
INTRODUCTION

During the elongation phase of protein synthesis, the

ribosome decodes sequences of codons by binding of the

tRNA molecules charged with amino acids. Both small

(30S in bacteria) and large (50S in bacteria) subunits con�

tain three tRNA binding sites: the A (aminoacyl), the P

(peptidyl) and the E (exit) sites. At the beginning of elon�

gation cycle, the newly arrived aminoacyl�tRNA binds to

the A site of the ribosome. Following the peptidyl transfer

reaction, the resulting peptidyl� and deacylated tRNAs

together with associated mRNA codons are translocated

from the A and P to P and E sites, respectively (Fig. 1, a�f).

The process is catalyzed by a universally conserved pro�

tein factor EF�G (EF�2 in eukaryotes). The molecular

mechanism of translocation has fascinated scientists

since the inception of the proteins synthesis field and

remained one of the main areas of research in the labora�

tory of Alexander Spirin for over 50 years [1�6]. Spirin’s

laboratory has discovered a number of important facets of

the translocation mechanism [7�11]. Spirin’s locking–

unlocking [2, 6] and Brownian ratchet [4, 12, 13] models

of ribosomal translocation were highly influential and

provided framework for investigations of translocation for

decades. Below we review key contributions of the

Alexander Spirin’s laboratory and recent progress in

investigations of ribosomal translocation that stemmed

from the Spirin’s ideas. More comprehensive reviews of

the current state of understanding of the translocation

mechanism can be found elsewhere [14�16].

ROLES OF EF�G AND tRNAs IN RIBOSOME

TRANSLOCATION ALONG mRNA

Relative to the uncatalyzed reaction, the universally

conserved GTPase, EF�G, accelerates the rate of ribo�

some translocation by ∼four orders of magnitude [18�20].

GTP hydrolysis by EF�G is activated by the interaction of

the G domain of this protein with the sarcin–ricin

loop (SRL) of the 23S rRNA [21, 22]. Works of Kaziro’s

and Spirin’s laboratories established the role of GTP

hydrolysis in translocation [9, 23�25]. They demonstrat�

ed that EF�G induces efficient translocation in the GTP�

bound form. In the presence of GDP or in the absence of

nucleotides, EF�G does not promote translocation.

Replacing GTP with non�hydrolysable analogues pre�

serves the ability of EF�G to induce translocation that

was measured by the increase in puromycin reactivity of

peptidyl�tRNA or by the release of deacylated tRNA

from the ribosome. However, the non�hydrolysable ana�
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logues of GTP trap EF�G on the ribosome. These results

suggest that GTP hydrolysis is not required for transloca�

tion but it is essential for EF�G release. Consistent with

the Spirin–Kaziro experiments, more recent kinetic

studies have shown that the non�hydrolysable analogues

of GTP do not alter the translocation pathway [26, 27].

Furthermore, replacing GTP with non�hydrolysable ana�

logues only moderately affects the rate of a single round

of translocation, reducing it by 2�50 folds depending on

experimental conditions [19, 26, 28, 29].

Another fundamental aspect of the translocation

mechanism was discovered by Spirin and his colleagues in

the experiments demonstrating that tRNAs can translo�

cate through the ribosome in the absence of mRNA

[10, 11]. These observations suggest that the movement of

mRNA is driven by the translocation of the associated

anti�codon stem�loops (ASLs) of A� and P�site tRNAs.

More recent studies indicate that mRNA translocation

requires the presence of ASL in the A site and full�length

tRNA in the P site of the pre�translocation ribosome [30].

Consistent with the idea of tRNA�driven translocation of

mRNA, single�molecule measurements showed that

mRNA translocates three nucleotides at a time without

detectable sub�steps [31]. Since tRNAs interact with both

30S and 50S subunits (Fig. 1, a�f), the tRNA�driven

mechanism of translocation indicates that both ribosomal

subunits are involved in this process.

STRUCTURAL REARRANGEMENTS

OF THE RIBOSOME: THE LOCKING–

UNLOCKING HYPOTHESIS

In 1968�1969, Spirin proposed the locking–unlock�

ing model of translocation based on the subunit organiza�

tion of ribosome structure [1, 2, 6]. This model postulat�

Fig. 1. tRNA movements and conformational rearrangements of the ribosome in EF�G–ribosome complexes. a�c) Box diagrams showing

positions of peptidyl� (green) and deacylated (orange) tRNAs relative to the A (cyan), P (grey), and E (yellow) sites on the 50S subunit and

30S head and body. d�f) Structural view from the subunit interface of the 70S ribosomes bound with tRNAs and EF�G, in which 50S and 30S

are shown in blue and yellow with transparency, tRNAs in solid orange and green, EF�G in solid red. g�i) Intersubunit rotation accompany�

ing translocation viewed from the solvent side of the 30S. The 50S and 30S are displayed in blue and yellow, and the counter�clockwise rota�

tion of 30S relative to 50S is indicated by the arrows. Degrees of intersubunit rotation (from [17]) measured relative to the structure of non�

rotated ribosome (PDBID 4V51). a, d, g) The rotated (R) pre�translocation ribosome is bound with EF�G and tRNAs in A/P and P/E hybrid

states (PDBID 4V7D). b, e, h) The partially rotated ribosome containing tRNAs in ap/P and pe/E tRNAs chimeric (CH) states (PDBID

4W29). c, f, i) The post�translocation EF�G�bound ribosome in nonrotated (NR) conformation (PDBID 4V5F), which contains tRNAs

bound in classical P/P and E/E state.



ed that (i) tRNA translocation involves transition from

the “locked” to the “unlocked” ribosome conformation

that facilitates tRNA diffusion through the ribosome;

(ii) peptidyl�transferase reaction triggers formation of an

intermediate of translocation in which tRNAs are shifted

on the large subunit but not yet translocated on the small

subunit; (iii) translocation involves movement of the ribo�

somal subunits relative to each other. Similar ideas were

independently proposed by M. S. Bretscher [32]. As dis�

cussed below, many aspects of this model turned out to be

prophetic. To this day, the rate limiting step of transloca�

tion is often referred to as “unlocking”.

Neutron scattering experiments performed by

Spirin, Serdyuk, and May provided an early indirect evi�

dence for intersubunit rearrangements accompanying

translocation [33, 34]. Nevertheless, further verification

of the key predictions of the locking–unlocking model

took several decades and required developing new exper�

imental approaches such as chemical probing of RNA

structure, cryogenic electron microscopy (cryo�EM), and

single�molecule Förster resonance energy transfer

(smFRET) microscopy [35].

Twenty years after the introduction of the

locking–unlocking model, Danesh Moazed and Harry

Noller used chemical probing for mapping of the tRNA

binding sites to demonstrate that the reaction of

transpeptidation triggers spontaneous translocation of the

acceptors stems of the resulting peptidyl� and deacylated

tRNAs from the A and P to P and E sites of the large sub�

unit, respectively, while tRNA ASLs remain in the origi�

nal A and P sites of the small subunit [36]. Hence, inter�

mediate A/P and P/E hybrid states of tRNA binding were

formed (Fig. 1, a and d). Completion of translocation of

tRNAs on the small subunit was shown to require EF�G

and GTP (Fig. 1, a�f).

A decade later, another key prediction of the lock�

ing–unlocking model was corroborated by cryo�EM

reconstruction of the EF�G–ribosome complex per�

formed by Joachim Frank and Rajendra Agrawal [37].

These experiments demonstrated that EF�G binding

induces rotation of the small 30S subunit relative to the

large 50S subunit parallel to the plane of the intersubunit

interface (Fig. 1, g�i; Fig. 2, a and b). The discoveries of

the hybrid�state intermediate and intersubunit rotation
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Fig. 2. Intersubunit rotation, L1 stalk movement and 30S head swivel observed in EF�G�free ribosomes. Structures of the 70S ribosome–

tRNA complex (PDBID 4V9D) in the non�rotated (NR), classical state (a) and in the rotated (R), hybrid state (b). 50S and 30S ribosomal

subunits are shown in blue and yellow, respectively. Both ribosome structures are viewed from the solvent side of the 30S subunit. The count�

er�clockwise rotation of 30S relative to 50S is indicated by the curved arrows. c) The L1 stalk in 50S subunits of NR (orange) and R (blue)

ribosomes (PDBID 4V9D) superimposed by structural alignment of the 23S rRNA. d and e) The swiveling motion of the 30S head domain

is shown by structural alignment of the body and platform domains (yellow) of the 16S rRNAs of NR (PDBID 4V51) and chimeric state (CH)

(PDBID 4W29) ribosomes. The 30S is viewed from the solvent side of the 30S subunit (d) and from the “top” of the 30S head domain (e).

The NR and CH 30S head domains are shown in orange and purple, respectively. Degrees of 30S head swivel in CH and intersubunit rota�

tion in R (from [17]) are measured relative to the NR 70S (PDBID 4V51).
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were followed by numerous structural and single�mole�

cule studies that provided unprecedented insights into the

structural rearrangements of the ribosome, tRNAs, and

EF�G accompanying translocation [38, 39].

Cryo�EM and FRET experiments revealed that 6�

10° intersubunit rotation is coupled with the movement of

peptidyl� and deacylated tRNAs into A/P and P/E hybrid

states (Fig. 2, a and b) [38, 40�43]. These data established

equivalence of the nonrotated and rotated conformations

with classical and hybrid states of tRNA binding, respec�

tively. Cryo�EM and smFRET studies have also shown

that formation of the rotated, hybrid state of the ribosome

is accompanied by the inward movement of the mobile

domain of the large ribosomal subunit named L1 stalk

(Fig. 2c), which comprises ribosomal protein uL1 and

helices 76, 77, and 78 of the 23S rRNA [35, 39]. Upon

transition from the open to closed conformation, the

extremity of the L1 stalk moves by as much as 60 Å and

the L1 stalk becomes bound to the elbow of the P/E

tRNA.

smFRET studies also demonstrated that in the

absence of EF�G, the pretranslocation ribosome sponta�

neously fluctuates between the nonrotated, classical and

the rotated, hybrid state conformations (Fig. 2, a and b)

[38, 44�46]. Binding of EF�G•GTP transiently stabilizes

the rotated, hybrid state conformation (Fig. 1, a, d, and g);

translocation of mRNA and tRNA on the small subunit is

coupled with the reverse transition into non�rotated, clas�

sical state conformation (Fig. 1, c, f, and i) [26, 40, 47].

In addition to intersubunit rearrangements and

movement of the L1 stalk, translocation is accompanied

by large structural changes within the small ribosomal

subunit. The small subunit comprises three structural

domains: head, body, and platform. Structural studies

show that the 30S head rotates by up to 20° relative to the

rest of the small subunit around the axis that is orthogo�

nal to the axis of intersubunit rotation (Fig. 2, d and e)

[48, 49]. In the EF�G�bound intermediate of transloca�

tion visualized by X�ray crystallography and cryo�EM, in

which the 30S head is observed in a swiveled conforma�

tion, two tRNAs are translocated along the 50S subunit

and the 30S platform/body but not yet translocated rela�

tive to the 30S head (Fig. 1, b, e, and h) [50, 51]. In these

positions named ap/P and pe/E chimeric states, tRNAs

are trapped midway between hybrid (A/P and P/E) and

posttranslocation classical (P/P and E/E states) and like�

ly represent a late intermediate of translocation.

The tip of domain IV of EF�G plays a critical role in

translocation activity of EF�G and reading frame mainte�

nance [19, 52�54]. When EF�G is bound in the rotated

hybrid state conformation of the pretranslocation ribo�

some, domain IV of EF�G is positioned next to ASL of

A/P tRNA (Fig. 1, a and d) [55]. Upon translocation,

domain IV of EF�G docks into the A site of the small sub�

unit vacated by the peptidyl�tRNA (Fig. 1, c and f)

[38, 56]. Hence, upon reverse intersubunit rotation and

30S back�swivel, domain IV of EF�G displaces ASL of

peptidyl�tRNA and prevents its backward movement.

Which of the aforementioned conformational

rearrangements is the rate�limiting step that “unlocks”

the ribosome (using Spirin’s terminology) and facilitates

tRNA translocation is not entirely clear. Reaction of

transpeptidation “unlocks” the ribosome in a sense that it

enables spontaneous intersubunit rotation and fluctua�

tions of tRNAs between the classical and hybrid

states [44�46]. However, in the absence of EF�G, these

fluctuations are unproductive and do not lead to

tRNA/mRNA translocation on the small subunit [44�

46]. Several lines of evidence suggest that the domain IV

of EF�G destabilizes interactions of A�site tRNA with

16S rRNA [57�61]. Hence, the EF�G�induced changes

in the A site may “unlock” the ribosome. Finally, anoth�

er possible “unlocking” rearrangement is swiveling of the

30S head, which opens the path for tRNA movement

from P to E site that is otherwise constricted [49]. Further

studies are needed to establish complete sequence of the

structural rearrangements accompanying translocation

and identify the rate�limiting step in this process.

ENERGETICS OF TRANSLOCATION

AND BROWNIAN RATCHET MODEL

Although translation is greatly accelerated by EF�G,

the Spirin and Pestka laboratories demonstrated that

translocation can occur spontaneously in the absence of

protein factors [7, 8, 62]. It was found in the Spirin labo�

ratory that spontaneous translocation is stimulated by

modification of the universally conserved ribosomal pro�

tein (u)S12 of the 30S subunit by thiol�specific reagents,

which were added to inactivate EF�G and thus rule out

the presence of trace amounts of this protein [7, 63, 64].

More recent studies indicated that removal of the 30S

proteins uS12 and uS13 enhanced the factor�free translo�

cation possibly by weakening tRNA interactions with the

30S A and P sites, respectively [65]. Furthermore, it was

reported that a single�round factor�free translocation

could be induced by antibiotics sparsomycin, lincomycin,

and chloramphenicol that bind to the 50S A site and thus

destabilize the A�site tRNA binding [20, 66].

Based on the observations of factor�free transloca�

tion, Spirin postulated that translocation is an inherent

property of the ribosome and that energy of the peptidyl�

transfer reactions is sufficient to promote tRNA move�

ment [3]. However, the slow rate of spontaneous translo�

cation and the observation of reverse spontaneous

translocation in some tRNA/mRNA contexts suggest

that the reaction of transpeptidation is not the only ener�

gy source of translocation, which is also promoted by the

energy stored in EF�G•GTP. Indeed, it was estimated

that transpeptidation�driven translocation would require

∼80% efficiency of the conversion of chemical energy



into mechanical motion [67]. Such high efficiency is

untypical for macromolecular motors [67].

Two alternative idealized models, the power stroke

and the Brownian ratchet models, are employed to

describe conversion of chemical energy into mechanical

work by macromolecular motors [68, 69]. Chemical ener�

gy may be converted into elastic energy or conformation�

al transition that drives large conformational change of

the macromolecule, i.e., the power stroke. Alternatively,

energy of chemical reaction may be used to bias random,

thermally�driven motions of the macromolecule into uni�

directional movement. Thus, chemical reaction plays a

role that is similar to a pawl directing the movement of a

wheel of mechanical ratchet. The chemical change either

strictly precedes conformational change (the power

stroke) or follows it (the Brownian ratchet) [68]. These

two mechanisms can be distinguished by examining the

load dependence of the molecular motor movement [68].

Several groups hypothesized that tRNA transloca�

tion is mediated by the power stroke of domain IV of EF�

G driven by GTP hydrolysis [19, 70, 71]. This hypothesis

is supported by kinetic data suggesting that GTP hydrol�

ysis by EF�G precedes translocation [19]. However, the

Spirin–Kaziro experiments and more recent kinetic

measurements show that translocation occurs rapidly and

efficiently in the absence of GTP hydrolysis, when GTP

is replaced with non�hydrolysable analogues [9, 19, 23�

26, 28, 29]. These data suggest that GTP hydrolysis by

EF�G is not coupled with translocation and argue against

the GTP hydrolysis�driven power stroke.

Based on the observations of spontaneous, factor�

free translocation, Spirin reasoned that Brownian

motions of tRNA are sufficient to explain translocation

without invoking the power stroke by EF�G [3, 12, 13].

This hypothesis was further corroborated by the smFRET

data demonstrating spontaneous intersubunit rotation

and fluctuations of tRNA between the classical and

hybrid states [44�46]. Spirin’s ideas were ultimately rein�

forced by the single�molecule optical tweezer measure�

ments of ribosome translocation against applied force

showing that EF�G�catalyzed translocation is also best

described by the Brownian ratchet model [67].

In the Brownian ratchet mechanism of EF�G�cat�

alyzed translocation, EF�G•GTP likely acts as a pawl of

the ratchet that biases tRNA diffusion through the ribo�

some and couples translocation with the ribosome dynam�

ics [14, 15]. The structure of EF�G trapped in the rotated

pretranslocation ribosome (Fig. 1, a and d) reveals the basis

for coupling of intersubunit rotation and tRNA/mRNA

translocation [55]. Unproductive spontaneous fluctuations

of the ribosome from the rotated into nonrotated confor�

mation leads to the return of peptidyl�tRNA from the

hybrid A/P into the classical A/A state. However, when

EF�G is bound to the rotated pretranslocation ribosome,

domain IV of EF�G creates steric hindrance for the return

of peptidyl�tRNA from the hybrid A/P into classical A/A

state [55]. Similarly, domain IV of EF�G sterically blocks

the return of peptidyl�tRNA from the chimeric ap/P into

the classical A/A state upon back�swivel of the 30S

head [72]. Furthermore, upon translocation of peptidyl�

tRNA from the A to P site of the small subunit, domain IV

of EF�G docks into the 30S A site thus rendering the

tRNA movement irreversible (Fig. 1, c and f).

RIBOSOME TRANSLOCATION IN REGULATION

OF TRANSLATION: RIBOSOME AS A HELICASE

While unprecedented molecular details of the

translocation mechanism have recently emerged from the

structural studies and single�molecule biophysical meas�

urements, it remains less clear how the rate of transloca�

tion is modulated in live cells to regulate translation elon�

gation. Eukaryotic translocase EF�2 was shown to be

downregulated under stress conditions by phosphoryla�

tion [73�75]. Besides, EF�2 can be inactivated by ADP�

ribosylation catalyzed by diphtheria toxin [76]. A number

of antibiotics hamper cell growth by hindering transloca�

tion in bacteria [14]. Arguably the least understood and

most fascinating aspect of the translocation regulation is

modulation of the translocation rate by mRNA secondary

structure.

Computational analyses suggest that most, if not all,

mRNAs have the propensity to form extensive intramole�

cular secondary structures throughout the entire

sequence including the Open Reading Frame (ORF)

[77]. mRNA folding results in the formation of compact

structures with short end�to�end distances [78]. In vivo

transcriptome�wide RNA structure probing studies [79�

84] show that mRNAs fold in live cells, at least to some

degree, despite the presence of RNA helicases and other

RNA binding proteins, which can disrupt RNA second�

ary structure. Consistent with the idea that mRNAs form

extensive secondary structure in vivo, a number of struc�

tured mRNA elements were shown to regulate translation

initiation, including bacterial riboswitches [85],

frameshift�inducing hairpins and pseudoknots of eukary�

otic viruses [86], Internal Ribosome Entry Sites

(IRES) [87], Iron Response Elements (IRE) in the 5′�
UTR of transcripts coding for proteins involved in iron

metabolism [88], and Cap�Independent Translational

Enhancers (CITEs) [89]. Furthermore, protein and

miRNA binding to mRNA was found to be governed by

the RNA structure, which can occlude sites [90�95] pro�

viding further evidence for the importance of mRNA sec�

ondary structure.

Biochemical and single�molecule experiments

revealed that the translating ribosome is a very efficient

helicase [96, 97], which unwinds three base pairs per

translocation step (Fig. 3). The translating ribosome

unfolds mRNA secondary structure because the narrow

mRNA channel of the small ribosomal subunit can only
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accommodate a single�stranded mRNA [96, 98�101].

Consistent with the demonstrations of helicase activity of

the ribosome, transcriptome�wide ribosome profiling

analysis demonstrates that most of the secondary struc�

ture elements within the coding regions of mRNAs do not

influence the rate of translation elongation [102]. Most

structured mRNA elements, which regulate translation,

reside either in the 5′� or 3′�UTRs.

Helicase activity of the ribosome likely plays a major

role in the remodeling of mRNA structure and regulating

mRNA interactions with RNA�binding proteins [103].

For example, mRNA translation in poly�ribosomes ren�

ders the mRNA ORF devoid of secondary structure due

to the ribosome helicase activity [103�105]. The pioneer

round of mRNA translation by the ribosome, which dis�

places exon junction protein complexes (EJCs) and other

proteins deposited on mRNA in the nucleus [106], may

enable mRNA folding into compact structures after ter�

mination of protein synthesis. Indeed, the single�mole�

cule�resolution fluorescent in situ hybridization

(smFISH) and proximity�ligation studies indicate lack of

interactions between the distant segments of nuclear

mRNAs bound with exon junction protein complexes

(EJCs) [104, 107]. By contrast, the 5′� and 3′�ends of

cytoplasmic mRNAs, which are not actively translated,

are co�localized through the formation of intramolecular

secondary structure [104, 105] that tend to bring mRNA

ends in close proximity [78, 108].

Paradoxically, in spite of the ribosome helicase activ�

ity, certain RNA stem�loop structures can induce ribo�

some stalling that results in accumulation of truncated

polypeptides [109] and No�Go mRNA decay (Fig. 3)

[110]. Furthermore, the evolutionarily conserved mRNA

stem�loops and pseudoknots trigger programmed transla�

tion pauses [111] and stimulate –1 programmed riboso�

mal frameshifting (PRF), which controls expression of a

number of proteins in bacteria, viruses and eukary�

otes [112]. In particular, –1 PRF regulates synthesis of

DNA polymerase III in bacteria [113]; HIV cytokine

receptor ccr5 in higher eukaryotes [114]; gag�pol proteins

in retroviruses, including Human Immunodeficiency

Virus (HIV) [115]; and C�terminally extended polypro�

tein in coronaviruses, including SARS�CoV�2, which

caused the COVID�19 pandemic [116, 117].

The mechanism of ribosome pausing induced by

mRNA secondary structure is not fully understood. A

number of published single�molecule studies suggest that

slow unwinding of a secondary structure, to which ribo�

some pausing is often attributed, is an unlikely explana�

tion of the extent of translation inhibition induced by cer�

tain mRNA stem�loops [31, 118, 119]. Translocation

through three GC base pairs is only 2 to 3�fold slower

than translocation along a single�stranded codon

[31, 118, 119] indicating that the stability of the three

base pairs adjacent to the mRNA channel has a relatively

moderate effect on translocation rate. By contrast, the

frameshift�inducing stem�loops and pseudoknots were

shown to produce extended ribosome pauses [120�127].

It appears that rather than creating a simple road

block for the ribosome, mRNA stem�loops induce pro�

Fig. 3. mRNA stem�loops can either be quickly unwound by the ribosome or induce ribosome pausing. When positioned at the mRNA entry

channel, certain regulatory secondary structures of mRNA induce translational pause despite the helicase activity of the elongating ribosome.

The three base pairs of the stem�loop adjacent to the mRNA entry channel that become unwound by a translocation step are shown in red.



grammed ribosome pauses by making specific interac�

tions with the ribosome. Recent studies suggest that the

frameshift�inducing mRNA stem�loops can perturb

translation elongation by docking into the 30S A site hin�

dering tRNA binding [128]. Furthermore, when posi�

tioned at the entry of 30S mRNA channel, frameshift�

inducing stem�loops and pseudoknots were shown to

inhibit the rate of ribosomal translocation by more than

one order of magnitude in a number of kinetic ensemble

and single�molecule experiments [120, 121, 126�129]. It

has been recently demonstrated that upon encountering

the mRNA secondary structure the ribosome translocates

through two alternative pathways (fast and slow) [31].

Interactions of the frameshift�inducing stem�loops and

pseudoknots with the mRNA entry channel may increase

the flux through the slow pathway and thus decrease the

average rate of ribosome translocation [31].

Many of Spirin’s ingenious insights into the mecha�

nism of ribosomal translocation were corroborated in the

last few decades with advances brought by high�resolu�

tion structures of the ribosome and single�molecule bio�

physical experiments. Nevertheless, ribosomal transloca�

tion along mRNA remains one of the most fascinating

steps of proteins synthesis. The complete “movie” recon�

structing structural rearrangements of the ribosome, EF�

G, and tRNA during translocation is yet to materialize. A

more complete understanding of how ribosome translo�

cation remodels mRNA secondary structure and modu�

lates interactions of mRNA with many regulatory pro�

teins is just beginning to emerge. Mechanisms of regula�

tion of ribosome translocation by mRNA secondary

structure await further investigation.
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