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Structural basis for translation
termination on the 70S ribosome
Martin Laurberg1*, Haruichi Asahara1*, Andrei Korostelev1*, Jianyu Zhu1, Sergei Trakhanov1 & Harry F. Noller1
At termination of protein synthesis, type I release factors promote hydrolysis of the peptidyl-transfer RNA linkage in
response to recognition of a stop codon. Here we describe the crystal structure of the Thermus thermophilus 70S ribosome in
complex with the release factor RF1, tRNA and a messenger RNA containing a UAA stop codon, at 3.2 Å resolution. The stop
codon is recognized in a pocket formed by conserved elements of RF1, including its PxT recognition motif, and 16S ribosomal
RNA. The codon and the 30S subunit A site undergo an induced fit that results in stabilization of a conformation of RF1 that
promotes its interaction with the peptidyl transferase centre. Unexpectedly, the main-chain amide group of Gln 230 in the
universally conserved GGQ motif of the factor is positioned to contribute directly to peptidyl-tRNA hydrolysis.
Protein synthesis is carried out by the ribosome, where genetic
information encoded in mRNA is translated into a polypeptide chain.
Translation ends when a stop codon on mRNA reaches the decoding
centre in the A site of the small ribosomal subunit. In contrast to the
recognition of sense codons by tRNAs, stop codons are recognized by
extra-ribosomal proteins called class I release factors, which also promote hydrolysis of the peptidyl-tRNA linkage in the peptidyl transferase centre of the large ribosomal subunit1–3. In bacteria, the UAG and
UAA stop codons are recognized by release factor RF1, and the UGA
and UAA codons by RF2 (refs 4–6). The low error frequency (1023–
1026) of stop codon recognition is accomplished without a proofreading mechanism7. In principle, stop codons could be recognized
directly by specific molecular interactions with the release factors,
indirectly by release-factor-promoted interactions with the ribosome,
or by some combination of the two. Similarly, hydrolysis of the peptidyl-tRNA linkage could be catalysed by the factors themselves, or by
conversion of the ribosomal peptidyl transferase to an esterase by
interactions with the factors. Low-resolution cryo-electron microscopy and X-ray studies of termination complexes8–10 have revealed
that the release factors bind to the ribosome in an orientation that
roughly coincides with that of a tRNA bound to the A site, placing
their extremities in the decoding centre of the small subunit and in the
peptidyl transferase centre in the large subunit.
On the basis of mutational studies, a direct recognition model
involving a ‘tripeptide anticodon’ has been proposed for stop-codon
recognition11,12. According to this model, the conserved motifs PxT
(in RF1) or SPF (in RF2) decipher the corresponding stop codons.
X-ray structures of the release factors bound to the ribosome at 5.9 Å
and 6.7 Å resolution8 showed that these tripeptide motifs are indeed
positioned close to the stop codon, but left the mechanism of recognition unresolved. Although structural changes involving the universally conserved nucleotides guanosine (G)530, adenosine (A)1492
and A1493 of 16S have been shown to have a critical role in discrimination of cognate tRNAs13–15, it is unclear whether these nucleotides
play an active part in translation termination16,17.
Mutational analysis and molecular simulation studies have implicated the universally conserved GGQ motif in hydrolysis of the peptidyl-tRNA ester linkage18–22. Although its glutamine side chain has
been suggested to be involved directly in catalysis22,23, mutation of

this residue has generally led to only small effects19,21,23,24, whereas
mutation of the glycines confers up to 104-fold slower rates of peptide
release18,21. Proposed roles for the GGQ motif include orienting a
water molecule for nucleophilic attack22,23, passively opening a path
for access of a water molecule to the peptidyl transferase centre
(PTC)25 and excluding other nucleophiles from the esterase reaction21. Finally, the mechanism by which peptidyl-tRNA hydrolysis
is coupled to stop-codon recognition is not understood. Thus, the
molecular bases of all three of the principal mechanisms of translation termination remain unresolved.
Here we present the 3.2 Å crystal structure of a translation termination complex containing the T. thermophilus 70S ribosome, a
defined mRNA, an initiator tRNAfMet bound to an AUG codon in the
P site, non-cognate tRNAfMet in the E site and release factor RF1
bound in response to a UAA stop codon in the A site. The structure
reveals that during termination the proline and threonine side chains
of the PxT motif both contact the stop codon bases, accompanied by
conformational changes in the decoding centre. However, discrimination of the stop codon also involves a network of interactions
between the mRNA, 16S rRNA, and backbone and side-chain atoms
of RF1 outside the PxT motif. Although Gln 230 of the conserved
GGQ motif interacts directly with the PTC, its main-chain amide
group, rather than its side chain, is positioned to play a critical part in
catalysis. Our structure suggests that stop-codon recognition is
coupled to rearrangement of a loop between domains 3 and 4 of
RF1, which results in positioning of the GGQ motif in the PTC.
Recognition of the stop codon
The overall shape and orientation of the release factor in the 70S
ribosome (Fig. 1) is similar to that reported in low-resolution
X-ray and cryo-electron microscopy studies8–10. Domains 2, 3 and
4 of the factor occupy the ribosomal A site, superimposing approximately on the position of tRNA bound to the A site (Fig. 1a, b). The
conformations of the decoding centre of the ribosome and of the stop
codon in the termination complex differ markedly from those in
sense-codon-recognition complexes14,15 (Supplementary Fig. 2b).
In the sense-codon complex, A1492 and A1493 of 16S rRNA both
flip out from their ground-state positions in helix 44 (h44) to form
A-minor interactions with the minor groove of the codon–anticodon
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helix (Supplementary Fig. 2b)14,15. In the termination complex, only
A1492 flips out, leaving A1493 stacked within h44 (Fig. 2a and
Supplementary Fig. 2d). A1913, at the tip of the loop of h69 of the
23S rRNA, occupies the space vacated by A1492 in h44 and stacks on
A1493 (Fig. 2a and Supplementary Fig. 2d). This conformational
change seems to have a critical role in the termination mechanism,
as explained later.
The UAA stop codon is bound in a pocket formed by conserved
elements of 16S rRNA and domain 2 of RF1, which contains the
proposed PxT tripeptide anticodon motif12 (Fig. 2 and
Supplementary Figs 3 and 4). Packing of the tip of helix a5 of RF1
at Gly 116 against the Watson–Crick edge of uridine (U)1 of the stop
codon (Fig. 2b) discriminates against a purine at this position. A
hydrogen bond between U1 and the backbone of Gly 116 is possible
only with U in this position, as are hydrogen bonds from the Glu 119
backbone amide and the hydroxyl of Thr 186 in the PxT motif to the
O4 position of U1. These extensive interactions explain why discrimination is strongest for the first base of the stop codon7. In the second
position, A2 of the stop codon is stacked between U1 on one side and
the imidazole of His 193 on the other. The Watson–Crick edge of A2
packs against the side-chains of Pro 184 and Glu 119; its 6-amino
(N6) group hydrogen bonds with the hydroxyl of Thr 186 (Fig. 2b
and Supplementary Fig. 4a). Discrimination against guanosine (G) at
the second position is probably explained by the inability of its O6 to
hydrogen bond with Thr 186 (which donates its only hydrogen to
U1). It is less obvious why pyrimidines are excluded here; possible
explanations are a weaker propensity for stacking with U1 and the
energy penalty caused by a loss of packing against the hydrophobic
moieties of Pro 184 and Glu 119. Thus, the PxT motif interacts with
the first two bases of the stop codon, rather than with the second and
a

third bases, as proposed previously11,12; however, this motif is by no
means the sole determinant of codon recognition.
A3 is unstacked from the first two bases of the stop codon, diverted
by the RF1 main chain at residues 192–193 into a position that differs
markedly from that of the third base in a sense codon14,15 (Fig. 2c),
stacking instead on G530. Its N6 amino group donates hydrogen
bonds to the side chains of Gln 181 and Thr 194, and its N7 accepts
a hydrogen bond from the side chain of Thr 194 (Fig. 2c), permitting
recognition of both A and G by RF1, while discriminating against
pyrimidines. In the backbone of the stop codon, the 29-hydroxyls of
U1 and A2 interact with phosphate 1493 and ribose 1492, respectively, while the 29-hydroxyl of A3 hydrogen bonds with the mainchain carbonyl of Ile 192 (Fig. 2b, c). Surprisingly, substituting
deoxyriboses in the backbone of the stop codon confers only marginal defects in peptide release and RF1 binding17, suggesting that
these interactions are not critical for stop-codon recognition.
Our structure explains the recently reported observation of competitive binding between RF1 and paromomycin to the ribosome17.
When paromomycin is bound, A1493 flips out of h44 (ref. 14), sterically preventing the binding of RF1 (Supplementary Fig. 2c); conversely, in the RF1 complex, A1493 occupies the binding site for
paromomycin in h44. RF1 function thus involves participation of
nucleotides G530, A1492 and A1493, although in an entirely different
way from that seen in sense-codon recognition16,17. Superposition of
the recognition domain of RF2 on that of RF1, on the basis of the
similarities in folding of domain 2, and in particular the specificity
loops for the structures of the free forms of both type I release factors
and of RF1 in the termination complex, allows us to extend our
observations to suggest how RF2 may recognize its UAA and UGA
codons (see Supplementary Information and Supplementary Fig. 6).
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Figure 1 | Structure of RF1 in the termination complex. a, Positions of RF1
(yellow), P-site tRNA (orange), E-site tRNA (red) and a mRNA (green) in the
70S ribosome. b, An elongation complex43 showing the position of A-site
tRNA (yellow) in the context of the current structure. c, Orientation of RF1,
showing the P-site tRNA (orange), the peptidyl transferase centre (PTC), the

decoding centre (DC) and helices h43 and h95 of 23S rRNA. d, The structure
of RF1 in its ribosome-bound conformation, rotated ,180u from a and
c. GGQ and PVT motifs are shown in red, and the switch loop (see text) in
orange. The domains of RF1 (1–4) are indicated.
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Peptidyl transferase centre
The GGQ motif at positions 228–230, universally conserved in the
type I release factors of all organisms, has been implicated in their
ability to promote peptidyl-tRNA hydrolysis18,20. Biochemical studies
have suggested that the role of the factors in the hydrolysis reaction is
to convert the ribosomal peptidyl transferase to an esterase in a
reaction using water as an acceptor for the peptidyl moiety2,3,21.
Our structure shows that the GGQ motif indeed resides in the PTC
(Fig. 3a), in agreement with previous low-resolution X-ray findings,
although the Ca-backbone tracing of this region of RF1 as modelled
at 5.9 Å resolution8 is incompatible with the 3.2 Å electron density
map. Residues 228–235 rearrange from their free form26 to form a
short helical element (Fig. 3a, b), which probably contributes to the
rigidity of placement of the critical residues. At its end, the GGQ
motif interacts with the PTC and with A76 of the P-site tRNA
(Fig. 3 and Supplementary Fig. 7). The main-chain amide of
Gln 230 is found within hydrogen bonding distance of the 39OH of
A76 of the deacylated tRNA bound in the P site (Fig. 3b), whereas its
side-chain amide is positioned away from the location of the scissile
ester bond, in a pocket formed by A2451, C2452, U2506 and ribose 76
(Fig. 3b and Supplementary Fig. 7), consistent with its proposed role
in discrimination of the attacking nucleophile23.
The conformations of nucleotides U2506, G2583, U2584, U2585
and A2602 in the PTC of 23S rRNA are consistent with their sensitivity to the occupancies of the A and P sites15,25,27 (See
Supplementary Information and Supplementary Fig. 8f–h).
Mutational analysis has shown A2602 to be critical for release-factor-dependent termination28–30. Contrary to proposals concerning its

direct involvement in catalysis of the hydrolysis reaction22,25,29, A2602
is buried in a cavity in RF1 and blocked from the catalytic site by the
path of the main chain of RF1 at Gly 228 (Fig. 4 and Supplementary
Fig. 7c). The observed defects in peptide release by A2602 mutant
ribosomes28–30 must therefore be caused by the contribution of A2602
to the binding and/or positioning of domain 3 of RF1 for catalysis.
Proposed mechanisms for the function of RF1 in peptide release
include coordination or activation of the attacking water molecule
and induction of conformational changes in the PTC21–23,30. In our
structure, the main-chain amide of Gln 230 is positioned to form a
hydrogen bond with the 39-hydroxyl group of the terminal nucleoside A76 of the deacylated P-site tRNA. Interpretation at this level of
structural detail is facilitated by the location of Gln 230 at the end of a
helical element, which, supported by the well-resolved electron density for its side chain, places strong constraints on both the position
and the orientation of its backbone amide nitrogen (Supplementary
Fig. 7b). Thus, the Gln 230 main-chain amide may help to favour
ester hydrolysis by coordinating the leaving group (Fig. 3b, c), analogous to a mechanism that has been proposed for hydrolysis of GTP
by Ras31,32. Moreover, superposition of the structure of a transitionstate analogue bound to the 50S subunit25,33 with our structure places
the oxyanion of the transition-state tetrahedral intermediate at
hydrogen-bonding distance from the backbone amide nitrogen of
Gln 230 (Fig. 3d), suggesting the possibility of transition-state stabilization, and thus potentially contributing to enhancement of the
catalytic rate (Fig. 3d, e). When the structure of an oligonucleotide
analogue of deacylated tRNA bound at the A site34 is superimposed
on that of the termination complex, the 39-hydroxyl of its A76 is also
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Figure 2 | Interactions with the UAA stop codon in the decoding centre of
the RF1 termination complex. a, Stereo view of sA-weighted 3Fobs–2Fcalc
electron density map of the stop codon and surrounding elements of the
ribosome and RF1. The density for RF1 was contoured at 1.0s, and for the

A1492

mRNA and rRNA at 1.5s. b, Recognition of U1 and A2 of the UAA stop
codon. c, Discrimination of the third base (A3) by RF1, showing its stacking
on G530 of 16S rRNA. 16S rRNA is shown in cyan, RF1 in yellow, mRNA in
green and 23S rRNA (A1913) in grey.
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found close to the position of the main-chain amide of Gln 230,
although it is positioned less optimally for hydrogen bonding with
the 39-hydroxyl of the P-site A76 or with the transition-state analogue. This could explain why binding of a deacylated tRNA to the A
site can catalyse peptide release2, albeit at lower rates than the class I
release factors35. Involvement of the main-chain amide group
explains why mutation of Gln 230 has only modest effects on catalysis19,21,24,36. Conversely, the absence of a side chain in Gly 229 allows
the main-chain amide of Gln 230 to approach the 39-hydroxyl group
of A76 of the P-site tRNA and, similarly, the transition-state intermediate, in keeping with the severe defects in peptide release conferred by mutations in Gly 229 of RF1 (refs 18, 21).
Communication between the decoding site and the PTC
The danger of premature termination is of critical concern in release
factor function. Prevention of hydrolysis of the peptidyl-tRNA linkage before recognition of an authentic stop codon requires strict

coordination of these two events. This is probably accomplished by
preventing the final docking of RF1 domain 3 in the PTC until codon
recognition is established. In the nearly identical crystal structures of
isolated RF1 and RF2 (refs 26, 37), the orientation of domains 2 and 3
differs markedly from that observed in their respective termination
complexes8–10, indicating a propensity for flexibility in their relative
positioning. This is supported by direct observation of both the
closed38 and open39 conformations of free release factors in solution.
Comparison of the ribosome-bound RF1 structure with those of free
RF1 or RF2 suggests that a key event involves conformational
rearrangement of a loop (residues 286–300) connecting domains 3
and 4, which we term the ‘switch loop’ (Figs 1d and 5). The result is
both to relax its tether on domain 3, allowing it to reach the PTC, and
to extend a7 by two helical turns that are formed from loop residues
286–293 (Fig. 5a). On rearrangement, the switch loop is stabilized by
interactions within a pocket formed between the ribosome and RF1
(Fig. 5b). The extra turns of helix formed at the end of a7 (Fig. 5a) are
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Figure 3 | Interactions of the GGQ region of RF1 in the PTC. a, Stereo view
of sA-weighted 3Fobs–2Fcalc electron density for RF1 (yellow), P-site tRNA
(orange) and 23S rRNA (grey) contoured at 1.7s. b, Position of Gln 230.
c, Model for product stabilization by hydrogen bonding between the mainchain amide of Gln 230 and the 39-OH of A76 of the P-site tRNA.

d, Superposition of a peptidyl-transferase transition-state analogue (TSA,
orange) complexed with the 50S subunit (grey)25 on the structure of the
termination complex (this work). The main-chain amide of Gln 230 is
positioned to hydrogen bond with the oxyanion of the TSA. e, Model for
transition-state stabilization.
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Figure 4 | Stereo view of the RF1 binding pocket for 23S rRNA nucleotide

A2602. 23S rRNA is shown in grey, P-site tRNA in orange and RF1 in yellow.

held in position by contacts with the b-sheet of domain 2 of RF1 and
with residues 1914–1915 in the loop of h69 of 23S rRNA (Fig. 5),
directing domain 3 into the PTC.
Rearrangement of the switch loop and positioning of the extended
a7 helix depend on interactions that are made possible by successful
stop codon recognition. Flipping out of A1493 or failure of A1913 to
stack on A1493 in h44 not only would result in steric clash between
these nucleotides and domain 2 of RF1, preventing correct docking of
its ‘reading head’ on the stop codon, but would also affect formation
of the binding pocket for the rearranged switch loop and contacts
needed to position the extended a7 helix. Thus, binding of RF1,
recognition of the stop codon and the ensuing molecular rearrangements in both the ribosome and the factor leading to docking of the
GGQ motif in the PTC are strongly interdependent, cooperative
events. The critical interactions involving nucleotides 1913–1915 of
23S rRNA explain the deleterious effects on translation termination
caused by deletion of helix 69 of 23S rRNA40.

a rigid connection between the decoding site and domain 3, docking
the latter in the peptidyl transferase centre. Facilitated by product and
possibly transition-state stabilization by the main-chain amide group
of Gln 230 of RF1, the peptidyl-tRNA linkage is then cleaved. The
position of the side chain of the universally conserved Gln 230 is
consistent with proposals that it may help to orient the attacking
water molecule22,23 and to discriminate water from other potential
nucleophiles21, although this would need to be confirmed by the
structure of a substrate complex rather than the product complex
presented here. An interesting finding is that in the mechanisms of
both stop-codon recognition and catalysis, elements of the polypeptide backbone of RF1 seem to have a crucial role. Thus, the basic
functions of translation termination could have originated from
interactions with simple peptides, possibly as an evolutionary transition from a process that may have initially been carried out by RNA,
a possibility supported by the observation that deacylated tRNA
bound to the A site is able to catalyse peptide release2,7,35.

The mechanism of translation termination
The structure presented here supports the following model for the
mechanism of translation termination. The stop codon is bound and
recognized in a pocket formed by interactions between the b-sheet of
domain 2 of RF1 (including the conserved PxT motif)—the reading
head of RF1—and G530, A1492 and A1493—the three critical
nucleotides of the 16S rRNA decoding site. A1492 flips out from its
position in h44, reminiscent of the events of tRNA selection14,15.
However, in contrast to the mechanism of sense-codon recognition,
A1493 remains stacked within h44, allowing docking of the reading
head of RF1 on the stop codon, with which it would otherwise clash.
The space vacated by A1492 in h44 is filled by A1913 of 23S rRNA,
which stacks on A1493, removing itself and A1493 from a possible
clash with RF1. Interactions between RF1 and these rearranged elements of 16S and 23S rRNA induce a conformational change in the
switch loop of RF1, which forms an extension of the a7 helix, creating

METHODS SUMMARY

a

Ribosomes were purified from T. thermophilus HB27, and were then dissociated
and reassociated to remove endogenous mRNA and tRNAs as described in
Supplementary Methods. A 70S termination complex was formed with RF1, a
defined mRNA and tRNAs, and was crystallized essentially as described in ref. 15.
The crystal structure was solved by molecular replacement and was refined in
CNS41 and PHENIX42, as described.
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