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We report the crystal structure of a translation termination com-
plex formed by the Thermus thermophilus 70S ribosome bound
with release factor RF2, in response to a UAA stop codon, solved
at 3 Å resolution. The backbone of helix �5 and the side chain of
serine of the conserved SPF motif of RF2 recognize U1 and A2 of the
stop codon, respectively. A3 is unstacked from the first 2 bases,
contacting Thr-216 and Val-203 of RF2 and stacking on G530 of 16S
rRNA. The structure of the RF2 complex supports our previous
proposal that conformational changes in the ribosome in response
to recognition of the stop codon stabilize rearrangement of the
switch loop of the release factor, resulting in docking of the
universally conserved GGQ motif in the PTC of the 50S subunit. As
seen for the RF1 complex, the main-chain amide nitrogen of
glutamine in the GGQ motif is positioned to contribute directly to
catalysis of peptidyl-tRNA hydrolysis, consistent with mutational
studies, which show that most side-chain substitutions of the
conserved glutamine have little effect. We show that when the
H-bonding capability of the main-chain N-H of the conserved
glutamine is eliminated by substitution with proline, peptidyl-
tRNA esterase activity is abolished, consistent with its proposed
role in catalysis.

70S ribosome structure � stop codon recognition � polypeptide release

In bacteria, termination of protein synthesis depends on the
type I release factors, RF1 and RF2, which are required for

recognition of the stop codons and for hydrolysis of the peptidyl-
tRNA ester bond. Our understanding of the mechanism of
termination faces three main questions: (i) How are stop codons
recognized? Unlike the sense codons, there are no correspond-
ing cognate tRNAs to recognize nonsense codons. Are they
recognized directly by the release factors, or indirectly, for
example through ribosomal RNA? (ii) What is the mechanism of
peptidyl-tRNA hydrolysis? Is the esterase reaction catalyzed
directly by the release factors, or by the ribosome? And (iii) How
is peptidyl-tRNA hydrolysis coupled to stop codon recognition?

Termination at the UAG stop codon depends on RF1, UGA
on RF2, and UAA on either of the two factors (1–3). Thus,
although the two release factors have similar overall structures
(4–6) and both recognize codons of the general type URR, RF1
is able to discriminate between A and G at the second position
whereas RF2 discriminates between A and G at the third
position. Determinants for codon specificity were localized to
domain 2 of the release factors, in particular to the conserved
PxT and SPF motifs of RF1 and RF2, respectively, based on
genetic studies in which swapping these motifs was found to
switch codon specificity (7, 8). A ‘‘tripeptide anticodon’’ mech-
anism for stop-codon recognition was proposed, in which the
PxT and SPF motifs recognize the corresponding stop codons (7,
8). In a recent 3.2 Å crystal structure of a termination complex
containing RF1, Thr-186 of the PxT motif was indeed found to
be a critical recognition element of RF1, interacting directly with
the UA dinucleotide in the first and second positions of the UAA
stop codon (9). The third-position A was seen to be unstacked
from the rest of the codon, sandwiched between Ile-192 of RF1

and G530 of 16S rRNA, and recognized separately by interac-
tions with Gln-181 and Thr-194. Stop codon recognition by RF1
also involves a network of interactions with other structural
elements of RF1, including critical main-chain atoms and con-
served features of 16S rRNA (9).

Many studies have implicated the conserved GGQ motif in
domain 3, present in the release factors of all three primary
domains of life, in the hydrolysis reaction. Although the side
chain of the conserved glutamine has been proposed to play a
role in catalysis (10, 11), elimination of its side-chain amide
group by mutation of this residue to alanine, for example,
confers only a small decrease in catalytic activity (12–14). This
was rationalized by the structure of the RF1 termination com-
plex, which showed that the side chain of the glutamine is
directed away from the scissile bond, whereas its main-chain
amide is positioned to participate in catalysis through product
and/or transition-state stabilization (9). This unexpected result
also explains why substitutions of the neighboring glycine cause
severe defects in peptide release (14–16): introduction of a side
chain would block access of the main-chain amide of the
glutamine to the reaction center.

The structure of the RF1 complex also suggested a mechanism
for how codon recognition is coupled to peptidyl-tRNA hydro-
lysis. Upon recognition of the UAA stop codon, G530 and A1492
flip out, but A1493, which would clash with domain 2 of RF1 if
f lipped as in sense codon recognition (17), remains stacked
within helix 44; A1913 of 23S rRNA then stacks on A1493 of 16S
rRNA. The interface between the rearranged decoding site and
the reading head of the factor thus forms a binding site for an
altered conformation of the ‘‘switch’’ loop, which links domains
3 and 4 of RF2 (Fig. 1), forming a rigid connector that places
domain 3 and its GGQ motif in contact with the peptidyl-tRNA
ester linkage in the peptidyl transferase center of the 50S
subunit. This scenario is consistent with the observations that
deletion of helix 69 of 23S rRNA, whose apical loop contains
A1913, results in a specific defect in RF1-dependent peptidyl-
tRNA hydrolysis (18), and that paromomycin, which induces
flipping out of both A1492 and A1493 (17), and which occupies
the site vacated by the flipped A1493, inhibits termination, but
not sense codon recognition (19).

Here, we report the crystal structure of a translation termi-
nation complex containing release factor RF2 bound in response
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to a UAA codon, solved at 3Å resolution. The different codon
recognition specificities of RF1 and RF2 can be rationalized by
structural differences in the decoding center, where Ser-206 of
the SPF motif of RF2 interacts directly with the second base and
Thr-216 recognizes A3 of the stop codon. Despite considerable
sequence divergence in the sequences of the switch loops of RF1
and RF2, the switch loop of RF2 also undergoes a conforma-
tional change that is likely involved in coupling codon recogni-
tion to the positioning of domain 3 (4). The GGQ motif of RF2
is positioned essentially identically to that seen for the RF1
complex, again implicating the main-chain amide nitrogen of the
conserved glutamine in catalysis of peptidyl-tRNA hydrolysis.
Finally, when the H-bonding capability of the main-chain N-H of
the Gln is eliminated by substitution with proline, activity is
abolished, consistent with its proposed role in catalysis.

Results and Discussion
Interaction with the L11 Stalk. The overall position and confor-
mation of RF2 in the 70S ribosome are similar to those of RF1
(5, 9, 20, 21). The main difference between the two structures is
found in the positioning of domain 1 of the factor. In the X-ray
structures of the RF1 complex, no contact was observed between
domain 1 and the L11 stalk of the 50S subunit (5, 9). By contrast,
in the RF2 complex, the distal end of domain 1 is 12 Å closer to
the ribosomal A site, placing it in contact with the L11 stalk (Fig.

S1), in agreement with low-resolution X-ray studies of the RF2
complex (5). Interactions with 23S rRNA occur at the loops of
helices 43 (at A1067) and 44 (at A1095), where the conserved
Trp-52 stacks on A1095 (Fig. S1B). The sole protein–protein
contacts involve packing of helix �1 of RF2 against the proline-
rich helix �1 near the N terminus of L11 (Fig. S1B). The possible
biological significance of this difference between the RF1 and
RF2 termination complexes is unclear.

Stop Codon Recognition. In previous studies, the universally con-
served nucleotides A530, A1492 and A1493 of 16S ribosomal
RNA in the decoding center of the 30S subunit were found to
undergo striking rearrangements in response to recognition of a
sense codon by cognate tRNA (17, 22), binding of IF1 (23),
binding of antibiotics (17, 24, 25) or recognition of a stop codon
by RF1 (9). In the RF2 termination complex, G530 and A1492
flip out of their resting states, whereas A1493 remains stacked
on the end of helix 44 and A1913 of 23S rRNA stacks on A1493,
as observed for the RF1 complex (9) (Fig. 2A and Fig. S2). Also,
unlike the conformation seen for sense codons, the third nucle-
otide of the stop codon (A3) is again found to be unstacked from
the first 2 nt and is instead stacked on the flipped G530 of 16S
rRNA. Thus, as for the RF1 complex, the first 2 bases of the stop
codon are read separately from the third base by RF2.

Strong specificity for U in the first position (26) is determined

Fig. 1. Comparison of the structures of the RF1 and RF2 termination complexes. (A) RF2 termination complex (this work), showing RF2 (yellow), P-site tRNA
(orange), E-site tRNA (red), mRNA (green), 16S rRNA (cyan), 23S and 5S rRNA (gray), 30S proteins (blue), and 50S proteins (magenta). (B) RF1 termination complex
(9); molecular components are colored similarly as in A. (C) RF2 in its ribosome-bound conformation, rotated �180° from the view shown in A, with domains
numbered. The GGQ and SPF motifs are shown in red, and the switch loop is shown in orange. (D) RF1 in its ribosome-bound conformation. The GGQ and PVT
motifs are indicated in red and the switch loop is shown in orange.
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by hydrogen bonds between U1 and the backbone carbonyl of
Gly-138 and the backbone amide nitrogen of Glu-141 at the tip
of helix �5 of RF2, almost identical to the mechanism used by
RF1 (Fig. 2B). The main difference is that, whereas Thr-186 of
the discriminatory PxT tripeptide motif of RF1 contacts U1 of
the stop codon, there is no interaction between U1 and Ser-206
of the SPF motif in RF2. This is a consequence of the different
positions of the hydroxyl groups of Thr-186 (of RF1) and Ser-206
(of RF2) in their respective complexes (Fig. 2 B and D).
Although the side chain of the serine is not well resolved, its

conformation, and those of the clearly resolved features in the
surrounding part of domain 2 in our structure (Fig. S3) are
virtually identical to those reported for the 1.8 Å structure of free
RF2 (4). Whereas the OH of Thr-186 is positioned between U1
and A2, Ser-206 directly faces the Watson–Crick edge of A2, well
outside H-bonding distance from U1 (Fig. 2D). Accordingly,
Ser-206 is solely occupied with recognition of the second base of
the stop codon, and is predicted to be able to H-bond equally well
with either A (at N1 and N6) or (by swapping the positions of its
hydrogen-bond donor and acceptor moieties) G (at N1 and O6),

Fig. 2. Interactions with the UAA stop codon in the decoding center in the RF1 and RF2 termination complexes. (A) Stereoview of the �A-weighted 3Fobs � 2Fcalc

electron density map of the stop codon and surrounding elements of RF2 and the ribosome. Electron density is contoured at 1.0 � for RF2, and at 1.5 � for rRNA
and mRNA, and colored yellow (RF1), green (mRNA), and blue (16S rRNA). (B) Interaction of the hydroxyl group of Ser-206 of the SPF motif of RF2 with A2 of
the stop codon. (C) Interaction of Thr-216 of RF2 with A3 of the stop codon. (D) Comparison of the positions of Thr-186 of the PVT motif of RF1 (gray) and Ser-206
of the SPF motif of RF2 (yellow), showing their different modes of recognition of U1 and A2 of the UAA stop codon. The structures of the two termination
complexes were globally superimposed. (E) Packing of RF2 around A3 of the UAA stop codon. Val-203 would be positioned to exclude water from H-bonding
to O6 of guanine, helping to discriminate against guanine at position 3. The structure model is represented as Van der Waals surfaces for RF2 (yellow) and mRNA
(green); 16S rRNA is shown in blue.
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in keeping with the codon specificity of RF2 for UAA or UGA
(Fig. S2 G and H). Conservation of the remaining residues of the
SPF (RF2) or PxT (RF1) motifs could be explained by require-
ments for excluding water from the decoding pocket of the first
and second bases, in addition to maintaining the correct fold of
the loop.

In the RF1 complex, recognition of the third base (A3) occurs
separately from the first 2 bases, and is shared between Gln-181
and Thr-194 (9) (Fig. S2F). Gln-181 is positioned to accept an
H-bond from N6 of adenine with its amide carbonyl oxygen and
Thr-194 can H-bond to the N6 and N7 positions; for recognition
of G in the third position by RF1, the amide group of Gln-181
could donate an H-bond to O6. In the RF2 complex, Thr-216
occupies the same position as Thr-194 of RF1, enabling recog-
nition of adenine; however, no residue equivalent to Gln-181 is
found. Moreover, the position of the hydrophobic side chain of
Val-203 would prevent H-bonding of the O6 of guanine to water
(Fig. 2E). Discrimination against guanine in the third position
could be the result of a large free-energy penalty due to
desolvation of guanine, whose dipole moment is significantly
larger than that of adenine (27, 28). The next 2 nt downstream
from the A-site codon are also well ordered, enabling their
detailed conformations to be seen here for the first time (Fig.
S4). The nucleotide following the stop codon (A4), which has
been implicated in translation termination efficiency (29), in-
tercalates between U1196 and C1397 of 16S rRNA. Its Hoogs-
teen edge faces Ser-211, located on the opposite side of the
specificity loop from the SPF motif (Fig. S4B), consistent with
the observed cross-linking of RF2 to the base immediately
downstream of the stop codon (30).

Communication Between the Decoding and Peptidyl Transferase Cen-
ters. Despite the absence of proof-reading, spontaneous termi-
nation is rare (26), implying that recognition of the stop codon
and hydrolysis of the peptidyl-tRNA ester bond are strictly
coordinated. Comparison of the conformations of the release
factors in their free state (4, 6) with that of RF1 in a termination
complex (9) led us to propose that recognition of a stop codon
stabilizes a rearranged conformation of the switch loop, which
directs domain 3 into the PTC. In both the RF1 and RF2
complexes, the binding pocket for the rearranged switch loop is
formed in part by flipping A1492 of 16S rRNA and stacking of
A1913 of 23S rRNA on A1493. Although the sequence of the
switch loop of RF2 diverges sharply from that of RF1 (Fig. S5
A and B), it is similarly packed in the pocket formed by A1492,
A1913 and protein S12 (Fig. 3 A and B and Fig. S5), suggesting
a conserved mechanism for coordination of codon recognition
and peptidyl-tRNA hydrolysis.

Testing the Mechanism of Peptidyl-tRNA Hydrolysis. The overall
conformation of domain 3 of RF2 in the PTC is very similar to
that of RF1 (9). Nucleotide A2602, which was shown to be
important for peptide release (31–33), is buried in a pocket
formed by RF2 and is blocked from the catalytic center by RF2
(Fig. 4 A and B and Fig. S6). The universally conserved GGQ
motif (residues 251–253 in T. thermophilus RF2) contacts the
3�-terminus of the deacylated P-site tRNA (Fig. 4 A and B). As
seen for the structure of the RF1 termination complex, the
side-chain of Gln-253 is pointed away from the site of catalysis
in a pocket formed by A2451, C2452, U2506 of 23S rRNA and
ribose 76 of the P-site tRNA, whereas its main-chain amide is
within hydrogen-bonding distance of the 3�-OH of A76 (Fig. 4B).
In both termination complexes, the main-chain amide of the
conserved Gln-253 (Gln-230 in T. thermophilus RF1) is posi-
tioned to participate in catalysis of peptidyl-tRNA hydrolysis by
forming a hydrogen bond with the leaving 3�OH group and/or
with the transition-state oxyanion. Participation of the backbone
amide group in catalysis is precedented in the mechanisms of

other hydrolases, including proteases, esterases and GTPases,
for product stabilization and to stabilize the developing negative
charge of the transition state (34, 35).

Previous mutational analysis of the GGQ motif has shown the
catalysis to be remarkably robust. For example, mutation of the
conserved Gln to Ala or Trp cause only a 4- to 7-fold decrease
of activity (14). However, none of the mutations reported so far
have tested the importance of the backbone amide group.
Accordingly, we have substituted proline for glutamine in the
conserved GGQ motif of Escherichia coli RF1 (Gln-235), and
tested the ability of the GGP mutant factor to catalyze hydrolysis
of fMet-tRNA in response to a UAA stop codon. We directly
compared RF1-GGP to other mutants shown by Shaw and
Green (14) to have a range of defects: RF1-GGA (down 4-fold),
RF1-GGN (7600-fold), and RF1-GGD (9500-fold). The effect of
the proline substitution is striking; whereas even the activity of
the GGD mutation, shown (14) to have the most drastic defect,
is readily measurable, the activity of the Q235P mutant is
undetectable, even at long incubation times where spontaneous

Fig. 3. Rearrangement and packing of the switch loop in the RF2 termination
complex. (A) Superposition of domain 2 of free RF2 (pink; ref. 4) on that of
ribosome-bound RF2 (yellow; this work). Rearrangement of the switch loop
(residues 310–324; red in free RF2 and orange in bound RF2) results in
reorientation and extension of �7. (B) Packing of the switch loop in a pocket,
which includes A1492 of 16S rRNA, A1913 of 23S rRNA and protein S12 directs
helix �7 so that the GGQ docks in the PTC. Components are colored as in Fig. 1A.
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hydrolysis is observed (Fig. 4C and Table S1). Although cata-
lytically inactive, GGP mutant RF1 retains stoichiometric,
codon-dependent binding to ribosomes (Fig. 4D).

Although this result cannot be taken as definitive evidence for
the participation of the Gln-235 (Gln-230 or Gln-253 in T. th.
RF1 and RF2, respectively) backbone amide in catalysis, because
of the possible influence of proline substitution on backbone
conformation, it is consistent with our proposal. Deleterious
effects of proline substitution have been interpreted as evidence
for participation of the backbone amide group in catalysis by
serine proteases (36) and GTPases (37). Moreover, concern that
introduction of proline into an active site can indirectly affect
catalysis is mitigated by high-resolution X-ray structures of a
G119P mutant of thrombin (36) and of an A30P mutant of Rab5a
(38), in which proline substitutions fail to cause significant
conformational changes. In this regard, an in silico test of the
effect of the Q253P mutation, in which we modeled the mutant
factor, suggests that the proline substitution would be unlikely to
induce significant changes in the conformations of RF1 or the
surrounding features in the ribosomal PTC (Fig. S7). This can be
explained by the similarities between the main-chain (39) torsion
angles for Gln-230 in the experimental structure (9) to those
typically observed for proline (Fig. S7) in high-resolution crystal
structures (39). Beyond these circumstantial arguments, defini-

tive evidence will require determination of the structure of a
termination complex containing the mutant factor.

Materials and Methods
Procedures for crystallization and structure determination were similar to
those described (9). The structure was determined by molecular replacement
followed by refinement yielding R/Rfree of 0.28/0.316 (Table S2). A detailed
account of structure determination procedures is given in SI Materials and
Methods.

The construction and isolation of mutant RF1 and peptide release assay was
as follows: The RF1 gene from E. coli MRE600 was cloned into pET21b (Nova-
gen) to obtain C-terminal 6His-tagged RF1. Mutations at position Q235 were
generated by site-directed mutagenesis (40). RF1 proteins were expressed and
purified on Ni-NTA agarose resin (Qiagen) using standard procedures, then
additionally purified by FPLC chromatography on a 24-mL Superdex 75 gel
filtration column (Amersham Pharmacia); proteins were stored in 50 mM
Tris�HCl (pH 7.0), 60 mM NH4Cl, 10 mM MgCl2, and 5 mM �-mercaptoethanol
(�ME) at �80 °C.

30S and 50S subunits were prepared from salt-washed MRE600 ribosomes
as described (41, 42). tRNAfMet was aminoacylated as described in ref. 43. 30S
subunits were heat-activated at 42 °C for 10 min in Buffer A [50 mM KHepes
(pH 7.6), 75 mM NH4Cl, 20 mM MgCl2, 5 mM �ME] before use in each assay.

Model 70S ribosome termination complexes were formed by incubating
30S subunits (1 �M), 50S subunits (1.2 �M), M0–27 mRNA (2 �M), and
[35S]fMet-tRNAfMet (0.5 �M) for 20 min at 37 °C in Buffer A. The [Mg2�] was
reduced to 10 mM by addition of buffer A lacking MgCl2. For peptide release
assays, the complex was added to a 6-fold molar excess of RF1 and incubated

Fig. 4. Interactions of the GGQ region of RF2 at the site of catalysis. (A) �A-weighted 3Fobs � 2Fcalc electron density for RF2 (yellow), P-site tRNA (orange) and
23S rRNA (gray), contoured at 1.7 �. (B) Orientation of Gln-253 of the RF2 GGQ motif. The backbone amide nitrogen of Gln-253 is positioned to H-bond with
the 3�-OH of A76 of P-site tRNA, whereas its side chain is oriented away from the reaction site. (C) The Q235P mutation abolishes peptide release activity of E.
coli RF1. Model 70S termination complexes assembled with [35S]fMet-tRNAfMet in the P site and mRNA M0–27 (which contains an AUG codon followed a UAA
stop codon), were incubated at 37 °C with (open squares) wild-type RF1, or the RF1 mutants (diamonds) Q235A (filled squares) Q235D (triangles) Q235N (filled
circles) Q235P, or (open circles) no RF1. Peptide release was monitored by measuring the amount of [35S]fMet extracted into ethyl acetate at the indicated time
points. Error bars indicate the range of values from 2 or 3 independent experiments, which were averaged and fit to single-exponential curves to determine the
rates of peptide release. (D) Mutant Q235P RF1 binds normally in a stop-codon-dependent manner. Lanes 1 and 2, neither wild-type nor Q235P RF1 binds to
ribosomes in the absence of mRNA. Lanes 3 and 4, in the presence of mRNA MO-27, both Q235P and wild-type RF1 bind stoichiometrically to ribosomes.
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in Buffer A (10 mM MgCl2) at 37 °C. Aliquots were removed from the reaction
at each time point and quenched in 5 vol of 0.1 M HCl; hydrolyzed [35S]fMet
was extracted with 1 mL of ethyl acetate, 0.7 mL of which was added to
scintillation mixture and counted.

For RF1 binding assays, the 70S complex was formed as above, but with 2
�M [35S]fMet-tRNAfMet, and with or without M0–27 mRNA. As above, each
complex was added to a 6-fold excess of RF1, then incubated at 37 °C for 5 min
in Buffer A (10 mM MgCl2). Reactions were passed through a Sephacryl
S200-HR resin (Sigma) 1-mL spin column, then precipitated with 4 vol of

acetone (�20 °C for 1 h), dissolved in loading buffer, and electrophoresed on
a 12% acrylamide SDS gel.
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