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Speed and accuracy of protein synthesis are fundamental parameters for the fitness of living cells,
the quality control of translation, and the evolution of ribosomes. The ribosome developed complex
mechanisms that allow for a uniform recognition and selection of any cognate aminoacyl-tRNA
(aa-tRNA) and discrimination against any near-cognate aa-tRNA, regardless of the nature or pos-
ition of the mismatch. This review describes the principles of the selection—kinetic partitioning and
induced fit—and discusses the relationship between speed and accuracy of decoding, with a focus
on bacterial translation. The translational machinery apparently has evolved towards high speed
of translation at the cost of fidelity.
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1. SPEED AND ACCURACY OF TRANSLATION
Protein synthesis on the ribosome is a fundamentally
important process that consumes a large part of the
energy resources of the cell. Ribosomes are universal
macromolecular machines built of two subunits, the
small subunit (30S subunit in bacteria), where mRNA
decoding takes place, and the large subunit (50S subunit
in bacteria), which harbours the catalytic site for peptide
bond formation. The decoding and peptidyl transferase
centres consist of RNA, suggesting that the ribosome
originates from the RNA world. Intuitively, one would
expect that the ribosome has evolved to produce proteins
with maximum speed and accuracy at minimum meta-
bolic cost. The aim of this review is to discuss the
mechanisms by which this is achieved and potential
limits to the optimization of the ribosome performance.

Protein synthesis entails four major phases: initiation,
elongation, termination and recycling. During initiation,
the ribosome selects an mRNA and, assisted by initiation
factors, places the initiator tRNA on the appropriate
start codon in the P site. In the subsequent elongation
phase, amino acids are added to the growing peptide in
a cyclic process. Aminoacyl-tRNAs (aa-tRNAs) enter
the ribosome in a tight complex with elongation factor
Tu (EF-Tu) and guanosine-50-triphosphate (GTP). Fol-
lowing the recognition of the codon by the anticodon of
aa-tRNA and GTP hydrolysis by EF-Tu, aa-tRNA is
accommodated in the A site of the 50S subunit and
takes part in peptide bond formation. The rate of protein
elongation in bacteria is between 4 and 22 amino acids
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per second at 378C [1–5]; thus, a protein of an average
length of 330 amino acids [6] is completed in about
10–80 s. The times required for initiation, termination
and ribosome recycling (around 1 s each [3]) are short
enough to make elongation rate-limiting for protein syn-
thesis [7]. Translation of a particular codon depends on
both the nature and abundance of the respective tRNAs,
particularly on the non-random use of synonymous
codons and the availability of the respective isoacceptor
tRNAs [8]. The overall rate of translation is limited by
the codon-specific rates of cognate ternary complex deliv-
ery to the A site and is further attenuated by other factors,
such as collisions between individual ribosomes in
polysomes [3], controlled ribosome stalling (for a recent
review, see [9]), or the cooperation between translating
ribosomes and the RNA polymerase machinery [4,10].

Estimations of error frequencies of translation range
between 1025 and 1023, depending on the type of
measurement, concentrations and nature of tRNAs that
perform misreading, and the mRNA context [11–13].
Different approaches were taken to measure these
values. For instance, error frequencies of amino acid
incorporation at a particular position of the protein
were estimated based on different physico-chemical prop-
erties of native and altered proteins or their fragments
(reviewed in [13]). Alternatively, error frequencies were
obtained using reporter constructs expressing proteins
that gain enzymatic activity upon misincorporation
[12,14]. Unfortunately, the number of proteins and
types of replacements studied so far are very limited, pre-
cluding a comprehensive analysis of error frequencies on
particular codons or for different parts of proteins.

The overall measured error rate of protein synthesis
reflects the accumulated mistakes from all steps involved
in translation, of which tRNA aminoacylation and
This journal is q 2011 The Royal Society
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Figure 1. Schematic of EF-Tu-dependent aa-tRNA binding to the A site. Kinetically resolved steps are indicated by the rate

constants k1–k7 (forward reactions) and k21 and k22 (backward reactions). The rate of codon reading (presumably a readily
reversible step [19]) could not be determined by rapid kinetics; the values available from single-molecule fluorescence reson-
ance energy transfer (FRET) experiments [19,20] are not comparable with the values obtained in bulk experiments owing to
differences in experimental conditions. Rate constants of the two chemical steps that are rate-limited by the respective
preceding step are designated kGTP and kpep.
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decoding arguably are the most error-prone. Misincor-
poration of amino acids into proteins may affect the
fitness of an organism by reducing the amount of active
proteins, producing proteins that are toxic for the cell,
or increasing misfolding. Owing to the limited infor-
mation available, the consequences of errors on the
cellular and organismic levels and the long-term evol-
utionary responses to errors are not known [11]. Some
missense errors may be more readily tolerated than
others. Indeed, the common experience in expressing
mutant proteins suggests that mutations at many pos-
itions in a protein, except within the catalytic site, are
often well tolerated, although mild effects on fitness
cannot be excluded. Recent estimations of fitness effects
of mutations in two ribosomal proteins suggested that
most mutations were only weakly detrimental and some
were potentially neutral [15]. Furthermore, it was
demonstrated that cells tolerated an astonishingly high
degree of mistranslation in a case where up to 10 per
cent of an enzyme carried a missense error [16]. Under
some conditions, increased levels of mistranslation can
be advantageous, e.g. upon adaptation of bacterial popu-
lations to sub-lethal antibiotic concentrations and the
emergence of antibiotic resistance [17] or at conditions
of amino acid deprivation (reviewed in [18]).

2. KINETIC DISCRIMINATION OF
INCORRECT tRNAs
To prevent the incorporation of incorrect amino acids into
proteins, aa-tRNA synthetases and ribosomes rigorously
Phil. Trans. R. Soc. B (2011)
control the aminoacylation and the decoding reactions,
respectively, employing numerous quality control mech-
anisms [18]. On the ribosome, the fidelity is controlled
at three basic selection stages (figure 1): (i) preferential
rejection of incorrect ternary complexes prior to GTP
hydrolysis in the initial selection stage, (ii) preferential
rejection of incorrect (mostly near-cognate) aa-tRNAs
in the proofreading stage after GTP hydrolysis [21–23],
and (iii) preferential hydrolysis of erroneous peptidyl-
tRNAs by termination factors [24]. The overall missense
error frequency of translation depends on the combined
efficacy of these selections and on the abundance of
the aa-tRNA cognate to a given codon relative to the
near-cognate competitors [12].

The initial interaction of the ternary complex with
the ribosome is codon-independent and mainly
mediated by contacts between EF-Tu and ribosomal
protein L7/12 [25,26]. During subsequent codon
reading, the tRNA in the complex undergoes spon-
taneous structural fluctuations (distortions) that
allow it to scan the codon in the decoding site of the
30S subunit, while remaining bound to EF-Tu which
is anchored to the 50S subunit [19]. Formation of
the correct, fully complementary (cognate) codon–
anticodon complex locks the tRNA in the A/T state
[27] and induces structural rearrangements of
A1492, A1493 and G530 (Escherichia coli numbering
is used throughout) in the decoding centre of the
30S subunit [28], establishing a complex network of
interactions. At the first and second codon positions,



Table 1. Rate constants of elemental steps of decoding the

cognate UUU and near-cognate CUC codons by Phe-
tRNAPhe (HiFi buffer, 208C) [30,31]. The k6 value (figure 1)
was not measured at HiFi conditions (3.5 mM Mg2þ,
polyamines); at 10 mM Mg2þ, k6 ¼ 3 s21.

rate constant UUU CUC

k1 (mM21s21) 140 140
k21 (s21) 85 85
k2 (s21) 190 190

k22 (s21) 0.2 80
k3 (s21) 260 0.4
k4 (s21) �10a n.d.
k5 (s21) 20 0.26b

k7 (s21) ,0.3 7b

aThe value was measured at 1 mM substrate concentration [36].
bThe values cannot be determined at 208 in HiFi buffer, because
the preceding GTP hydrolysis step is strongly rate-limiting [30].
Values given are for HiFi at 378C [37]. Similar values (k5 ¼
0.1 s21, k7 ¼ 6 s21) were obtained at 10 mM MgCl2 without
polyamines at 208C [27].
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the ribosome recognizes the base pairs according to their
universal Watson–Crick geometry, while at the third
position, a number of other base pairs are allowed. The
rearrangement at the decoding centre is followed by
domain closure of the 30S subunit [29], GTPase acti-
vation of EF-Tu and GTP hydrolysis [27,30–32]. The
release of the reaction product, Pi, leads to an extensive
structural change of EF-Tu, which switches from the
GTP- to the guanosine-50-diphosphate GDP-bound
form [33,34]. Aa-tRNA has a very low affinity to EF-
Tu . GDP and is released to be accommodated in the
peptidyl transferase centre, where aa-tRNA takes part
in peptide bond formation. Alternatively, the tRNA
can be rejected (proofreading). EF-Tu . GDP dissociates
from the ribosome and is reactivated by elongation factor
Ts (EF-Ts), a guanine nucleotide exchange factor that
accelerates the exchange of GDP for GTP [35]. Because
of the high cellular concentrations of EF-Tu, practically
all aa-tRNA is bound in the ternary complex and
immediately available for entering the ribosome.

Kinetic studies have identified four elemental
reactions that have different rates for cognate and near-
cognate aa-tRNAs, whereas others are very similar
(table 1) [27,30,31]. The rates of the ternary complex
recruitment to the ribosome and of codon recognition
are codon-independent. The codon independence of
the latter step at first glance is counterintuitive. We
note, however, that the codon-recognition step is likely
to entail a large number of substeps comprising a
number of conformational rearrangements in the
complex, some of which are better resolved by single-
molecule techniques [19,20] than by bulk kinetic
measurements. The overall rate constant of the codon
recognition step is a composite of the elemental rate con-
stants of all these small substeps; it is currently unknown
which substep is rate-limiting. The overall k2 value is
reduced by antibiotics interfering with the confor-
mational dynamics of the decoding region [38,39]. It is
likely, therefore, that the observed k2 value is determi-
ned by conformational fluctuations at the decoding site
concomitant with codon reading, which precede the for-
mation, and are therefore independent of the geometry,
of the codon–anticodon complex.

GTPase activation and aa-tRNA accommodation
are the two rearrangements that limit the rates of the
following chemistry steps, GTP hydrolysis and peptide
bond formation, respectively. The rates of these reac-
tions are strongly influenced by codon–anticodon
interaction [27,30,38,40,41]. On the other hand, the
rates of GTP hydrolysis are remarkably similar
(within a factor of 3) for different aa-tRNAs on their
respective cognate codons; the same is true for the
rates of peptide bond formation [40–44]. This uni-
formity is achieved by tuning of the tRNA sequence
and structure according to the nature of the amino
acid [45]. Single mismatches at any position of the
codon–anticodon complex result in slower forward
reactions and a uniformly 1000-fold faster dissociation
of ternary complexes from the ribosome (figure 2).
This suggests that the network of interactions in the
decoding centre [28] has evolved to yield a similar
accuracy threshold, independent of the position of
mismatches in the codon–anticodon duplex. Limited
data obtained with Phe-tRNAPhe, Trp-tRNATrp and
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Ala-tRNAAla suggest that error frequencies are also simi-
lar for the near-cognate codons of other aa-tRNAs
[30,40,44,45]. Uniform rates of decoding cognate and
near-cognate codons presumably reflect the selective
pressure that maintains similar translational accuracy
for all codons.

Although aa-tRNAs have very similar intrinsic decod-
ing properties, not all codons are translated at the same
rate. In fact, the rate of GTP hydrolysis by EF-Tu is
2.5 times higher on a cognate codon with a Watson–
Crick base pair in the third position compared with a
wobble pair [30,46]. Likewise, the rates of GTP hydroly-
sis on near-cognate codons differ by as much as 20-fold;
the same is true for peptide bond formation (figure 2)
[30]. Also tRNA modifications play an important role
by expanding the repertoire of unconventional base
pairs at the third codon position beyond the wobble
rules; such codon–anticodon complexes can be treated
as ‘almost-cognate’ and are much less disfavoured than
the near-cognate ones [44,47]. These variations in the
rates of decoding, together with the differences in the
concentrations of individual cognate and near-cognate
tRNAs, result in different translation rates—and possibly
misreading frequencies—on individual codons.
3. THE CRUCIAL FORWARD STEPS OF
DECODING
The ribosome controls the differences in the stabilities
of the codon–anticodon complexes (k22, k7) and
specifically increases the rate constants of GTPase acti-
vation (k3) and accommodation (k5) for correct
substrates, implicating both an increased stability of
tRNA binding and induced fit as sources of selectivity.
Kinetic partitioning between GTPase activation and
ternary complex dissociation strongly favours the
acceptance of cognate and the rejection of near-
cognate ternary complexes. Likewise, cognate aa-tRNA
is preferentially accommodated during proofreading,
while near-cognate tRNA is largely rejected.

The decoding centre of the ribosome on the 30S
subunit is almost 80 Å away from the GTP binding
pocket of EF-Tu bound to the 50S subunit, where
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Figure 2. Effect of codon–anticodon mismatches on the crucial steps of (a,b) initial selection (rate constants of dissociation

k22, GTPase activation k3) and (c,d) proofreading (dissociation k7, accommodation k5). Cognate codons are UUC and
UUU (black bars). Near-cognate codons contain a single mismatch in the first (CUC, CUU, GUC, light grey), second
(UCC, white) or third (UUA, UUG, dark grey) codon position [30].
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GTP hydrolysis takes place. A most important
unresolved question in decoding is how the correct
codon–anticodon interaction results in the acceleration
of the forward reactions of GTP hydrolysis (rate-limited
by GTPase activation) and peptide bond formation
(rate-limited by accommodation). GTP hydrolysis pro-
ceeds through the attack of a water molecule on the
g-phosphate of GTP in EF-Tu. His84 in E. coli EF-
Tu is the active-site residue that stabilizes the GTPase
transition state, but in free EF-Tu is oriented away
from the hydrolytic water [34,43,48]. Upon GTPase
activation, His84 has to move towards the g-phosphate,
and this movement should be induced only when a cor-
rect codon–anticodon complex is formed. A distorted
conformation of the tRNA, which is stabilized upon
interaction of the cognate codon–anticodon complex
with the ribosome, seems to play an important role,
because aa-tRNA has to be intact for GTPase activation
[49] and because mutations that alter the struc-
ture of the tRNA at the site of distortion affect
GTP hydrolysis [40,50]. Structures suggest that the
tRNA distortion affects the relative orientation of
tRNA and EF-Tu [48,51–53]. This leads to subtle
rearrangements in EF-Tu and the stabilization of the
catalytically active orientation of His84 by an inter-
action with A2662 of the sarcin–ricin loop of 23S
rRNA [48], which ultimately results in GTPase
activation. The mechanism of activation must be pre-
cisely tuned for each cognate aa-tRNA, as all cognate
ternary complexes exhibit similar rates of GTP hydroly-
sis, despite the structural variations of the tRNAs owing
to differences in sequence and post-transcriptional
modifications [41]. However, aa-tRNAs are about
equally distorted on cognate and near-cognate
codons, suggesting that, although the distortion of the
tRNA structure is necessary for GTPase activation, it
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is as such not sufficient to account for the discrimi-
nation between cognate and near-cognate ternary
complexes [36].

The uniformity of mismatch recognition [30] suggests
a global response mechanism, which would be consistent
with the idea that all conformational changes that occur
upon cognate codon recognition, including domain clo-
sure of the 30S subunit, distortions of the tRNA and
rearrangements in EF-Tu, are essential for the precise
positioning of the GTPase centre of EF-Tu at the
sarcin–ricin loop, which is required for GTPase acti-
vation [48]. Although the tRNA is distorted also in the
near-cognate A/T state [36], subtle changes in the orien-
tation of tRNA and EF-Tu could interfere with GTPase
activation by preventing A2662 from properly placing
His84 into the active site [48]. In this framework,
tRNA mutants that strongly activate GTP hydrolysis
on a near-cognate codon [40,45] appear to have found
their own unique conformational solution to dock
EF-Tu on the sarcin–ricin loop. Nevertheless, other con-
tacts in the codon recognition complex may specifically
affect the stringency of decoding, e.g. helix 14 and
helix 8 of 16S rRNA, which negatively regulate GTP
hydrolysis [54], or the interactions between helix 5 and
domain 2 of EF-Tu [55]. Finally, the ribosome may
play an active role in monitoring the correct codon–
anticodon interaction using a network formed by helices
18 and 44 of 16S rRNA, helices 38, 69 and 89 of 23S
rRNA, and proteins S13, S19, L16, L25, L27 and
L31 from both ribosomal subunits, as suggested by the
crystal structure of a ribosome–tRNA complex in the
proofreading stage [56].

Compared with GTPase activation and GTP
hydrolysis, much less is known about the codon-
specific acceleration of peptide bond formation.
Based on the available data, the reaction rate is limited
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by the accommodation of the aa-tRNA in the peptidyl
transferase centre on the 50S subunit [37,57]. Com-
puter simulations of accommodation suggested a
stepwise movement of the tRNA through a corridor
of conserved rRNA bases, which engage in various
interactions with the tRNA during this movement
[58]. The final accommodation of aa-tRNA in the
A site of the peptidyl transferase centre appears to be
determined by the interaction between the 30-CCA
end of aa-tRNA and the A loop (helix 92) of 23S
rRNA, in particular the universally conserved residues
U2492, C2556 and C2573 [59]. The latter residues
were proposed to act as a gate that causes the accep-
tor stem to pause before entrance into the peptidyl
transferase centre is allowed [58]. The rigidity and
spring-like mechanical properties of the tRNA were
suggested to play an important role in the transmission
of the decoding signal, enabling the tRNA to precisely
position the acceptor arm in the A/T state, the accom-
modation corridor or the A/A state [58,60]. Correct
codon–anticodon alignment results in high rates of
accommodation. By contrast, incorrect tRNAs, whose
anticodons are misaligned in the decoding site, will also
have their acceptor arms misaligned and will therefore
be impaired in the movement through the accom-
modation corridor. Indeed, mutagenesis studies [61]
indicated that substitutions of residues U2492 and
U2555 at the accommodation gate decreased the fidelity
of translation, supporting the view that the accommo-
dation gate may attenuate aa-tRNA binding. However,
mutations of C2573 and the neighbouring A2572 did
not affect aa-tRNA accommodation, peptide bond for-
mation or the fidelity of aa-tRNA selection, suggesting
that the ribosome may allow rapid aa-tRNA accommo-
dation in spite of defects at the accommodation gate,
perhaps by using a different pathway [62]. Alternatively,
misalignment of the near-cognate tRNA may disturb
the network of interactions between tRNA and ribo-
some [56], thereby disfavouring accommodation and
favouring rejection.
4. TRADE-OFF BETWEEN SPEED AND
ACCURACY
One major question concerns the maximum capacity of
the ribosome for tRNA discrimination. Measurements
Phil. Trans. R. Soc. B (2011)
in vitro using reconstituted translation systems working
at conditions optimized for speed and fidelity account
for an error frequency of about 1024–1023 (figure 3a)
[24,30,31,37]. The much lower in vitro error fre-
quency of 1027 reported recently [63] can now be
attributed to the use of extremely low concentrations
of free Mg2þ that destabilized near-cognate codon rec-
ognition complexes much more than cognate ones,
leading to an artificially high incorporation of cognate
relative to near-cognate amino acids [37]. The about
1000-fold difference between the k22 values imply
a large difference in the thermodynamic stability,
DDG8, between cognate and near-cognate codon-
recognition complexes [29,31,43,64]. However, this
large inherent DDG8 of binding does not enter selection
as a simple one-step association–dissociation equili-
brium. This is because with cognate complexes the
following steps of GTPase activation and GTP hydroly-
sis are rapid, precluding the equilibration of the binding
step and leading to high KM values for cognate ternary
complexes [31]. In such a case, kinetic partitioning
between forward and backward reactions becomes par-
ticularly important, because it determines the fate of
aa-tRNA on the ribosome. Given the values k22 ¼

0.2 s21 and k3 ¼ 260 s21 for decoding of the cognate
UUU codon (table 1), the cognate ternary complex
will preferentially undergo GTP hydrolysis rather than
dissociate, whereas on the near-cognate codon (k22 ¼
80 s21, k3 ¼ 0.4 s21), the ternary complex will be prefer-
entially rejected. Taking into account also the preceding
steps of decoding, this results in an error frequency of
about 1 : 60 at the initial selection step [31]. Notably,
variations in k3 values for near-cognate codons have
large effects on the efficiency of tRNA selection; e.g. a
10-fold reduction of the near-cognate k3 reduces the
error frequency 10-fold. In contrast, even if the DDG8
value between the cognate and near-cognate binding
were much less than determined experimentally, this
would have little effect on the resulting error frequency;
e.g. if the cognate k22 were 100 times higher than the
measured 0.2 s21, this would reduce the DDG8 value
dramatically, but would have almost no effect on the
error frequency as long as the k22 value is lower than
k3 for the cognate codon (see [27,31] for the respective
equations). The same principles of kinetic partitioning
apply for proofreading. Such a selection mechanism
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allows for rapid translation; however, the maximum of
intrinsically possible discrimination is not achieved, a
phenomenon known as trade-off between speed and
accuracy [64,65].

As a consequence of high rates of GTP hydrolysis
and lack of equilibration, the apparent affinity of the
ternary complex in the cognate codon recognition
complex, expressed as KM, is much less than its true
thermodynamic affinity represented by Kd. The conse-
quence of the high cognate GTPase rate (which at first
glance feels counterintuitive) becomes apparent when
the KM value for the cognate complex is compared
with those expected for the near- or non-cognate com-
plexes: the KM values for the cognate and non-cognate
ternary complexes are quite similar [21], suggesting
that ternary complexes are selected solely on the basis
of differences in kcat. On the other hand, it has been
argued that similar KM values for the cognate and
non-cognate complexes would lead to slow cognate
amino acid incorporation owing to competition by
the large excess of incorrect ternary complexes over cor-
rect ones [65,66]. However, competition experiments
showed that, although the presence of excess bulk tern-
ary complexes reduced the rate of GTP hydrolysis for
the cognate ternary complex about 10-fold, this is not
reflected in a decrease of the rate of cognate peptide
bond formation, because the rate of GTP hydrolysis
even at high concentrations of inhibitory ternary com-
plexes is higher than the rate of peptide bond
formation, buffering the inhibition by competition
(figure 3b) [37]. Thus, the high speed of GTP hydro-
lysis on cognate codons in fact causes a loss of
intrinsically available selectivity, but at the same time
precludes that the rate of amino acid incorporation is
decreased by competition with bulk ternary complexes.
This suggests that it is the rate of GTP hydrolysis, and
not that of peptide bond formation, which governs the
evolution and the optimization of both speed and accu-
racy of translation, and explains why the maximum
accuracy intrinsic in the system is not achieved.

The ribosome is an ancient RNA catalyst which in
many respects differs from the specialized enzymes
consisting of protein. It was argued that owing to the con-
ditions at the onset of life, the evolution of the protein
enzymes was driven by optimization of the activation
enthalpy, DH=, in such a way that for most modern
enzymes it is around 12 kcal mol21 [67]. This value is
significantly lower than the corresponding values for
the ribosome-catalysed reactions. Although the mechan-
isms of GTP hydrolysis and peptide bond formation on
the ribosome are quite different from one another, the
activation enthalpy for both GTP hydrolysis and peptide
bond formation is 17–20 kcal mol21 [63,68]. For the
GTPase reaction on the ribosome, one possible reason
for this difference to the enzyme-catalysed reactions is
the necessity to optimize speed and fidelity at the same
time; the optimization of subsequent peptide bond
formation beyond the efficiency of the GTPase would
be unnecessary. In fact, the ribosome accelerates the pep-
tidyl transfer reaction by a factor of about 107–108

[37,42,68], i.e. it is much less efficient than many protein
enzymes that accelerate reactions by up to 1023-fold [69].

Another peculiar feature of the ribosome is the
necessity to deal with different peptidyl-tRNAs and
Phil. Trans. R. Soc. B (2011)
aa-tRNAs with each codon combination in P and A
sites. Because the chemical properties of these sub-
strates can be different, the precise adjustment of the
catalytic groups that could potentially contribute to
the enthalpic effect in the peptidyl transferase centre
may not be feasible and thus catalysis is predominantly
entropic [68]. This may also explain why the ribosome
did not evolve to contain proteins, with their large
repertoire of chemical groups suitable for efficient cat-
alysis, at its catalytic sites. Apparently, the evolutionary
pressure favoured the optimization of speed and accu-
racy of the rate-limiting steps of protein synthesis,
while at the same time retaining the ability to accept
a large number of substrates with potentially different
properties. This might have allowed the ribosome to
retain its RNA-based catalytic strategy during the evol-
ution from a prebiotic translational ribozyme into a
modern ribosome, which thus appears to be a living
fossil of a primitive catalyst of the RNA world.
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