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ABSTRACT

The peptidyl transferase (PT) center of the ribosome catalyzes two nucleophilic reactions, peptide bond formation between
aminoacylated tRNA substrates and, together with release factor, peptide release. Structure and function of the PT center are
modulated by binding of aminoacyl-tRNA or release factor, thus providing the basis for the specificity of catalysis. Another way
by which the function of the PT center is controlled is signaling from the peptide exit tunnel. The SecM nascent peptide induces
ribosome stalling, presumably by inhibition of peptide bond formation. Similarly, the release factor-induced hydrolytic activity
of the PT center can be suppressed by the TnaC nascent peptide contained in the exit tunnel. Thus, local and long-range
conformational rearrangements can lead to changes in the reaction specificity and catalytic activity of the PT center.
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INTRODUCTION

The catalytic site of the ribosome, the peptidyl transferase
(PT) center on the large 50S ribosomal subunit, facilitates
two chemical reactions during synthesis of a protein, for-
mation of peptide bonds and hydrolysis of peptidyl-tRNA
(pept-tRNA). During formation of the peptide bond,
nucleophilic attack of aminoacyl-tRNA (aa-tRNA) in the
A site on the carbonyl carbon of P-site bound pept-tRNA
results in A-site bound pept-tRNA that is extended by one
amino acid residue and deacylated tRNA in the P site.
Catalysis of peptidyl transfer is entropically driven (Sievers
et al. 2004) and requires the active participation of the
29-OH group of the 39-terminal adenosine residue (A76) of
the P-site substrate (Weinger et al. 2004). Hydrolysis of the
ester bond in P-site pept-tRNA takes place during termi-
nation of protein synthesis. Chemically, the reactions of
peptide bond formation and pept-tRNA hydrolysis are
similar, as they involve the nucleophilic attack of the A-site
substrate (aa-tRNA or H2O, respectively) on the P-site
substrate pept-tRNA. However, while peptidyl transfer is
performed by the ribosome without the help of accessory

factors, hydrolysis of pept-tRNA is induced by release fac-
tor (RF), RF1 or RF2 in bacteria, or eRF1 in eukaryotes.
The RF appears to make two contributions to catalysis, one
leading to a general activation of the catalytic center induced
by conformational rearrangements at the active site, and the
other resulting in the specific selection of water as nucleo-
phile (Fig. 1; Schmeing et al. 2005b; Shaw and Green 2007).

PEPTIDE BOND FORMATION
AND PEPTIDE RELEASE

Bacterial 50S subunits are composed of two rRNA mole-
cules, 23S rRNA and 5S rRNA, and more than 30 proteins.
Based on cross-linking studies, the PT center was identified
in domain V of 23S rRNA (Noller 1991). High-resolution
crystal structures of archaeal ribosomes revealed that the
PT center is composed of RNA only (Nissen et al. 2000),
which lent support to earlier biochemical evidence on the
key role of rRNA, rather than proteins, in the catalysis of
peptide bond formation (Noller et al. 1992). The acceptor
ends of A- and P-site tRNAs are located in a cleft of the 50S
subunit interface side (Yusupov et al. 2001; Hansen et al.
2002). Their universally conserved 39-terminal CCA resi-
dues are oriented and held in place in the A and P sites by
interactions with 23S rRNA. The conserved bases A2451,
U2506, U2585, C2452, and A2602 are at the core of the PT
center (Bashan et al. 2003; Schmeing et al. 2005a,b). The
oxyanion of the tetrahedral reaction intermediate seems to
be stabilized by a water molecule that is positioned by
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interactions with nucleotides A2602 and U2584 (Schmeing
et al. 2005a). Generally, the rRNA backbone in the PT cen-
ter is found in very similar conformations in 50S subunits
from different organisms and in different ribosomal com-
plexes. However, small-scale reorientations do occur, and
the movement of some particularly flexible nucleotides may
have implications for the catalytic mechanism.

Peptide bond formation on the ribosome is fast, with an
estimated rate of >300 sec�1 (Bieling et al. 2006). Studying
the enzymology of peptidyl transfer revealed the contribu-
tion of different catalytic strategies and the catalytic role of
ribosomal groups at the active site (for review, see Beringer
and Rodnina 2007b). The combined evidence strongly
supports the notion that catalysis is predominantly entro-
pic, suggesting an important contribution of such strategies
as substrate positioning in the active site, desolvation, and
electrostatic shielding (Sievers et al. 2004; Trobro and

Åqvist 2005). The 23S rRNA bases or other ionizing groups
of the ribosome are not utilized as general acids/bases to
any significant extent (Bieling et al. 2006). The presence of
the 29-OH of A76 of pept-tRNA in the P site is crucial for
the reaction (Weinger et al. 2004). It is the only group
found within hydrogen-bonding distance of the attacking
nucleophile in the transition state analogs (Schmeing et al.
2005a). Hydrogen bonding between the 29-OH of A76 and
the nucleophilic a-NH2 group may help to position the
nucleophile. Another attractive explanation for the impor-
tance of 29-OH of A76 of the P-site tRNA is its participa-
tion in a concerted proton shuttle that bridges the attacking
a-NH2 group and the leaving 39 oxygen of the P-site tRNA
(Das et al. 1999; Dorner et al. 2002; Changalov et al. 2005;
Schmeing et al. 2005a; Trobro and Åqvist 2005) The main
role of ribosomal residues in the active site appears to
provide a preorganized hydrogen-bond network that sta-
bilizes the charged transition state (Schmeing et al. 2005a;
Trobro and Åqvist 2005). Additionally, they seem to pro-
tect pept-tRNA from premature hydrolysis by water when
the A site is not filled by aa-tRNA (Fig. 1A; Schmeing et al.
2005b). Crystallographic analysis indicates that only upon
interaction of the CCA end of the A-site substrate with the
ribosomal A loop do residues G2583, U2506, and U2585 of
23S rRNA rearrange and allow the efficient attack of the
nucleophile (Fig. 1B; Schmeing et al. 2005b).

The catalytic contribution of individual active-site resi-
dues was assessed by introducing mutations at different
positions of the PT center and testing the effects of
replacements on the rate of peptide bond formation. A
number of 23S rRNA bases in the so-called ‘‘inner shell’’ of
the active site (positions A2541, U2506, U2585, and A2602)
(Polacek et al. 2001; Thompson et al. 2001; Katunin et al.
2002; Hesslein et al. 2004; Youngman et al. 2004; Beringer
et al. 2005), or G2447 adjacent to it (Bayfield et al. 2001;
Polacek et al. 2001; Thompson et al. 2001; Beringer et al.
2003), and the noncanonical, ionized base-pair A2450–
C2063 (Bayfield et al. 2004; Hesslein et al. 2004) were
mutated and the effects of the replacements were examined.
Strikingly, none of the single-mutant ribosomes showed
any defect in the rate of peptide bond formation, provided
that the interaction between C75 of the A-site tRNA and
G2553 in the A loop was intact (Youngman et al. 2004;
Brunelle et al. 2006). In contrast, disruption of the base-
pairing between tRNA C75 and G2553 in 23S rRNA, or the
use of puromycin as an A-site substrate, which does not
form this interaction, leads to sensitivity of the peptidyl
transfer rate toward base substitutions in the active site and
toward changes in pH (Katunin et al. 2002; Brunelle et al.
2006; Beringer and Rodnina 2007a). This suggests that a
predominant part of the overall catalysis arises from the
correct positioning of the substrates, mediated by 23S
rRNA–tRNA interactions. The functions of mutated
active-site residues can be taken over by other nucleotides
or water molecules.

FIGURE 1. Principles of modulating the activity of the PT center. (A)
When the A site on the 50S subunit is empty, for example prior to
accommodation of aa-tRNA, water (blue) is prevented from nucle-
ophilic attack on the pept-tRNA by a specific conformation of active-
site residues (black spiked element). (B) Upon accommodation of
aa-tRNA, the PT center rearranges into an active conformation and
positions pept-tRNA for the nucleophilic attack of aa-tRNA (nucle-
ophile is indicated red). (C) Hydrolysis of pept-tRNA during
termination of protein synthesis is catalyzed by release factor (pale
green), which may induce an active conformation of the PT center
similar to that brought about by aa-tRNA. Additionally, the release
factor orients and/or activates the hydrolytic water molecule.
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Hydrolysis of pept-tRNA during termination of protein
synthesis is chemically more challenging than peptidyl
transfer, because of the weaker nucleophilicity of water
relative to the primary amine of aa-tRNA. The residues at
the PT center appear to play a more active role for RF-
mediated peptide release, compared to peptidyl transfer.
Mutations of inner shell residues lead to large or even
dramatic (z9400-fold) effects in the rate of peptide release
(Youngman et al. 2004). RF1 and RF2 each have a uni-
versally conserved GGQ sequence (Frolova et al. 1999) that
is located in a loop that enters the PT center (Klaholz et al.
2003; Rawat et al. 2003). In the active site, the GGQ
sequence of RF2 faces A76 of the P-site tRNA and is
surrounded by nucleotides C2063, A2451, U2506, and
A2602 of 23S rRNA (Petry et al. 2005). The closest residues
are A2451 and A2602, the latter being the nucleotide most
essential for hydrolysis, as indicated by mutational data
(Polacek et al. 2003; Youngman et al. 2004). In the absence
of release factor, the ribosome protects pept-tRNA from
hydrolysis by precluding the access of water to positions
from where it could attack the ester group (Fig. 1A). The
release factors may promote conformational rearrange-
ments of inner-shell nucleotides, in particular U2585
(Schmeing et al. 2005b), leading to a general stimulation
of the catalytic activity (Shaw and Green 2007). The re-
arrangement would move the ester group of pept-tRNA
into a more exposed position and allow the attack of a
water molecule (Fig. 1C). Such a scenario is consistent with
the observation that mutations of U2585 lead to a de-
creased rate of RF-catalyzed peptide release (Polacek et al.
2003; Youngman et al. 2004). In addition, release factors
appear to specifically promote pept-tRNA hydrolysis by
positioning the nucleolytic water molecule in the active site
via hydrogen bonding to the conserved glutamine in the
GGQ motif, thus achieving specificity of hydrolysis versus
aminolysis (Song et al. 2000; Shaw and Green 2007; Trobro
and Aqvist 2007).

MODULATION OF PEPTIDYL
TRANSFERASE ACTIVITY

The PT center has to deal with aa-tRNA and pept-tRNA
differing in size, charge, and polarity of the amino acid
residue at the tRNA 39 end. When peptidyl transfer is
studied using native substrates, i.e., full-length pept-tRNA
and aa-tRNA, the rate of peptide bond formation is de-
termined by the preceding rate-limiting step of aa-tRNA
binding to the A site (accommodation), which is relatively
slow (in the range of 10 sec�1) (Pape et al. 1998). Given
that the intrinsic rate of peptide bond formation is much
faster than that, estimated to be > 300 sec�1 (Bieling et al.
2006), moderate changes in the rate of the chemistry step
are likely to be obscured by the slow binding step. In model
reactions in solution, the rate of aminolysis of different
aa-tRNA varies significantly with the identity of the amino

acid (Weber and Orgel 1979), and studies on short sub-
strate fragments in the 50S-catalyzed reaction indicated
that such differences may be maintained on the ribosome
(Krayevsky and Kukhanova 1979). The rate of the reaction
with the short aa-tRNA analog puromycin, which does not
need to accommodate, varies within a factor of 50–100
depending on the length of the peptidyl moiety of the P-site
pept-tRNA, the C-terminal amino acid of the peptide, or
the identity of the tRNA, and ranges from about 1 sec�1

with fMet-tRNAfMet in the P site, 10 – 20 sec�1 with di- and
tri-peptidyl-tRNAs fMetPhe-tRNAPhe and fMetPhePhe-
tRNAPhe (Katunin et al. 2002; Brunelle et al. 2006), and
50 sec�1 with fMetAlaAsnMetPheAla-tRNAAla (Katunin
et al. 2002). For the A-site substrate, a strong decrease in
nucleophilicity due to replacement of the a-NH2 group
with an OH group in either puromycin or aa-tRNA dra-
matically reduces the rate of peptidyl transfer (Katunin
et al. 2002; Bieling et al. 2006).

Interestingly, Pro-tRNAPro seems to be a poor A-site
substrate (Rychlik et al. 1970), probably because of its low
nucleophilicity and because of the steric constraints a
proline may exert on the geometry of the substrates and/
or the conformation of active-site residues. Intriguingly,
A-site-bound Pro-tRNAPro plays a crucial role in the inhibi-
tion of translation elongation by the SecM protein. SecM
is a 170 amino acid protein that regulates the synthesis
of protein SecA, which is part of the protein secretion
machinery of the bacterial cell and is encoded by the same
operon downstream of the SecM ORF (Oliver et al. 1998;
Nakatogawa and Ito 2002). Translation of SecM mRNA
stops at position Pro166 when the amount of SecA present
in the cell is insufficient to promote the egression of the
nascent SecM chain out of the ribosomal exit tunnel,
preventing the translation of the downstream ORF coding
for SecA. It was shown that ribosomal stalling in the case of
SecM can be reconstituted in an in vitro translation system
that contains ribosomes, tRNAs, translation factors, and
aa-tRNA synthetases (Nakatogawa and Ito 2002). Several
signals that are required for translation inhibition have
been identified (Fig. 2A). First, the mRNA specifying for
the internal peptide FxxxxWIxxxxGIRAGP, composed of
residues 150–166 of the native SecM protein, autono-
mously leads to inhibition of elongation, also in the context
of different reporter constructs (Nakatogawa and Ito 2002).
The critical Trp155 residue in the nascent peptide is located
12 amino acids away from the PT center when ribosome
stalling is induced, and it may be located in the immediate
vicinity of the narrowest part of the exit tunnel, located
z25 Å away from the active site. FRET results suggested
that a functional stalling-competent SecM nascent peptide
adopts a compact, rather than extended, conformation in
the exit tunnel (Woolhead et al. 2006). The compaction of
the nascent chain is necessary, though not sufficient, for
ribosome stalling (Woolhead et al. 2006), and the distance
between the conserved Trp155 residue and the C terminus
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of pept-tRNA appears to be critical for signaling from the
tunnel toward the active site (Nakatogawa and Ito 2002).
These observations suggest an important role of the nascent
chain itself during signaling. The critical Pro166 residue is
not incorporated into the nascent chain in stalled SecM-
ribosome complexes, but unreacted Pro-tRNAPro is bound
to the A site (Garza-Sanchez et al. 2006; Muto et al. 2006).
The interpretation of these findings is that peptide bond
formation between Pro-tRNAPro and FxxxxWIxxxxGIRAG-
tRNAGly is inhibited in such complexes. The effect seems to
be specific for Pro-tRNAPro, because puromycin can effi-
ciently attack P-site pept-tRNA carrying that peptide, albeit
with an unknown rate (Muto et al. 2006). It has been
proposed that the presence of Pro-tRNAPro in the PT center
predisposes the ribosome to stall upon synthesis of SecM
(Woolhead et al. 2006). Such a model would imply that a
slow reaction involving Pro-tRNAPro gives the signal com-
ing from the tunnel sufficient time to trigger further con-
formational changes in the active site that lead to complete
inhibition of the reaction.

Several residues connecting the tunnel constriction site
and the PT center are candidate mediators of peptidyl trans-
ferase regulation. The tunnel constriction is composed of
potentially flexible residues of ribosomal proteins L4 and
L22, surrounded by a 23S rRNA region that is particularly
rich in A residues. Mutations of Gly91 and Ala93 in L22,
both pointing into the tunnel at the constriction site (Ban
et al. 2000), relieve the stalling effect of the SecM nascent

peptide (Nakatogawa and Ito 2002). Further suppressors of
SecM signaling are A2058 and A749–A753 of 23S rRNA,
which are located around the constriction site 20–25 Å
away from the PT center at opposite sides of the exit tunnel
(Nakatogawa and Ito 2002). Base–backbone interactions
connect A2058 with G2505 and G2505 with U2506. The
latter nucleotide belongs to the inner-shell layer of bases
at the active site and appears to move upon binding of
aa-tRNA substrate to the A site (Schmeing et al. 2005b).
Furthermore, MD simulations indicate that U2506 can
adopt a number of energetically equivalent orientations,
suggesting its conformational flexibility (Trobro and Åqvist
2006). Thus, one may speculate that the signal leading to
inhibition of peptidyl transfer upon synthesis of SecM at
least in part may be transmitted through a 23S rRNA-
mediated pathway that would target U2506. Based on cryo-
EM data, a model for the transmission of the SecM signal
toward the PT center via a cascade of rRNA rearrangements
has been proposed (Mitra et al. 2006). Nucleotides in the
PT center itself have not been identified as suppressors,
most likely because mutations of most of these residues
confer lethal phenotype. Experiments on ribosomes carry-
ing lethal mutation at U2506 and/or G2505 using recently
developed tagging systems (Leonov et al. 2003; Hesslein
et al. 2004; Youngman and Green 2005) could clarify the
role of these nucleotides in the communication of the inhibi-
tory activity of the SecM nascent chain. The specificity of
signaling may require that all three signals—compaction of
the nascent chain, Pro-tRNAPro bound to the A-site sub-
strate, and 23S rRNA rearrangements—are present simul-
taneously to trigger complete inhibition of peptidyl transfer
activity.

MODULATION OF THE HYDROLYTIC
ACTIVITY OF THE PT CENTER

The other activity of the PT center, hydrolysis of pept-
tRNA, can also be modulated by nascent peptide. In
Escherichia coli, the 24-residue-long leader peptide TnaC,
together with the inducer free tryptophan, regulates the
attenuated expression of the tna operon that encodes
tryptophan-metabolizing enzymes. The mRNA region cod-
ing for the leader peptide is followed by a UGA stop codon
that is read by RF2. At high concentration of free tryp-
tophan, hydrolysis of the nascent TnaC-tRNAPro is in-
hibited, leading to a stalled ribosomal complex, which, in
turn, blocks the access of the transcription terminator Rho to
its binding sites on the mRNA so that the leader peptide
and, subsequently, the Trp-metabolizing enzymes are synthe-
sized (Gong and Yanofsky 2001, 2002). When the concen-
tration of tryptophan is low, hydrolysis of TnaC-tRNAPro

and ribosome recycling take place, thus allowing Rho-
mediated transcription termination, resulting in expression
of only the leader peptide, and not the downstream en-
zymes (Gong and Yanofsky 2002; Gong et al. 2007). The

FIGURE 2. Two examples of nascent peptides modulating the
activity of the PT center. (A) Inhibition of peptide bond formation
in the stalled SecM-ribosome complex requires the constriction site
(c.s.) in the exit tunnel, Pro-tRNAPro bound to the A site, and several
essential residues (colored) within the inhibiting peptide (dark gray).
(B) Hydrolysis of TnaC-tRNA catalyzed by RF2 (pale green) is inhib-
ited by the combined effects of the nascent TnaC peptide (dark gray)
with two essential residues (Trp12 and Pro24) and the inhibition
inducer free tryptophan (red pentagon), which binds presumably to
the A site of the PT center.
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main features of TnaC and of the translating ribosome
required for inhibition of the hydrolytic activity have been
identified (Fig. 2B). As in the case of the SecM-induced
ribosome stalling, interactions between the TnaC nascent
peptide and the constriction site in the ribosomal tunnel
are important for inhibition of termination. Crucial resi-
dues in the nascent peptide are Trp12 and, intriguingly, the
C-terminal Pro24, esterified to the P-site tRNA (Stewart
and Yanofsky 1986; Gollnick and Yanofsky 1990). Trp12 in
TnaC-tRNA is responsible for changes in the accessibility to
chemical modification of residue A788 in vicinity of the
constriction site, and the neighboring Lys11 residue in the
TnaC nascent chain can be cross-linked to A750 (Cruz-
Vera et al. 2005), i.e., the same region in 23S rRNA as
involved in SecM signaling. Trp12 may thus contribute to
recognition of the nascent peptide by elements of the
tunnel, similarly to Trp155 of SecM. Because the spacing
between Trp12 and the active site is important, an
involvement of the nascent peptide itself in the signaling
process appears likely (Gong and Yanofsky 2002). On the
ribosome, Lys90 of L22 and U2609 of 23S rRNA are
essential (Cruz-Vera et al. 2005). Lys90 may interact with
Trp12, while U2609 is located more closely to the PT center
(z15 Å), and thus may be involved in communication
rather than recognition (Cruz-Vera et al. 2005). Although
both TnaC- and SecM-mediated signaling are likely to
involve ribosomal RNA or protein residues at the tunnel,
the sets of mutants that affect the respective process only
partially overlap. Generally, the region of the tunnel
involved in TnaC recognition seems to be located some-
what nearer to the PT center than in the SecM case. This
may reflect a difference in the conformation of the nascent
chain or in the location of the parts of the nascent chain
that interact with the tunnel.

A fundamental difference between SecM and TnaC
signaling is that the stalled TnaC–ribosome complex creates
a binding site for the inducer, free tryptophan, in the active
site (Gong and Yanofsky 2002). The changes in ribosome
structure that result from the interaction of the nascent
peptide with ribosomal residues forming the tunnel,
especially the interactions involving Trp12 of TnaC, seem
to be important for the formation of the tryptophan
binding site and for inhibition of hydrolysis (Cruz-Vera
et al. 2005, 2006, 2007). The exact location of the binding
site of free tryptophan is not known, but its binding
changes the accessibility for chemical modification of
A2572 (Cruz-Vera et al. 2006), the residue which may act
as a sensor of conformational changes of the active site
(Beringer et al. 2005). Trp-tRNATrp in the A site can sub-
stitute for tryptophan as an inducer and inhibit peptidyl
transfer, suggesting that the tryptophanyl moiety of Trp-
tRNATrp and free tryptophan may bind to the same site
(Gong and Yanofsky 2002). Tryptophan binding also
interferes with peptidyl transfer from TnaC-tRNAPro to A
site-bound puromycin, possibly because tryptophan and

puromycin may compete for the same binding site (Cruz-
Vera et al. 2006). Peptidyl transfer of TnaC to Ile-tRNAIle is
inhibited when an mRNA construct is used with an AUA
codon corresponding to a rare Ile-tRNAIle introduced in-
stead of the stop codon (Cruz-Vera et al. 2006). The inhi-
bition of peptidyl transfer to Ile-tRNAIle (AUA) depends on
the presence of Trp12 in the TnaC nascent chain (Cruz-
Vera et al. 2006). The decoding of an AUA codon by rare
Ile-tRNAIle is expected to be slow, and the adjustment of
the 39 end of the tRNA in the PT center may be impaired
once the interaction of TnaC with the exit tunnel creates
the tryptophan binding site. However, peptidyl transferase
activity per se appears not to be inhibited, because TnaC is
efficiently transferred to Ile-tRNAIle on a more common—
and presumably rapidly decoded—AUU codon (Cruz-Vera
et al. 2006).

In the cell, hydrolysis of TnaC-tRNAPro depends on the
presence of RF2. The inhibition of hydrolysis at high con-
centration of tryptophan could occur at any of the steps
during RF2-dependent termination. Conformational changes
induced by the concerted action of the TnaC nascent chain
and tryptophan may interfere with the correct binding of
the GGQ motif of RF2 in the active site, with conforma-
tional changes of RF2 and the ribosome essential for effi-
cient catalysis of hydrolysis (Youngman et al. 2007) or with
the correct positioning of the hydrolytic water molecule.

The involvement of nascent protein chains in modula-
tion of ribosome function may represent a fairly wide-
spread mechanism of regulated gene expression. In several
bacterial antibiotic resistance operons, the synthesis of a
nascent leader peptide leads to stalled ribosomal complex
in presence of the antibiotic (Lovett and Rogers 1996).
Similarly, in fungi, certain nascent peptides involved in
amino acid metabolism—together with their respective amino
acids—seem to target termination or elongation of trans-
lation (Tenson and Ehrenberg 2002). In mammalian cells,
the protein gp48 of the cytomegalovirus inhibits its own
termination (Cao and Geballe 1996). These examples indi-
cate that modulation of the activity of the PT center may
allow for a flexible and rapid regulation of gene expression.
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