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We report the crystal structure of a termination complex

containing release factor RF1 bound to the 70S ribosome in

response to an amber (UAG) codon at 3.6-Å resolution. The

amber codon is recognized in the 30S subunit-decoding

centre directly by conserved elements of domain 2 of RF1,

including T186 of the PVT motif. Together with earlier

structures, the mechanisms of recognition of all three stop

codons by release factors RF1 and RF2 can now be de-

scribed. Our structure confirms that the backbone amide

of Q230 of the universally conserved GGQ motif is posi-

tioned to contribute directly to the catalysis of the pepti-

dyl-tRNA hydrolysis reaction through stabilization of the

leaving group and/or transition state. We also observe

synthetic-negative interactions between mutations in the

switch loop of RF1 and in helix 69 of 23S rRNA, revealing

that these structural features interact functionally in the

termination process. These findings are consistent with

our proposal that structural rearrangements of RF1 and

RF2 are critical to accurate translation termination.
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Introduction

Nonsense codons, known as amber (UAG), ochre (UAA) and

opal (UGA), signal termination of protein synthesis on the

ribosome (Brenner et al, 1965, 1967). Unlike sense-codon

recognition, no tRNAs are involved in nonsense (stop)-codon

recognition. Instead, termination of protein synthesis in

bacteria depends on the class I release factors RF1 and RF2

(Capecchi, 1967; Vogel et al, 1969; Caskey et al, 1971).

Peptidyl-tRNA hydrolysis is promoted by RF1 in response to

a UAG or UAA stop codon, and by RF2 in response to a UGA

or UAA codon (Scolnick et al, 1968; Capecchi and Klein,

1969; Scolnick and Caskey, 1969). For four decades after the

discovery of the release factors, three fundamental questions

concerning the mechanism of translation termination

remained unresolved: (1) How are the stop codons recog-

nized? Are they recognized directly by the release factors, or

indirectly, such as through base pairing with ribosomal RNA?

(2) What is the mechanism of peptidyl-tRNA hydrolysis? Is

the reaction catalysed directly by the release factors, or by

converting the ribosomal peptidyl transferase to an esterase,

as suggested by the inhibition of peptidyl-tRNA hydrolysis by

peptidyl-transferase inhibitors (Tompkins et al, 1970; Caskey

et al, 1971)? (3) How is premature termination kept to

levels on the order of 10�5 in the absence of proofreading

(Freistroffer et al, 2000)? The structural basis for approaching

these long-standing problems first began to emerge from low-

resolution cryo-EM and X-ray studies (Klaholz et al, 2003;

Rawat et al, 2003, 2006; Petry et al, 2005). More recently,

detailed insights into the mechanism of translation termina-

tion have come from higher-resolution crystal structures of

70S ribosome termination complexes bound with RF1 in

response to a UAA stop codon (Laurberg et al, 2008), and

RF2 in response to UAA (Korostelev et al, 2008) or UGA

(Weixlbaumer et al, 2008) codons.

The structures showed that the bases of the stop codons

are recognized directly by domain 2 of the release factors.

The important elements contributing to recognition are

(1) the polypeptide backbone at the tip of helix a5, which

makes specific hydrogen bonds with the Watson–Crick edge

of U1 of the stop codon; (2) the hydroxyl group of Thr186 of

the conserved PVT motif of RF1 or Ser209 of the SPF motif of

RF2 (unless otherwise noted, we use the numbering for the

Thermus thermophilus factors throughout), which H-bond to

the second base and (3) the conserved Gln181 and T194 of

RF1 or V203 and T216 of RF2, which recognize the third base

in a separate pocket of the complex. The structures have also

revealed that the universally conserved GGQ motif of domain

3 contacts the acceptor end of the P-site tRNA, positioning the

backbone amide group of the conserved Gln to participate

in catalysis of the peptidyl-tRNA hydrolysis reaction.

Substitution by proline at this position, which eliminates

the ability of the backbone to participate in transition-state

or product stabilization by H-bonding, abolishes the peptidyl-

tRNA esterase activity of the factor (Korostelev et al, 2008).

On the basis of the dramatic conformational differences

between the structures of the class I release factors in their

free (Vestergaard et al, 2001; Shin et al, 2004; Zoldak et al,

2007) and ribosome-bound states (Korostelev et al, 2008;

Laurberg et al, 2008), we proposed that rearrangement of

the switch loop, which connects domains 3 and 4 of a release

factor, is critical for correct positioning of the GGQ motif in

the ribosomal peptidyl-transferase centre (PTC) (Korostelev

et al, 2008; Laurberg et al, 2008) and, therefore, may have a

function in strict coordination of peptidyl-tRNA hydrolysis

with stop-codon recognition.

Here, we present the crystal structure of a termination

complex containing RF1 bound to the 70S ribosome in

response to a UAG stop codon, revealing how RF1 is able to

recognize both the UAG and UAA codons, and completing the
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solution of the four possible structures representing recogni-

tion of all three stop codons by the two type I release factors.

In addition, we have performed mutational studies that

provide evidence that functional interaction between the

switch loop of RF1 and helix 69 of 23S rRNA, both of

which have been proposed to be involved in positioning the

GGQ-bearing domain 3 in the active centre, but are not

directly involved in stop-codon recognition or peptidyl-

tRNA hydrolysis, has a critical function in translation

termination.

Results and Discussion

Conformation of the L1 stalk and intersubunit rotational

state

We crystallized a complex containing RF1 bound to the

T. thermophilus 70S ribosome in the presence of a

UAG-containing mRNA and a deacylated tRNA bound to the

P site as described in Materials and methods, and solved its

crystal structure at a resolution of 3.6 Å (R/Rfree¼ 0.26/0.29).

An important difference between the structure presented here

and earlier reported all-atom structures of ribosome func-

tional complexes is that our complex contains a vacant E site

(Figure 1). The single notable conformational difference that

can be attributed to the absence of an E-site tRNA is opening

of the L1 stalk (Supplementary Figure S1), whereas the rest of

the structure remains virtually identical to those of the three

termination complexes in which an E-tRNA is present

(Korostelev et al, 2008; Laurberg et al, 2008; Weixlbaumer

et al, 2008). The L1 stalk is rotated by about 51 away from the

middle of the ribosome, in a direction consistent with cryo-

EM and FRET observations of opening of the L1 stalk in

ribosomes containing a vacant E site (Agrawal et al, 1999;

Gomez-Lorenzo et al, 2000; Tama et al, 2003; Fei et al, 2008;

Cornish et al, 2009). The absence of any other significant

differences between the current and E-site bound structures

suggests that occupancy of the ribosomal E site is unlikely to

influence the catalysis of peptidyl-tRNA hydrolysis.

It was earlier observed, in comparison of the structure of a

70S translation termination complex (Laurberg et al, 2008)

with that of a 70S elongation complex (Selmer et al, 2006),

that the small ribosomal subunit of the termination complex

undergoes a modest clockwise rotation relative to the large

subunit (Supplementary Figure S2A) (Zhang et al, 2009).

Now that structures for all four translation termination

complexes have been solved in the same crystal form as

elongation complexes, a statistically significant comparison

between them can be made. In all of the RF1- and RF2-bound

70S structures (Korostelev et al, 2008; Laurberg et al, 2008;

Weixlbaumer et al, 2008), including the one reported here,

the positions of the small subunit relative to the large subunit

are very similar (16S rRNA all-atom r.m.s.d.p0.8 Å).

Comparison of these structures with 70S elongation com-

plexes bound with deacylated tRNAs (Selmer et al, 2006) or

acylated tRNAs (Voorhees et al, 2009) shows an B1.51

clockwise rotation of the whole 30S subunit and an B21

inwards twisting of the head towards domain 1 of the release

factor, resulting in an r.m.s.d. change of B2.7 Å between the

respective 16S rRNAs of the termination and elongation

complexes. These changes are accompanied by rearrangement

of intersubunit bridge B2a (which is formed by contact be-

tween helix 69 of 23S rRNA and front of the mRNA-decoding

centre) in a manner that depends on the identity of the

A-site substrate. When a tRNA is bound to the A site, the N1

position of the conserved base A1913 at the tip of the helix 69

hairpin loop contacts the 20-OH of ribose 37 of the tRNA

(Supplementary Figure S2B); when a release factor is bound,

A1913 stacks on A1493 of 16S rRNA, a change in position of

46 Å (Supplementary Figure S2C). In addition to this local

rearrangement, contact between domain 1 of the release factor

and the beak of the small subunit head may contribute to the

inwards movement of the head.

Recognition of the UAG stop codon

Earlier structures have shown how RF1 and RF2 recognize

the UAA and UGA stop codons (Korostelev et al, 2008;

Laurberg et al, 2008; Weixlbaumer et al, 2008). The structure

described here provides an explanation of how RF1 is able to

recognize both UAA and UAG stop codons (Figures 2 and 3).

As observed for recognition of a UAA codon, three elements

of domain 2 of the factor are involved—(1) The N-terminal

Figure 1 Overall structure of 70S translation termination complexes containing RF1 bound in response to (A) UAG (this work) and (B) UAA
(Laurberg et al, 2008) stop codons. The positions of P-site tRNA (orange), E-site tRNA (red), mRNA (green) and RF1 (yellow) are shown. In the
present structure (A), the ribosomal E site is vacant, resulting in movement of the L1 stalk relative to the structure containing an occupied E site
shown in (B).

Structure of the RF1–UAG 70S termination complex
A Korostelev et al
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Figure 2 Recognition of the first and second nucleotides of stop codons by release factors RF1 and RF2. (A) Recognition of U1 and A2 of
the UAG amber codon by RF1 (this work) and (B) the UAA ochre codon by RF1 (Laurberg et al, 2008). (C) Recognition of the UAA ochre codon
by RF2 (Korostelev et al, 2008). (D) Recognition of U1 and G2 of the UGA opal codon by RF2 (Weixlbaumer et al, 2008). Steric clash and
H-bonds from backbone amide groups at the N-terminal end of helix a5 restrict base 1 of all stop codons to U. The hydroxyl group of
T186 of RF1 donates its H-bond to the O4-keto group of U1, restricting its interaction with the second base to accepting an H-bond from the
6-amino group of A2. The position of S206 of RF2 prevents it from H-bonding with U1, allowing its side-chain hydroxyl to H-bond with the
Watson–Crick edge of either A or G.

Figure 3 Recognition of the third nucleotide of the three stop codons takes place in a separate pocket of release factors RF1 and RF2 (this work
and Korostelev et al, 2008; Laurberg et al, 2008; Weixlbaumer et al, 2008). In (A), sA-weighted NCS-averaged 3Fo�2Fc electron density
(contoured at 1s) shows well-resolved density for the Gln181 side chain of RF1 (this work); rotation of its amide side chain allows it to H-bond
with the Hoogsteen edge of either G or A (B). (C, D) In RF2, Gln181 is replaced by Val, limiting its recognition specificity to A in the
third position.

Structure of the RF1–UAG 70S termination complex
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end of helix a5: U1 is recognized by specific H-bonds made

from the backbone of a5. The a-amide group of Glu119

H-bonds to the O4 oxygen of U1 and the a-carbonyl oxygen

of Gly116 accepts an H-bond from the N3 position of U1

(Figure 2A). Identical interactions are made by both RF1

(Figure 2A and B) and RF2 (Figure 2C and D), accounting

for the universal occurrence of U in the first position of all

three stop codons. (2) The PVT motif: the side chain of

Thr186 of the conserved PxT motif hydrogen bonds with

the first and second bases of the stop codon (Figure 2A).

By donating a hydrogen bond to the 4-keto oxygen of U1, the

b-hydroxyl group of Thr186 is thereby constrained to accept a

hydrogen bond from the N6-amino group of A2, defining

the specificity of RF1 for adenine at the second position.

(3) The G530 pocket: the third stop-codon nucleotide is

recognized by a separate pocket of domain 2, one face of

which is formed by G530 of 16S rRNA, which stacks against

the third codon base (Figure 3A; Supplementary Figure S3A),

and the other by Ile192 of RF1. The Watson–Crick edge of the

third base is packed against phosphate 531 of 16S rRNA,

limiting base-specific recognition to its Hoogsteen edge. In

both RF1 and RF2, the universally conserved Thr194 donates

a hydrogen bond to N7 of the purine ring of the A or G in

position 3 (Figure 3; Supplementary Figure S3); Thr194 can

also accept a hydrogen bond from the N6 amino group

of adenine when a UAA or UGA codon is recognized

(Figure 3B–D). Gln181, which is conserved in all RF1

sequences, but replaced by Val in RF2 (Figure 3C and D),

H-bonds with the 6-position of the third codon base (Figure

3A and B). By rotation of its amide side chain, Gln181 can

either donate a hydrogen bond to the O6-keto group of

guanine, or accept a hydrogen bond from the N6 amino

group of adenine (Figure 3A and B). Although it is not

possible to distinguish directly between the oxygen and

nitrogen of the amide group at the resolution of the current

crystal structures, rotation of the side-chain amide of Gln181

would explain the ability of RF1 to recognize either G or A in

the third position. The importance of Gln181 is emphasized

by the fact that in RF2, which is specific for A at the third

position, Gln181 is replaced by a hydrophobic side chain,

whereas all other side chains proximal to the Hoogsteen edge

of A3 are identical to those of RF1.

Conformation of the GGQ motif in the PTC suggests a

catalytic function for the main-chain amide of Gln230

Upon recognition of a stop codon, release factors RF1 and

RF2 promote hydrolysis of peptidyl-tRNA in the peptidyl-

transferase center (PTC), located some 75 Å from the position

of the stop codon. As in the earlier reported 70S termination

complexes (Korostelev et al, 2008; Laurberg et al, 2008;

Weixlbaumer et al, 2008), the universally conserved GGQ

motif, implicated in the peptidyl-tRNA hydrolysis function by

multiple studies (Frolova et al, 1999; Seit-Nebi et al, 2001;

Mora et al, 2003; Shaw and Green, 2007; Trobro and Aqvist,

2007), lies next to the ribose of A76 of the deacylated P-site

tRNA (Figure 3; Supplementary Figure S4). Methylation of

the glutamine of the GGQ motif at the d-N position has been

proposed to be important for the efficiency of termination

(Dincbas-Renqvist et al, 2000; Mora et al, 2007). Inactivation

of the methyltransferase responsible for Gln230 methylation

does not alter the growth rate of bacteria in rich media, but

affects their growth in poor media (Mora et al, 2007). The

efficiency of termination in the absence of methylation was

estimated to be approximately five-fold lower than that

observed with methylated release factors in vivo (Mora

et al, 2007). The kcat/KM for peptide release reactions

catalysed with unmethylated RF2 is at least three times

lower than that found for the methylated release factor in

vitro (Dincbas-Renqvist et al, 2000), consistent with at least

three-fold lower binding affinities of unmethylated release

factors for the ribosome (Pavlov et al, 1998). DDG0 values for

a hydrophobic cavity-creating mutation of one methylene

group are B1 kcal mol–1 (Kellis et al, 1988; Serrano et al,

1992; Durr and Jelesarov, 2000), corresponding to an ap-

proximately five-fold decrease in binding affinity, further

suggesting that methylation of the Gln side chain contributes

to the affinity of RF1/RF2 binding to the ribosome rather than

to catalysis. In the available release-factor complex struc-

tures, the position of the methyl group cannot be observed,

because the overexpressed release factors used for crystal-

lization are under-methylated (Dincbas-Renqvist et al, 2000).

Therefore, to explore the possible function of methylation, we

have modelled a methyl group covalently bound to the d-N

position of Gln230 (Supplementary Figure S5). When the

side-chain amide group of Gln230 is oriented with its keto

oxygen towards the site of catalysis, the methyl group is

positioned in a closely fitting hydrophobic cavity formed by

the ribose moieties of U2506 and C2452 (Supplementary

Figure S5). The model suggests that the methyl group

strengthens the affinity of the release factor for the ribosome

through interactions with the hydrophobic pocket, while

orienting the side-chain amide group in a way that may

support its function in discrimination of attacking nucleo-

philes (Shaw and Green, 2007).

In three of the four complexes, including the one presented

here, the side chain of Gln230 points away from the 30-OH of

ribose 76, the likely position of the scissile bond (Korostelev

et al, 2008; Laurberg et al, 2008); in contrast, its backbone

amide group is positioned within H-bonding distance of the

30-OH group of A76 of the P-site tRNA, consistent with its

involvement in catalysis, as discussed below. In a fourth

termination complex, Weixlbaumer et al (2008) interpreted

the conformation of their glutamine side chain to be consis-

tent with two alternative conformations; in one conforma-

tion, the side-chain amide pointed away from the 30-OH group

of A76, as observed in the three other termination complexes;

in the other conformation, it was oriented towards the

position of the scissile bond (Supplementary Figure S6).

Although the structures suggested that the side chain of

Gln230 might, in principle, contribute to catalysis by orient-

ing the nucleophilic water molecule and/or stabilizing the

leaving group (Supplementary Figure S6, REFs), these possi-

bilities have clearly been ruled out by mutational studies,

which show that the side chain itself is not important for

catalysis (Dincbas-Renqvist et al, 2000; Seit Nebi et al, 2000;

Seit-Nebi et al, 2001; Shaw and Green, 2007; Korostelev et al,

2008), but is implicated in discrimination of the nucleophilic

water (Shaw and Green, 2007).

Whereas mutation of Gln230 to several other amino acids

has only modest effects on catalysis (Frolova et al, 1999;

Shaw and Green, 2007), we have shown that substitution by

proline, whose backbone is unable to donate a hydrogen

bond, leads to complete inactivation of RF1-mediated peptide

release activity (Korostelev et al, 2008). In the structure

Structure of the RF1–UAG 70S termination complex
A Korostelev et al
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presented here, the backbone of Gln230 interacts with the 30-

OH of A76 in a way closely resembling that of the other three

termination complexes (Figure 4), further supporting a pro-

posed critical function for this moiety in the catalytic reaction

(Laurberg et al, 2008). Superposition of the 70S termination

complex on the structure of the 70S ribosome bound with

peptidyl-tRNA analogues (Voorhees et al, 2009) and that of

the 50S subunit containing an analogue of the tetrahedral

transition-state intermediate (Schmeing et al, 2005) allow

modelling of the substrate and transition-state structures of

the termination reaction (Figure 5). In these models, the

backbone amide NH of Gln230 is positioned to stabilize the

transition state of the hydrolysis reaction by forming a

hydrogen bond with the developing oxyanion (Figure 5,

middle panel). Thus, the backbone amide of the glutamine

is likely involved in catalysis by stabilizing the leaving group

(Figure 5, right panel) and/or the transition-state intermedi-

ate (Figure 5, middle panel). In addition, the 20-hydroxyl of

A76 of the peptidyl tRNA, shown to be essential for peptide

release (Brunelle et al, 2008), participates in catalysis by

interactions with the nucleophilic water (Figure 5, left

panel) and with the transition state (Figure 5, middle

panel), consistent with a proton shuttle model, in which

the 20-hydroxyl facilitates proton movement to the

30-hydroxyl leaving group of A76 (reviewed in Rodnina

et al, 2006; Youngman et al, 2008). Rodnina et al (2006)

discuss the proton shuttle model in the context of peptide

bond formation.

Testing the function of the switch loop and h69

in translation termination

The low error frequency (10�3–10�6) (Freistroffer et al, 2000)

of translation termination requires that peptidyl-tRNA hydro-

lysis is strictly coordinated with stop-codon recognition. In

the absence of proofreading (Freistroffer et al, 2000), this

might be accomplished by preventing the catalytic site in

domain 3 from final docking into the PTC until a stop codon

is recognized. On the basis of comparison of the differences

between the structures of free release factors (Vestergaard

et al, 2001; Shin et al, 2004; Zoldak et al, 2007) and those

bound in termination complexes (Supplementary Figure S7),

we proposed that the switch loop, which connects domains 3

and 4 of the release factor, regulates the final positioning of

domain 3 by sensing changes in the conformation of the

ribosomal-decoding centre that occur as a consequence of

stop-codon recognition (Korostelev et al, 2008; Laurberg et al,

2008). The compact, or ‘closed’, conformation of release

factors observed in the free state (Vestergaard et al, 2001;

Shin et al, 2004; Zoldak et al, 2007) is incompatible with

ribosome binding because of multiple steric clashes with the

P-site tRNA and other parts of the 70S–tRNA complex

(Supplementary Figure S7), but has been proposed to have

functional relevance for methylation of class I release factors

(Graille et al, 2005). This suggests that the conformational

change between the closed and open forms, observed in

solution using small-angle X-ray scattering (Vestergaard

et al, 2005; Zoldak et al, 2007), may involve an intermediate

conformation, which allows domain 2 to interact with the

Figure 4 Superposition of features of the peptidyl-transferase cen-
tres of the RF1–UAA (Laurberg et al, 2008) (light blue), RF1–UAG
(dark blue; this work), RF2–UAA (Korostelev et al, 2008) (red) and
RF2–UGA(Weixlbaumer et al, 2008) (magenta). The 70S termina-
tion complexes show that the backbone amide of Gln230
(T. thermophilus RF1 numbering; Gln235 in E. coli RF1) is posi-
tioned to participate in catalysis of peptidyl-tRNA hydrolysis
through H-bonding to the leaving group (30-OH of A76).

Figure 5 Modelling the reaction mechanism for translation termination. The peptidyl-tRNA (left panel) and transition (middle panel) states
were modelled by superimposing the 23S rRNA structure of the RF2 termination complex (Korostelev et al, 2008) with structures of a 70S
ribosome complex containing a peptidyl-tRNA analogue (Voorhees et al, 2009) and a 50S subunit containing a transition-state analogue
(Schmeing et al, 2005), respectively. (Left panel) Nucleophilic attack. The nucleophilic water molecule is positioned at the Bürgi–Dunitz angle
(Bürgi et al, 1974) to the carbonyl centre of the peptidyl-tRNA ester bond, optimal for nucleophilic attack, and at H-bonding distance of the
20-OH of ribose 76 of the peptidyl tRNA. The position of the side chain of Gln230 interferes with attack by bulkier nucleophiles. (Centre panel)
Transition-state stabilization. In the tetrahedral transition state, the developing oxyanion is stabilized by H-bonding with the backbone amide
NH group of Gln230. (Right panel) Product stabilization. After hydrolysis, the 30-hydroxyl leaving group of the deacylated P-site tRNA H-bonds
with the backbone amide NH group of Gln230.

Structure of the RF1–UAG 70S termination complex
A Korostelev et al
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decoding centre of the ribosome, followed by docking of

domain 3 into the PTC upon successful recognition of a

stop codon. In termination complexes, the N-terminal end

of the switch loop of the release factor is reorganized into a

helical extension of a7, which is held in place by interactions

with the backbone of h69 of 23S rRNA (Figure 6C;

Supplementary Figure S7). The rearranged switch loop

packs in a pocket formed by the universally conserved

nucleotides A1492 and A1493 of 16S rRNA and A1913 of

23S rRNA, which is repositioned in the termination complex

to stack on A1493 (Supplementary Figure S2). This seems to

direct helix a7 towards the PTC, docking domain 3 in the

PTC. Although the amino-acid sequences of the switch loops

of RF1 and RF2 diverge sharply (Figure 6A and B), their

overall packing adjacent to the decoding centre (Figure 6C) is

similar (Korostelev et al, 2008). Formation of the pocket by

A1492, A1493 and A1913 on recognition of a stop codon and

packing of the switch loop in this pocket, therefore, seem to

be critical for coordinating stop-codon recognition in the

decoding centre with peptidyl-tRNA hydrolysis in the PTC.

To test the importance of the switch loop and h69 for signal

transduction from the decoding centre to the PTC, we created

three mutational variants of RF1 and measured their activities

in the peptide release reaction using wild-type ribosomes or

ribosomes containing a deletion of helix 69 in 23S rRNA

(Dh69) (Ali et al, 2006). Two point mutants, R303A and

S304A, contain alanine substitutions of the only conserved

side chains in the switch loop of RF1. As the only similarity

between the switch loops of RF1 and RF2 is their length, we

also tested a mutant version of RF1 carrying a deletion in

residues 302–304. This mutation was designed to disrupt

interactions of the switch loop with the pocket formed by

A1492, A1493 and A1913 and with h69 of 23S rRNA.

The rates of peptide release by the two point mutants in

response to a UAA stop codon were indistinguishable from

that of wild-type RF1 (0.2 s�1; Table I) in combination with

wild-type 70S ribosomes. The R302A mutant is modestly (six-

fold) slower than wild-type RF1 when used with Dh69 mutant

70S ribosomes (Figure 7; Table I). These results show that the

identities of the side chains in the switch loop are not critical

for RF1 function.

The mutant RF1 containing a deletion in the switch loop

showed a modest (three-fold) decrease in peptide release rate

with wild-type ribosomes (0.07 s�1). However, the rate of

peptide release by Dh69 mutant ribosomes, which is only

10-fold slower than that of wild-type ribosomes when tested

with wild-type RF1 (Ali et al, 2006, and this work),

is decreased by 4103-fold in the presence of the RF1

D302–304 deletion mutant. The synthetic-negative behaviour

Figure 6 The switch loop. Conservation of switch loop sequences in (A) RF1 and (B) RF2. (C) Packing of the switch loop of RF1 (light purple
and red) in a pocket formed by conserved elements of 16S rRNA (light blue), ribosomal protein S12 (blue) and helix 69 of 23S rRNA (grey).
Residues 302–304 of RF1, which were mutated in this work, are shown in red. The rest of RF1 is shown in yellow.

Table I Rates of peptide release by mutant versions of RF1 and 70S
ribosomes in response to a UAA stop codona

Wild-type 70S Dh69 70S

Wild-type RF1 0.20±0.01 2.5±0.2�10�2

RF1 0.20±0.01 4.0±0.4�10�3

S304A RF1 0.19±0.01 ND
D302–304 RF1 7.0±0.4�10�2 5.1±0.2�10�5

No RF1 1.6±0.1�10�5 ND

aRates are given in units of s�1.

Figure 7 Time courses for release of [35S]-fMet from [35S]-fMet-
tRNA catalysed by wild-type and mutant versions of RF1 with wild-
type and Dh69 ribosomes (Ali et al, 2006) in the presence of the
UAA stop codon. Each data point represents the average of at least
two measurements.
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resulting from combining these two mutations indicates that

they interact (directly or indirectly) in a common pathway,

and suggests that the rate-limiting step(s) for the reactions

involving (D302–304)RF1 or (Dh69)70S is different from that

of the reaction between wild-type RF1 and 70S. We suggest

that the pathway in question is a conformational change

required for directing domain 3 into the PTC, which becomes

rate limiting when the mutant RF1 or ribosomes are used,

and that cooperative interaction between an intact h69 and

switch loop are critical for docking of the catalytic Gln230 in

the active site.

Materials and methods

mRNA, tRNA and RF1
The M1–27 mRNA used for construction of the termination complex
was chemically synthesized (IDT) to give the following nucleotide
sequence: GGC AAGGAGGU AAAA AUG UAG AAAAAA. The 8 base-
pair Shine–Dalgarno sequence places the AUG start codon at the
70S ribosome P site followed immediately by a UAG stop codon.
Escherichia coli tRNAfMet was purchased from Sigma-Aldrich.
T. thermophilus release factor RF1 was purified as described earlier
(Laurberg et al, 2008).

Preparation of 70S ribosomes
The 70S ribosomes were purified from T. thermophilus as earlier
described (Laurberg et al, 2008). The ribosomes were dissociated
into subunits and reassociated into vacant 70S ribosomes to remove
endogenous mRNA and tRNA as described (Laurberg et al, 2008).
Ribosomes were adjusted to a concentration of 20 mg ml–1 (8mM),
and aliquots were flash frozen in liquid nitrogen and stored at
�801C until further use.

Complex formation and co-crystallization of RF1–ribosome
complexes
Reassociated 70S ribosomes were incubated with M1–27 mRNA and
deacylated tRNAfMet at 371C for 40 min in buffer I (25 mM Tris-OAc
(pH 7.0), 50 mM KOAc, 10 mM NH4OAc, 10 mM Mg(OAc)2). RF1
was then added and incubated at 371C for 30 min. The final
concentration of 70S ribosomes was 10 mg ml–1 (4 mM), containing
2.8 mM deoxy-Bigchaps (Hampton Research); the final molar ratios
were 70S:M1–27 mRNA:tRNAfMet:RF1¼1:2.2:1.4:4.8. The ribosome
termination complex was clarified by centrifugation at 16 000 g for
5 min at room temperature before crystallization.

Initial crystallization screening was performed around condi-
tions earlier reported (Selmer et al, 2006; Laurberg et al, 2008) by
dispensing 0.2þ 0.2ml sitting drops using a Phoenix robotic liquid
handling system (Art Robbins) with 96-well plates. After optimiza-
tion, crystals were grown by the sitting-drop vapour diffusion
method dispensed robotically using 1–2ml ribosome complexes
mixed with 1–2ml reservoir solution (100 mM Tris-OAc, pH 7.0,
200 mM KSCN, 3.4–4.8% PEG20 000, 2.5–11.5% PEG200) at 22.51C.
Crystals emerged after 5–7 days and matured after 2–3 weeks.
Crystals were then subjected to cryoprotection by gradually
replacing the mother liquor with cryoprotection buffer II (100 mM
Tris-OAc, pH 7.0, 200 mM KSCN, 5% PEG20 000, 25% MPD, 14%
PEG200 and 10 mM Mg(OAc)2). Crystals were flash frozen by
plunging into liquid nitrogen.

X-ray data collection and structure determination
(Supplementary Table S1)
Crystals were screened at beamlines 7-1, 9-1, 9-2, 11-1 and 12-2 at
the Stanford Synchrotron Radiation Laboratory (SSRL). X-ray
diffraction data were recorded at beamline 12-2 at SSRL using an
X-ray wavelength of 0.9795 Å and at beamline 23ID-D at the
Advanced Photon Source at Argonne National Laboratory using an
X-ray wavelength of 1.0332 Å, using an oscillation angle of 0.21.
Data from eight crystals were integrated and merged using the XDS
package (Kabsch, 1993). A subset of reflections (2%) was marked
as the test set (Rfree set) to monitor the progress of refinement.
Structure determination in CNS started with rigid-body refinement
(Brunger et al, 1998) of the earlier determined structure of the RF2
termination complex, which was obtained from the same crystal

form (Korostelev et al, 2008), omitting the factor from the starting
model. Electron density corresponding to RF1 was clearly visible at
the ribosomal A site in the Fourier difference map calculated from
the rigid-body refined model. The structure of RF1 from the earlier
RF1–UAA termination complex (Laurberg et al, 2008) was used to
model the release factor in electron density. Simulated annealing
and grouped B-factor refinements were performed in CNS (Brunger
et al, 1998). TLS refinement was subsequently carried out in
PHENIX (Adams et al, 2002). 3Fo�2Fc electron density maps
calculated in CNS (Brunger et al, 1998) and averaged in COOT
(Emsley and Cowtan, 2004) using the two-fold non-crystallographic
symmetry (NCS) were used for manual modelling. The structures of
earlier determined termination complexes (Korostelev et al, 2008;
Laurberg et al, 2008; Weixlbaumer et al, 2008) were used as a guide
in the interpretation of the electron density. NCS restraints as well
as RNA and protein secondary structure restraints were used
throughout the refinement as described (Laurberg et al, 2008).
Peaks of electron density in the vicinity of the ribosome that could
correspond to ions or, in some instances, to water molecules were
modelled as magnesium ions; ions found in positions distinct from
those in the 3.0-Å structure of the RF2 termination complex
(Korostelev et al, 2008) were removed from the structure to prevent
interpretation of electron density noise as ions. PYMOL (DeLano,
2002), O (Jones et al, 1991) and local real-space refinement
(Korostelev et al, 2002) were used for structure visualization and
model building. In the final structure, the electron density for
domain 1 is less well ordered than that in our earlier structures of
70S termination complexes (Korostelev et al, 2008; Laurberg et al,
2008); however, the side chains of the release factor are clearly
visible in the ribosomal decoding and PTCs. Figures were rendered
using PYMOL (DeLano, 2002).

Construction and isolation of mutant RF1 and peptide release
assay
The RF1 gene from E. coli incorporating a C-terminal 6His-tag
(Korostelev et al, 2008) was used to generate mutations at the
switch loop of RF1 using Quick-Change mutagenesis (Stratagene,
La Jolla, CA). RF1 proteins were expressed and purified on Ni-NTA
agarose resin (Qiagen) using standard procedures and stored in
50 mM Tris–HCl (pH 7.0), 60 mM NH4Cl, 10 mM MgCl2 and 5 mM
b-mercaptoethanol (bME) at �801C.

The 70S ribosomes were prepared from salt-washed E. coli
MRE600 ribosomes as described (Moazed and Noller, 1986, 1989).
The tRNAfMet was aminoacylated and formylated as described
(Lancaster and Noller, 2005). Termination complexes were formed
by incubating 70S ribosomes (0.4mM), M0–27 mRNA (1 mM) and
[35S]fMet-tRNAfMet (0.2mM) for 20 min at 371C in Buffer A (50 mM
KHepes (pH 7.6), 75 mM NH4Cl, 20 mM MgCl2, 5 mM bME). The
nucleotide sequence of the chemically synthesized M0–27 mRNA
(IDT) is GGC AAGGAGGU AAAA AUG UAA AAAAAA, which places
the UAA stop codon at the 70S ribosome A site. The [Mgþ þ ] was
reduced to 10 mM by addition of buffer A lacking MgCl2. For peptide
release assays, the complex was added to RF1 and incubated in
Buffer A (adjusted to 10 mM MgCl2) at room temperature. Aliquots
were removed from the reaction at each time point and quenched in
five volumes of 0.1 N HCl; hydrolysed [35S]fMet was extracted with
1 ml of ethyl acetate, 0.8 ml of which was added to scintillation
cocktail and counted. Reactions were performed using a 2- to 10-
fold molar excess of RF1; catalytic rates measured for 2- and 10-fold
excess of RF1 were similar for each of the tested reactions,
suggesting that the reactions proceeded under release-factor
saturating conditions.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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