reactions (e.g., the addition of ligands to enzymes
or mixing components of macromolecular machinery) can initiate changes in conformational states (Carbone
et al., 2021; Fu et al., 2019; Kaledhonkar et al., 2019; Loveland et al., 2020). These transient changes can be trapped by
vitrification at specific time points and visualized by ensemble or time-resolved cryo-EM. In these specific studies, rapid
freezing stops the biological reaction at one or multiple time points. However, imaging snapshots of such fast reactions
requires mixing, carrying out individual reactions, and depositing the end products on the grid rapidly but in a con-
trolled manner (Dandey et al., 2020; Frank, 2017).

Recent ensemble and time-resolved cryo-EM studies (Carbone et al., 2021; Fu et al., 2019; Kaledhonkar et al., 2019;
Loveland et al., 2020) of bacterial translation enabled the depiction of all the main phases of translation in relation to
ribosome dynamics and translation factor activation (e.g., GTP hydrolysis). The combination of recent structural studies
in tandem with previous structural (Allen et al., 2005; Horan & Noller, 2007; Laurberg et al., 2008; Myasnikov
et al., 2005; Schmeing et al., 2009; Weixlbaumer et al., 2008), biophysical (Ermolenko et al., 2007; Liu et al., 2015;
Marshall et al., 2009; Trappl & Joseph, 2016) and biochemical (Goyal et al., 2015; Ieong et al., 2016; Indrisiunaite
et al., 2015) studies shows the whole translation machinery in motion and describes in detail the precise and compelling
nature of translation.

This review will focus on the role and advantages of ensemble or time-resolved cryo-EM in deciphering the different
stages of translation in bacteria. We will describe resolved structures of the various complexes with initiation, elonga-
tion, and termination factors. At the end, we will discuss future perspectives in the field of translation, and ensemble
and time-resolved cryo-EM.

2 | INITIATION

The initiation step of translation starts when the ribosome recruits an mRNA followed by the selection of the open
reading frame (ORF) (Samatova et al., 2020). To efficiently establish the protein synthesis, an AUG initiation codon and
a Shine–Dalgarno (SD) sequence should be present on the mRNA (Shine & Dalgarno, 1974). The SD sequence is com-
plementary to the 30-end anti-SD sequence of 16S rRNA of the 30S subunit (Steitz & Jakes, 1975). Initially, the mRNA
with the translation initiation region and initiator fMet-tRNAfMet bind in the P-site of the 30S subunit with the assis-
tance of initiation factors (IFs) (Milon et al., 2012). The 30S initiation complex (30S IC) is fully formed when the codon-
anticodon pairing is established by the ASL of the initiator fMet-tRNAfMet and the AUG start codon. The next phase
includes the association of the 30S IC with the 50S subunit, resulting in the formation of a 70S initiation complex (70S
IC) (Marshall et al., 2009; Milon et al., 2008). GTP hydrolysis and dissociation of the IFs ensure the generation of the
elongation-capable 70S complex (70S EC) to enable the formation of a dipeptide with the subsequent aa-tRNA encoded
by the second mRNA codon.

In bacteria, three IFs—IF1, IF2, and IF3—are important players in the initiation step of translation. These IFs regu-
late the speed and accuracy of the initiation process (Antoun et al., 2006a, 2006b). The binding of IF1 to the A-site of
the 30S subunit is known to bridge both IF2 and IF3 to enhance their activities (Julian et al., 2011; Simonetti
et al., 2008). IF2 is a GTPase that binds the initiator fMet-tRNAfMet and guides it correctly to the P-site of the 30S
IC. During binding with the fMet-tRNAfMet, the orientation of the IF2 enables a suitable conformation for its C-2
domain to bind the formyl-methionyl moiety and catalyze a GTP-dependent ribosomal subunit association (Antoun
et al., 2003; Goyal et al., 2015; Grigoriadou, Marzi, Pan, et al., 2007; Marshall et al., 2009). IF3 is important for accurate
selection of the initiator fMet-tRNAfMet (Grigoriadou, Marzi, Pan, et al., 2007). Prior to the formation of 70S IC, the
N-terminal domain (NTD) and C-terminal domain (CTD) of IF3 occupy the E- and P-sites, respectively, on the 30S sub-
unit along the mRNA path, and prevent the binding of the 50S subunit (Hussain et al., 2016; McCutcheon et al., 1999).

ZAFAR ET AL. 3 of 17

 17577012, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
rna.1792 by C

zechs - M
asaryk U

niversity, W
iley O

nline L
ibrary on [16/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Past structural studies of the 30S IC (Julian et al., 2011; Simonetti et al., 2008; Simonetti et al., 2013) and 70S IC
(Allen et al., 2005; Myasnikov et al., 2005; Simonetti et al., 2013; Sprink et al., 2016) revealed that the process of initia-
tion could be highly dynamic, with ribosomal subunits, IFs, and initiator fMet-tRNAfMet found in a variety of different
conformational states. For example, some studies indicated that IF2 may undergo substantial conformational changes
during GTP hydrolysis, which would assist the formation of the 70S IC (Allen et al., 2005; Myasnikov et al., 2005).
Although several biochemical and biophysical studies indicated the timing of IFs dissociation (Antoun et al., 2003;
Goyal et al., 2015; Milon et al., 2008) and ribosomal subunit association catalyzed by GTP hydrolysis (Goyal et al., 2015;
Grigoriadou, Marzi, Pan, et al., 2007; Marshall et al., 2009), it has been challenging to postulate a broadly accepted
structural mechanism for translation initiation in combination with structural knowledge. The discrepancies arose from
several intermediate structures of translation initiation with contradictory dynamics for ribosome rotation and initiator
fMet-tRNAfMet positioning. Therefore, the main unanswered question was how the IFs dynamically cooperate with the
30S subunit and 70S ribosome to select the correct initiator tRNA to translate the message.

Recent ensemble cryo-EM revealed a dynamic equilibrium of multiple conformations for IF3 and the 30S subunit
during the formation of 30S IC in the presence or absence of IF2 (Hussain et al., 2016) (Figure 2a). The reported struc-
tural conformations of IF3 during fMet-tRNAfMet selection and accommodation were also identified by single-molecule
FRET (smFRET) study (Elvekrog & Gonzalez, 2013). When the fMet-tRNAfMet is absent, the CTD of IF3 remains local-
ized near the P-site of the 30S subunit shielding the AUG start codon, thereby precluding the fMet-tRNAfMet from for-
ming the Watson-Crick base pairing. The IF1 occupies the A-site on the 30S subunit and provides an anchoring
platform for IF3 to stabilize the IF3-CTD to discriminate the fMet-tRNAfMet. The 30S subunit is observed in “open” and
“closed” conformations as the head of 30S moves away or closer to the body of 30S (Hussain et al., 2016;
Korostelev, 2022). This movement (head tilt) regulates the opening (widening or narrowing) of the mRNA tunnel from
the A-site to the P-site by more than �10 Å. In the initial step of fMet-tRNAfMet binding, the 30S is in its open confor-
mation. The widened P-site is predisposed to accommodate the fMet-tRNAfMet, since G1338 and A1339 of 16S rRNA
are exposed and positioned to interact with highly conserved G-C base pairs in the ASL of the tRNA. During the accom-
modation of the ASL into the P-site, the CTD of IF3 slightly shifts from the P-site while preserving some interactions
with IF1. At full ASL accommodation and Watson–Crick base pairing with the AUG codon, the fMet-tRNAfMet is stabi-
lized by the closed conformation of the 30S subunit and the CTD of IF3 dissociates from the P-site.

FIGURE 2 Structure-based view of conformational dynamics of initiation factors and ribosome (30S subunit) defining the bacterial

translation initiation reaction. (a) Cryo-EM ensemble trajectory of 30S IC complex formation proposing “mRNA binds before tRNA”
pathway (Hussain et al., 2016). The double-ended curved arrows highlight the possible head tilt movement that generates open or closed

conformations of the 30S subunit. The single arrow indicates the multiple conformations (dissociation) of the C-terminal domain of IF3

during the formation of 30S IC and fMet-tRNAfMet accommodation. (b) Time-resolved cryo-EM trajectory of late steps of bacterial translation

initiation (Kaledhonkar et al., 2019). The formation of 70S IC initiates rapid GTP hydrolysis and IF1 dissociation. The semi-rotated 70S IC

matures into 70S EC with the release of Pi from IF2 and dissociation of IF2 in GDP-bound form. The curved arrows highlight the 30S body

rotation that generates semi-rotated 70S IC or non-rotated 70S EC.
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A time-resolved cryo-EM, using the mixing-spraying approach (Chen et al., 2015; Fu et al., 2016), helped to visualize
IF2 bound to 30S and 70S ICs in the GTP-catalyzed reaction (Kaledhonkar et al., 2019) (Figure 2b). When comparing
the 30S IC to 70S IC, the IF2 exhibits different conformational states, indicating that the formation of 70S IC is depen-
dent on IF2. At the ≤80 ms time point, the 70S IC was populated at the maximum level, revealing early IF1 dissociation
to enable the formation of inter-subunit bridge B2a (crucial for subunit association) and conformational freedom for
IF2. Specifically, the C-2 domain of IF2 in 70S IC is �10 Å closer to the 30S subunit, which enables the subunits to join
and selectively stabilize the 70S IC in a semi-rotated state. Moreover, the IF2 was captured in a native GDP.Pi form on
the 70S IC. Therefore, the obtained structure sheds more light on the time scale of the ribosome and IF2 conformational
dynamics and GTP hydrolysis. First, the rate of Pi release from IF2 is slower than the rate of IF2 dissociation (Goyal
et al., 2015; Grigoriadou, Marzi, Kirillov, et al., 2007), thus the 70S IC structure suggests that IF2 may not undergo
immediate conformational changes during the GTP hydrolysis. These late IF2 conformational changes are regulated by
Pi release and/or GDP release from IF2 to initiate the IF2 dissociation (Basu et al., 2022). The IF2 dissociation enables
the generation of a non-rotated ribosome capable of elongation, and simultaneously shifts the 30 CAA-fMet end of
fMet-tRNAfMet by �25 Å to a peptidyl/peptidyl (P/P) configuration in the PTC of the 50S subunit.

Taken together, these structural studies provide a structure-based time-ordered view of how a series of conforma-
tional changes in initiation factors and ribosome (30S subunit), fMet-tRNAfMet positioning, and GTP hydrolysis deter-
mine the translation initiation reaction pathway to generate a 70S elongation-capable complex. However, several
questions regarding the initiation pathway still remain open for investigation. For example, (i) does the IF1 binding
occur in the early stages of 30S IC formation to help IF3 discriminate against other tRNAs, or (ii) what IF2-dependent
events initiate IF1 release?

3 | ELONGATION

The elongation process involves repetitive decoding cycles, peptide bond formation and translocation (reviewed in
Ling & Ermolenko, 2016; Noller et al., 2017; Ogle & Ramakrishnan, 2005; Prabhakar et al., 2019; Rodnina, 2018). First,
the elongation occurs as the second codon (in the A-site of the ribosome) next to the start codon is recognized and dec-
oded by the cognate aa-tRNA. Next, a peptide bond is formed within the PTC of the ribosome between the peptidyl-
tRNA and aa-tRNA. After the formation of the peptide bond, the rotated ribosome contains two hybrid tRNAs (ASL of
peptidyl-tRNA in the A-site, and ASL of deacyl-tRNA in the P-site). Finally, the tRNAs need to be translocated with
their respective mRNA codons to the P and E ribosomal sites. Over the past two decades, a great deal of scientific effort
has been invested in mechanistically describing translation elongation and how the accuracy of elongation is
maintained. Here, we focus on recent time-resolved cryo-EM studies, which unveiled unknown details of the structural
relationship between GTP hydrolysis, translation elongation factor rearrangements, and ribosome dynamics in native
biochemical reactions (Carbone et al., 2021; Loveland et al., 2020).

3.1 | Decoding and proofreading

Ribosomes accurately decode mRNA by proofreading each aa-tRNA that is delivered to the ribosomal A-site by the
elongation factor EF-Tu, a universally conserved GTPase, in a so-called ternary complex (Burnett et al., 2013;
Hopfield, 1974). The high accuracy of the decoding process is remarkable, with only 10�3 to 10�5 errors per codon,
which is important for the sustainability of life (Wohlgemuth et al., 2010; Zhang et al., 2015). The selection of appropri-
ate (cognate) aa-tRNA involves two steps: initial decoding and proofreading.

Previously, some key intermediates of the decoding and proofreading process have been identified and visualized by
extensive biochemical (Ieong et al., 2016; Kothe & Rodnina, 2006; Zhang et al., 2015), biophysical (Blanchard
et al., 2004; Gonzalez et al., 2007; Liu et al., 2015), computational (Noel & Whitford, 2016; Warias et al., 2020), crystallo-
graphic (Demeshkina et al., 2012; Ogle et al., 2001; Schmeing et al., 2009), and single-particle cryo-EM studies (Fislage
et al., 2018; Loveland et al., 2017). In general, the base-pairing between the aa-tRNA anticodon and mRNA codon in
the decoding center (DC) of the 30S subunit results in EF-Tu catalyzed GTP hydrolysis, followed by rearrangement of
the EF-Tu into a GDP-bound form, releasing the aa-tRNA and accommodating it into the A-site of the 50S subunit. All
these studies confirmed that the structural dynamics of the 30S subunit is the driving force behind the decoding
process.
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A recent time-resolved cryo-EM study (Loveland et al., 2020) carried out an authentic biochemical reaction with
cognate aa-tRNAs, EF-Tu, and GTP, revealing details of the structural rearrangements during decoding and proofread-
ing events over the time scale of the GTP hydrolysis (Figure 3a). Initially, the ternary complex is delivered to the 30S
subunit shoulder of the ribosome, and the ribosome with a vacant A-site selects a cognate aa-tRNA. The initial position
of the ternary complex on the ribosome prevents codon-anticodon base pairing, as the anticodon of the aa-tRNA is
15 Å away from the A-site, and the 30S subunit is in the open conformation. In addition, the GTPase domain of EF-Tu
is 10 Å away from the sarcin-ricin loop (SRL) of the 50S subunit, thus GTP-hydrolysis is prevented at this stage
(Figure 3a,b).

Furthermore, the kinked and twisted conformations of ASL bring the cognate aa-tRNA close to the A-site and result
in codon-anticodon base-pairing. The decoding nucleotides G530, A1492, and A1493 of the 16S rRNA assist in the stabi-
lization of the hydrogen bond formation between the codon and anticodon, thus locking the Watson–Crick helix in the
DC of the 30S subunit. At this point, the 30S subunit is in the closed conformation and the GTPase domain of the
EF-Tu comes in contact with the SRL, resulting in rapid GTP hydrolysis (Loveland et al., 2020; Rodnina et al., 2017;
Voorhees et al., 2010). In contrast, during decoding and proofreading, the near-cognate aa-tRNA only samples the 30S
subunit in the open conformation. Here, the mRNA and near-cognate aa-tRNA are destabilized in the DC, and the
decoding nucleotides are disengaged from the codon–anticodon helix. As the 30S subunit fails to sample the closed con-
formation to lock the near-cognate aa-tRNA, the aa-tRNA dissociates and is rejected from the ribosome during initial
selection (Loveland et al., 2020) or proofreading (Ieong et al., 2016).

The pre-GTP hydrolysis states visualized the EF-Tu in a compact conformation oriented closer to the SRL with the
switch regions (GTPase domain) ordered, representing the initial selection stage (Figure 3a,b). In the post
GTP-hydrolysis states, the EF-Tu takes on an extended conformation (EF-Tu dependent proofreading) similar to
tRNA-unbound EF-Tu.GDP structures (Polekhina et al., 1996) (Figure 3a,c,d). EF-Tu destabilizes the closed 30S subunit
conformation in the pre- and post-GTP hydrolysis stage. GTP hydrolysis and phosphate release initiate the destabilization
of the GTPase domain of EF-Tu by enabling the movement of the switch regions (Figure 3b–d). The switch regions refold
and become sterically incompatible with binding to aa-tRNA (Figure 3d). In this conformation, the GTPase domain of
EF-Tu is released from SRL (�30 Å away from SRL), but EF-Tu remains ordered and is held in place (Figure 3d). The late
EF-Tu dissociation state shows both domains of EF-Tu being released from the acceptor arm of the aa-tRNA, while
domain 3 of EF-Tu continues to act as a bridge between the elbow of the aa-tRNA and the L11 stalk (Figure 3e).

FIGURE 3 Structure-based view of mRNA decoding and tRNA proofreading. (a) Time-resolved cryo-EM trajectory showing initial

decoding, EF-Tu dependent proofreading, tRNA accommodation (EF-Tu independent proofreading), peptidyl transfer, and pre-translocation.

Close-up views of GTPase domain and switch regions of EF-Tu next to SRL in pre-GTP hydrolysis state (b), post-GTP hydrolysis states (c,d),

and after partial EF-Tu dissociation (GTPase domain dissociation highlighted as transparent red circle) (e). The disordered switch regions

are highlighted with a short dotted line. The double-ended curved arrows highlight the possible head tilt movement that generates open or

closed conformations of the 30S subunit. The round arrows highlight the 30S body rotation or the 30S head swivel. The single arrow

indicates the shift of the GTPase domain of EF-Tu after the switch regions refold.
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After the release of EF-Tu, EF-Tu-independent proofreading starts. At this stage, the CCA end of the aa-tRNA is
80 Å away from the PTC of the 50S subunit. An �2.5� rotation of the ribosome and movement of the A-site finger helps
with the accommodation of the aa-tRNA into the A-site of the 50S subunit (Figure 3a). The structures of the accommo-
dation states show that the 30S subunit remains in the closed state, with the cognate aa-tRNA stably locked in the DC
of the 30S subunit. This indicates a commitment of the ribosome to accept the cognate tRNA. The insertion of the CCA
moiety of the tRNA into the PTC of the 50S leads to peptidyl transfer. This results in the formation of the canonical
deacyl-tRNA (P/E hybrid) in the P-site and a peptidyl-tRNA (A/P hybrid or elbow shifted A/P* hybrid) in the A-site
with �11� rotation of the 30S body and �3.5� 30S head swivel (Figure 3a).

EF-Tu also has the ability of chiral proofreading, thus having a preference for L-amino acid carrying tRNAs
(L-aa-tRNAs) over D-amino acid tRNAs (D-aa-tRNAs) (Ahmad et al., 2013; Kuncha et al., 2019). EF-Tu binding to
L-aa-tRNAs is 25-fold stronger than for D-aa-tRNAs (Kuncha et al., 2019). This selection bias of EF-Tu toward the cor-
rect stereo-isomeric orientation of the respective amino acid (L-aa-tRNAs) is crucial for the ribosome to perform the
protein synthesis. The D-aa-tRNAs can participate in the peptide synthesis (Englander et al., 2015), but with very poor
efficiency (Fujino et al., 2013), as the rate of peptide bond formation is orders of magnitude slower (Yamane et al., 1981).
A recent structural study of D-aa-tRNAs bound to the A-site of the ribosome (Melnikov et al., 2019) sheds more light on
dipeptide formation when considering D-amino acids. Here, the non-optimal geometry of the D-amino acids causes a ste-
ric clash with the conserved U2506 nucleotide of the PTC. Due to the steric clash, the D-amino acids are kept at a distance
from the A76 nucleotide of the P-site tRNA, which in turn may significantly slow down the peptide bond formation. How-
ever, to fully mechanistically understand the slow incorporation of D-amino acids during protein synthesis, ensemble or
time-resolved cryo-EM studies could help to visualize the intermediate states of dipeptide formation.

3.2 | Translocation

In general, translocation is a series of steps encompassing the synchronous movement of mRNA and tRNAs through
the ribosome (Ling & Ermolenko, 2016; Noller et al., 2017; Rodnina et al., 2019). Bacterial elongation factor G (EF-G), a
conserved GTPase, catalyzes the translocation of the codon-anticodon base pairs of mRNA and the tRNAs in hybrid
states to the P and E sites, respectively (Dorner et al., 2006; Holtkamp et al., 2014; Moazed & Noller, 1989b). Early bio-
chemical (Moazed & Noller, 1989a, 1990), biophysical (Blanchard et al., 2004; Cornish et al., 2008; Munro et al., 2007)
and structural studies (Agirrezabala et al., 2008; Cate et al., 1999; Frank & Agrawal, 2000; Horan & Noller, 2007; Julian
et al., 2008) also indicated that large-scale ribosomal movement or intersubunit rotation, initially termed ratchet-like
motion (Frank & Agrawal, 2000), is pivotal for translocation to occur.

The time scale (5–30 ms) of the GTP-accelerated EF-G dependent translocation (Rodnina et al., 1997; Wilden
et al., 2006) posed a great challenge for structural studies to investigate the translocation event in real time. However,
as suggested by kinetic studies (Katunin et al., 2002; Mohr et al., 2000; Rodnina et al., 1997), the rate of translocation
decreased by 2- to 50-fold with EF-G in the presence of GDP, non-hydrolyzable GTP analogs or with GTPase-inactive
mutants. Therefore, many structural studies tried to investigate the translocation by trapping EF-G with tRNAs on the
ribosome in the presence of GTPase-inactive EF-G mutants (Li et al., 2015; Lin et al., 2015), antibiotics (Brilot
et al., 2013; Gao et al., 2009; Lin et al., 2015; Petrychenko et al., 2021; Ramrath et al., 2013; Rundlet et al., 2021; Zhou
et al., 2013), or non-hydrolyzable GTP analogs (Agrawal et al., 1999; Demo et al., 2021). However, these structural stud-
ies reported mainly strongly populated single-state structures due to the trapped EF-G on the ribosome. Some critical
transient states of translocation were still elusive, leaving the structural picture of translocation unclear.

A recent time-resolved cryo-EM study (Carbone et al., 2021) captured translocation in a native GTP-catalyzed fast
reaction, thus providing a detailed picture of pre-translocation substrates, EF-G-bound intermediates, and post-
translocation products (Figure 4a). Initially, the peptidyl tRNA shifted �25 Å toward the P-site, changing its state to an
elbow-shifted A/P* state. This is accompanied by a reverse �11� rotation of the 30S subunit, resulting in a pre-
translocation state which acts as a substrate for EF-G to bind, consistent with biochemical observations (Ermolenko
et al., 2007; Sharma et al., 2016). As the DC in the pre-translocation state is locked by decoding nucleotides G530,
A1492, and A1493, EF-G has to unlock the DC for translocation to occur. The translocase domain 4 of EF-G is placed
between dipeptidyl-tRNA and the DC of the 30S subunit. More specifically, loop 1 of translocase domain 4 comes in
contact with G530, and loop 2 stabilizes the minor groove of helix 34 of 16S rRNA, keeping the 30S head in a pre-
swiveled conformation, to unlock the DC. After binding to the ribosome, the EF-G adopts an extended conformation
with the GTPase domain contacting the SRL and domain 5 binding the L11 stalk of the 50S subunit (Figure 4a,b).
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The GTPase domain is in its activated conformation with GDP and Pi present in the active site, which are stabilized by
ordered switch loops 1 and 2 (Figure 4b). In this post-GTP-hydrolysis state, the rotated 30S subunit prevents the release
of Pi and early dissociation of EF-G before translocation.

During mid-translocation, a 5� reverse 30S subunit rotation occurs, whereas EF-G retains an extended conformation
(Figure 4a). Translocase domain 4 shifts �20 Å from its original position in the pre-translocation state, and is inserted
into the A-site. For accommodation into the A-site, EF-G undergoes interdomain rearrangements similar to local fluctu-
ations seen in unbound EF-G (Czworkowski et al., 1994; Salsi et al., 2015). Loops 1 and 2 of domain 4 move closer to
the dipeptidyl-tRNA and mRNA, resulting in contact with the codon-anticodon helix. The separation of the dipeptidyl-
tRNA from the DC is accompanied by an �20 Å movement of the tRNA into the P-site and deacyl-tRNA into the E-site.
This results in the chimeric ap/P and pe/E states of the tRNAs (Figure 4a), similar to the states visualized in the pres-
ence of fusidic acid (Ramrath et al., 2013). In combination with the EF-G movement, an �17� 30S head rotation toward
the tRNAs occurs, which extends contact with both tRNAs and the mRNA to maintain the ORF. The movement of
EF-G into the A-site also separates the GTPase domain from the SRL (Figure 4c). The switch loops are destabilized
(Figure 4c) due to the loss of contact between the reversely rotated 30S subunit and the GTPase domain. Pi is released
with only GDP present in the GTPase center.

In the late-translocation state, an �1� rotation of the body and an �18� head swivel of the 30S subunit occur
(Figure 4a), consistent with FRET studies (Guo & Noller, 2012; Wasserman et al., 2016). The tRNAs and translocase
domain 4 of EF-G move 3–5 Å across the 30S, and the dipeptidyl-tRNA is found in an intermediate state to be fully
translocated—the ap*/P conformation. Translocase domain 4 remains attached to the ribosome, while the GTPase
domain is released from the ribosome (Figure 4d).

The cryo-EM structures explained the long-debated role of GTP in EF-G.GTP-catalyzed translocation. First, GTP
enables the EF-G to bind to the pre-translocation conformation of the ribosome. Next, GTP is immediately hydrolyzed
as the GTPase domain of EF-G creates an interaction with the SRL of the 50S subunit. The phosphate remains stabi-
lized by the switch loop region in the binding pocket of the GTPase center thanks to the rotated 30S subunit. The
reverse rotation of the 30S subunit results in destabilization of the switch loop region and phosphate release. The phos-
phate release and EF-G movement initiate the dissociation of the GTPase domain of EF-G to generate a non-rotated
ribosome with a vacant A-site. Thus the GTP hydrolysis contributes to the completion of translocation that enables the
dissociation of EF-G from the ribosome, whereas the EF-G transforms spontaneous ribosomal dynamics into
translocation.

FIGURE 4 Time-ordered structural view of EF-G-catalyzed translocation. (a) Time-resolved cryo-EM trajectory showing the substrate,

EF-G-bound intermediates, and the product. The tRNAs are highlighted in their respective states according to each translocation phase.

Close-up views of the GTPase domain and switch regions of EF-G next to SRL in the GDP.Pi state (b), GDP state (c), and after partial EF-G

dissociation (GTPase domain dissociation highlighted as transparent red circle) (d). The disordered switch regions are highlighted with a

short dotted line. The curved arrows highlight the 30S body rotation or 30S head swivel.
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4 | TERMINATION

In bacteria, the termination process is mediated by class-1 release factors (RFs). These factors contain two domains,
(i) the stop codon recognition domain and (ii) the catalytic domain responsible for the hydrolysis of the peptidyl-tRNA
in the PTC (Korostelev, 2011). The two RFs, RF1 and RF2, recognize the universal stop codons, UAA/UAG and
UAA/UGA, respectively, at the A-site of the 30S subunit (Korostelev et al., 2010; Laurberg et al., 2008; Weixlbaumer
et al., 2008). The catalytic domain of RFs has a universally conserved GGQ motif, whereas the amide of glutamine is
responsible for the nucleophilic attack on the peptidyl-tRNA that results in the hydrolysis of the ester linkage between
the tRNA and the nascent polypeptide. A switch loop that links the catalytic and codon-recognition domains plays a
pivotal role in termination accuracy. Overall, the termination process can be divided into three steps: RF-mediated rec-
ognition of the stop codon, hydrolysis of the ester bond of the peptidyl-tRNA, and dissociation of RFs to initiate ribo-
some dissociation for recycling (Rodnina, 2018). The dissociation of RF1 is mediated by the peptide release and a
GTPase RF3, while RF2 can dissociate spontaneously (Adio et al., 2018; Gao et al., 2007).

Translation termination in bacteria does not involve proofreading, but the error rates of peptide release are
extremely low and comparable to those for sense-codon decoding (Freistroffer et al., 2000). Therefore, it is thought that
the hydrolysis of the peptidyl-tRNA and stop codon recognition must be strictly linked and coordinated
(Korostelev, 2011). This coordination likely prevents the docking of the catalytic domain into the PTC before the recog-
nition of a stop codon (compact/closed conformation). Upon stop codon recognition, a conformational change induces
the docking of the GGQ motif into the PTC (extended/open conformation). Initially, this idea was supported by struc-
tural studies of free RFs predominantly found in a compact conformation (Shin et al., 2004; Vestergaard et al., 2001) as
opposed to structural studies of ribosome-bound RFs being always found in an extended conformation (Korostelev
et al., 2008; Laurberg et al., 2008; Weixlbaumer et al., 2008). Later, biochemical studies revealed the dynamic behavior
of RFs (He & Green, 2010; Trappl & Joseph, 2016), indicating that the pre-termination ribosome initially interacts with
a compact form of RFs and induces a large-scale rearrangement to enable the hydrolysis of the peptidyl-tRNA
(Trappl & Joseph, 2016). More recent structural studies on the hyper-accurate mutant of RF1 with the antibiotic
blasticidin (Svidritskiy & Korostelev, 2018) and on a bacterial rescue system containing stalled ribosomes with trun-
cated mRNAs (without a stop codon), alternative rescue factor A (ArfA) and RF2 (Demo, Svidritskiy, et al., 2017; James
et al., 2016) identified the presence of compact and extended conformations of RFs within the ribosome. However, cap-
turing a canonical termination complex with RFs in both conformations remained challenging due to their rapid
dynamic behavior (Hetrick et al., 2009; Trappl & Joseph, 2016).

A recent time-resolved cryo-EM study (Fu et al., 2019), using a mixing-spraying approach (Chen et al., 2015; Fu
et al., 2016), captured intermediate states of the termination process in which both RF1 and RF2 were shown in both
compact and extended states coupled with stop codon recognition and the hydrolysis of peptidyl-tRNA in the PTC
(Figure 5). Initially, the RFs bind to the termination complex (non-rotated ribosome with stop codon in the A-site) in a
compact state and recognize the stop codon in the DC of the 30S subunit, while the GGQ motif of RFs is �60 Å away
from the PTC (Figure 5a–c,e). The loop that contains the GGQ motif is positioned toward the anticodon-stem loop of
the peptidyl-tRNA, forming a pre-accommodated-RF ribosome complex (Figure 5a,b). The subsequent intermediate
state is the accommodated-RF ribosome complex, in which the RFs settle �3 Å deeper into the DC, and the tip of the
switch loop moves by �20 Å to interact with A1492 in the DC. Due to switch loop stabilization, the RF switches from
the compact to the extended conformation, positioning the GGQ motif within the PTC adjacent to the CCA end of the
peptidyl-tRNA (Figure 5d,f). Moreover, a recent cryo-EM study (Svidritskiy et al., 2019) shows an additional conforma-
tional change in the catalytic domain of RF2. Here, as the CCA end of the peptidyl-tRNA is released from the PTC, the
GGQ loop of RF2 rearranges from a short helix–loop into a β-hairpin structure that extends into the peptide exit tunnel.
This rearrangement could allow the synthesized protein to dissociate from the ribosome.

The final state of termination is the released peptide RF-ribosome complex, in which the peptide has been released
followed by dissociation of the deacylated tRNA from the ribosome, permitting 30S subunit rotation. The two cryo-EM
studies elucidated the role of 30S subunit rotation and its implications on RF3-mediated RF1 dissociation (Graf
et al., 2018) and RF2 dissociation without RF3 (Svidritskiy et al., 2019). In RF3-mediated RF1 dissociation, the binding
of RF3 in the GTP conformation induces a partial 30S subunit rotation. The observed partial head swivel of the 30S sub-
unit disrupts interactions with the codon-recognition domain and destabilizes RF1 or RF2 (Graf et al., 2018; Svidritskiy
et al., 2019). The full rotation of the 30S subunit with hybrid P/E tRNA triggers the dissociation of RF1 (or RF2) and
accommodation of the RF3 with the GTPase domain close to the SRL of the 50S subunit. This induces GTP hydrolysis
and initiates the dissociation of the RF3.GDP state from the ribosome. Afterward, the fully rotated ribosome in post-
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termination (for both of the cases: RF1 or RF2) is recognized by the ribosome recycling factor (RRF) and EF-G to initi-
ate ribosome recycling (subunit and tRNA dissociation) as elucidated by a time-resolved cryo-EM study (Fu
et al., 2016).

5 | CONCLUSION

Over the past decade, time-resolved and ensemble cryo-EM have made significant progress in studying dynamic confor-
mational changes of macromolecular complexes. In combination with other structural (e.g., protein crystallography)
and biophysical methods (e.g., FRET), time-resolved and ensemble cryo-EM experiments have been accelerating the
structural elucidation of vital biochemical processes at high resolution, giving a great example of an integrative struc-
tural biology approach. In bacteria, cryo-EM has helped to uncover various intermediate states of initiation, elongation,
and termination (Carbone et al., 2021; Fu et al., 2019; Kaledhonkar et al., 2019; Loveland et al., 2020), which were pre-
viously unknown or only detected by single-molecule FRET studies. Future time-resolved cryo-EM studies are expected
to play a key role in elucidating the initiation pathway in more detail, specifically the interplay between all three initia-
tion factors, their organization, and conformational dynamics in the 30S IC and 70S IC complexes. Considering the time
scale of EF-G dependent translocation (Rodnina et al., 1997), technological advancements in time-resolved cryo-EM
(Dandey et al., 2020) should enable the visualization of additional intermediate states that elucidate the remaining gaps
in the translocation mechanism. In addition, time-resolved cryo-EM studies can decipher some less well-understood
processes of translation such as ribosome recycling, which could help to extend our understanding of the recycling
mechanism from previous studies (Agrawal et al., 2004; Borg et al., 2016; Chen et al., 2017; Fu et al., 2016).

FIGURE 5 Structure-based view of RF1- and RF2-catalyzed termination. Time-resolved cryo-EM showing pre-accommodated and

accommodated state for RF1 (a) and RF2 (b). The round arrows highlight the 30S body rotation or 30S head swivel. Close-up views of the

pre-accommodated and accommodated state for RF1 and RF2 showing the stop codon recognition domain (c,e) and hydrolase domain in the

activated state (d,f). The single arrow indicates the movement of the hydrolase domain of RF1 or RF2 after stop codon recognition.
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Although translation in bacteria is well understood at the molecular level, in recent years multiple cryo-EM studies
concentrated to structurally describe translation events in eukaryotes, considering cytoplasmic (Brito Querido
et al., 2020; Ranjan et al., 2021; Yi et al., 2022) or mitochondrial translation (Aibara et al., 2020; Koripella et al., 2020;
Kummer & Ban, 2020). Here, by capturing intermediate states, time-resolved, and ensemble cryo-EM can offer a deep
visualization of all phases of eukaryotic translation, which is more complex than in bacteria.

Moreover, there has been a recent rise in interest in obtaining detailed insights into the process of transcription and
translation coupling in bacteria (Demo, Rasouly, et al., 2017; Kohler et al., 2017; O'Reilly et al., 2020; Wang et al., 2020;
Webster et al., 2020). As the bacteria lack a physical barrier (i.e., a nuclear membrane), transcription and translation
machineries can be coupled, thus enabling the newly transcribed mRNAs to be immediately bound by ribosomes
(Conn et al., 2019; Irastortza-Olaziregi & Amster-Choder, 2020). The transcription–translation coupling complexes in
these studies show dynamic ribosome interactions with RNA polymerase in the presence of transcription factors. To
discover the mechanistic details of coupled systems, future time-resolved cryo-EM studies should be able to determine
the intermediate states of the complexes and reveal the ribosome and RNA polymerase motions in an active coupled
system involving the transcription and translation factors.

Time-resolved and ensemble cryo-EM comes with shortcomings such as optimizing fast reactions on the grid, and
time-consuming as well as computationally demanding data analysis. However, visualizing biological processes and
their intermediate states via cryo-EM at different time scales could be preferred by biologists. The future seems to hold
exciting times, especially for time-resolved cryo-EM studies, whereas further improvements in methodologies could
help to understand native cellular processes at the atomic level.
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