
The ribosome is a molecular machine that synthe-

sizes all cellular proteins by decoding information con-

tained in the nucleotide sequence of messenger RNA

(mRNA). The ribosome is a huge macromolecular com-

plex: in bacteria it contains three molecules of ribosomal

RNA (rRNA) with general length of more than 4000

nucleotide bases, more than 50 ribosomal proteins and, in

addition, at every moment of its work, auxiliary protein

factors. The ribosome synthesizes protein chains from

activated amino acids delivered to its peptidyltransferase

center (PTC) by transfer RNA (tRNA). For this goal, the

ribosome must scan an mRNA, select the aminoacyl-

tRNA (aa-tRNA) with the anticodon that is complemen-

tary to the codon in the mRNA, orient the substrates of

peptide synthesis in the PTC in the correct manner in

order to catalyze the transpeptidation reaction, and after

that carry out the concerted advance (translocation) of

tRNAs and the mRNA by one codon for releasing the site

for a new aa-tRNA (Fig. 1a). At every stage of this multi-

stage process, the conformation of the ribosome and its

ligands, tRNA and protein translational factors, undergo

certain changes (for reviews see [1, 2]). Allosteric features

are revealed in ribosomes of all living organisms, which is

not surprising if we consider its exclusively high conserv-

ativity during biological evolution. However, now enough

documented data about allostery in the translation appa-

ratus are found in the literature only concerning bacterial

and yeast ribosomes. So, in this review only facts obtained

for these organisms are analyzed.

The terms “allostery” and “allosteric” initially

appeared when it was established that the activity of pro-

teins could be stimulated or inhibited by distant factors,

binding sites of which in the protein molecule are remote

from its functional center and do not overlap with it [3].

These terms originate from Greek word “allos” –

“another”. Further, it was realized that allosteric phe-

nomena are fundamental features of living matter, its sus-

ceptibility and changeability, and its ability to perceive,

transmit, and remember information consisting in con-

formational states of macromolecules. Activity of many

proteins and enzymes (for example [4]), different stages

of gene expression [5, 6], ligand–receptor interactions,

ion channel activity [7], and many other processes are

known to be regulated in allosteric manner. This phe-
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Fig. 1. a) The cycle of the ribosome. Three main stages of an elongation are labeled in the inner circle; the elongation factors involved in the

cycle are labeled as part of the complexes, both in the interaction with the ribosome, and dissociated after the completion of the stage. The

initiation of the synthesis of a new peptide chain, just like the termination of translation on the stop codon, is in an external cycle. Adapted

from [92]. b) Sequential advancement of tRNA along the sites of the ribosome during elongation. The sites occupied by tRNA are labeled from

below, the subunits of the ribosome are labeled to the left of the figure; the newly synthesized polypeptide chain is indicated as gray circles, the

new amino acid is open one.

aa-tRNA•EF-Tu•GTP

E-tRNA
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nomenon was found not only in proteins, but also in

DNA–protein complexes [8, 9] and RNAs from small

aptamers [10] up to, as already mentioned, the largest

ribonucleoprotein complex in a cell – the ribosome.

Allosteric regulation exists first due to flexible and

mobile structure of biological macromolecules, and sec-

ond due to conformational coherency of its residues:

cooperative dynamics provides several permitted states

near global energetic minima between which temporal

switching is possible. In the simplest model, there are two

such the states, and they are designated as R, the relaxed

one, and T, the tensed one, which are in equilibrium

when the molecule is vacant, but introduced into the sys-

tem allosteric effector can bias this equilibrium due to

preferential affinity to one certain state. Allosteric effec-

tors are usually low molecular weight ligands, but since

about the 1990s, point mutations, modifications, change

of general conditions, such as pH or ionic strength of the

media, are also considered as allosteric effectors. If upon

changing the protein state geometry of an active or bind-

ing to another ligand center switches through the thresh-

old separating active and inactive states, then allosteric

regulation of its activity is observed [11].

The first mathematical models describing allosteric

effects were created for exploration of cooperative effects

in multisubunit proteins, the classic example being the

Bohr effect, or cooperative binding of a proton by four

hemoglobin subunits. The earliest, so called concerted

model, or MWC model according to the author’s sur-

names abbreviation (Monod–Wyman–Changeux) [12]

considers a multisubunit protein as an indivisible

allosteric switch, so that all its subunits adopt active or

inactive state simultaneously and in concerted manner,

which defined the model. The so-called sequential

model, published shortly after the previous one, designat-

ed by abbreviation KNF also due to the author’s sur-

names (Koshland–Nemethy–Filmer) [13], allows the

possibility for different subunits of the protein to be in dif-

ferent states, but in this model conformational change in

one of the subunits shifts the equilibrium for the others.

The KNF model in distinction from the MWC model

enables description of not only positive but also negative

cooperativity, found, for example, in ATPases of the mul-

tisubunit bacterial chaperon GroEL [14].

Rather recently the thermodynamic ensemble

allosteric model (EAM) was elaborated [15], following

the approaches of the 1960s, but already allowing expla-

nation of more complicated phenomena up to sign

changes of allosteric effects of a ligand depending on cer-

tain conditions. This phenomenon is particularly

observed in the case of certain transcriptional factors,

which can be agonists or antagonists in shifting condi-

tions [16, 17]. With this model, the protein is subdivided

into conditional “domains” (like subunits in predecessor

models) connecting two ligands A and B, which have

their T and R states, and the change in free energy in the

transition between the states is composed of differences

between energies of states of the domains themselves and

change in energies of the interdomain interactions. In

general, this new thermodynamic model can take into

account many more states than the models of the 1960s

(Fig. 2).

These models assume only a “quaternary” level of

changes in the protein through a switching between the

states of the subunits, leaving the “tertiary” level, the level

of certain intermolecular interactions and conformations

of individual residues, a black box that only provides a

particular state of the subunit. Meanwhile, the “tertiary”

level itself independently is able to provide information

exchange in single-subunit proteins, and, presumably,

makes allostery a universal property of all proteins except

a

b

c

Fig. 2. Schematic representation of individual subunits states

considered in different thermodynamic models for a multisubunit

protein. Here the square denotes the T (tensed) state, the circle –

R (relaxed) state; closed figure designates a domain with bound

ligand, open figure represents a ligand-free domain. a) MWC

model (concerted); b) KNF model (sequential); c) EAM model

(energy ensembles). Adapted from [15].
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fibrillar ones [18]. At this level, for some systems, specif-

ic pathways for signal propagation and networks of inter-

actions were identified, using both computational

approaches [19] and experimental ones, detecting con-

formational changes by means of NMR relaxation meth-

ods [20]. In this case, the overall picture of interactions of

remote functional regions of proteins often implies a set

of intertwined paths organized in global communication

networks (GCN), as well as the interaction between the

“quaternary” and “tertiary” levels, thus encompassing

the comprehensive whole of the molecule [21].

Allosteric states might differ not only in equilibrium

positions of atoms, but also in a degree of motion in

vibrational and rotational modes, in other words, confor-

mational entropy [22]. This possibility was predicted the-

oretically back in 1984 and was called “allostery without

conformational changes” [23]. The presence of the

entropic component makes conventional structural

methods insufficient for investigation of allostery. The

simplest estimate of principle modes ranges, based on B-

factor values extracted from structural data for an irre-

dundant sample of 91 proteins bound with ligands and

vacant ones, revealed a significant difference in about half

of the investigated structures. Thus, in these proteins the

entropic factor is important for allosteric switching [24].

In summarizing the above, it is noteworthy that bio-

logical macromolecules can occupy several resolved states

near a global minimum, and these states differ between

each other in conformational and entropic characteris-

tics. The switching of the macromolecule between these

states occurs in a holistic manner, so that it becomes pos-

sible to regulate a functionally important site by impact

on remote regions stabilizing a certain state by a small

effector ligand at the scales of the biomolecule, as well as

a mutation or modification of its monomeric units.

ALLOSTERIC EFFECTS OBSERVED

BY INTERACTION OF THE RIBOSOME

WITH tRNAs

Binding of tRNA to the A-site of the ribosome. As seen

from Fig. 1, tRNA, acylated by an amino acid residue,

sequentially occupies three binding sites in the ribosome,

namely the A (acyl)-, P (peptidyl)-, and E (exit)-sites.

The ribosome consists of two subunits – large and small;

each subunit of the ribosome has three specific areas cor-

responding to each of the mentioned sites. Upon transla-

tion, tRNAs can simultaneously occupy not only areas of

the same site on the small and large subunits, but also be

in one of the so-called hybrid states, i.e. be bound with

regions belonging to different sites (Fig. 1b). Aminoacyl-

tRNA is delivered to the ribosome as part of a ternary

complex with the elongation factor EF-Tu (in bacteria)

bound to GTP (aa-tRNA•EF-Tu•GTP complex); it

occupies the A-site region of the small subunit, and it

establishes contacts with the L7/L12-stalk on the large

subunit in complex with EF-Tu•GTP that is designated as

the hybrid A/T-state of aa-tRNA. The correct geometry of

the codon–anticodon complex upon the interaction of the

anticodon of this tRNA with the corresponding codon in

the mRNA stimulates EF-Tu GTPase activity and GTP

hydrolysis, after which the ternary complex dissociates

and the aminoacylated CCA-terminus of the tRNA occu-

pies the A-site region of the large subunit. This stage of the

translation cycle is called an accommodation of aa-tRNA.

In this case, the ribosomal P-site is already occupied by

tRNA, acylated with a newly synthesized peptide (nascent

peptide), or, in the case of a translation initiation, with an

N-formylmethionine residue. The mutual arrangement of

E-, P-, and A/T-tRNA, as well as of EF-Tu in a complex

with the ribosome, is shown in Fig. 3.

Binding of the tRNA to the ribosome in the A-site

was found to be disturbed by distant mutations, and

therefore it depends on the conformation of the riboso-

mal elements surrounding this site.

Thus, the substitution of adenine A2531, playing an

important role in the tertiary contact of helices H91 and

H95 in 23S rRNA to pyrimidine bases, considerably

reduced the affinity of the ternary complex (in which the

role of aa-tRNA was carried out by Phe-tRNAPhe) to the

ribosome. Meanwhile, the affinity of a peptidyl-tRNA to

the P-site did not altered. The distance from the point of

the mentioned mutation to the A-site of the large subunit

of the ribosome is not less than 50 Å [25].

In addition, a mutation that distorted the secondary

structure of the H89 helix by replacing two nucleotide

residues of UU2492-3 by a single C residue could disturb

the binding of the A-tRNA [26].

It is noteworthy that in both the cases the ribosome

retained its functionality, and several translocation stages

and affinity for P-tRNA were not damaged by these

mutations.

Is there allosteric connection between the A and E

sites of the ribosome? The fact that the binding of an aa-

tRNA to the A-site can be selectively inhibited by remote

point mutations implicitly suggests its ability to be found

in two states – an “open” state that can accept a tRNA,

and a “closed” state that prevents this binding. Therein, is

there any functional significance for the switchover

between the states? Might this switch be a sensor or, on

the contrary, a regulator that coordinates the binding of

the aa-tRNA in the A-site and other stages of protein syn-

thesis in the ribosome?

It would seem that a sufficiently definite answer to

this question was made many years ago by Nierhaus et al.,

who discovered the phenomenon of negative cooperativi-

ty of tRNA binding in the A- and E-sites [27-29].

According to those authors, the affinity of deacylated

tRNA to the E-site, which is largely determined by the

codon–anticodon interactions with mRNA, declined

dramatically when the aa-tRNA (for instance, Thr-
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tRNAThr) occupied its site. Vice versa, if conditions were

created conducive to the binding of deacylated tRNA to

the E-site of the ribosome, whose A-site was already

occupied by aa-tRNA, the complex of the latter with the

ribosome was destroyed [28].

Subsequently, Nierhaus et al. obtained data suggest-

ing that the allosteric interaction of tRNA in the A- and

E-sites via mRNA is expected to support the reading

frame [30] and reduce the frequency of decoding errors

[31, 32]. Indeed, on one hand, tRNA in the E-site pre-

vented a random shift of the mRNA reading frame [33];

on the other hand, it facilitated its shift if it was pro-

grammed [34, 35]. Thus, it is expected for these interac-

tions to be directly related to the control of the movement

of mRNA during translocation.

The hypothesis of Nierhaus on the mutually exclu-

sive binding of A- and E-tRNA to the ribosome has long

been the subject of bitter controversy. Thus, it was shown

in the laboratory of Rodnina and Wintermeyer that in a

cell-free system with a high concentration of Mg2+ and

polyamines, the ternary complex involving Phe-tRNAPhe

did not accelerate the dissociation of tRNAfMet from the

E-site, firmly connected with it due to the introduction of

polyamines into the system [36].

Strictly speaking, the discussion about Nierhaus’

hypothesis is not considered to be complete (for a review,

see [2]), especially since in the literature from time to time

there appear data seemingly reconciling two opposing

points of view. Thus, studying the binding and dissociation

of tRNA in real time on individual ribosome molecules by

smFRET, which allows tracing several initial elongation

cycles of translation with different mRNA sequences, it

was found that the competition between the A- and

E-sites of the ribosome in fact depends on of the length of

the synthesized peptide. Leaving aside the details, based

on the results of that work, it is to be concluded that the

mechanism of Nierhaus acted at the earliest stages of

polypeptide synthesis, and the Rodnina–Wintermeyer

mechanism at subsequent ones [37]. It is also noteworthy

that the dilemma discussed above can be solved by analyz-

Fig. 3. The ribosome immediately after hydrolysis of GTP into GDP during recognition of aa-tRNA. rRNA is shown in the form of trans-

parent ribbons, while ribosome ligands are represented as follows: tRNAs – in the form of helices with leaves, elongation factor – in the form

of opaque ribbons with GDP displayed in black. Dark gray opaque ribbons display the rRNA of the stalks of a large ribosomal subunit. rRNA

of the small subunit (16S rRNA) is depicted in a darker shade of gray than the rRNA of the large subunit. tRNAs occupy the sites (from left

to right): A/T, P/P, E/E. The distance in angstroms between the decoding center (DC) and the peptidyltransferase center (PTC) is shown.

The source of the structure is PDB id: 5AFI.
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ing a system with an undissociated into subunits ribosome

in the presence of mRNA and entire tRNA molecules,

since there is no prohibition of simultaneous binding of

CCA-fragments of tRNA to the A- and E-sites of the

large subunit, while the occupation of the E-site of the

large subunit did not distort in any way the geometry of

binding of the tRNA terminus fragment in the A-site of

the 50S subunit of Haloarcula marismortui [38]. In favor

of the requirement to continue investigations to resolve

this problem, the allosteric relationship of A- and E-sites

was established by site-directed mutagenesis: a mutation

in the A-site of the yeast ribosome C2820U (C2452 E.

coli) increased the availability for chemical modification

of two adenines (A2778 and A2779) in helix H88 of 25S

rRNA located near the E-site [39].

To conclude this section, we note that it is possible to

obtain T. thermophilus ribosomes in a crystal state as a

complex containing tRNAs in all three classical sites

simultaneously. However, in many cases (PDB id: 5J4C,

5J4B, 5J8B, 4WPO, 4V51, 5VP2, 4V5C, 4V5D, 4V8N,

4WT8) this is achieved due to the contact of E-tRNA with

mRNA, hardly like “correct” codon–anticodon interac-

tions.

Allosteric regulation of the ribosomal decoding center

activity. The selection of tRNA with an anticodon corre-

sponding to the codon in mRNA occurs in two main

stages. First, an aa-tRNA in a ternary complex (with EF-

Tu and GTP) occupies its site on the ribosome, i.e. binds

to a hybrid A/T-site. The first two pairs of the

codon–anticodon complex are stabilized by interaction

with nucleotide residues A1492 and A1493 of the h44 16S

rRNA and the hydrogen bond with the G530 residue of

helix h18. The formation of the “cognate” codon–anti-

codon complex serves as a signal for the conformational

rearrangement of a vast region of the small subunit of the

ribosome, which in turn stimulates the GTPase activity of

EF-Tu, hydrolyses GTP into GDP, and reduces the inter-

actions of the ternary complex with the ribosome. In the

second stage, the so-called aa-tRNA accommodation

occurs, during which, in the case of the “cognate”

codon–anticodon complex formation, the aa-tRNA

vacates EF-Tu, and its CCA-terminus occupies the A-site

site in the PTC. During this, the aa-tRNA remains bound

to the mRNA. If there was an error at the decoding stage,

the aa-tRNA dissociates from the ribosome.

It is not surprising that at this very important stage of

genetic information translation, accompanied by various

conformational rearrangements of the ribosome and its

ligands, the allosteric effects manifest themselves quite

obviously and are particularly variable.

The decoding center of the small subunit of the ribo-

some, where the codon–anticodon complexes are recog-

nized and discriminated, is located about 80 Å from the

GTPase center of EF-Tu. The participants in the trans-

mission of the signal about the formation of the “cog-

nate” codon–anticodon complex to this center are well

known: first, it is a tRNA molecule. Ramakrishnan and

coworkers demonstrated that after binding of the ternary

complex to the ribosome, i.e. in the hybrid A/T-state, the

tertiary structure of tRNA differs significantly from the

structure in the free complex [40]. Accordingly, muta-

tions in the tRNA molecule that alter the macromolecu-

lar structure of the tRNA in the A/T-state, and which are

sufficiently remote from the decoding center, allosterical-

ly influence the decoding accuracy [41]. The best-studied

mutation for this case is a so-called “Hirsch suppressor”,

the G24A mutation in the D-loop of tRNATrp, which rec-

ognizes the stop codon UGA as Trp [42].

Second, this is a rather large RNA–protein domain

of the 30S subunit (sometimes called the “arm” of this

subunit), on the surface of which the decoding process

itself takes place. In the formation of the “cognate”

codon–anticodon complex, the “shoulder” of the small

subunit assumes a more compact form (transits from an

“open” to a “closed” state), which acts as a “trigger” for

transmitting the allosteric signal about this event to the

GTPase center of EF-Tu. When this occurs, a connection

of one of the 16S rRNA segments of this domain with EF-

Tu is established [43]. The following events are not yet

studied at the level of individual nucleotide and amino

acid residues. However, it is well known that an important

role in the conformational transformations of the “arm”

of the 30S subunit is played by the mutually contacting

uS4 and uS5 proteins. For many years, Dalberg, Gregory,

and O’Connor studied the effect of mutations in these

proteins on the course of the decoding process and the

effectiveness of the action of the antibiotics that inhibit

this process [44-46]. They established that a disruption of

contact between uS4 and uS5 by deletion of certain uS5

protein residues resulted in a decrease in the accuracy of

mRNA decoding and a change in the sensitivity to an

antibiotic of the uS12 protein, an important participant in

the regulation of this process. These effects are surely

transmitted in an allosteric manner, while the uS4-uS5

tandem does not interact immediately with the uS12 pro-

tein or with the decoding center.

It is significant that the tracking of the GTPase activ-

ity of EF-Tu appeared to be a very convenient approach

for searching for sources of allosteric signals in the ribo-

some. Thus, mutations in components of an intersubunit

“bridge” B8 consisting of h8 and h14 of the 16S rRNA,

on one hand, and the uL14 and uL19 proteins of the large

ribosome subunit, on the other, negatively affected the

GTPase activity of the EF-Tu [47, 48]. The distance from

the mutated residues to the GTPase center was several

tens of angstroms.

Decoding accuracy can be influenced not only by

mutations in RNA and proteins of the small subunit, but

also those in RNA molecules of the large subunit, both in

a molecule of 5S rRNA [49] and 23S rRNA, for example,

in its helices H92 or H89, which are remote from the

decoding center [50].
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ALLOSTERIC REGULATION OF THE PEPTIDYL-

TRANSFERASE CENTER OF THE RIBOSOME

The peptidyltransferase center (PTC) of the ribo-

some, catalyzing the transpeptidation reaction, is com-

posed predominantly of the nucleotide residues of rRNA

of the large subunit. Therefore, ribosomes are considered

as a class of ribozymes. These nucleotide residues, like in

any other enzyme, provide optimal relative arrangement

of the reaction substrates, exactly the substrates of the

transpeptidation reaction: the amino group of the amino

acid bound to the A-tRNA (A-substrate) and the car-

bonyl group of the C-terminal amino acid residue of the

synthesized peptide (P-substrate), bound to tRNA, locat-

ed in the P-site of the ribosome. Since the P-substrate,

which is subjected to a nucleophilic attack by a free NH2-

group of the A-substrate, has already been activated in the

previous stages of translation, the main contribution to

the catalytic function of the PTC is created by the entropy

factor.

In the PTC of the ribosome, at least two layers of

nucleotide residues forming it are commonly distin-

guished: nucleotides interacting immediately with the A-

and P-substrates (the first layer, in E. coli ribosomes it is a

set of residues A2451, U2585, and A2602), and an anoth-

er one contacting the nucleotides of the first layer (the

second, more spacious layer; in E. coli ribosomes, these

are residues A2447, C2063, G2061, A2450, C2452,

U2506, and also nucleotide residues G2553, G2251, and

G2252 forming complementary pairs with the CCA-ter-

mini of the tRNAs in the A- and P-sites, respectively,

ensuring their optimal conformation in the active center)

[51-53]. It is clear that the interactions of the nucleotide

residues from the first and second layers should not be

considered as allosteric. However, 10-20 Å from the

nucleotides of the first layer, the nucleotide and amino

acid residues of rRNA and proteins of the large subunit,

whose mutations affect the activity of both the PTC and

inhibitors of the transpeptidation reaction are defined as

allosteric (see, for example, [54]). The description of a

detailed mechanism for the transmission of allosteric sig-

nals in these cases seems to be a realistic task, but to the

best of our knowledge, it has not been completed.

It is well established that the activity of the PTC is

regulated by allosteric signals received from the adjacent

region of a ribosomal tunnel (RT). This important func-

tional element of the ribosome serves to transport the

polypeptide chains synthesized in the PTC to the surface

of the large subunit of the ribosome, where the first stages

of protein processing are carried out. In addition, binding

sites of many inhibitors of protein synthesis are located in

the RT, including several antibiotics used in clinical and

veterinary medicine. In rather rare but very important

cases, the growing peptide interacting with the elements

of the RT walls (itself or in the presence of an antibiotic)

completely inhibits the PTC and thereby stops the syn-

thesis of the protein on the ribosome. This phenomenon

has been considered in several reviews [55-58]. It is also

important to note that the nucleotide residues of 23S

rRNA located on the walls of the RT that participate in

the transmission of the signal aimed to stop the synthesis

of the polypeptides in the PTC were identified by Mankin

et al. by means of directed mutagenesis. They were found

to be nucleotides A2058, A2503, A2062, U1782, and

U2609 [59]. Nucleotide residue A2058 is located about

20 Å from the nucleotides of the first layer of the PTC. It

participates in the formation of the binding site of the

antibiotic erythromycin with the RT. Via binding to this

site, erythromycin transmits an allosteric signal to the

PTC about the alteration in the position of the U2585

residue in relation to the other residues of the first and

second layers of this center [60]. The stoppage of protein

synthesis in this case is quite understandable, since it was

previously shown that the distortion of the native confor-

mation of the first layer of the PTC (including U2585)

inevitably entails its inactivation [61].

Recently, using molecular dynamics simulations of a

ribosome fragment containing the entire PTC and the

whole RT, an opportunity for coordinated transmission of

the allosteric signal through the formation of continuous

stacking interactions for the base sequence A2058-

A2059-m2A2503-G2061-A2062-C2063-U2585 was found

by Makarov et al. [62]. For the complete formation of

such a cascade, base A2058 was to separate from the stack

of bases of helix H73, which was associated with stacking

interaction with base A2057. At the end of the cascade,

nucleotide residue A2062 occupied an unconventional

position between G2061 and C2063, and the U2585

residue from the first layer of the PTC was in stacking

interaction with C2063.

It is still unclear whether the PTC can exchange

allosteric signals with other functional centers of the ribo-

some. Regarding this, as in many other cases, useful

information was obtained by combining the method of

directed mutagenesis of ribosome components with an

assay of changes in the availability of rRNA nucleotide

residues to various chemical agents (so-called “chemical

probing”) induced by the certain mutation. Thus, muta-

tion UU2492-3C in the part of the helix H89 adjacent to

the PTC, which was already discussed above, affected its

functional activity and, expectedly, induced a conforma-

tional rearrangement of the ensemble of nucleotide

residues forming it. However, the distortion of the geom-

etry of the H89 helix simultaneously noticeably affected

the accessibility to modifying agents of the bases in the

so-called sarcin-ricin loop of 23S rRNA (SRL) or H95 at

the binding site of elongation factors far distant from the

PTC [26].

Another example was found in the paper of Dinman

and coworkers, who systematically studied allosteric phe-

nomena in yeast ribosomes by means of both mutagenesis

and “chemical probing”. They investigated the effects of
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mutations in the structural element of the ribosome that

connects the small and large subunits in the 80S ribosome

named “bridge B1b/c”. The eL11 protein of the central

stalk of the 60S subunit of the ribosome takes part in its

formation. It is located rather far from the PTC.

Nevertheless, mutations in eL11 affect the PTC and the

whole chain of 25S rRNA helices, along which, accord-

ing to the authors, the allosteric signal is transmitted [63].

The peptidyltransferase reaction is also sensitive to

breakdown of the ribosome structure: for example, the

absence of 5S rRNA connecting the II and V domains of

23S rRNA ultimately disturbs its fulfilment, but the effect

of the deletion of this rRNA can be partially compensat-

ed by the antibiotic connecting these domains [64].

ALLOSTERIC EFFECTS ACCOMPANYING

THE TRANSLOCATION PROCESS

Deacylated upon the transpeptidation reaction,

tRNA is gradually moved from the P-site to the E-site,

and peptidyl-tRNA, respectively, from the A-site to the

P-site through a series of intermediate conformational

changes both in the tRNA itself and in the ribosome [65].

This process is called translocation.

Interaction of the L1 stalk with tRNAs. In the process

of translocation, the large elements of the ribosome are

shifted in relation to each other. Thus, upon the transition

of tRNA to the hybrid P/E-state, the L1 stalk of the 50S

subunit (named after the uL1 protein in its structure) is

bent inward to the interface of the subunits, shifting by

∼20 Å. This state is considered the “closed” conformation

of the L1 stalk, in contrast to the “open” conformation,

when tRNAs in the PTC are in the canonical A/A- and

P/P-states. Accordingly, the equilibrium between these

states is defined as a pre-translational. The most signifi-

cant event in this stage of translation is the rotation of the

small subunit by ∼8 Å counterclockwise relative to the

large subunit and lateral displacement of the “head” of

the small subunit by ∼20 Å relative to its “body”. The

mRNA moves to one codon forward in the same direction

[66]. The coherence of the motion of the L1 stalk and

tRNAs was experimentally established by the smFRET

method for several basic translocation steps: the transi-

tion of tRNA from the canonical P/P- to the hybrid P/E-

state [67], the binding of the tRNA by the stalk [68], and

the rotation of the subunits relative to each other [69, 70].

Thus, two global states can be distinguished, 1 and 2 (GS1

and GS2), between which the ribosome oscillates. In the

first global state the tRNA molecules are in the canonical

A/A- and P/P-sites, the L1 stalk is in the “open” confor-

mation, and the subunits are not displaced relative to

each other. The second global state is the next stage of

translocation, namely, the shift of the CCA-termini of

tRNAs in one position toward the exit of the tRNAs from

the ribosome, the formation of hybrid states, the rotation

of the L1 stalk to the “closed” position described above,

which is required for retention of the tRNA in the P/E-

state, the transition of the ribosome itself to the unlocked

state, accompanied by “disconnection” of a set of inter-

subunit “bridges” [71], which is indispensable for relative

intersubunit rotation (the GS2 state is depicted in Fig. 4).

The efficiency of the translocation process depends

critically on the presence of elongation factor G (EF-G)

in the translating ribosome in a complex with GTP (see

Fig. 1). It binds to the GTPase center of the large subunit.

In this case, we encounter a record distance along which

allosteric signals are transmitted. It has been found that

the bacterial factor EF-G regulates the conformational

state of the L1 stalk, which is distant from it by more than

170 Å: even in the absence of acylated tRNA in the A- (or

A/P-) site, the formation of the EF-G complex with the

ribosome displaces the equilibrium between the “open”

and “closed” states of the L1 stalk towards the latter [72].

The mechanism of this allosteric connection is still to be

established.

Apart from EF-G, aminoglycoside antibiotics can

also interfere in the pre-translational equilibrium of the

ribosome. These drugs bind near the decoding center and

the A-site of the small subunit of the ribosome. It is

known that in addition to malfunction the very decoding

center, they inhibit the translocation process [73, 74]. By

the same FRET method that detects intersubunit rota-

tion, it was found that the aminoglycoside kanamycin

froze the ribosome in a closed state, and viomycin froze

the ribosome in an open state. The antibiotic neomycin,

which binds to the H69 helix, located rather adjacent to

the decoding center and forming an important intersub-

unit B2 bridge, also fixed the closed conformation of the

ribosome at low concentrations [75].

There are other examples of how the position of the

L1 stalk relative to the surface of the subunits can be

altered in allosteric way due to disruption of intersubunit

contacts. Thus, mutations that disturb the contact

between proteins uS13 and uL5, composing certain ribo-

somal “bridge”, and thereby inducing rotational dis-

placement of the small subunit, simultaneously stabilized

the “closed” position of the L1 stalk. It is important that

this connection can also be observed in vacant ribosomes

in the absence of tRNA. Again, the allosteric link between

the L1 stalk and the decoding center of the ribosome was

established in relation with antibiotics. Thus, the amino-

glycoside viomycin, binding near this center, stabilizes

both the “closed” state of the L1 stalk and the rotational

displacement of the ribosomal subunits relative to each

other both in the acting and in the vacant ribosome [76].

In addition to the dynamic equilibrium inside the so-

called pre-translational state (PRE), the ribosome can

spontaneously fluctuate into the terminal state of translo-

cation – the post-translocational state designated as

POST in the literature, where tRNAs completely occupy

the canonical P/P- and E/E-sites, and the ribosome sub-
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units return to an unshifted position. In the absence of

EF-G, the rate of this transition is insufficient to provide

the normal functioning of the ribosome: the PRE state is

more energetically favorable than the POST state (if EF-

G is removed from the system, the ribosome sponta-

neously returns to the PRE state). Several aminoglyco-

sides also affect this balance: for example, neomycin

increases the rate of transition from PRE to POST by 3-

fold and streptomycin by 14-fold, whereas tetracycline

reduces it 4-fold [77]. Sparsomycin binding in the PTC

also strongly shifts this equilibrium towards the POST

state, resulting in a spontaneous factor-less translocation

[78]. Similarly, spontaneous translocation is triggered by

several antibiotics with affinity for the A-site of the large

subunit [79].

Like the transition between the global states of the

pre-translocational complex, the conversion to the post-

translocational state evidently affects the main active cen-

ters of the ribosome: the PTC, the decoding center, and

the A-site of the large subunit.

Interconnection of EF-G and the pre-translocational

state of the ribosome. It appeared that the choice of the

pre-translocational state of the ribosome influenced the

catalytic activity of EF-G: until the ribosome is not in the

GS2 state with the hybrid sites of tRNAs, the hydrolysis

rate of GTP required for release of EF-G from the ribo-

some remained extremely low. It was previously known

that the binding of factor G to a vacant ribosome faintly

catalyzed the hydrolysis of GTP: to stimulate it, a deacy-

lated tRNA in the P-site, capable of transferring its CCA-

terminus to the E-site, was required [80], although the

factor can occupy the ribosome in any of the pre-transla-

tional states and initiate translocation starting from any of

them [81]. Nucleotide residue mutation C2394G, which

consists of substitution of the base located opposite the

3′-terminal the A76 tRNA residue, when it is located in

the E-site, decreased the affinity of the deacylated tRNA

for this site. As a result of this mutation, the affinity of the

tRNA for the E-site of the ribosome was ultimately

reduced not only in the spontaneous binding of tRNAfMet

in the presence of mRNA and fMetPhe-tRNAPhe in the

P-site, but the mutation also inhibited the post-transloca-

tional retention of the deacylated tRNA in the E-site and

the formation of the hybrid P/E-state of the pre-translo-

cational complex. Ribosomes with such a mutation,

where the formation of GS2 was hindered, significantly

Fig. 4. Ribosome in a pre-translocational state. tRNAs are situated in hybrid sites (from left to right): A/P, P/E. The distance in angstroms

from the E-site of the large subunit to the GTPase center of EF-G is shown. The image style of the elements of the complex is the same as in

Fig. 3. The source of the structure is PDB id: 4V7D.
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faintly catalyzed the hydrolysis of the GTP of EF-G and,

in addition, the affinity of the factor to these ribosomes

was reduced [82]. Besides stabilization of the GS2 state of

the ribosome due to the catalytic function of the elonga-

tion factor, it controls the concordance of the transloca-

tion: the GTPase center of the EF-G is sensitive to the

state of the ribosome before translocation, being an

allosteric sensor. It is difficult to determine from experi-

mental data which of its binding sites on the ribosome is

responsible for receiving the allosteric signal, or if this

role is played by their combination activating the hydro-

lysis of GTP in mutual coordination, because, as dis-

cussed above, pre-translocational rearrangements in the

ribosome itself also occur in concert.

In another report from the same group, it was shown

that deletion of a fragment of helix H38 of 23S rRNA

forming the intersubunit bridge B1a by interaction with

the protein S13 of the small subunit only partially reduced

the efficiency of the GTP hydrolysis activation by deacy-

lated tRNA located in the P/E-site. It can therefore be

expected that signal transmission occurs in this case along

several pathways, which duplicate and complement each

other [83].

The L7/L12 stalk, consisting of three helices of 23S

rRNA (H42-44) and proteins uL10 and uL11, is doubt-

less involved in the formation of the correct state of the

ribosome, which activates the hydrolysis of the GTP by

the GTPase EF-G. Its elongation by one pair at the very

bottom of helix H42 via insertion of an additional

Watson–Crick base pair C1030/G1124 reduced the

GTPase activity of the EF-G. It is noteworthy that upon

this mutation alterations in the accessibility to the modi-

fying agents occurred in many rRNA bases rather remote

from L7/L12 as a consequence of significant rearrange-

ments in the structure of the ribosome [84].

Additional evidence for the existence of allosteric

coherency in the ribosome. We mention here that to date

there have been accumulated many examples of the prop-

agation of the effects of mutations in rRNA over long dis-

tances along the ribosome that are detected by means of

chemical probing.

The A960C mutation affects several bases of the

PTC, exposing the P-tRNA-binding bases Gm2251 and

G2252 and shielding the nucleotide residues of A2518

and U2249 at the same time [85].

The mutations A2531U and A2531C, disturbing the

tertiary interaction of the vertices of helices H95 and

H91, altered the modification profile of several GAC

bases (GTPase-associated center, helices H42-44, form-

ing the stalk required for GTP-dependent translation fac-

tor activity), including residue U1033 forming a tertiary

contact with helix H97, as well as two bases of the PTC –

U2585 and A2572 [25].

The nucleotide residue A2518 is also deprotected for

modification by dimethyl sulfate in the ribosome when

the integrity of SRL (helix H95) is disrupted, in addition

to a number of nucleotides of helices H89, H90-92, H39

(including A960), H80, H72, certain residues of the PTC,

and of the stem of H42, participating in the organization

of the GAC [86].

In summary, data about changes in the degree of

modification of the E. coli bases presented above suggest a

total linkage between the SRL, a three-piece plug of

helices H90-92, the nucleotide residue A2518, which is

situated in a stack of four nucleotide residues together

with A1127-A1129 tethering helices H90 and H89, the

GAC, as well as PTC and H39 leading towards the E-site

from the PTC.

In the yeast ribosome, eL3 protein mutations

increasing the affinity of A- and P-tRNA to the ribosome

induce certain changes in the helices distant by more than

100 Å: they increase the availability of a significant num-

ber of the H85 residues and entail the hyperprotection of

a number of bases of helices H89 (A2901, A2920), H91-

92 (A2948, A2958, A2966, G2978 (G2554 in the numer-

ation accepted for E. coli ribosomes)), H93 (A3015), and

U3009 (U2584 according to the numeration for E. coli

ribosomes), i.e. located near the PTC [87].

Profound dynamic coherency of the ribosomal

residues enables Nature to create antibiotic-resistant

strains of bacteria employing mutations remote from their

binding sites to the ribosome. In the cases when small dis-

tances are implicated (see, for example, [54]), it is possi-

ble to trace a succession of disruptions of previous bonds

and the formation of new ones in the sequence of rRNA

or protein residues from the mutation point to the affini-

ty region to the antibiotic. The successive changes

revealed in this way could serve as a model for under-

standing allostery at larger distances.

The single deletion ∆Ser145 in uL3 protein of

Staphylococcus aureus provides resistance to linezolid, the

binding site of which is more than 20 Å apart from the

mutation point. Reduction of one of the protein loops

resulted in displacement of helix of H90 of the 23S rRNA

from the PTC by about 2 Å, which induced rearrange-

ments in the linezolid-binding site. The largest confor-

mational changes in the comparison of structures

obtained by cryoelectron microscopy were observed in

residues 2504-2506, G2576, G2581, and U2584 of the

23S rRNA, and mutations along these nucleotides can

provide resistance to this antibiotic [88].

Another antibiotic, anisomycin, normally binding

with its aromatic fragment in the A-gap between A2451

and C2452 according to the numbering of E. coli, lost its

affinity for the H. marismortui ribosomes as a result of

mutations G2581A and G2576U located at a distance

from the binding site of at least 12 and 7 Å, respectively.

The first mutation resulted in the formation of a new

hydrogen bond of A2581 with G2576 (the site of the sec-

ond mutation) upon disruption of the bond with U2506,

which developed into bending of the whole block of bases

2504-2507. U2504 is further connected to A2453, and
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this displacement eventually narrows the so-called A-gap.

The second of the mentioned mutations, G2576U, also

destroys one of the bonds of residues 2504-2507 (namely

G2576 with G2505), resulting in even greater bending of

this block, similarly to that in the previous case [89].

The data discussed in this review clearly demonstrate

that the ribosome is a flexible and adaptive molecular

machine. At the heart of its action are well-coordinated

mechanisms whose details are still to be deciphered.

Modern experimental structural methods do not yet

reveal micromovements at different stages of the work of

such a complicated macromolecular complex as the ribo-

some, although clear progress has been observed for sim-

pler biological structures [90].

In general, the aforementioned empirical evidences

indicated two features of the ribosome as an allosteric sys-

tem:

1. Exchange of allosteric signals is observed at vari-

ous stages of elongation for different sites of the macro-

molecular complex; for the realization of a whole set of

allosteric transmissions, the ribosome is to either be

divided into several allosteric “modules”, or to occupy a

set of near-equilibrium conformations, and in the process

of elongation to switch within this set. A combination of

these variants is also possible when some of the condi-

tional “modules” are interdependent and form their dis-

crete set of near-equilibrium states, where only certain

combinations of states of individual “modules” are per-

mitted.

2. Allosteric information propagates along the ribo-

some for distances that are large by molecular scale.

Thus, the E-site of the large ribosome subunit, and the

EF-G factor binding sites, GTPase activity of which

requires a certain pre-translocational state, are separated

by more than 100 Å, which is comparable to the linear

dimensions of the large ribosomal subunit. The coordi-

nated mechanism of translocation can be controlled by

small effectors – antibiotics – both from the decoding

and from the peptidyltransferase centers, which in itself

indicates high coherency of the translocation process.

Deep coordination of translocation is also confirmed by

numerous smFRET experiments, which revealed large-

scale displacements of macro-elements or large ligands

(tRNAs) of the ribosome. Regulation of the GTPase

activity of another elongation factor, EF-Tu, also impli-

cates at least a significant region of the small subunit of

the ribosome extending to 70-80 Å and propagates up to

the intersubunit bridge region, and this is also affected by

rRNA mutations of the large ribosomal subunit. As for a

negative allosteric connection between the A- and

E-sites, if it indeed exists, the large subunit alone is not

sufficient for its realization; therefore, the coordinated

operation of the entire translational mechanism is

required. Changes in the degree of nucleotide modifica-

tions are also able to occur at tens of angstroms from a

point mutation. Therefore, if independent allosteric

modules exist in the ribosome, their dimensions are com-

parable with the dimensions of the complex itself.

Besides, the stable propagation of the signals for such dis-

tances requires extended rigid RNA elements.  

The main sensors of allosteric switching that are

available for identifications from the whole array of

experimental data are:

− the A-site: its ability to bind a ternary complex or

free aa-tRNA is presumably dependent on a number of

factors;

− the PTC: in its inactive state no transfer of the pep-

tide chain to aa-tRNA in the A site or hydrolysis of the

ester connecting the peptide chain and P-tRNA

occurred;

− a hypothetical switch in the RT able to arrest the

action of the PTC (and, possibly, triggering dissociation

of the A-tRNA) via receiving a signal from a growing pep-

tide in interaction with antibiotic binding in the RT

and/or the RT walls;

− GTPase activity of EF-Tu: the structure of the

GTPase center “senses” the state of the ribosome at least

in the small subunit;

− GTPase activity of EF-G: it is sensitive to the type

of pre-translocational state of the ribosome.

As for the mechanism of propagation of allosteric

signals, the most obvious candidate for signal transmis-

sion over long distances is stacking interactions between

heterocyclic rRNA bases. On one hand, they stabilize

long and strong helices as rigid elements, potential signal

conductors. On the other hand, nucleotide bases that can

form or leave stacking interaction with extended rRNA

elements, for example, A2062 and U2585 in the PTC,

were revealed by molecular dynamics simulations, and it

is not surprising that mutations at these bases are critical

for the ability of the PTC to release the peptide from

tRNA in the P-site [51]. However, hypothetical “switch-

es” are also able to rely on other interactions – hydrogen

bonds, salt bridges, etc.

How far are the allosteric pathways extended and

how much are they branched and interconnected? If we

consider the relationship of the allosteric centers listed

above, then, for example, the antagonism of A- and

E-sites is enhanced by the elongation of the peptide chain

by more than three amino acid residues, indicating an

allosteric connection between the A-site and the upper

part of the RT [37], in which, in turn, there is a potential

“switch” that regulates the activation of the PTC.

Obviously, the large dimensions of a minimal

allosteric mechanism do not enable in the foreseeable

future to investigate the details of switching between the

states experimentally, for example, using NMR or other

spectral methods. However, the performance of modern

supercomputers already enables calculating the full-atom

model of the ribosome by the molecular dynamics

method in nano- and even microsecond time intervals
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(the record calculation was 1.2 ms). Of course, such times

do not cover completely any of the stages of the elonga-

tion cycle. To reproduce the operation of a ribosome, var-

ious methods of non-equilibrium dynamics are often

employed, such as aligning the coordinates of the select-

ed system into correspondence with the low-resolution

electron density of the ribosome in the functional state of

interest. The electron density required for this technique

is obtained by means of cryoelectron microscopy of ribo-

somes with analysis of individual images (for a review, see

[91]). In addition, even equilibrium molecular dynamics

could be an instrument for comparative analysis of the

states of ribosome complexes with ligands (antibiotics,

tRNA, elongation factors) and vacant ribosomes, wild-

type ribosomes and those containing mutations. It is like-

ly that it will help us to distinguish the conformations and

the degrees of motion of individual atoms and residues,

and at least partially answer the questions raised above.

Despite all the difficulties, the solution of such problems

is extremely important, since it would enable not only

deeper understanding of the mechanism of action of the

ribosome, but also the development of fundamentally

new approaches to rational design of new allosteric ribo-

somal antibiotics.
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