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The research group of Professor Andrey Belozersky with whom I started my academic
career in 1955 consisted of two parts: one was located at the Department of Plant
Biochemistry, Moscow State University, and the other at the A. N. Bach Institute of
Biochemistry, Academy of Sciences of the USSR. This biochemical group was one of

the most creative in the country. It was world-renowned because of several important discoveries
in the field of nucleic acid studies. In the thirties of the last century, it succeeded in settling the
question of the universal occurrence of two known types of nucleic acids, ribonucleic acid (RNA)
and deoxyribonucleic acid (DNA), in living matter. At that time, many biochemists believed that
RNA is a characteristic component of plants and fungi, whereas DNA (designated as “thymonu-
cleic acid” or “animal nucleic acid”) belongs to the animal kingdom. The presence of DNA in plant
cells raised doubts, as the positive cytochemical Feulgen reaction in plant cell nuclei was the only
indirect evidence. Belozersky and colleagues were the first to isolate thymine and then DNA
(thymonucleic acid) from higher plants (1, 2), thus proving the universal occurrence of DNA. The
next series of studies was carried out on bacteria (3) and demonstrated that both RNA and DNA
were present there, again confirming the idea of the universality of the occurrence of both types of
nucleic acids in organisms of different phylogenetic kingdoms. At the same time, the studies on
bacteria showed that these organisms were deserving of special attention because of the high
content of nucleic acids in their cells. During the years from 1939 to 1947, the systematic studies
of the content of nucleic acids in bacteria of various taxonomic families, of different ages, and
under different physiological conditions were performed in both subgroups headed by Belozersky
(4). The high level of nucleic acids in cells was postulated to be in direct relation to their biological
activities, growth rate, and cell proliferation.
I joined the group in 1954 as a graduate student, formally at the Institute of Biochemistry of the

Academy of Sciences, but the place of my experimental work was in the well equipped new
building of the Biological Faculty at the Moscow State University. By that time, the Journal of
Biological Chemistry had published a series of papers by Chargaff and colleagues in which the first
convincing results that the base composition of nucleic acids can vary in different organisms were
presented (5–8). Crick andWatson had just published their famous papers onDNA structure and
its implications for gene duplication and transcription into RNA (9, 10). The following questions
had arisen. What is the range of variations of base compositions of DNA and RNA in different
organisms? Does the total RNA just copy the total DNA of the cell, thus repeating its base com-
position, or do DNA-independent fractions of RNA exist? In 1956, I started work on testing the
idea of the presumable correlation between the base compositions of RNA and DNA. The result
was unexpected: the total DNA base compositionmanifested wide species variations, whereas the
RNA composition was found to be surprisingly conserved (11). At the same time, statistical
analysis of the data showed that a positive correlation of the base compositions of total RNAs of
different species with their DNA compositions does exist, although at a low regression value (12).
The data were interpreted in such a way that a relatively small fraction of species-specific (i.e.
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gene-specific) RNA exists at the background of the main
mass of evolutionarily conserved (presumably “non-ge-
netic” or non-coding) RNA, which consists for the most
part of ribosomal RNA. These results and interpretations
were widely discussed in the literature and at conferences,
in particular by F. H. Crick (13), F. Jacob and J. Monod
(14), C. Levinthal (15), S. Spiegelman (16), and M. Yčas
(17). To illustrate the situation in those years, two citations
are given below.

The coding problem has so far passed through three phases.
In the first, the vague phase, various suggestions were made,
but nonewas sufficiently precise to admit disproof. The second
phase, the optimistic phase, was initiated by Gamov in 1954,
who was rash enough to suggest a fairly precise code. This
stimulated a number of workers to show that his suggestions
must be incorrect and, in doing so, increased somewhat the
precision of thinking in this field. The third phase, the confused
phase, was initiated by the paper of Belozersky and Spirin in
1958… The evidence presented there showed that our ideas
were in some important respects too simple. (cited from Ref.
13, p. 35)

It has long been believed that structural information was
transferred from the genes to stable templates, such as riboso-
mal RNA, copied along the genes and maintaining in the cyto-
plasm the information necessary for protein synthesis. Every
gene was supposed to determine the production of a particular
type of ribosomal particles which in turn ensured the synthesis
of a particular protein (see Crick, 1958 (18)). In recent years,
however, this hypothesis has encountered several difficulties.
1. The diversity of base composition found in the DNA of dif-
ferent bacterial species is not reflected in the base composition
of ribosomal RNA (Belozersky and Spirin, 1960). (cited from
Ref. 14, p. 195)

Thus, Belozersky and I found ourselves among the pio-
neers ofmessenger RNA studies. Our results were the first
indications that only a small fraction of total RNA of nor-
mal (non-infected) cells copies DNA (genes) and, hence,
could be supposed to play the role of messenger (as such
an RNAwas named by Jacob andMonod (19)) from DNA
to proteins (i.e. to be a coding RNA). In 1962, Belozersky
retired from his position as head of the laboratory at the
Institute of Biochemistry, which I inherited. Together
withmy colleagues, we decided tomove our investigations
to the study of mRNA in eukaryotic (animal) cells. Using a
new object, fish embryos, wemade another discovery, that
mRNA in eukaryotic cells does not exist in a free form, but,
even when it is not engaged in translation, it is present in
the form ofmessenger ribonucleoproteins (RNP particles)
with a characteristic protein/RNA ratio of �3:1 (20, 21).
These messenger RNP particles were named informo-
somes. In oogenesis and early embryogenesis, the RNP
particles were proposed to be a masked form of mRNA

(22).Many years later, N. Standart, T.Hunt, and associates
presented one of the most elegant experimental proofs of
this proposal (23, 24).

Major Non-coding RNA That Forms Ribosome
Structure

Yet as the great bulk of the cellular RNA was implied to
be a non-coding RNA (11, 12), my interest was shifting to
the structural and functional characteristics of this sub-
stance. As the RNA of ribosomes was already known to
comprise at least 80% of the total RNA of a bacterial cell, it
was quite evident that the major non-coding RNA should
be ribosomal RNA. This expectationwas confirmed by the
analyses of base compositions of RNA-containing frac-
tions of bacterial cells conducted by several groups (25–
27). Our first contribution to the understanding of
ribosomal RNA was the demonstration that its high-mo-
lecular-weight molecules are constituted of a single
covalently continuous polyribonucleotide chain each
(28–31) but are not composed of smaller RNA subunits, as
had been assumed previously (32–35).
Self-folding of Ribosomal RNA into Specific Compact

Particles—The discovery of the self-folding of the high-
polymer polyribonucleotide chains into specific compact
globular bodies was the principal achievement that
attracted us to further studies of ribosomes. First, it was
demonstrated that the conformation of a high-polymer
RNA can change from the state of an unfolded flexible
chain in the absence of Mg2� at low ionic strength to the
state of more compact rod-like particles, still flexible but
possessing a developed secondary structure in the pres-
ence of Mg2� at moderate ionic strength, and further to
the state of well shaped compact globules at elevated
Mg2� concentrations and ionic strengths (Refs. 36–38;
see also Refs. 30 and 31). Later, my colleague V. D. Vasiliev
and associates showed that electronmicroscopy images of
two species of isolated ribosomal RNA (16 S and 23 S) in
the compactly folded state are different in their shapes and
strongly resemble the images of isolated 30 S and 50 S
ribosomal subunits, respectively (39, 40). This led us to
boldly assert that the specific shape and gross structure of
ribosomal particles are determined by self-folding of their
high-polymer ribosomal RNAs (41). More recently, this
assertionwas confirmed by direct x-ray structural analyses
of ribosomes (“The shape [of the 30S ribosomal particle] is
largely determined by the RNA component; none of the
gross morphological features is all protein.” (cited from
Ref. 42)). Thus, ribosomal RNA could be considered as the
structural core of ribosomal particles.
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Conformational Mobility of Ribosomal RNA and
Ribosomes—In addition to the structure-forming capacity
of ribosomal RNA, the high conformational mobility of
the folded RNA depending on ionic conditions, tempera-
ture, and the presence of some solutes seemed to be an
intriguing property of the RNA in light of its possible func-
tional role in the ribosome (43).When compact ribosomal
particles were exposed to the same physical and chemical
conditions that were used in the RNA studies, they exhib-
ited a similar conformational response. Depletion ofMg2�

caused stepwise unfolding of ribosomal subunits through
several discrete intermediate states without loss of riboso-
mal proteins, thus demonstrating the scaffold role of ribo-
somal RNA in the ribosome structure, on one hand, and
the possibility of conformational mobility of ribosomal
particles without their destruction, on the other (44, 45).
Self-assembly of Ribosomal Proteins on Ribosomal RNA—

Another type of reversible structural transformation of
ribosomal particles in vitro was shown upon their expo-
sure to high ionic strength in the presence of Mg2� (46,
47). Under these conditions, ribosomal proteins dissoci-
ated from ribosomal RNA in a stepwise manner while the
compactness of the particles and their gross morphology
remained the same (see also Ref. 41). This stepwise disas-
sembly of compact ribosomal particles was found to be
reversible, with restoration of their biological activity (47,
48). The experiments on successful reassembly (reconsti-
tution) of biologically active ribosomal particles were
simultaneously published by the groups of M. Nomura
(49) and M. Meselson (50). (It is noteworthy that 3 years
before, preliminary results on the in vitro assembly of ribo-
some-like particles from ribosomal RNA-containing
“CM-particles” and cell lysate proteins were obtained and
reported at the Cold Spring Harbor Symposium (51).)

Conformational Movements in Translating
Ribosome

The function of the ribosome is to translate the genetic
information encoded in the nucleotide sequences of
mRNA into amino acid sequences of polypeptide chains of
proteins. During the process of translation, the ribosome
performs the unidirectional driving of tRNA macromole-
cules through itself and the coupled drawing of themRNA
chain from its 5�- to 3�-end. In the course of translation,
the free energies of the transpeptidation reaction and the
GTP hydrolysis reaction are consumed (Fig. 1). Thus, the
translating ribosome can be considered as a conveying
molecular machine, simultaneously being a “technologi-
cal” protein-synthesizing machine. Obviously, the ribo-
some as a conveyingmachinemust be capable of perform-
ing its own mechanical movements. More than 2 decades

ago, it was proposed that the functional movements of
the translating ribosome are based on the overall con-
struction of the ribosome, allowing certain anisotropic
motions generated by thermal Brownian movements of
large blocks of the ribosome and the ribosomal subunits
(52). These ideas were further developed in subsequent
publications (53–55).
Intersubunit Movements—The fact that ribosomes are

universally built from two loosely associated and easily
separable subunits in all living beings is one of the most
fascinating properties of the translationmachinery. The
two subunits (Fig. 2), the small one (the so-called 30 S in
prokaryotes or 40 S in eukaryotes) and the large one (50
S in prokaryotes or 60 S in eukaryotes), have different
functions: the small subunit is responsible for the
“genetic” functions of the ribosome, such as binding of
mRNA and decoding of genetic information, whereas
the large subunit acts as its “catalytic” partner, being
responsible for the formation of peptide bonds and the
attraction of protein catalysts for GTP hydrolysis. Thus, a
clear division of labor exists between the two ribosomal
subunits. It is remarkable that none of the subunits alone is
capable of performing the coupled unidirectional move-
ment of mRNA and tRNA, the conveying function desig-
nated as translocation. On the basis of the above knowl-
edge, I proposed that (i) themain functional purpose of the
two-subunit construction of the ribosome is the organiza-
tion of the translocation mechanism of the ribosome, (ii)
translocation requires mutual mobility of the ribosomal
subunits, and (iii) translocation proceeds through an
intermediate state when the products of the transpeptida-
tion reaction (peptidyl-tRNA and deacylated tRNA)
occupy positions with shifted 3�-ends of tRNAs on the
large subunit but yet non-shifted codon-anticodon
duplexes on the small subunit (56–58). Similar ideas were
published at the same time by M. S. Bretscher (59),
although the two models differed in detail.
Themechanistic principle of mymodel was based upon

the idea that the associated subunits of the translating
ribosome pass through the stage of an “unlocked” (open)
ribosome. Thus, the ribosomewas considered as a particle
oscillating between “locked” (closed) and unlocked (open)
conformations. The unlocked states were proposed to be
required both at the aminoacyl-tRNA binding step to
allow the large substrate (aminoacyl-tRNA) to enter into
the intersubunit space of the ribosome and at the translo-
cation step to facilitate the products’ movement inside the
ribosome (peptidyl-tRNA) and exit from the ribosome
(deacylated tRNA). Experimental testing of the hypothesis
was delayed, however, formany following years because of
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the lack of adequate methodologies to study the dynamics
of macromolecular complexes.
Nevertheless, the attempts to detect macroconforma-

tional changes within ribosomes during translation were

undertaken from time to time. The first experimental evi-
dence in favor of intraribosomal conformational mobility
of the translating ribosome came from comparison of the
compactness of the particles before and after transloca-

FIGURE 1. General schematic representation of the elongation cycle of a translating ribosome. Each cycle results in (i) elongation of a growing
peptide chain by one amino acid residue (formation of one peptide bond), (ii) hydrolysis of two GTP molecules, (iii) entry of one molecule of aminoacyl
(Aa)-tRNA into intersubunit channel, (iv) exit of one molecule of deacylated tRNA from the intersubunit channel, and (v) movement of mRNA chain by three
nucleotides toward the 3�-end. Here, as well as in Figs. 3–5, ribosomal particles are shown in the orientation in which the small subunit (yellow) is on the top
and the large subunit (red) is on the bottom. The head of the small subunit and the central protuberance of the large subunit are facing the viewer, with the
L7/L12 stalk of the large subunit directed to the left. In this orientation, the bound L-like tRNAs must face the viewer by their external angles (“elbows”), as
in reality they are facing the head of the small subunit; however, here, as well as in Figs. 3–5, for the sake of better discerning between the A and P site tRNAs,
the external angles of their symbolical depictions (green) are shown to be drawn apart. The intersubunit channel accommodating the mRNA and tRNAs is
traced by dotted lines. A and P are the tRNA-binding sites on the small subunit, and a, p, and e are the binding sites for their 3� termini, either acylated
or deacylated, on the large subunit. (For the sake of better clarity, the subsites on the small subunit are designated by capital letters, A and P, as
originally proposed and usually accepted (59, 94), whereas the large subunit subsites, which are localized within a small area of the PTC and nearby,
are designated by lowercase italicized letters, a and p, as proposed elsewhere (92).)

FIGURE 2. Contours of two ribosomal subunits, the small 30 S (yellow) and the large 50 S (red), associated in the full 70 S ribosome, with
designations of some morphological features. Left, the so-called overlap projection when the 30 S subunit is facing the viewer and covers part of
the 50 S subunit; right, the lateral projection viewed from the side of the L7/L12 stalk. CP, central protuberance.
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tion. It was shown by sedimentation analysis that the sed-
imentation coefficient of the post-translocation ribosome
is somewhat less than that of the pre-translocation ribo-
some (the difference was �1 S) (60). However, this fact
could be explained either by changing the composition of
the ribosome as a result of translocation (loss of the deac-
ylated tRNA molecule) or by a conformational change,
such as some “swelling” of one of the ribosomal subunits
or of the ribosome as a whole (the latter could result from
a widening of the intersubunit space). Neutron scattering
in various mixtures of H2O and D2O allowed these alter-
natives to be distinguished. The point is that the RNA
component of the ribosome becomes contrast-matched,
i.e. “invisible” for neutrons, in a solvent with a proper pro-
portion of light and heavy water (70% D2O). This enabled
the measurement of compactness (radius of gyration (Rg))
of only the protein component of the ribosomal particle,
irrespective of the number of bound tRNA molecules. It
was found that the Rg of the protein component of the
post-translocation ribosome was somewhat greater than
that of the pre-translocation ribosome (�Rg � 1–3 Å) (61,
62). In other words, translocation made the whole ribo-
some slightly less compact. These experiments were the
first physical evidence of a conformational change in the
translating ribosome as a result of translocation. However,
they did not answer the question of whether the slight
decrease in ribosome compactness upon translocation
reflects an intersubunit change or a conformational alter-
ation within one of the subunits. Further neutron-scatter-
ing experiments, including those with selectively deuter-
ated ribosomal subunits (either 30 S or 50 S), led to the
conclusion that conformational changes within the small
subunit made a major contribution to the effect of the
increase in the Rg of the full ribosome upon translocation
(see “Intrasubunit Large-block Mobility”) (61, 63).
Recent developments in the cryoelectron microscopy

technique allowed J. Frank and colleagues to demonstrate
a real intersubunit movement coupled with translocation:
they detected a rotational shift of one ribosomal subunit
relative to the other around an axis perpendicular to the
subunit interface (64, 65). This rotation of the small sub-
unit relative to the large subunit was estimated to be �6°
counterclockwise if viewed from the small subunit. The
rotation was accompanied by a widening of the intersub-
unit mRNA channel (64). The observation of such a rota-
tion was confirmed in the studies by H. F. Noller’s group
using a cross-linking technique, fluorescence resonance
energy transfer (FRET) methodology, and “translation-li-
bration-screw” (TLS) crystallographic refinement (66–
68). The ribosome was shown to be fixed (locked) in the

rotated formuponbinding of elongation factor (EF)-G, the
catalyst of translocation, until EF-G and deacylated tRNA
were released from the ribosome (64, 69). More recently,
using single-molecule FRET methodology, it was found
that ribosomes undergo spontaneous intersubunit move-
ments oscillating between the original (“classical”) and
rotated forms, with the equilibrium shifted toward either
the original or rotated forms depending on the functional
state of the ribosome (70). The following conclusions can
be made from the recent FRET data. (i) Vacant ribosomes
thermally oscillate between the original and rotated forms
with relatively low forward and reverse rotation rates; the
equilibrium is somewhat shifted toward the original form
(the proportion of the two forms in the equilibrium mix-
ture is �3:2). (ii) The binding of N-acylated aminoacyl-
tRNA to the P site somewhat reduces the forward rotation
rate and correspondingly slightly shifts the equilibrium
toward the original (non-rotated) form, but still the pro-
portion of the rotated form in the equilibrium mixture
may be significant (up to one-third). (iii) The occupancy of
the A site byN-acylated aminoacyl-tRNA and the P site by
deacylated tRNA, which models the translating ribosome
after transpeptidation, induces rapid oscillation of ribo-
somes between the original and rotated forms, with the
equilibrium shifted to the rotated form; this state should
correspond to the pre-translocation state ribosome. (iv)
The binding of the translocation catalyst EF-Gwith a non-
hydrolysable GTP analogue, when deacylated tRNA still
remains in the P site (the situation that simulates the first
step of translocation), fixes the rotated form of the ribo-
some. (v) The transition to the final post-translocation
state, after GTP hydrolysis and the release of EF-G and
deacylated tRNA, when peptidyl-tRNA occupies the P site
and the A site becomes vacant, to some extent restores the
situation mentioned in Conclusion (ii), but with some-
what higher rates of both the forward and reverse reac-
tions. Thus, both pre-translocation and post-transloca-
tion state ribosomes in the absence of elongation factors
oscillate between the original (classical) and rotated forms.
The presence of deacylated tRNA in the P site after
transpeptidation strongly stimulates the rates of both for-
ward and, to a less extent, reverse rotational shifts of ribo-
somal subunits, shifting the equilibrium toward the
rotated form. The binding of EF-G fixes the rotated form.
The properties of the rotated form of the ribosome,

such as the high rate of oscillation between the alternative
conformations (in the absence of EF-G), the permissibility
of translocational intraribosomal shifts of peptidyl-tRNA
and deacylated tRNA, and the competence to accept EF-G
as a translocation catalyst (64, 65, 69), as well as the wid-
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ening of the intersubunit mRNA channel (64), imply that
the rotated form is equivalent to the unlocked state pro-
posed earlier for the hypothetical intermediate in riboso-
mal translocation (56–58). It is noteworthy that more
than 2 decades ago, based on general considerations of a
number of facts concerning translocation, the following
was written (cited from Ref. 52): “An equilibrium exists
between the locked and unlocked states of the ribosome:
the ribosome fluctuates between two states,” and “Attach-
ment of EF-G with GTP fixes a certain ”unlocked“ state of
the ribosomal complex where a greater freedom is allowed
for diffusional movements of tRNA ligands, within the
limit assigned by the construction of the ribosome.”
Intrasubunit Large-block Mobility—More than 2 de-

cades ago, the unique conformations of two specifically
folded high-polymer ribosomal RNAs were proposed to
underlie the specific anisotropic motility of structural
blocks of the ribosomal subunits, this being the structural
basis for functional intrasubunit movements (52). This
mostly intuitive statement was presented and further
developed in a number of subsequent publications (53–
56). Recently, the analysis of structural dynamics in the
ribosome by TLS crystallographic refinement directly
confirmed the assertion (68). In accordancewith the dense
mutual packing and interpenetration of the RNA domains
in 23 S ribosomal RNAof the large ribosomal subunit (71),
as compared with the loosely arranged and weakly inter-
acting RNA domains of 16 S RNA of the small subunit
(42), the two subunits were found to manifest very differ-
ent levels of thermal mobility of their blocks. The main
body of the large subunit proved to be almost monolithic,
with low levels of structural fluctuations inside. At the
same time, two peripheral protuberances of the large sub-
unit, the block of helices H43-H44 with proteins L11-L10-
(L7/L12)4 (the so-called L7/L12 stalk) and the block of
helices H76-H77-H78 with protein L1 (Fig. 2, left), dem-
onstrated extremely high levels of thermal mobility (68).
As for the small ribosomal subunit, high levels of thermal
mobility were recorded in all domains of 16 S RNA (see
below).
The first experimental demonstration of the independ-

ent highmobility of the L7/L12 stalk of the large ribosomal
subunit was made in 1982 by my colleague A. T. Gudkov
and associates, who studied isolated large ribosomal sub-
units and whole 70 S ribosomes using NMR (72). As a
matter of fact, that was the first case of experimental
detection of the large-block mobility in the ribosome. The
functional significance of the mobility of the L7/L12 stalk
followed from the fact that the attachment of EF-G, the
catalyst of translocation, to the ribosome resulted in

immobilization of the stalk (73). Parallel immunoelectron
microscopy studies of cross-linked functional complexes
of elongation factors (EF-G and EF-Tu) with ribosomes
performed by my colleagues A. S. Girshovich and V. D.
Vasiliev and associates visualized the catalyst proteins at
the L7/L12 stalk and its base on the large ribosomal sub-
unit (74, 75). The following footprinting analyses made by
H. F. Noller and colleagues revealed the regions of 23 S
ribosomal RNA that were protected by bound EF-G; they
proved to be helices H43-H44 of the 23 S RNA, which
serve as the base of the L7/L12 stalk (76). Thus, the mov-
able L7/L12 stalk was found to be involved in binding of
elongation factors to the ribosome, leading to immobiliza-
tion of the stalk. Cryoelectron microscopy observations
demonstrated that the GTP-induced binding of EF-G, as
well as EF-Tu, to the ribosome is accompanied by posi-
tioning of the L7/L12 stalk closer to the central protuber-
ance of the 50 S ribosomal subunit; this movement was
proposed to be part of a general mechanism of loading
translation factors into the ribosome’s factor-binding site
(77, 78).
Themobility of the other side protuberance of the large

ribosomal subunit, the L1-H76-H77-H78 block, was
revealed from cryoelectron microscopy reconstructions
and x-ray crystallographic studies of the ribosomes in dif-
ferent functional states and first proposed and then proved
to be involved in the displacement and exit of deacylated
tRNA during the final stage of translocation (65, 78–82).
Most recently, in elegant experiments using single-mole-
cule FRET, the real-time dynamics of the L1 protuberance
was followed, and its movement relative to the body of the
large ribosomal subunit was demonstrated (83); three dis-
tinct conformational states, open, half-closed, and fully
closed, were observed.
As already mentioned, the first experimental evidence

for a functional intrasubunit conformational change in the
small (30 S) ribosomal subunit came from the neutron-
scattering experiments of Serdyuk et al. (Ref. 63; see also
Ref. 61). It was proposed that “the movement of the head
[of the small ribosomal subunit] relative to the passive 50S
subunit is the main mechanical act of translocation” (63).
Recently, two different conformations of bacterial 70 S
ribosomes (designated I and II) were revealed by x-ray
crystallographic analysis; the main difference was that the
head of the small subunit in the type II ribosome compared
with the type I ribosome was rotated as a rigid block
around the neck in the direction of themRNA- and tRNA-
conveying path during translocation, i.e. counterclockwise
if viewed from the top of the head (82). The rotation was
estimated to be up to 12° or�20Å at the subunit interface.
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Independently, cryoelectron microscopy reconstructions
of eukaryotic 80 S ribosomes demonstrated the rotational
movement of the head relative to the body of the small
ribosomal subunit upon binding of eEF2 in the rotated
(“ratcheted”) form of the ribosome (78, 84). Thus, rotation
of the head of the small ribosomal subunit was really
shown to be coupled with translocation.
The analysis of the dynamics of thermal structural

movements in the small ribosomal subunit by the TLS
crystallographic refinement method (68) showed that the
most movable region of this subunit is the block of helices
h30–h34 of domain III of 16 S RNA, which forms the
so-called “bill” or “beak,” the prominent part of the head at
the entrance into the intersubunit channel (Fig. 2). As was
demonstrated by x-ray crystallographic analysis, the
anisotropic displacement of this structural block is real-
ized in the process of aminoacyl-tRNA binding to the A
site of the ribosome: upon binding of the anticodon hair-
pin of tRNA in the A site, this block moves toward the
“shoulder,” the part of the body at the other side of the
entrance into the intersubunit channel (85, 86). As a result,
the anticodon hairpin is found to be occluded (locked) in
the A site.
Another highly movable part of the small ribosomal

subunit is theminor 3�-terminal domain of 16 S RNA (hel-
ices h44-h45). Helix H44, the longest hairpin of the sub-
unit that ranges from the head to the end of the body and
forms a number of important contacts with the large sub-
unit, displays a tendency for rotational motions around an
axis approximately parallel to its long axis and located at
the subunit interface (68). This rotational movement may
play a pivotal role in the mutual mobility of the ribosomal
subunits and in translocation (65, 81, 82, 87).
A significantmobility of the side lobe formed by domain

II of 16 SRNA, the so-called platform, relative to the rest of
the small subunit was also shown (68, 88). The functional
role of thismotionmay be associated with the processes of
mutual movements of the ribosomal particle and mRNA
during initiation of translation (89, 90).
Locking-Unlocking Principle (Closed and Open Con-

formations)—The principle of most functional conforma-
tional movements seems to be simple: movements are
based on thermal anisotropic fluctuations, where the ani-
sotropy is determined by the structure of a movable body
and its environment, and ligand binding induces fixation
of one of the alternative conformations in a less movable
state. This can be called “locking,” “induced fit,” or “max-
imization of non-covalent bonds” between a ligand and
surrounding groups, and it is usually accompanied by clos-
ing of a binding pocket around a ligand. The binding of the

codon-cognate anticodon helix (anticodon stem-loop) to
the A site on the 30 S ribosomal subunit described byOgle
et al. (85, 86) in terms of transition from an open to a
closed form is a remarkable example of such a locking.
Induced fit allowing maximization of contacts is consid-
ered there as a physical mechanism of the selectivity of
codon-directed binding of a cognate tRNA in the tRNA-
binding pocket. The open (unlocked) form should bemore
relaxed (fluctuating), whereas the closed (locked) form
seems to be more rigid. The situation may also be consid-
ered as an oscillation between two (or more) alternative
local conformations, with the equilibrium shifted toward
the open form when a ligand is absent, whereas the pres-
ence of the proper ligand (cognate anticodon stem-loop)
shifts the equilibrium to the closed form and reduces the
rate of the reverse reaction.
The same principle can be applied to all functional

movements in the translating ribosome. The ribosome (in
the absence of bound EF-G) oscillates between locked
(classical, closed) and unlocked (rotated, open) conforma-
tions, with the equilibrium positions and the forward and
reverse reaction rates being dependent on its functional
state (70). In the post-translocation state, the oscillation
rate is not high but is essential, and the equilibrium is
shifted, to a greater or lesser extent, toward the locked
(closed or non-rotated) conformation. In the pre-translo-
cation state, the oscillation rate is much higher, and the
equilibrium is shifted to the unlocked (open or rotated)
conformation.
In all cases, the binding of a GTP-bound translation

factor results in immobilization of the L7/L12 stalk and
formation of a closed pocketwith participation of the adja-
cent tRNA entrance region (induced fit, locked local con-
formation), which results in the selection and fixation of
an unlocked conformation of the ribosome. Hydrolytic
cleavage of the factor-bound GTP leads to relaxation of
the closed conformation of the factor (unlocking of its
domains), the loss of its high affinity for the L7/L12 pocket,
and thus a local unlocking event (relaxation of the pocket),
allowing some movements at the subunit interface (see
below). However, the temporary presence of the factor in
the relaxed GDP form may still prevent the return to the
original (locked) conformation of the ribosome. The spon-
taneous release of the factor with GDP from the ribosome
allows returning to the equilibrium situation with the pre-
vailing locked conformation of the translating ribosome.
It is logical to infer that the binding of aminoacyl-tRNA

to the A site of the post-translocation ribosome should
occur with an unlocked conformation of the post-translo-
cation ribosome and lead to fixation of a locked conforma-
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tion, first of all, because of formation of an additional
strong bridge between the two ribosomal subunits. On the
other hand, it seems evident that the transpeptidation
reaction requires the fixed locked conformation to firmly
position the aminoacyl residue in the immediate vicinity of
the peptidyl group of the P site peptidyl-tRNA. Thus,
transpeptidation should occur in the locked state ribo-
some. As a result of transpeptidation, two strong intersub-
unit bridges become disrupted: the P site tRNA is now
deacylated (Fig. 1) and cannot be further retained in the
donor p-site of the peptidyltransferase center (PTC) on
the large ribosomal subunit, whereas the A site tRNA has
lost the affinity for the acceptor a-site of the PTC. Then,
the ribosome is allowed to be unlocked.

Stepwise Conveyance of tRNA and mRNA through
the Translating Ribosome

In considering the ribosomal translocation phenome-
non, the process of passing of mRNA through the trans-
lating ribosome is usually viewed as a passive drivenmove-
ment, whereas tRNA translocation is regarded as an active
driving act. Indeed, triplet-by-triplet movement of mRNA
is fully determined by unidirectional movements of the
tRNA anticodons bound to their cognate codons in the
ribosome. However, it is rather thermal Brownian
motions that provide a translating ribosome with all driv-
ing forces so that the “driving” function of tRNA should be
understood conditionally: codon-anticodon duplexes
move as whole units, but it is tRNA residues that are fully
responsible for successive step-by-step fixation along the
ribosomal conveyer path.
Whereas the mRNA chain extends along the mRNA-

binding groove exclusively on the small ribosomal subunit,
the tRNA molecules, including aminoacyl-tRNA, pepti-
dyl-tRNA, and deacylated tRNA, occupy discrete sites,
each of them being shared between two ribosomal sub-
units. Hence, each tRNA-binding site is subdivided into
two subsites: the small subunit subsites accommodate
anticodon arms, whereas the large ribosomal subunit
interacts with the acceptor ends (Fig. 1). The positions of
the aminoacyl-tRNA and peptidyl-tRNA prior to
transpeptidation can therefore be designated by two let-
ters, such as A/A and P/P (91) and A/a and P/p (92),
respectively (Fig. 1, lower right). In both models of trans-
location proposed 4 decades ago (56–59), intersubunit
movement was considered as a mechanism required for
translocation of peptidyl-tRNA and deacylated tRNA, and
an intermediate state in the process of the movement of
the peptidyl-tRNA from the A/a to P/p position was pos-
tulated. The intermediate state was assumed to be the
result of the high affinity of the newly formed CCA-ami-

noacyl-CO- grouping for the p-site of the PTC (58): “Hav-
ing a high affinity for the corresponding neighboring site
of the peptidyl-transferase center, it [the grouping] can
spontaneously pass to this site (peptidyl translocation) and
get firmly hooked there.” In other words, the spontaneous
transition of the product peptidyl-tRNA from the A/a
position to the intermediate A/p position was supposed
and considered to be a prerequisite for subsequent EF-G/
GTP-driven translocation of the rest of the tRNA (56–58).
The fact that translocation of tRNA molecules does pro-
ceed stepwise through a discrete intermediate state was
established in a series of chemical footprinting studies by
D. Moazed and H. F. Noller (91, 93, 94). The main finding
was that, after the transpeptidation reaction between ami-
noacyl-tRNA in the A site and peptidyl-tRNA bound in
the P site, the acceptor ends of the products (elongated
peptidyl-tRNA and deacylated tRNA) are not firmly
retained in their previous positions on the large subunit, a
and p, respectively (Fig. 1, lower left), but tend to sponta-
neously migrate from a to p and from p to e, respectively
(see Fig. 3, step 1). As a result, the products of the transpep-
tidation reaction are found in the so-called “hybrid” posi-
tions, A/p and P/e. (The termwas introduced earlier in the
model proposed by M. S. Bretscher (59).)
The process of EF-G/GTP-catalyzed translocation

including intermediate hybrid state and ribosome locking-
unlocking is schematically presented in Fig. 3. As men-
tioned above, transpeptidation results in the disruption of
chemical groups responsible for firm retention of the ribo-
somal subunits in the locked state so that such a destabi-
lization should lead to restoration of the equilibrium
between the locked (“non-rotated”) and unlocked
(“rotated”) conformations of the ribosome. Thus, it seems
that the spontaneous shift of the acceptor ends of the
product tRNA residues and the appearance of the hybrid
state after transpeptidation are allowed because of estab-
lishment of the locking-unlocking equilibrium (step 1).
Indeed, cryoelectron microscopy studies and chemical
footprinting and FRET analyses showed that the hybrid
situation correlates with the rotated state of the ribosome
(65, 67, 69, 70). It is remarkable that binding of EF-G with
a non-cleavable GTP analogue (that is EF-G with GTP
prior to GTP hydrolysis) was shown to fix the rotated state
of the ribosome and the hybrid positions of peptidyl-tRNA
and deacylated tRNA (“locking of the unlocked state of the
ribosome”) (step 2, position III). (The asterisk with A in
position III indicates that the binding state of the tRNA
residue in the A site of the small subunit is somehow dis-
torted by the intervention of the elongated domain IV of
EF-G.) The hydrolysis of GTP by the ribosome-bound
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EF-G (step 3) seemingly does not reverse the ribosome to
the original (non-rotated) formuntil EF-G is released from
the ribosome. At the same time, the hydrolysis of GTP
and the following release of orthophosphate from EF-G
lead to relaxation of the rigid domain structure of EF-G
and to interdomain rearrangements, allowing slippage of
the two codon-anticodon duplexes from the A and P sites
to the P and E sites on the small ribosomal subunit and
thus establishing the P/p-E/e situation in the unlocked
(rotated) form of the ribosome (position IV) (95, 96). Sub-
sequent release of the weakly bound EF-G with GDP (step
4) permits the reverse transition of the ribosome into the
original (non-rotated) formwith peptidyl-tRNAand deac-
ylated tRNA in the P/p and E/e positions, respectively, and
then the spontaneous release of deacylated tRNA, estab-
lishing the final post-translocation state (position V).
It should be mentioned that the scheme in Fig. 3 is sim-

ply first approximations, and it is likely that the processes
involved are more complex. In particular, the passing
through intermediate positions and unlocked (rotated)

conformations of the translating ribosome (Fig. 3, steps 2
and 3) may include additional short-lived intermediates
and transition states (see, for example, Refs. 97 and 98).
An analogous sequence of events, including passing

through an intermediate hybrid state, seems to be realized
during the process of EF-Tu-promoted entry of amino-
acyl-tRNA into the empty A site of the post-translocation
state ribosome (Fig. 4) (Refs. 77 and 91; see also Ref. 92 for
review). However, the rotated form of the unlocked ribo-
some seems to be not involved in the process of amino-
acyl-tRNA binding: the cross-link between protein S6 (at
the platform of the small ribosomal subunit) and protein
L2 (at the nearby L1 side of the large subunit; see Fig. 2)
that blocks the rotationalmovement between the subunits
does not prevent either EF-Tu-dependent binding of ami-
noacyl-tRNA or its factor-free binding (66). An unlocked
form of the ribosome that is supposedly required for the
entry of aminoacyl-tRNA into the intersubunit space (56–
58)may be realized because of the open (unlocked) state of
the empty A site of the small ribosomal subunit, when the
beak and shoulder at the entrance of the intersubunit
channel (Fig. 2) are slightly drawn apart (85, 86). Also, the
involvement of the rotational movement of the small sub-

FIGURE 3. Proposed sequence of events during EF-G/GTP-promoted
translocation in terms of tRNA ligand positions and the ribosomal
locking-unlocking (closing-opening) concept. The ribosomes in the
unlocked form (where in reality the small subunit is rotated relative to
the large subunit around the axis perpendicular to the subunit inter-
face) are conditionally depicted with the small subunits somewhat
rotated relative to the large subunits in the plane of the figure (positions
II–IV).

FIGURE 4. Proposed sequence of events during EF-Tu/GTP-pro-
moted binding of aminoacyl-tRNA in terms of tRNA ligand posi-
tions and the ribosome locking-unlocking (closing-opening) con-
cept. Aa, aminoacyl.
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unit head in unlocking the intersubunit channel cannot be
excluded. In any case, a codon-cognate aminoacyl-
tRNA�EF-Tu�GTP complex is selected such that its antic-
odon arm interacts with mRNA in the A site of the small
ribosomal subunit, and the protein moiety binds in the
factor-binding pocket at the base of L7/L12 stalk of the
large subunit (Fig. 4, step 2). This leads to closing (locking)
of the pocket around EF-Tu and setting of aminoacyl-
tRNA in an intermediate A/T hybrid state (position III).
Next, the ribosome-induced hydrolysis of GTP on EF-Tu
(step 3) results in the loss of contacts of EF-Tu with the
acceptor arm of aminoacyl-tRNA and weakening of its
interactions with the large ribosomal subunit. The
released aminoacylated CCA end of aminoacyl-tRNA
moves away and approaches the a-site of the PTC of the
large subunit (position IV). (The asteriskwith a in position
IV indicates that the binding state of the aminoacylated
end in the a-site of the large subunit is not yet competent
for the reaction with the donor substrate, peptidyl-tRNA.)
The release of the weakly bound EF-Tu�GDP complex
(step 4) leads to the A/a-P/p state in the locked ribosome,
with tightly closed reacting groups. Now the ribosome is
ready to catalyze the transpeptidation reaction between
the properly settled substrates (position V).

GTP-dependent Catalysis of Conformational
Transitions

The discovery by Y. Nishizuka and F. Lipmann in 1966
of EF-G as a ribosome-dependent GTPase catalyzing
translocation (99, 100) led to the hypothesis that translo-
cation as an act of mechanical work used for movement of
mRNA and tRNAs is driven by the free energy from the
GTP hydrolysis reaction (101). Translocation was consid-
ered as useful work in a thermodynamically uphill process.
The hypothesis had a strong influence on the scientific
community andwas widely accepted. However, very soon,
several reports appeared in which translocation was
observed in cell-free translation systems in the absence of
EF-G and GTP (102–105). Nevertheless, some doubts
about the purity of the ribosomes and/or other constitu-
ents of the translation mixtures remained. The break-
through, quite unexpected, was made in my laboratory
when the sulfhydryl group reagent p-chloromercuriben-
zoate (pCMB) was added to the translation mixture to
inactivate possible traces of EF-G: it was found that the
presence of the reagent strongly stimulated spontaneous
translocation (106). Moreover, pretreatment of bacterial
ribosomes or just small ribosomal subunits with pCMB
produced the same stimulation effect (107). Furthermore,
it was demonstrated that the stimulation of the factor-free
translocation was caused by pCMB modification of ribo-

somal protein S12 (108) and that the same effect could be
achieved by removal of protein S12 from the ribosome
(109). Since then, the phenomenon of factor-free, GTP-
independent translocation has been fully acknowledged.
Based on the discovery of factor-free translocation and

the previous knowledge of factor-free binding of amino-
acyl-tRNA to the mRNA-programmed ribosome, several
variants of factor-free and one factor-promoted (either
EF-Tu-promoted or EF-G-promoted) translation systems
were invented and used in laboratory practice (110–113).
On the other hand, theoretical considerations led to prin-
cipal conclusions concerning themechanism and energet-
ics of translocation (Refs. 114 and 115; see also Refs. 52 and
53). First, translocation in the absence of EF-G clearly
showed that the molecular mechanism of translocation is
intrinsic to the ribosome itself and not introduced by
EF-G. Second, translocation without GTP as an energy
substrate provided evidence that translocation is a ther-
modynamically spontaneous (downhill) process and,
hence, principally does not require energy to be per-
formed. Third, the realization of the full elongation cycle
without both elongation factors and any other energy
source except aminoacyl-tRNA proved that the transpep-
tidation reaction in the ribosome must be the only source
of energy to drive the elongation cycle. The latter implied
that the free energy of the transpeptidation reaction is
accumulated in the pre-translocation state ribosome (the
products are not released yet!), which makes this state
thermodynamically unstable.
At the same time, the elongation factors with GTP

strongly increase the elongation rate, and EF-G with GTP
specifically accelerates translocation. Also, EF-Tu makes
codon-dependent binding of aminoacyl-tRNA much
faster compared with the slow, factor-free binding of the
substrate. Thus, both elongation factors can be considered
as enzyme-like catalysts of thermodynamically allowed,
spontaneous processes (114, 115). However, there are two
important peculiarities of the catalytic action of the elon-
gation factors (aswell as otherGTP-dependent translation
factors): (i) catalysis is coupled with GTP hydrolysis, and
(ii) the processes catalyzed are not chemical reactions of
covalent transformations but are instead the acts of con-
formational transitions.
Conformational flexibility and large-block mobility can

provide conditions for association-dissociation (attach-
ment-detachment) processes to pass through intermedi-
ate states with partially formed or, respectively, disrupted
contacts between partner macromolecules. It is likely that
intermediate states are required, first of all, to avoid a
kinetic blockade in the case of extensivemulticenter inter-
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actions betweenmacromolecules. From this assertion, the
possibility of catalysis of conformational rearrangements
and transitions can be directly deduced. Similar to the
enzymatic catalysis of covalent chemical reactions, which
is based on the affinity of an enzyme for the transition state
of the reaction, the catalysis of conformational rearrange-
ments is made possible by virtue of the affinity of a protein
(a catalyst of the rearrangement) for an intermediate con-
formational state. Elongation factors EF-Tu and EF-G, as
well as other GTP-dependent translation factors (IF2 and
RF3), can be considered to be such catalysts of conforma-
tional rearrangements of the ribosome.
The requirement for nucleoside triphosphates and their

hydrolysis in the processes of conformational catalysis
could be inferred from the following consideration. In the
case of enzymatic catalysis of a covalent reaction, forma-
tion of the complex between an enzyme and a transition
state intermediate is followed by decay of the intermediate
and formation of the reaction products spontaneously
released from the enzyme (due either to low affinity for the
enzyme or to low concentration of the products in the
medium). Hence, liberation of the enzyme upon comple-
tion of the reaction is paid for by the change in free energy
of the catalyzed covalent reaction itself. In the case of
catalysis of a conformational transition, the catalyzed
process is usually not a reaction accompanied by a signif-
icant decrease of free energy of the system. This circum-
stance can be overcome by coupling the catalysis act with
an exergonic chemical reaction, such as hydrolysis of a
nucleoside triphosphate (54). Thus, when an elongation
factor with GTP has an affinity for a conformational inter-
mediate and binds to it, the detachment of the factor or its
displacement will be required to complete the conforma-
tional transition. This will demand energy compensation
at the expense of an exergonic process that would be capa-
ble of sufficiently lowering the free energy of the system. It
is the coupled chemical covalent reaction of GTP hydrol-
ysis that can provide energy for the factor detachment
from a conformational intermediate through the change
in its affinity.
In light of what is stated above, it is meaningful that

translocation can be catalyzed by EF-G in vitro without
GTP cleavage. In our early experiments, EF-G with a non-
cleavable GTP analogue interacted with pre-translocation
state ribosomes, and the subsequent removal of EF-G
from the ribosomes by a physical washing-off procedure
resulted in the appearance of post-translocation state
ribosomes capable of continuing the elongation cycle
(“translocation by attachment-detachment of EF-G”)
(116, 117). From this observation, the main role of GTP

cleavage in the process of translocation was suggested to
be destruction of a ligand (GTP) that imparted affinity of
EF-G for the ribosome and thus the removal of the factor
from its complex with a translocational intermediate.
Coupling of conformational catalysis to hydrolysis of

nucleoside triphosphates is not a phenomenon uniquely
characteristic of only translation processes. Similar GTP-
or ATP-dependent catalysis occurs in various processes in
which acceleration of non-covalent macromolecular rear-
rangements by proteins withGTPase or ATPase activities,
as in the case of chaperonins, DNA topoisomerases, RNA
helicases, G-protein interactions, etc., is observed. These
catalytic proteins can be considered as a special class of
enzymes called “energases” (118). Also, ATP- or GTP-de-
pendent catalysis of molecular displacements through
alternating attachment and detachment of a moving part
of a substrate takes place inmolecular movement systems,
such asmyosin locomotion on actin filaments, kinesin and
dynein locomotion on microtubules, and active trans-
membrane transports.

Brownian Motion, a Conformational Ratchet
Wheel, and Energy-dependent Pawls in the
Elongation Cycle of the Translating Ribosome

Peculiarities of Molecular Machines—The manifesta-
tions of physical laws in a micro-world can strongly differ
from those in the macro-world. In particular, a number of
principles that underlie the work of power-stroke macro-
machines, such as the internal-combustion engine or the
electric motor, cannot be realized at the molecular level.
Three main features of molecular machines should be
mentioned. (i) The first is the small masses of macromol-
ecules and their complexes. From this fact, it follows that
the structural blocks ofmolecularmachines are practically
inertialess and incapable of providingmomentum conser-
vation for longer than a fraction of a nanosecond (119).
Indeed, flyweight wheels, pendulums, rectilinear inertial
motions, and other inertia energy storage systems are not
used in molecular devices. (ii) The second feature is the
conformational flexibility of structural blocks and joints.
Molecular bodies, such as proteins, nucleic acids, and their
complexes, are made of flexible polymers with movable
side groups, so they can hardly satisfy the requirements of
mechanical accuracy. That is why it is unlikely thatmolec-
ular machines can use rigid levers, cranks, hooks, axles,
wheels, and other mechanical constrictions for force
transmission from an engine to a mover. (iii) The third
feature is Brownian motions and internal thermal self-os-
cillations of all parts of a molecular machine. As a result,
the structural elements of molecular machines are not
strictly fixed in space but rather undergo permanent con-
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formational fluctuations. Therefore, all thework ofmolec-
ularmachines should have stochastic rather thanmechan-
ically determined character.
Hence, because neither mechanical energy nor high-

precisionmechanics can be realized at themolecular level,
molecular machines, includingmachines of the conveying
type,must be considered as constructionsmovingwithout
mechanical engines, mechanical transmissions, and
mechanical movers. They are based on quite different
principles deduced from the above-mentioned features of
molecular systems. Here, all of the following consider-
ations will be based on Feynman’s thermal ratchet model,
in which the driving force formolecular directional move-
ments is essentially Brownian motion but biased in a cer-
tain direction by using free energy released from chemical
exergonic reactions (120–123).
Indeed, the engines of most molecular machines are

fuelled by so-called high-energy compounds, usually ATP
or GTP (or the product of high-energy group transfers
from ATP, as in the case of aminoacyl-tRNA). As a rule,
binding of a high-energy substrate to a specific site of the
engine induces a transition from a fluctuating loose
(unlocked, open) conformation of the site into a fixed
(locked, closed) conformation due to formation of non-
covalent bonds between the site and the substrate
(induced fit). This conformational change is the first stroke
of the engine. Next, the bound high-energy substrate is
catalytically hydrolyzed (or chemically transformed in
another way) at the binding pocket, the affinity of the reac-
tion products for the pocket decreases, and the conforma-
tion again becomes mobilized (unlocked, open). This is
the second conformational stroke of the engine. It is fol-
lowed by the release of the reaction products (or their
displacement to neighboring sites). All the displacements
displayed require no special energy-dependent motive
forces, such as directional pulling or pushing, but are ran-
domly generated by Brownian motions and properly fixed
by binding affinities.
As a paradigmatic example of the two-stroke action of a

molecular engine, the locking-unlocking cycle of elonga-
tion factor EF-Tu (124–127) can be considered. Its glob-
ular molecule is composed of two blocks of approximately
equal masses (domain I and domains II � III) connected
by a flexible strand. In the free state or in complex with
GDP, contact between the twohalves is weak, so it exists in
a relaxed conformation, probably oscillating between
open (with the halves drawn somewhat apart) and closed
forms, which are in equilibrium shifted toward the open
form. Specific binding of GTP with domain I leads to for-
mation of a GTP-binding pocket around the ligand and

particularly around its �-phosphate group (induced fit),
resulting in local rearrangements in domain I and the
appearance of new groups on the domain interface that
have an affinity for the surface of the other domain. Thus,
the two halves firmly stick together, i.e. the conformation
becomes closed and fixed in this state (stroke 1). Now, this
closed and locked conformation is competent for binding
of aminoacyl-tRNA and attachment to the ribosome.
Binding of the ternary aminoacyl-tRNA�EF-Tu�GTP com-
plex to the ribosome induces the hydrolytic cleavage of
GTP with the following release of the split-off phosphate,
leading to a reverse local rearrangement and consequent
unlocking (opening) of the overall conformation of EF-Tu
(stroke 2). This event causes loss of EF-Tu affinity for ami-
noacyl-tRNA and the ribosome and its release from the
ribosome. In this example, the fuel is GTP, which is com-
busted in the chemical reaction of hydrolysis; the engine is
domain I, where the catalytic center for hydrolysis is locat-
ed; and the transmission is the coupling between local
conformational changes around the energy substrate in
response to GTP binding and GTP decay, on one hand,
and gross conformational movements of the locking-un-
locking type, on the other. It is in such a way that the
shuttle delivery of aminoacyl-tRNA into the translating
ribosome is accomplished. Thus, EF-Tuworks as amolec-
ular machine, yet its shuttle function is relatively simple
and cannot be considered as a true conveying function.
Main Engine of the Ribosome as a Molecular Machine—

The translating ribosome is a true conveyingmachine that
directionally passes compact tRNA molecules and the
tRNA-bound mRNA chain through itself (Fig. 1). The
ribosomewas found to be capable of performing this func-
tion in the absence of GTP and elongation factors, when
aminoacyl-tRNA is the sole high-energy substrate present
in the medium (110, 111). Hence, the main fuel for the
translating ribosome as a molecular machine must be the
molecules of aminoacylated tRNA, and the main engine
must be the PTC catalyzing the exergonic reaction of
transpeptidation. The PTC is organized by domain V of
the compactly folded ribosomal RNA of the large riboso-
mal subunit (71). It is localized in the middle of the large
subunit at the subunit interface and can be subdivided into
the acceptor substrate site (designated as A or a) and the
donor substrate site (designated as P, p, or d) (128). Below,
the cyclic process of factor-free (“non-enzymatic”) trans-
lation in which PTC as an engine moves all the working
cycle is considered.
It is convenient to begin the consideration from the

post-translocation state ribosome with peptidyl-tRNA in
the P site (Fig. 5, position I). In this state, the ribosome
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must be competent for accepting aminoacyl-tRNA and
thus someway unlocked. In any case, aminoacyl-tRNA is
allowed to enter the A site of the ribosome and binds, first
to a cognate codon at the A site of the small subunit and
then with the PTC a-site, which has an affinity for the
aminoacyl-adenosyl residue (stroke 1). The addition of the
intersubunit connection may lead to fixation of a locked
form of the ribosome (position II).
Now, both substrates of the transpeptidation reaction

are positioned side-by-side in the PTC of the locked ribo-
some, and their reacting groups are tightly drawn together
(Fig. 5, position II). The subsequent transpeptidation reac-
tion (stroke 2) results in replacement of the free amino
group of aminoacyl-RNA in the a-site of the PTC by the
amide group connecting the aminoacyl-tRNA residue
with the peptidyl residue, as well as in the appearance of
deacylated tRNA in the p-site of the PTC (position III):
aminoacyl-tRNA� � peptidyl-tRNA�3 peptidyl-amino-
acyl-tRNA� � tRNA�.

As a result, the chemical situation in the PTC has been
strongly changed: the a- and p-sites of the PTC accommo-
date reaction products that have no strong affinity for the
sites. This implies that the previous interactions have dis-
appeared and that the intersubunit situation is destabi-
lized. In such a situation, the ribosome starts to oscillate
between closed (non-rotated) and open (rotated) forms at
a high rate, with the equilibrium shifted toward the open
form (70). Simultaneously, the products should tend to

leave their previous sites in the PTC. Under conditions of
Brownian motions, the weakly bound groups become dis-
sociated and then caught by sites with higher affinities for
them (stroke 3). As a result, the newly formed peptide
group with its ester group at the CCA terminus of tRNA�

will be reset from the a-site of the PTC to the p-site of the
PTC, whereas the deacylated terminus of tRNA� will be
positioned in the e-site nearby (the “weak to strong bind-
ing state transition,” cited from Ref. 121). Thus, the so-
called hybrid state (A/p-P/p) is established when the ribo-
some is in the open (rotated) form (position IV).
The state established is thermodynamically unstable:

the free energy of the transpeptidation reaction is found to
be stored, at least partly, in the pre-translocation state
ribosome (Fig. 5, position IV), probably in sterically
strained conformations of the acceptor arms of tRNA res-
idues and distorted intersubunit contacts. In the absence
of the translocation catalyst EF-G, a high kinetic barrier
prevents a fast downhill transition. However, thermal
motion can provide slow spontaneous dissociation of
tRNA residues complexed withmRNA codons from the A
and P sites on the small subunit and subsequent reassocia-
tion with the P and E sites, respectively (stroke 4), where
their strained conformations become relaxed, with simul-
taneous closing of the ribosome and thus establishing the
original (non-rotated) form in the P/p-E/e state (position
V). Spontaneous release of deacylated tRNA from the E
site (stroke 5) completes the factor-free translocation step
and makes the completed cycle irreversible, and the next
cycle can start from position I.
Additional Molecular Engines of the Translating

Ribosome—In the case of the factor-promoted elongation
cycle, the additional energy of GTP is expended in over-
coming the high kinetic barriers in the processes of ami-
noacyl-tRNA binding and translocation. These GTP-de-
pendent catalytic acts are performed by two subsidiary
engines assembled for a time from an elongation factor
(EF-Tu or EF-G) and the side protuberance (the so-called
L7/L12 stalk) of the large ribosomal subunit at the
entrance to the intersubunit channel. In the process of
aminoacyl-tRNA binding (Fig. 4), a ternary aminoacyl-
tRNA�EF-Tu�GTP complex interacts with the L7/L12
stalk and its base, thus leading to immobilization of the
flexible stalk, formation of the factor-binding pocket
around EF-Tu (induced fit), and, presumably, fixation of
the ribosome in an unidentified open form.The open ribo-
some admits the aminoacyl-tRNA moiety of the complex
into the intersubunit entrance for codon-anticodon rec-
ognition and binding to the A site of the small ribosomal
subunit. Thus, after this step, the aminoacyl-tRNA is set in

FIGURE 5. Factor-free elongation cycle and main functional states of
the translating ribosome. The ribosomes in the unlocked forms (posi-
tions I, IV, and V) are shown with the small subunits somewhat rotated
relative to the large subunits in the plane of the figure. In the case of the
factor-promoted working cycle, step 1 is catalyzed by EF-Tu with GTP
(see Fig. 4), and step 4 involves EF-G with GTP (see Fig. 3). Aa, aminoacyl.
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the intermediate hybridA/Tposition.Next, GTP is hydro-
lyzed on the bound EF-Tu, the EF-Tu�GDP complex loses
its affinity for the aminoacylated acceptor arm of amino-
acyl-tRNA, and the released aminoacylatedCCA terminus
is caught by the a-site of the PTC. The aminoacyl-tRNA
becomes fixed in the final A/a position, and the ribosome
is closed. The EF-Tu�GDP complex is nowweakly retained
in the pocket at the L7/L12 stalk and spontaneously leaves
it.
Likewise, in the process of translocation, EF-G andGTP

interact with the L7/L12 stalk and its base on the pre-
translocation ribosome oscillating between the two forms
(Fig. 3). This leads to immobilization of the flexible stalk,
formation of the factor-binding pocket around EF-G
(induced fit), and fixation of the ribosome in the open
(rotated) form. The open (rotated) state allows the tRNA
residue of the peptidyl-tRNA and deacylated tRNA to
move within the intersubunit space and thus be caught by
the P site and E site, respectively, of the small ribosomal
subunit. Hence, the products of the transpeptidation reac-
tion are now found in post-translocation positions P/p and
E/e. The EF-G�GDP complex, weakly bound at the L7/L12
stalk, is then spontaneously released.
Transmission and Mover—In all the cases considered

above, an energy substrate that feeds amolecular engine is
“combusted” (i.e. contributes to the decrease of the ther-
modynamic potential of the system) in three steps: first,
when it binds to a binding site and thus forms non-cova-
lent bonds in a binding pocket; second, when an exergonic
reaction of its chemical transformation occurs; and third,
when the product of the reaction is released. All steps lead
to conformational changes: the first induces conforma-
tional shifts because of attraction of flexible groups of the
binding site (induced fit), the second changes the bound
ligand and thus abolishes a part of the previous contacts,
and the third finally liberates an engine. The local confor-
mational changes within an engine may change contacts
betweenmore distant groups and larger blocks and thus be
coupled with gross conformational transitions in a molec-
ular machine (refer to the example of EF-Tu described
above). In any case, the coupling between primary confor-
mational changes in response to binding of the energy
substrate and its subsequent decay and more distant rear-
rangements will result in changes of affinities of binding
sites for the conveyed substrates. This is the way that
transmission from an engine to a mover is principally
organized inmolecularmachines, including the ribosome.
In the case of the ribosome, binding of the aminoacylated
terminus of aminoacyl-tRNA to the a-site of the PTC and
the subsequent change of the aminoacyl-tRNA into pep-

tidyl-tRNA induce, through conformational transmission
mechanisms of the ribosome, such global rearrangements
as mutual rotation of the ribosomal subunits, locking-un-
locking effects, and, possibly, shifts of other structural
blocks (such as the L1 protuberance).
Again, it should be mentioned that movements within

transmissionmechanisms of molecular machines are gen-
eratedmainly by thermalmotions. Themotions are aniso-
tropic, as they are spatially limited by construction of a
machine. Mutual affinities of blocks and other structural
elements determine interactions between them and fixa-
tion of certain connections and rearrangements. In other
words, conformational changes during the transmission
process are the events of relaxation, thermal motion, and
temporary fixation of certain conformational states.
Concerning the movers of molecular machines, the

same considerations can be applied. The conveyed ligands
are moved by thermal energy, but their diffusional path
may be limited by a channel and, most importantly, deter-
mined by alternating changing affinities of binding sites,
from weakening of ligand retention at its site to a tempo-
rary fixation of a ligand at the next position. This provides
unidirectional transitions from a weak to a strong binding
state along the conveying path. In the case of translating
ribosomes (see Figs. 1 and 5), an aminoacyl-tRNA selected
by the A site codon firmly binds to both its binding site on
the small subunit (A) and the binding site in the PTCof the
large subunit (a). After transpeptidation, the affinity of the
acylated terminal group for the a-site is abolished, and it
dissociates from the a-site and, because of flexibility of the
terminal CCA sequence, may randomly (but within steri-
cally allowed limits)move until it becomes fixed at the new
affinity p-site. At the same time, because the deacylated
terminus of the tRNA has lost high affinity for the p-site of
the PTC, the flexible CCA end sequence becomes dissoci-
ated and caught by the e-site in the vicinity of the PTC.
These events induce instability at the subunit interface
and at the A and P sites on the small subunit. The desta-
bilized and unlocked intersubunit state, as well as possibly
the strained tRNA conformations, results in weakening of
retention of the tRNA residues in their A and P sites on the
small ribosomal subunit. Because of the unlocked state of
the ribosome, the tRNA residues are allowed tomove from
the A and P sites and reassociate with the stronger nearby
binding sites, P and E, respectively (tRNA residue translo-
cation). At the final step of translocation, the deacylated
tRNA spontaneously dissociates from the E site and e-site
and quits the translating ribosome. It is in this way that the
tRNA residues are directionally conveyed through the
intersubunit channel, from the entrance hole at the small
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subunit beak and L7/L12 protuberance toward the exit
hole and L1 protuberance, using thermal motions as
immediate moving impulses for the conveyed ligands.
Thus, the mover of the translating ribosome as a convey-
ingmachine is the sequence of tRNA-binding sites A, P, E:
their alternating changes of affinities for tRNA residues
provide the unidirectional “weak to strong binding state
transitions” of the conveyed molecules.
Ratchet and Pawl—As a matter of fact, thermal

motions, including Brownian movement and intrinsic
thermal conformational fluctuations in an isothermal
medium and anisotropic system, provide random
impulses that are continually displacing structural blocks
of a molecular machine and its ligands, thereby creating a
field of sterically allowed conformations and positions at
each stage of the transition from one state to another. The
selection of the proper conformation and position is deter-
mined by thermodynamic parameters. Alternating events
of attachment-detachment and fixation-relaxation, rather
than mechanically directed shifts by means of rigid cou-
plings and mechanical energy, seem to be the most likely
basis of the working cycles of molecular machines, includ-
ing the ribosome. In thismodel, the binding of a ligand, the
chemical transformations of a bound ligand, and its (or its
product) release are the energy contributions tomolecular
and ligandmovements, not as a direct feed to amechanical
shift but as a means to rectify random fluctuations by
selection and fixation of the conformations and positions
that serve to create a unidirectional process. In other
words, in terms of the considered model, the binding of a
ligand and its chemical transformations can be viewed as
the energy needed to enable operation of the “pawls.”
In Feynman’s ratchet machine, the ratchet wheel

rotates only in one direction because of a pawl (which is
here equivalent to Maxwell’s Demon) that allows a for-
ward step and prevents a backward step. In a molecular
machine, this function is realized because of the principle
of the weak to strong binding state transitions (121). In the
translating ribosome, the sequential unidirectional shifts
of twomoieties of tRNA ligands, a3 p,A3 P, p3 e, P3
E (Figs. 3 and 5), obey this principle. The corresponding
changes in affinities of the binding sites along this path are
provided by energy contributions to the translating ribo-
some, first and foremost by the intraribosomal transpep-
tidation reaction enabled by aminoacyl-tRNA input and
deacylated tRNA output. Thus, the working cycle of the
translating ribosome (for the sake of simplicity, one may
look at the factor-free elongation cycle in Fig. 5) can be
considered as a Feynman’s ratchet wheel, with pawls
appearing along the conveying path in response to energy-

dependent conformational shifts. On the other hand, if
one were to focus on the irreversibility (unidirectionality)
of the cycle as a whole, it is clear that the only practically
irreversible step of the cycle is the release of deacylated
tRNA into the medium after translocation.
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