Available online at www.sciencedirect.com

The ribosome as a versatile catalyst: reactions at the peptidyl
transferase center
Marina V Rodnina
In all contemporary organisms, the active site of the
ribosome—the peptidyl transferase center—catalyzes two
distinct reactions, peptide bond formation between peptidyltRNA and aminoacyl-tRNA as well as the hydrolysis of peptidyltRNA with the help of a release factor. However, when provided
with appropriate substrates, ribosomes can also catalyze a
broad range of other chemical reaction, which provides the
basis for orthogonal translation and synthesis of alloproteins
from unnatural building blocks. Advances in understanding the
mechanisms of the two ubiquitous reactions, the peptide bond
formation and peptide release, provide insights into the
versatility of the active site of the ribosome. Release factors 1
and 2 and elongation factor P are auxiliary factors that augment
the intrinsic catalytic activity of the ribosome in special cases.
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numerous cellular control machineries that disfavor the
incorporation of unnatural substrates. However, in all cases
where the exact step limiting the orthogonal translation
was analyzed, the chemistry step itself was not impaired
[5,6]. In fact, the repertoire of chemical reactions supported
by the ribosome includes formation of esters, thioesters,
thioamides, or phosphinoamides, and peptide bond formation with a large variety of unnatural amino acids [3,7] or

D-amino acids [8 ]. The chemical versatility of the ribosome raises the question of how it can bind these diverse
substrates and catalyze different chemical reactions in one
active site. This review attempts to provide some answers
to these questions, based on recent advances in understanding the mechanisms of the two natural reactions
catalyzed at the peptidyl transferase center of the ribosome, peptide bond formation and hydrolysis on peptidyl
tRNA (pept-tRNA) (Figure 1).
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Introduction
In all organisms living today, ribosomes synthesize proteins
from L-amino acids using tRNA to recognize the respective
mRNA codon. The specificity for the 20 natural L-amino
acids is largely determined by aminoacyl-tRNA synthetases, the enzymes that select the matching pair of tRNA
and amino acid and produce aminoacyl-tRNA (aa-tRNA).
However, recent advances in orthogonal engineering
showed a number of ways to overcome the natural limits
to substrate specificity: discovery of aminoacylating ribozymes of broad specificity (flexizymes) [1], in vitro evolution of orthogonal aminoacyl-tRNA synthetases [2], and
methods for non-enzymatic organic synthesis to create
tRNAs charged with non-canonical amino acids [3] broadened the range of potential substrates of the ribosome.
The genetic code can be modified by reassigning the
codons or by using quadruplet (four nucleotides) decoding
by engineered tRNAs [4]. The efficiency of orthogonal
translation with unnatural substrates is often poor due to
www.sciencedirect.com

Peptide bond formation on the ribosome requires that two
substrates, pept-tRNA and aa-tRNA, are bound to the P
and A sites of the ribosome, respectively. The reaction
proceeds through the nucleophilic attack of the a-amino
group of aa-tRNA on the carbonyl carbon of the pepttRNA. The mechanism of the uncatalyzed aminolysis
reaction in solution has been studied in great detail. The
reaction is expected to proceed through two intermediates, a zwitterionic tetrahedral intermediate (T), which
is deprotonated to form the second intermediate (T),
which then decomposes to form the reaction products [9]
(Figure 2). A comprehensive analysis of heavy-atom
kinetic isotope effects (KIE) indicated that on the ribosome the formation of the tetrahedral intermediate and
proton transfer from the attacking nitrogen take place
during the rate-limiting step; the breakdown of the tetrahedral intermediate occurs in a separate rapid step [10]
(Figure 2). These data suggest that the ribosome alters
the reaction pathway in such a way that the T intermediate does not accumulate, in contrast to the uncatalyzed reaction, and predict an early transition state (TS).
While those results have been obtained with a relatively
slow assay using isolated 50S subunits rather than native
ribosomes, we note that the reaction on 50S subunits is
slow not because 50S subunits are intrinsically less active
than the 70S ribosomes, but simply because they bind the
A and P substrates poorly [11]; at saturation with substrate, similarly high rates of peptide bond formation can
be achieved with the 50S subunit as with 70S ribosome,
suggesting similar reaction mechanisms. Computational
models suggested a late TS [12] (Figure 3) and argued
Current Opinion in Structural Biology 2013, 23:595–602
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Ribosome complexes during catalysis of peptide bond formation or pept-tRNA hydrolysis. (a) During peptide bond formation, aa-tRNA reacts with
pept-tRNA. (b) Hydrolysis of pept-tRNA is catalyzed by RF1. Positions of tRNAs bound to the E site (red), P site (orange), and A site (yellow), RF1
(yellow) and mRNA (green) bound to the ribosome are indicated. 23S rRNA (gray), 5S rRNA (light blue), 16S rRNA (cyan), 50S proteins (magenta) and
30S proteins (dark blue) are also indicated. The peptidyl transferase center is marked by a star.
Figure modified from Ref. [51].

that the proposed TS [10] was likely off the main
reaction pathway to products. However, further evidence
for an early TS comes from the charge effects of the Cterminal amino acid of pept-tRNA in the P site, which are
consistent with a negative charge accumulating in the TS
(similar to T) [13]. The Brønsted coefficients of the aamino nucleophile measured with either 50S subunit or
70S ribosome using a series of puromycin derivatives [14]
were close to zero under conditions where the chemistry
step was rate limiting. These results indicate that at the
TS the nucleophile is uncharged in the ribosome-catalyzed reaction and that the TS involves deprotonation to a

degree commensurate with nitrogen-carbon bond formation. Such a transition state is significantly different
from that of the uncatalyzed aminolysis reactions in
solution.
One important question is which groups take part in the
TS on the ribosome. Extensive mutational studies of the
ribosome’s catalytic core and the analysis of pH/rate
profiles of peptide bond formation suggested that the
ribosome does not provide ionizing groups that contribute
to catalysis [15–18]. Crystal structures as well as kinetic
and computational work suggested a substrate-assisted

Figure 2
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Reaction scheme of peptide bond formation. Step 1, attack of the a-amino group of aa-tRNA on the carbonyl carbon of the pept-tRNA and formation
of the zwitterionic tetrahedral intermediate T. Step 2, deprotonation of the positively charged amino nitrogen resulting in the second intermediate, T.
Step 3, product formation. The mechanism of the uncatalyzed reaction in solution is fully stepwise [9]. On the ribosome, the formation of the tetrahedral
intermediate and proton transfer from the nucleophilic nitrogen take place during the rate-limiting step (1 + 2); the breakdown of the tetrahedral
intermediate occurs in a separate rapid step (3) [10].
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Schematic overview of different potential transition states and proton
shuttle mechanisms of the peptidyl transferase reaction.
Adapted from Ref. [12].

mechanism of reaction involving the 20 OH group of A76
of the P-site tRNA. The initial proposals envisaged that
protons are transferred (shuttled) between the attacking
nucleophile, the 20 OH group, and the 30 OH group of A76
[19,20–22]. However, model studies suggested that the
direct proton transfer from the 20 OH to the 30 OH is
unfavorable, whereas the carbonyl oxygen of the pepttRNA was predicted to be a better acceptor [23,24,25].
The 20 OH of A76 is important, although the magnitude of
the rate reduction caused by its replacement of the 20 OH
has been recently revised from the initial estimate of 106
[26] to >100 [27]. The exact value remains uncertain,
because translation appears to be insensitive to substitution of the 20 OH [28]. One way to explain this discrepancy is to assume that the effect on the peptidyl
transferase is masked by a different, intrinsically slower
step which limits the overall rate of translation; alternatively, a water molecule may functionally substitute for
the lacking 20 OH at some conditions [29].
A shuttle mechanism may be six-membered, with two
protons simultaneously changing their positions in the
TS, or eight-membered with three protons ‘in flight’ in
the TS; the latter TS includes a water molecule which is
found in the appropriate position in the crystal structures
of 50S subunits in the complex with TS analogs
www.sciencedirect.com

[12,19]. The analysis of kinetic solvent isotope effects
(KSIE) showed that in the rate-limiting TS three protons
move in a fully concerted manner [30]. This not only
supports the existence of a concerted proton shuttle, but
also favors an eight-membered shuttle with a water molecule taking part in proton transfer. In the rate-limiting
TS, the attack of the a-amino group on the ester carbonyl
carbon results in an eight-membered transition state in
which a proton from the a-amino group is received by the
20 OH group of A76, which at the same time donates its
proton to the carbonyl oxygen via an adjacent water
molecule (Figure 4) [30]. Protonation of the 30 OH then
would be an independent rapid step [10], although it is
still not clear where the proton for the protonation of the
leaving group comes from. The catalytic role of the
ribosome is to provide a network of interactions that
change the rate-limiting TS and lower the activation
entropy [31,32,33].
The intrinsic rate of peptide bond formation may depend
on the chemical properties of the substrates, the P sitebound pept-tRNA, and the A-site bound aa-tRNA.
Depending on the C-terminal amino acid of the pepttRNA, the rate of reaction with puromycin as A-site
substrate varied between 100 s1 and 0.14 s1, regardless
of the tRNA identity, with Pro being by far the slowest
[13]. However, when Phe-tRNAPhe was used as A-site
substrate, the rate of peptide bond formation with any
pept-tRNA was 7 s1 (at 208C in buffer containing 7 mM
Mg2+), which corresponds to the rate of accommodation of
Phe-tRNAPhe to the A site [13]. Because accommodation
Current Opinion in Structural Biology 2013, 23:595–602
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is rate-limiting for peptide bond formation, the reaction
rate is uniform for all pept-tRNAs, regardless of the
variations of their intrinsic chemical reactivity [34]. On
the other hand, the observed 50-fold increase in the
reaction rate for pept-tRNA carrying a peptide ending
with Pro with aa-tRNA instead of puromycin suggests
that full-length aa-tRNA in the A site greatly accelerates
peptide bond formation by an as yet unknown mechanism
[13].
The existence of the rate-limiting accommodation step
that masks the chemistry of peptide bond formation has
been challenged, based on experiments carried out at
conditions of very rapid (200 s1) peptide bond formation, albeit no direct estimation was provided for
the rate of accommodation [35]. To test this contention,
we measured the rates of Phe-tRNAPhe accommodation
and peptide bond formation directly and in parallel at
the conditions used in that work [35]. The rates of the
two partial reactions turned out to be the same [36],
suggesting that the accommodation is fully rate-limiting
for the following peptide bond formation step, at least
at those conditions. Notably, aa-tRNA accommodation
in the A site is independent of pH [16], whereas
peptide bond formation decreases with pH due to
inactivation of the nucleophile by protonation. This
explains why with some aa-tRNAs, such as Pro-tRNAPro
and Gly-tRNAGly, which are intrinsically slow in peptide bond formation, show a pH dependence at low pH
[35], whereas at high pH, where the nucleophilic nitrogen is deprotonated, accommodation most likely
becomes rate-limiting.

EF-P, a specialized translation factor required
for rapid synthesis of proteins with
consecutive prolines
Peptide bond formation with the P-site pept-tRNAs
ending with proline or with Pro-tRNAPro in the A site
of the ribosome is surprisingly slow [13]. In fact, robust
stalling on mRNA sequences coding for PP(X) occurs in
vitro where X stands for Asn, Asp, Glu, Gly, Pro, or Trp
[37]. Toeprinting analysis reveals that upon translation
of a PPP sequence, the ribosome stalls with the second
Pro codon in the P site [37]. Two recent papers demonstrate that rapid translation of such sequences requires
the auxiliary translation elongation factor P (EF-P)
[38,39] (Figure 5). EF-P prevents the ribosome from
stalling during synthesis of proteins containing consecutive prolines, such as PPG, PPP or longer strings of
prolines by facilitating rapid Pro-Pro and Pro-Gly bond
formation and by stabilizing pept-tRNA in the catalytic
center of the ribosome (Figure 6). Pro is the only imino
acid naturally used by the ribosome. Because of the
presence of the pyrrolidine ring, the torsion angle for
the N–Ca bond may restrict the number of accessible
conformations and may impose structural constrains on
Pro positioning in the peptidyl transferase center of the
ribosome, thereby sterically hindering peptide synthesis.
EF-P is post-translationally modified by a hydroxylated
b-lysine residue that is attached to a lysine residue [40–
43]. The modification enhances the catalytic proficiency
of the factor mainly by increasing its affinity to the
ribosome [38]. EF-P works on natural and engineered
sequences alike, suggesting that the context of Pro
strings is not important. Interestingly, EF-P does not
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Structure of EF-P bound to the ribosome. (a) E-site (red) and P-site (green) tRNAs bound to the ribosome. (b) EF-P and P-site tRNA bound to the
ribosome. EF-P is shown in shades of magenta to indicate domains I, II, and III. The 50S subunit is colored gray, the 30S subunit is yellow.
Figure reproduced from Ref. [57] with permission.
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EF-P alleviates PPP/PPG-induced stalling in natural proteins. Example of time courses of TonB (239 amino acids) translation in the absence and
presence of EF-P. M1, and M2, peptide markers containing TonB sequences of the indicated lengths. The sequence of the protein is shown at the
bottom.
Reproduced from Ref. [38].

alleviate programed ribosome stalling promoted by
specific sequences in nascent peptides [37]. EF-P is
evolutionary conserved; its eukaryotic homolog eIF5A is
also post-translationally modified at a position orthologous to that in EF-P. Remarkably, the type of modification of eIF5A (hypusination) is different from that in
EF-P [44].
Of more than 4000 annotated proteins in Escherichia coli,
about 270 contain motifs of three or more consecutive
prolines or PPG motifs. Among those, the proteins that
belong to the basal transcription-translation machinery
are underrepresented, whereas metabolic enzymes, transporters, and regulatory transcription factors are frequent,
explaining the pleiotropic phenotypes caused by
deletions of the genes coding for EF-P or its modification
enzymes, including effects on virulence and bacterial
fitness [45,46]. Given that the synthesis of a peptide
bond usually does not require an auxiliary factor, EF-P
appears to be a recent evolutionary addition to the repertoire of translation factors, possibly required to properly
balance the amounts of regulatory proteins in cells [39].

Hydrolysis of peptidyl-tRNA
The hydrolysis of pept-tRNA is a second natural reaction
catalyzed by the peptidyl transferase center of the ribosome. The reaction occurs during the termination phase
of protein synthesis and is facilitated by release factor 1 or
www.sciencedirect.com
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The catalytic pocket of the peptidyl transferase center during translation
termination. Upon stop codon recognition by RF1/2, the conserved Q of
the GGQ motif is inserted into the catalytic center. Nucleotides of 23S
rRNA at the peptidyl transferase center are shown in blue, RF2 is
shown in orange, and A76 of the P-site tRNA is shown in green.
Reproduced from Ref. [52] with permission.
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Possible transition states of RF2-catalyzed pept-tRNA hydrolysis on the ribosome (see text). The single low-barrier hydrogen bond that determines the
reaction rate is encircled. The possibility of the involvement of another water molecule and/or residue A2451 of 23S rRNA is indicated.
Reproduced from Ref. [30].

2 (RF1/2) in bacteria which recognize stop codons in the
decoding site on the ribosome and position the universally conserved GGQ motive into the peptidyl transferase
center (for recent review [47]) (Figure 7). The accommodation of RF2 is impaired by the mutations of C2573
and A2572 of 23S rRNA at the putative accommodation
gate of the 50S subunit [48]; however, on ribosomes with
unmodified 23S rRNA the accommodation of RF2 is rapid
and does not limit the chemistry step. Mutations of the
conserved Gln in the GGQ motif to most other amino
acids have only a modest effect on catalysis [49,50],
except for the Gln to Pro replacement [51]. Crystal
structures indicated that the backbone NH group of
Gln230 is positioned within hydrogen bonding distance
of the 30 OH of A76 of pept-tRNA, which explains the
detrimental effect of Gln to Pro replacement [51,52].
Furthermore, Gln controls the specificity of the release
reaction for water by excluding nucleophiles larger than
water from entering the active site, which also supports
the notion that side chain of Gln is positioned in the
vicinity of the nucleophile [50].
The reaction is expected to proceed through a tetrahedral
intermediate that breaks down to form the free peptide and
deacylated tRNA. Proton inventories indicate that the TS
of the RF2-dependent hydrolysis reaction involves only
one proton in flight [30], in agreement with computational models that suggest an early TS and one proton
being transferred in the rate-limiting TS [53]. These
findings argue against a concerted proton shuttle in the
TS of the hydrolysis reaction, which would require that at
least two protons are transferred simultaneously in the
TS. The slope of the pH/rate dependence for both ribosome-catalyzed and uncatalyzed hydrolysis reactions
turned out to be close to one with a pKa > 9 [30]. For
Current Opinion in Structural Biology 2013, 23:595–602

the uncatalyzed reaction, this group must be a water
molecule, because removal of the 20 OH, which would
be an alternative candidate for an ionizing group with this
pKa, does not affect the uncatalyzed reaction [54]. The
slope of the pH/rate profile was identical in H2O and D2O,
suggesting that the proton which is transferred in the TS
does not originate from the ionizing group that takes part in
the reaction [30]. These findings are consistent with a
reaction mechanism in which the attacking water molecule
in the TS donates a proton to a hydroxide ion that facilitates
both proton transfer and nucleophilic attack (Figure 8a).
Density for a water molecule in the active site was observed
in the crystal structure of a complex representing the
reactant state [52]. The effect of replacing the 20 OH
group of A76 then may be attributed to a change of the ratelimiting step from an early to a late TS, such that proton
transfer to the leaving group becomes rate-limiting. Alternatively, a hydroxide ion could act as attacking group; in
this case, the proton in flight can be transferred to, for
example, the 20 OH directly or through another water
molecule (Figure 8b). Certain amino acid substitutions
of the Gln in the GGQ (Ser, Thr, Cys) can rescue the
defects associated with loss of the 20 OH of the P-site
substrate, possibly by creating a hydrogen-bond network
that provides an alternative stabilization of the TS [55].
Surprisingly, RF2-catalyzed and RF1-catalyzed reactions
show some apparent differences in the properties of the TS
(compare Refs. [55,30]). The magnitude of the KSIE is
much smaller with RF1 (KSIE = 1.4) than with RF2
(KSIE = 4.1), and the slope of the pH/rate profile is substantially smaller than 1 for RF1, compared to almost
exactly 1 for RF2. The simplest explanation for these
effects is that, unlike RF2, RF1 binding is partially ratelimiting for the chemistry step, at least in the experimental
conditions used.
www.sciencedirect.com
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Conclusions
Recent work demonstrates that the ribosome’s catalytic
site alone or augmented by EF-P or RF1/2 can support
rather different reaction mechanisms. That the active site
of the ribosome could retain, or gain, this versatility during
evolution can be probably explained by the observation
that ribosomal residues, and residues of the release factor,
do not take part in chemistry, but rather provide a network
of electrostatic and hydrogen-bonding interactions that
help in orienting the substrates and in stabilizing the
respective transition state [12,31,33], more or less independent of the chemical nature of the substrates. Furthermore, the evolutionary pressure favored the optimization
of speed and accuracy of the decoding reaction which
precedes peptide bond formation. This may explain why
the ribosome did not evolve to contain proteins, with their
large repertoire of chemical groups suitable for more efficient catalysis, at its catalytic site. In the early days of the
RNA world, the primordial ribosome, which most likely
comprised only the A and P-site parts of 23S rRNA [56],
might have evolved towards accepting a multitude of
chemically versatile substrates, thereby providing potential building blocks of polymers for the evolution of life.
The ribosome retained its RNA-based catalytic strategy
during the evolution 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.

Acknowledgements
I thank Anja Lehwess-Litzmann for help in preparing the figures. The work
was funded by the Max Planck Society and by a grant of the Deutsche
Forschungsgemeinschaft.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest
1. Passioura T, Suga H: Flexizymes, their evolutionary history and
 diverse utilities. Top Curr Chem 2013. [Epub ahead of print].
A review of the history, structure, and function of the RNA-based aminoacyl synthetases.
2.

Davis L, Chin JW: Designer proteins: applications of genetic
code expansion in cell biology. Nat Rev Mol Cell Biol 2012,
13:168-182.

3. Liu CC, Schultz PG: Adding new chemistries to the genetic
 code. Annu Rev Biochem 2010, 79:413-444.
A comprehensive review on the methodologies to incorporate unnatural
amino acids into proteins.

7.

Kawakami T, Murakami H: Genetically encoded libraries of
nonstandard peptides. J Nucleic Acids 2012, 2012:713510.

Fujino T, Goto Y, Suga H, Murakami H: Reevaluation of the
acid compatibility with the elongation event in
translation. J Am Chem Soc 2013, 135:1830-1837.
D-Amino acids can be efficiently utilized by the ribosome.

8.


9.

D-amino

Satterthwait AC, Jencks WP: The mechanism of the aminolysis
of acetate esters. J Am Chem Soc 1974, 96:7018-7031.

10. Hiller DA, Singh V, Zhong M, Strobel SA: A two-step chemical
 mechanism for ribosome-catalysed peptide bond formation.
Nature 2011, 476:236-239.
The mechanism of peptide bond formation on the ribosomes based on
the analysis of heavy atom KIEs.
11. Wohlgemuth I, Beringer M, Rodnina MV: Rapid peptide bond
formation on isolated 50S ribosomal subunits. EMBO Rep

2006, 7:699-703.
The 50S subunit alone can catalyse peptide bond formation as efficiently
as the complete ribosome.
12. Wallin G, Aqvist J: The transition state for peptide bond

formation reveals the ribosome as a water trap. Proc Natl Acad
Sci USA 2010, 107:1888-1893.
Mechanism of peptide bond formation on the ribosome based on computer simulations.
13. Wohlgemuth I, Brenner S, Beringer M, Rodnina MV: Modulation of

the rate of peptidyl transfer on the ribosome by the nature of
substrates. J Biol Chem 2008, 283:32229-32235.
Early TS of peptide bond formation based on the charge effects of the Cterminal amino acid in peptidyl-tRNA.
14. Kingery DA, Pfund E, Voorhees RM, Okuda K, Wohlgemuth I,

Kitchen DE, Rodnina MV, Strobel SA: An uncharged amine in the
transition state of the ribosomal peptidyl transfer reaction.
Chem Biol 2008, 15:493-500.
Brønsted coefficient of the a-amino nucleophile in peptide bond formation on the ribosome.
15. Youngman EM, Brunelle JL, Kochaniak AB, Green R: The active
site of the ribosome is composed of two layers of conserved
nucleotides with distinct roles in peptide bond formation and
peptide release. Cell 2004, 117:589-599.
16. Bieling P, Beringer M, Adio S, Rodnina MV: Peptide bond
formation does not involve acid–base catalysis by ribosomal
residues. Nat Struct Mol Biol 2006, 13:423-428.
17. Beringer M, Adio S, Wintermeyer W, Rodnina M: The G2447A
mutation does not affect ionization of a ribosomal group
taking part in peptide bond formation. RNA 2003, 9:919-922.
18. Beringer M, Bruell C, Xiong L, Pfister P, Bieling P, Katunin VI,
Mankin AS, Bottger EC, Rodnina MV: Essential mechanisms in
the catalysis of peptide bond formation on the ribosome. J Biol
Chem 2005, 280:36065-36072.
19. Schmeing TM, Huang KS, Kitchen DE, Strobel SA, Steitz TA:
 Structural insights into the roles of water and the 20 hydroxyl of
the P site tRNA in the peptidyl transferase reaction. Mol Cell
2005, 20:437-448.
Structures of 50S subunits with several TS analogs of peptide bond
formation.
20. Schmeing TM, Huang KS, Strobel SA, Steitz TA: An induced-fit
mechanism to promote peptide bond formation and exclude
hydrolysis of peptidyl-tRNA. Nature 2005, 438:520-524.

4.


21. Das GK, Bhattacharyya D, Burma DP: A possible mechanism of
peptide bond formation on ribosome without mediation of
peptidyl transferase. J Theor Biol 1999, 200:193-205.

5.

22. Dorner S, Panuschka C, Schmid W, Barta A: Mononucleotide
derivatives as ribosomal P-site substrates reveal an important
contribution of the 20 -OH to activity. Nucleic Acids Res 2003,
31:6536-6542.

Wang K, Schmied WH, Chin JW: Reprogramming the genetic
code: from triplet to quadruplet codes. Angew Chem Int Ed Engl
2012, 51:2288-2297.
A review on the quadruplet decoding.

6.

Ieong KW, Pavlov MY, Kwiatkowski M, Forster AC, Ehrenberg M:
Inefficient delivery but fast peptide bond formation of
unnatural L-aminoacyl-tRNAs in translation. J Am Chem Soc
2012, 134:17955-17962.
Effraim PR, Wang J, Englander MT, Avins J, Leyh TS, Gonzalez RL
Jr, Cornish VW: Natural amino acids do not require their native
tRNAs for efficient selection by the ribosome. Nat Chem Biol
2009, 5:947-953.

www.sciencedirect.com

23. Huang KS, Carrasco N, Pfund E, Strobel SA: Transition state
chirality and role of the vicinal hydroxyl in the ribosomal
peptidyl transferase reaction. Biochemistry 2008, 47:8822-8827.
24. Rangelov MA, Vayssilov GN, Yomtova VM, Petkov DD: The synoriented 2-OH provides a favorable proton transfer geometry
Current Opinion in Structural Biology 2013, 23:595–602

602 Engineering and design

in 1,2-diol monoester aminolysis: implications for the
ribosome mechanism. J Am Chem Soc 2006, 128:4964-4965.
25. Carrasco N, Hiller DA, Strobel SA: Minimal transition state

charge stabilization of the oxyanion during peptide bond
formation by the ribosome. Biochemistry 2011, 50:10491-10498.
Oxyanion stabilization is not crucial for peptide bond formation.
26. Weinger JS, Parnell KM, Dorner S, Green R, Strobel SA:
Substrate-assisted catalysis of peptide bond formation by the
ribosome. Nat Struct Mol Biol 2004, 11:1101-1106.
27. Zaher HS, Shaw JJ, Strobel SA, Green R: The 20 -OH group of the

peptidyl-tRNA stabilizes an active conformation of the
ribosomal PTC. EMBO J 2011, 30:2445-2453.
Re-evaluation of the effect of 20 -OH of A76 on peptide bond formation.
28. Huang Y, Sprinzl M: Peptide bond formation on the ribosome:

the role of the 20 -OH group on the terminal adenosine of
peptidyl-tRNA and of the length of nascent peptide chain.
Angew Chem Int Ed Engl 2011, 50:7287-7289.
Critical evaluation of the role of 20 -OH of A76 in translation.
29. Aqvist J, Lind C, Sund J, Wallin G: Bridging the gap between
ribosome structure and biochemistry by mechanistic
computations. Curr Opin Struct Biol 2012, 22:815-823.
30. Kuhlenkoetter S, Wintermeyer W, Rodnina MV: Different
 substrate-dependent transition states in the active site of the
ribosome. Nature 2011, 476:351-354.
Mechanisms of peptide bond formation and peptide release based on
KSIE effects.
31. Sievers A, Beringer M, Rodnina MV, Wolfenden R: The ribosome
 as an entropy trap. Proc Natl Acad Sci USA 2004, 101:7897-7901.
Peptide bond formation on the ribosome is driven by favorable entropic
effects.
32. Trobro S, Aqvist J: Analysis of predictions for the catalytic
mechanism of ribosomal peptidyl transfer. Biochemistry 2006,
45:7049-7056.
33. Sharma PK, Xiang Y, Kato M, Warshel A: What are the roles of

substrate-assisted catalysis and proximity effects in peptide
bond formation by the ribosome? Biochemistry 2005, 44:1130711314.
The role and nature of the entropy changes during peptide bond
formation.
34. Ledoux S, Uhlenbeck OC: Different aa-tRNAs are selected
uniformly on the ribosome. Mol Cell 2008, 31:114-123.
35. Johansson M, Ieong KW, Trobro S, Strazewski P, Aqvist J,
Pavlov MY, Ehrenberg M: pH-sensitivity of the ribosomal
peptidyl transfer reaction dependent on the identity of the Asite aminoacyl-tRNA. Proc Natl Acad Sci USA 2011, 108:79-84.
36. Wohlgemuth I, Pohl C, Rodnina MV: Optimization of speed
 and accuracy of decoding in translation. EMBO J 2010,
29:3701-3709.
Principles of optimization of speed and accuracy of decoding.
37. Woolstenhulme CJ, Parajuli S, Healey DW, Valverde DP,
 Petersen EN, Starosta AL, Guydosh NR, Johnson WE, Wilson DN,
Buskirk AR: Nascent peptides that block protein synthesis in
bacteria. Proc Natl Acad Sci USA 2013, 110:E878-E887.
Identification of natural stalling sequences and the role of EF-P.
38. Doerfel LK, Wohlgemuth I, Kothe C, Peske F, Urlaub H,
 Rodnina MV: EF-P is essential for rapid synthesis of
proteins containing consecutive proline residues. Science
2013, 339:85-88.
EF-P prevents ribosome stalling during translation of strings of proline
codons.

41. Roy H, Zou SB, Bullwinkle TJ, Wolfe BS, Gilreath MS, Forsyth CJ,
Navarre WW, Ibba M: The tRNA synthetase paralog PoxA
modifies elongation factor-P with (R)-beta-lysine. Nat Chem
Biol 2011, 7:667-669.
42. Peil L, Starosta AL, Virumae K, Atkinson GC, Tenson T, Remme J,
Wilson DN: Lys34 of translation elongation factor EF-P is
hydroxylated by YfcM. Nat Chem Biol 2012, 8:695-697.
43. Park JH, Johansson HE, Aoki H, Huang BX, Kim HY, Ganoza MC,
Park MH: Post-translational modification by beta-lysylation is
required for activity of Escherichia coli elongation factor P (EFP). J Biol Chem 2012, 287:2579-2590.
44. Wolff EC, Kang KR, Kim YS, Park MH: Posttranslational
synthesis of hypusine: evolutionary progression and
specificity of the hypusine modification. Amino Acids 2007,
33:341-350.
45. Navarre WW, Zou SB, Roy H, Xie JL, Savchenko A, Singer A,

Edvokimova E, Prost LR, Kumar R, Ibba M et al.: PoxA, yjeK, and
elongation factor P coordinately modulate virulence and drug
resistance in Salmonella enterica. Mol Cell 2010, 39:209-221.
Pleiotrotic effects of mutations in EF-P and its post-translational modification enzymes.
46. Zou SB, Roy H, Ibba M, Navarre WW: Elongation factor P
mediates a novel post-transcriptional regulatory pathway
critical for bacterial virulence. Virulence 2011, 2:147-151.
47. Zhou J, Korostelev A, Lancaster L, Noller HF: Crystal structures
of 70S ribosomes bound to release factors RF1, RF2 and RF3.
Curr Opin Struct Biol 2012, 22:733-742.
48. Burakovsky DE, Sergiev PV, Steblyanko MA, Kubarenko AV,
Konevega AL, Bogdanov AA, Rodnina MV, Dontsova OA:
Mutations at the accommodation gate of the ribosome
impair RF2-dependent translation termination. RNA 2010,
16:1848-1853.
49. Mora L, Heurgue-Hamard V, Champ S, Ehrenberg M, Kisselev LL,
Buckingham RH: The essential role of the invariant GGQ motif
in the function and stability in vivo of bacterial release factors
RF1 and RF2. Mol Microbiol 2003, 47:267-275.
50. Shaw JJ, Green R: Two distinct components of release factor

function uncovered by nucleophile partitioning analysis. Mol
Cell 2007, 28:458-467.
The functional role of the conserved GGQ motif in release factors.
51. Laurberg M, Asahara H, Korostelev A, Zhu J, Trakhanov S,
 Noller HF: Structural basis for translation termination on the
70S ribosome. Nature 2008, 454:852-857.
Crystal structure of the ribosome in complex with RF1.
52. Jin H, Kelley AC, Loakes D, Ramakrishnan V: Structure of the 70S
 ribosome bound to release factor 2 and a substrate analog
provides insights into catalysis of peptide release. Proc Natl
Acad Sci USA 2010, 107:8593-8598.
Crystal structure of the ribosome in complex with RF2.
53. Trobro S, Aqvist J: Mechanism of the translation termination

reaction on the ribosome. Biochemistry 2009, 48:11296-11303.
Computer simulation of the TS of the peptide release reaction.
54. Brunelle JL, Shaw JJ, Youngman EM, Green R: Peptide release
on the ribosome depends critically on the 20 OH of the
peptidyl-tRNA substrate. RNA 2008, 14:1526-1531.
55. Shaw JJ, Trobro S, He SL, Aqvist J, Green R: A Role for the 20 OH

of peptidyl-tRNA substrate in peptide release on the ribosome
revealed through RF-mediated rescue. Chem Biol 2012,
19:983-993.
20 -OH of A76 of the P-site peptidyl-tRNA is critical for orienting the
nucleophile in a hydrogen-bonding network during peptide release.

39. Ude S, Lassak J, Starosta AL, Kraxenberger T, Wilson DN, Jung K:
 Translation elongation factor EF-P alleviates ribosome stalling
at polyproline stretches. Science 2013, 339:82-85.
EF-P prevents ribosome stalling during translation of strings of proline
codons.

56. Bokov K, Steinberg SV: A hierarchical model for evolution of
 23S ribosomal RNA. Nature 2009, 457:977-980.
Evolution of the 50S subunit.

40. Yanagisawa T, Sumida T, Ishii R, Takemoto C, Yokoyama S: A
paralog of lysyl-tRNA synthetase aminoacylates a conserved
lysine residue in translation elongation factor P. Nat Struct Mol
Biol 2010, 17:1136-1143.

57. Blaha G, Stanley RE, Steitz TA: Formation of the first peptide
 bond: the structure of EF-P bound to the 70S ribosome.
Science 2009, 325:966-970.
Crystal structure of the ribosome in complex with EF-P.

Current Opinion in Structural Biology 2013, 23:595–602

www.sciencedirect.com

