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ABSTRACT

When a stop codon appears at the ribosomal A site,
the class | and Il release factors (RFs) terminate
translation. In eukaryotes and archaea, the class
I and Il RFs form a heterodimeric complex, and com-
plete the overall translation termination process in a
GTP-dependent manner. However, the structural
mechanism of the translation termination by the
class | and Il RF complex remains unresolved. In
archaea, archaeal elongation factor 1 alpha
(aEF1a), a carrier GTPase for tRNA, acts as a class
I RF by forming a heterodimeric complex with
archaeal RF1 (aRF1). We report the crystal structure
of the aRF1-aEF1a complex, the first active class |
and Il RF complex. This structure remarkably resem-
bles the tRNA-EF-Tu complex, suggesting that
aRF1 is efficiently delivered to the ribosomal A
site, by mimicking tRNA. It provides insights into
the mechanism that couples GTP hydrolysis by the
class Il RF to stop codon recognition and peptidyl-
tRNA hydrolysis by the class | RF. We discuss the
different mechanisms by which aEF1a recognizes
aRF1 and aPelota, another aRF1-related protein
and molecular evolution of the three functions of
aEF1a.

INTRODUCTION

In bacteria, eukaryotes and archaea, translation termin-
ation occurs when one of the three stop codons, UAA,
UAG or UGA, appears at the ribosomal A site. This
process involves the class I and II release factors (RFs)
(1-5). The class I RFs enter the ribosomal A site, recog-
nize the stop codons and hydrolyze the peptidyl-tRNA in
the ribosomal P site (6). The class II RFs are translational

GTPases that are required to complete the overall trans-
lation termination process (7—10).

In bacteria, the class I RFs, RF1 and RF2, recognize
the UAG/UAA and UGA/UAA stop codons, respect-
ively, by the recognition loop, including the PxT motif
of RF1 or SPF motif of RF2 (11,12). After the recognition
of the stop codon, they catalyze polypeptide release by
their conserved GGQ motifs (13). The crystal structures
of the Thermus thermophilus 70S ribosome in complexes
with either RF1 or RF2 demonstrated that RF1/2 enters
the ribosomal A site and hydrolyzes the peptidyl-tRNA by
mimicking the shape of tRNA (14,15). The PxT/SPF
motif, and the GGQ motif of RF1/2 correspond to the
anticodon and the 3-CCA end of the tRNA, respectively.
After the polypeptide release by RF1/2, the class Il RF
(RF3) in the GDP-bound form interacts with the
ribosome, and GDP is then exchanged with GTP. This
induces conformational changes in RF3 and the
ribosome, which result in the release of RF1/2. Finally,
GTP hydrolysis causes the rapid dissociation of RF3 from
the ribosome (8).

The translation termination mechanism in eukaryotes
differs from that in bacteria. The eukaryotic class I RF,
eRF1, adopts the overall tRNA-like configuration and
catalyzes polypeptide release by the conserved GGQ
motif, similarly to RF1/2 (16). However, in contrast to
bacterial RF1/2, eRF1 recognizes all three stop codons
(17). Various amino acid sequences within eRFI,
including the conserved NIKS and YxCxxxF motifs, are
implicated in stop codon recognition (18-22). In addition,
eRF1 forms a heterodimeric complex with the eukaryotic
class II RF, eRF3, an elongation factor 1 alpha
(EF1a)-related translational GTPase (23), and the poly-
peptide release activity of ¢eRF1 is enhanced by ¢RF3
(10). Therefore, eRF3 is considered to deliver ¢eRF1 to
ribosomes containing a stop codon in their A-sites, as
EFla delivers aminoacyl-tRNA to A-sites containing a
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sense codon. In the ribosome, eRF1 induces ribosome-
dependent hydrolysis of GTP by eRF3 (24), which then
causes eRF1 to adopt the conformation required to trigger
polypeptide release (25). Recently, the crystal structures of
human and Schizosaccharomyces pombe full-length eRF1
in complex with eRF3, but lacking the GTP-binding
domain, were solved (26). These structures revealed that
the interaction manner between eRF3 and eRF1 is partly
analogous to that between EF-Tu (bacterial elongation
factor) and tRNA. However, the overall structures of
these complexes cannot be superposed on that of
tRNA+EF-Tu (27), probably due to the absence of the
GTP-binding domain. Therefore, the mechanism by which
eRF3 precisely recognizes eRF1 and delivers it to ribo-
somes remains unclear.

The translation termination mechanism in archaea is
considered to be similar to that in eukaryotes. The
archaeal class I RF (aRF1), shares common sequence
motifs with eRF1, including the GGQ, NIKS and
YxCxxxF motifs and functions with all three stop
codons on the mammalian 80S ribosome (28,29).
Furthermore, the crystal structure of aRF1 is similar to
that of eRF1 (29). As in the case of eRF1, the structure of
aRFI1 consists of three domains, A, B and C, and each
domain is well superposed on the corresponding domain
N, M and C of eRFI. The domain A/N harbors NIKS
and YxCxxxF motifs, whereas the domain B/M harbors
GGQ motif. Therefore, the domains A/N and B/M are
responsible for the stop codon recognition and polypep-
tide release, respectively. However, a unique feature of
translation termination in archaea is that the archaeal
EFla (aEF1a) acts as the class II RF. aEF1a interacts,
in a GTP-dependent manner, with not only tRNA but
also aRF1 and aPelota, an aRFl-related protein
involved in mRNA surveillance (29). This strongly
suggests that aEFla performs three different functions:
translation elongation, translation termination and
mRNA surveillance. Recently, we reported the crystal
structure of the aPelota*aEF1a complex (30). Based on
this structure, a model of the aRF1+aEF1a complex was
constructed, which is similar to the crystal structure of the
tRNA «EF-Tu complex (29). Although this model is well
supported by mutational analyses, the participation of
the crucial amino acid residues for molecular interplay
between the class I and class II eRFs, revealed in
previous genetic analyses, was not consistently elucidated.
Therefore, the precise mechanism by which the class I RFs
are bound to the class II RFs and then delivered to the
ribosome still remains to be determined, for both eukary-
otes and archaea. The experimentally determined class I
and II RF complex structure is thus requisite to fully
understand the translation termination mechanisms in
eukaryotes and archaea.

Here, we present the complex structure of aRF1 and
GTP-bound aEF1la determined at 2.3 -A resolution. This
is the first experimentally determined structure of the
active class I and II RF complex, and it reveals how
GTP-bound aEFla recognizes aRF1, at an atomic reso-
lution. Our findings also provide novel insight into the
mechanism by which aRF1 recognizes stop codons
and catalyzes polypeptide release in the ribosome.

Furthermore, an engineered aEF1la with two mutations
still binds aRF1, but no longer binds aPelota, suggesting
specific recognition modes between aRF1 and aPelota and
implying the molecular evolution of the three functions of
aEFla.

MATERIALS AND METHODS
Sample preparation and crystallization

aRF1 and aEFla were expressed in Escherichia coli and
purified as previously described (29). aRF1 and aEFla
were concentrated by ultrafiltration to 20 and 30 mg/ml,
respectively, and then were mixed at a molar ratio of 1:1.
The protein solution (8.7mg/ml aRF1 and 9.9 mg/ml
aEFla, SmM GTP and 5mM MgCl,) was used for crys-
tallization screening of the aRF1+aEF1a*GTP complex.
However, despite extensive efforts, we only obtained
poorly diffracting crystals. We then tried in situ proteoly-
sis, by incorporating a trace amount of protease in
the crystallization screening (31), in which the protein was
incubated with chymotrypsin (1:1000 wt/wt) and screened
for crystallization. Crystals of the aRFl<aEFlaGTP
complex were grown by the hanging drop vapor diffusion
method at 20°C, by mixing equal amounts of the protein
solution and the reservoir solution (23% PEG4000,
200mM (NHy4),SOy4, 10 mM L-proline, 100 mM Bis—Tris,
pH 5.5). The crystals were cryoprotected in 20% ethylene
glycol, 27.6% PEG4000, 240mM (NH4),SO4, 12mM
L-proline and 120mM Bis-Tris, pH 5.5 and were
flash-cooled at 100 K.

Data collection, structure determination and refinement

Diffraction data were collected at beamline BL32XU
at SPring-8 (Harima, Japan), and were processed with
the program HKL2000 (HKL Research). The data collec-
tion statistics are summarized in Supplementary Table S1.
Phases were obtained by molecular replacement with the
program MOLREP (32), using the structure of the
isolated form of aRF1 (29) and that of aEFla in
the aPelotacaEFla complex structure (30) as search
models. The crystallographic asymmetric unit contains
one complex of aRF1+aEFla. The atomic model was
manually built using the program COOT (33), and
iterated cycles of refinement with PHENIX (34) and
manual rebuilding with COOT were performed at 2.3
A resolution. The final model was refined to an Ry of
20.1%, with an Rpe. of 26.1%. The structure refinement
statistics are summarized in Supplementary Table S2.

Yeast two-hybrid assays

For the two-hybrid assays, the genes encoding the
wild-type and mutated aRF1 were constructed in the
AD vectors. For the BD vectors, the wild-type and
mutated aEFla sequences were cloned into the pGBT9
vector (Clontech). The in vivo two-hybrid assay was
performed with the S. cerevisiae AH 109 strain, using
the same procedures and conditions as described previ-
ously (35).
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Pull-down assays

The gene encoding Aeropyrum pernix aEFlo (residues
7-437) was cloned into pET26b vector and expressed in
the E. coli Rosetta2(DE3) strain, as the C-terminally His-
tagged protein. aEFla was purified as previously
described (30), except that the His-tag was not cleaved.
The N-terminally His-tagged aPelota was expressed and
purified by chromatography on a Ni-NTA Superflow
column (Qiagen), as previously described (30). The
His-tag was then cleaved with thrombin. Finally, the
product was reapplied to the Ni-NTA Superflow
column, and the flow-through fraction was collected.
aRF1 was expressed and purified as previously described
(29). The purified proteins were mixed at a molar ratio of
aEFlo:aRF1 = aEFla:aPelota = 1:3 in the presence of
SmM GTP and 5mM MgCl,, and incubated at 70°C for
1 min. MagneHis™ Ni particles (Promega) were then
added to immobilize the His-tagged aEFla. After the
beads were washed, the immobilized proteins were eluted
with the buffer containing 300mM imidazole and
analyzed by Sodium dodecyl sulphate—polyacrylamide
gel electrophoresis (SDS-PAGE).

RESULTS AND DISCUSSION
Overall structure

We determined the complex structure of aRFI and
GTP-bound aEFla from A. pernix at 2.3 A resolution,
by the molecular replacement method (Figure 1; see also
Supplementary Tables S1 and S2). The structural coord-
inates of the GTP-bound aEFla in the aPelotasaEFla
complex structure (30) and those of the isolated form of
aRF1 (29) were used as search models. The overall struc-
ture of GTP-bound aEFla in the complex is similar to
that in the complex with aPelota and consists of three
domains: 1, 2 and 3 (Figure 1). Domain 1 of aEFla,
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Figure 1. Overall structure of the aRF1+aEFla*GTP complex, viewed
from two perpendicular directions. Domains 1, 2 and 3 of aEFla are
colored red, brown and yellow, respectively; Domains A, B and C of
aRF1 are colored turquoise, light blue and purple, respectively. The
bound GTP is shown by a ball-and-stick model. The disordered loop
of the residues Lys176-Tyr187 in aEF 1o domain B is represented as the
dashed line.
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which corresponds to the GTP-binding domain of eRF3,
recognizes GTP through one Mg”" ion and several water
molecules (Supplementary Figure S1). The overall struc-
ture of aRF1 also consists of three domains, A, B and C
(Figure 1). The domain arrangement is similar to that in
the isolated form of aRF1, with an rms deviation of 1.1 A
for all C, atoms. In domain B, a single peptide bond is
cleaved between Tyrl187 and Glul88, as confirmed by the
N-terminal sequence analysis, and residues Lysl76—
Tyr187 are structurally disordered, and thus are not
included in the model. This is the result of the in situ pro-
teolysis during crystallization (31) (see ‘Materials and
Methods’ section). In addition, residues Met1-Glu3 and
Lys431-Lys437 of aEFla, and Metl-Glu8 and Thr372—
Val373 of aRF1 are also structurally disordered.

Interactions between aRF1 and aEF1a

In the complex structure, all three domains of aEFla are
involved in the intermolecular interactions, while the
N-terminal domain A of aRF1 does not contact aEF1a.
The interaction interface between aRF1 and aEFla is
divided into three sites (Sites 1, 2 and 3) (Figure 2A),
and their detailed interaction manners are shown in
Figure 2B-D.

In Site 1, domain C of aRF1 interacts with domain 3 of
aEFla by hydrophobic interactions and several electro-
static interactions (Figure 2B). The side chain of Phe379
of aEF1a, which is widely conserved between aEF 1o and
eRF3 (29), interacts with the side chains of Leu293 and
Ala294 in aRF1 through hydrophobic contacts
(Figure 2B). The side chain of Trp354 of aRF1 forms a
hydrogen bond with the main chain oxygen of GIn378 of
aEFlo, and the side chain of Lys290 of aRFI
electrostatically interacts with the main chain oxygen of
Ala338 of aEF1a (Figure 2B). These observations are con-
sistent with our previous report, showing that Ala338 and
Phe379 of aEFla domain 3, and Lys290, Leu293 and
Trp354 of aRF1 domain C play important roles in
complex formation (29).

In Site 2, the loop from Glyl71 to Metl194 of aRFI,
containing the highly conserved GGQ motif (from Gly180
to GInl82 for A. pernix aRF1), was cleaved by chymo-
trypsin during crystallization, and interacts with domain 2
of aEF1a (Figure 2C). The cleavage of this loop implies
that it is exposed to the solvent and has a highly mobile
structure. Unlike the labile ester linkage coupling an
amino acid to a tRNA, the GGQ motif of aRF1 does
not have to be accommodated and protected in the
aEFla pocket for the amino acid-bound A76 of
the tRNA CCA end. Therefore, it is quite likely that the
pocket of aEFla is not used for the recognition of aRF1,
as in the case of the recognition of aPelota (30). Consistent
with this notion, the EI88A mutation in aRF1, as well as
the S242A mutation in aEFla, did not affect the yeast
two-hybrid interactions between aRF1 and aEFla
(Figure 3A and B), although the side chains of both
residues seem to contact the counter molecules weakly
(Figure 2C).

In Site 3, an extensive hydrogen-bonding network is
formed between domains 1 and 3 of aEF1a, and domain
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Figure 2. Interaction sites between aRF1 and aEFla. Proteins are depicted by ribbon models, with the domains color-coded as in Figure 1.
Hydrogen bonds and salt bridges are indicated by dashed blue lines. (A) The interaction interface between aRF1 and aEFla, which is divided
into three sites, sites 1, 2 and 3. The switch I and II regions of aEFla are highlighted in red. (B) The interactions between aRF1 domain C and
aEFla domain 3 (Site 1). (C) The interactions between aRF1 domain B and aEFla domain 2 (Site 2). (D) The interactions between aRF1 domain
B and aEFla domains 1 and 3 (Site 3). Water molecules and magnesium ions are depicted by red and grey ball-and-stick models, respectively.

B of aRF1 (Figure 2D). The side chains of Glu64, Glu67
and Asp96 of aEF1a contact Leu229, Glu233 and Asp254
of aRF1, respectively (Figure 2D). Among these residues,
Glu64 and Asp96 of aEF 1a play essential roles in complex
formation (Figure 3B). In addition, the His94 side chain in
aEFloa is fixed by a well-ordered water molecule,
coordinated by the side chains of the conserved Arg68
and Asp96 of aEF1la and by the main chain nitrogen of
Gly228 of aRF1 (Figure 2D). His94 of aEF 1o corresponds
to His84 of E. coli EF-Tu, which is considered to act as a
general base to allow the catalytic water molecule to
attack the y-phosphate of GTP (36). The catalytic water
molecule is present in-line with the y-phosphate of GTP
(Figure 2D). In concert with the hydrophobic gate formed
by Vall5 and Ile70 of aEF1a, these interactions may
sequester the side chain of His94 from the catalytic site
of the GTPase, thereby preventing the activation of the
catalytic water molecule, and thus stabilizing the GTP
form of aEFla (Figure 2D). Furthermore, in domain 3
of aEF1a, the side chains of His348 and Arg413 interact
with Tyr257 of aRFI1, while the Asp414 side chain

contacts GIn261 of aRF1. These residues are highly
conserved between eRF3 and aEF1a, consistent with the
previous consideration that the corresponding residues of
S. pombe ¢eRF3 may constitute, or exist nearby, the poten-
tial eRF1-binding site although their counterparts on
eRF1/aRF1 were not identified (37). Our functional
analyses revealed that while the mutations of His348 and
Asp414 of aEF1a and GIn261 of aRF1 do not affect the
yeast two-hybrid binding, the R413A mutation in aEFla
and the Y257A mutation in aRF1 both exhibit severe
defects (Figure 3A and B).

Structural similarity of aRF1-aEFla to tRNA
*EF-Tu and aPelotaaEFla

As expected from the sequence similarity between aEFla
and eRF3, the structures of the three domains of aEF1a
are similar to those of the corresponding domains of the
isolated eRF3 bound to the nonhydrolyzable GTP analog,
GDPNP (37) (rmsd values of 1.6 A, 1.1 A and 1.3 A, for
domains 1, 2 and 3, respectively). However, the relative
orientation of domain 1 with respect to domains 2 and 3 in
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Figure 3. Yeast two-hybrid analysis of aRF1 binding to aEF1a at Sites 2 and 3. (A) Two-hybrid analysis (3-d growth) of mutants of residues in Sites
2 and 3 in aRFI1 (activation domain, AD) against aEFla wild-type (binding domain, BD). (B) Two-hybrid analysis (3-d growth) of mutants of

residues in Sites 2 and 3 in aEFla (BD) against aRF1 wild-type (AD).

aEF1la is quite different from that in eRF3 (Figure 4A).
The structure of aEF1a superposes better on that of EF-
Tu in the tRNA «EF-Tu*GDPNP complex (27) than on
that of the isolated eRF3 (Figure 4A and B). This is
probably due to the fact that, in the complex structure,
the domain 1 of aEFla interacts with aRF1 domain B
through the GTP-bound switch I and switch II regions
(Figure 2D). Due to this interaction, the switch I and
switch II regions, which were disordered in the isolated
eRF3 structure, are stabilized and clearly visible in the
present structure of aEFla in complex with aRF1 and
GTP (Supplementary Figure S2A and B). This is consist-
ent with the previous observations that eRF1 stimulates
GTP binding to eRF3 (38,39) and that aEFla interacts
with aRF1 in a GTP-dependent manner (29). In addition,
this interaction stabilizes the GTP form of aEFla by
sequestering the side chain of His94, a general base,
from the GTPase catalytic site (Figure 2D). This may fa-
cilitate the delivery of aRF1 to the ribosomal A site by
aEFla in the GTP form.

As for aRF1, it is clear that aRF1 binds to the tRNA
recognition site of aEFla by mimicking the shape of
tRNA, with domains A, B and C of aRF1 corresponding
to the anticodon arm, acceptor stem and T stem of tRNA,
respectively (Figure 4C and D). In the presence of
GTP-bound domain 1 of aEF1a, the structure of aRF1
more closely resembles that of tRNA than that of eRF1 in
the eRF1+eRF3 complex structure, lacking the GTP-
binding domain (26) (Figure 4C-E). Furthermore, the
polypeptide-hydrolyzing GGQ motif and the stop
codon-recognizing NIKS motif of aRF1 (NIKL for
A. pernix aRF1) correspond well to the amino acid-bound
CCA end and the anticodon of tRNA, respectively
(Figure 4C and D). Therefore, the overall structure of
the aRFl+aEFla complex resembles that of the
tRNA*EF-Tu*GDPNP ternary complex (27). This
strongly supports our proposal that aEF1a delivers both
aRF]1, in translation termination and tRNA, in transla-
tion elongation, to the common ribosomal A site.

A comparison of the present structure with that of the
aPelota*aEF1a*GTP ternary complex suggests that the
interaction interface between aEFla and aRF1 is similar
to that between aEF 1o and aPelota (30) (Figure 5A and B).

Therefore, aEF 1o can interact with both proteins, since the
aEF1la-binding domains B and C of aRF1 and aPelota
adopt similar structures. However, the detailed intermo-
lecular interaction manners are different between these
two complex structures. For instance, Lys99 and Arg309
of aEFla form salt bridges with Asp 135 and Aspl137 of
aPelota, but not with the corresponding conserved residues
of aRF1 (Glul49 for Aspl35, and Aspl51 for Aspl37)
(Figure 5C and D). This is supported by the results of
our in vitro binding assay, which demonstrated that the
K99A/R309A double mutation of aEFla abolished its
ability to bind aPelota, but not aRF1 (Figure 5E).
Aspl35 and Aspl37 of aPelota constitute a negatively
charged patch on its surface, which coincides well with
the phosphate groups of the nucleotide residues at pos-
itions 1, 2, 66 and 67 in the tRNA acceptor stem (30).
Lys99 of aEFla corresponds to Lys90 of Thermus
aquaticus EF-Tu, which recognizes these phosphate
groups (27). Therefore, while both aPelota and aRF1
mimic the shape of tRNA and bind to the tRNA recogni-
tion site of aEF1la, aPelota further mimics the charge dis-
tribution on the surface of the tRNA molecule for the
interaction, in contrast to aRF1. On the other hand,
Argd13 of aEFla recognizes aRF1 and plays essential
role in complex formation (Figures 2D and 3B), but not
aPelota. These imply that aEFla can distinguish aPelota
from aRF1 by the partner-specific interactions. In the mo-
lecular evolution process, these partner-specific interactions
may enable omnipotent aEF1a to differentiate into three
unipotent eukaryotic translational GTPases: EFla, eRF3
and Hbsl.

Furthermore, the domain A structures are totally
different between aPelota and aRF1 (Figure 5A and B).
aPelota is delivered by aEFla to the vacant A site of a
ribosome stalled on an aberrant mRNA, and triggers
mRNA surveillance. In this process, domain A of
aPelota is considered to recognize the decoding center of
the stalled ribosome rather than the mRNA, in contrast to
the recognition of an mRNA stop codon by aRF1 domain
A. Therefore, the differences in the domain A structures of
aRF1 and aPelota may explain their functional
specificities.
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Figure 4. Comparison of the aRF1+aEFla*GTP complex structure with related structures. (A) Superposition of domains 2 and 3 of aEFla in the
present complex (red) with those of the GDPNP-bound form of eRF3 (blue) (PDB ID: 1R50). (B) Superposition of domains 2 and 3 of aEFla in
the present complex (red) with those of the GDPNP-bound form of EF-Tu (yellow) bound to tRNA (PDB ID: ITTT). (C) The complex structure of
aRF1+aEF1a+GTP (this work). Domains are color-coded as in Figure 1. (D) The complex structure of tRNA+«EF-Tu*GDPNP (PDB ID: 1TTT).
The domains of EF-Tu are color-coded as in aEFla. The tRNA is colored turquoise (anticodon arm), light blue (acceptor stem) and purple
(T stem). The bound GDPNP is depicted by a ball-and-stick model. (E) The complex structure of eRF1 and eRF3 lacking the GTP-binding domain

(PDB ID: 3E1Y). Domains are color-coded as in aRF1+aEFla.

Stop codon recognition by aRF1

The precise mechanism of sense codon decoding
by tRNA was clearly eclucidated in previous studies
(40,41). In the ribosome, the structure of the EF-
Tu-bound tRNA is distorted, as compared to that in the
isolated tRNA <«EF-Tu complex. In this A/T state con-
formation, the tRNA anticodon arm is bent and the
spatial arrangement of the D stem versus the acceptor-T
stem is changed, resulting in the bending of the tRNA
L-shape by ~30° (Figure 6A). By bending its flexible anti-
codon arm, the tRNA correctly samples the codon—anti-
codon pairing, which directly couples the codon
recognition to the GTPase activation of EF-Tu.
Therefore, the flexibility of the tRNA anticodon arm is
essential for correct decoding.

Domain A of aRF1, which corresponds to the anti-
codon arm of tRNA and is involved in stop codon recog-
nition, also seems to be flexible, since the relative
orientation of domain A with respect to domains B and
C is different between the isolated form of aRF1 and that
in the complex with aEF1a (Figure 6B). Therefore, aRF1
is considered to mimic not only the shape but also the
anticodon arm flexibility of tRNA. In this manner,
aRF1 may correctly recognize stop codons by adopting
a conformation similar to the A/T state tRNA, through
the flexibility of domain A.

In contrast to aRF1, domain A of aPelota adopts a
rigid conformation by forming several hydrogen bonds
with its domain C (Figure 6C) (30). Due to the rigid con-
formation of domain A, aPelota strictly mimics the A/T
state tRNA prior to the interaction with the ribosome.
The A/T state tRNA mimicry is essential for mRNA sur-
veillance by aPelota because it may enable aPelota to enter
the ribosomal A site and directly recognize the decoding
center, regardless of the codon sequence at the A site. In
order to enter the vacant A site of a ribosome stalled by an
aberrant mRNA, which may occur irrespective of the
mRNA codon in the A site, and to facilitate mRNA sur-
veillance, aPelota should be able to recognize the decoding
center of the ribosome in an A site codon-independent
manner. Therefore, aPelota accomplishes its function by
mimicking A/T state tRNA. In contrast, translation ter-
mination by aRF1, as well as translation elongation by an
aminoacyl-tRNA,  should strictly occur in a
codon-dependent manner in the ribosomal A site. In this
sense, aRF1 is functionally more similar to tRNA than
aPelota. Therefore, although both aRF1 and aPelota
bind to aEFla and are delivered to the ribosomal A site
by mimicking the shape of tRNA, at the functional level,
the stop codon-specific aRF1 mimics an isolated tRNA by
its flexible domain A, whereas the codon-nonspecific
aPelota strictly mimics A/T tRNA by its rigid domain A.
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Figure 5. Comparison of the complex structure of aRF1+aEF1o*GTP with that of aPelotasaEFloa*GTP. Domains are color-coded as in Figure 1.
(A) aPelota*aEF1a*GTP complex structure (PDB ID: 3AGJ). (B) aRF1<aEF1la*GTP complex structure (this work). (C) The interaction interface
between aPelota and aEFla. Lys99 and Arg309 of aEFle, and Aspl35 and Aspl37 of aPelota are depicted by ball-and-stick models. (D) The
interaction interface between aRF1 and aEFla. Lys99 and Arg309 of aEFla, and Glul49 and Aspl51 of aRF1 are depicted by ball-and-stick
models. (E) In vitro binding assay of wild-type (WT) and mutant (K99A/R309A) aEFla to aRF1 and aPelota. His-tagged aEFla (His-aEFla) was
mixed with aRF1 or aPelota, immobilized by MagneHis™ Ni particles and then eluted. Eluted fractions were analyzed by SDS-PAGE.

Peptidyl-tRNA hydrolysis by aRF1

By analogy with the translation elongation cycle, the rec-
ognition of a stop codon by aRF1 may primarily cause
conformational changes of aEFla in the switch I and
switch II regions, thus triggering the GTPase activity of
aEFla via catalytic water molecule activation by His94.
Intriguingly, Arg413, which resides in domain 3 of aEF 1o
and contacts Tyr257 of aRF1 (Figure 2D), forms an
additional contact with Glul34 in domain 1 of aEFla
(Figure 7A). This inter-domain contact of aEFla is
also observed in the tRNA+<EF-Tu-GDPNP ternary

complex (27), while they are sequestered from each other
in the tRNA +«EF-Tu+*GDPCP complex on the ribosome,
due to the conformational change between domains 1 and
3 of EF-Tu (41) (Figure 7B and C). The side chain contact
between Argdl3 of aEFla and Tyr257 of aRF1 is neces-
sary for the binding between aEF1a and aRF1 (Figure 3A
and B), although no interaction between the correspond-
ing residues was observed in the crystal structures of
human and S. pombe full-length eRF1 in complexes with
eRF3 lacking the GTP-binding domain (26). Tyr257 of
aRF1 is not conserved in aPelota, and no similar
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Figure 6. Structural comparison of tRNA, aRF1 and aPelota. (A) Comparison of EF-Tu-bound tRNA in the isolated (PDB ID: 1TTT) and the
ribosome-bound A/T state (PDB ID: 2XQD) forms, colored purple and yellow, respectively. (B) Comparison of aRF1 in the isolated (PDB ID:
3AGK) and aEFla-bound (this work) forms, colored red and turquoise, respectively. (C) The structure of aPelota bound to aEFla (PDB ID: 3AGJ).

A aEF1a B

Domain 1 Domain 1

Domain 3

EF-Tu

Domain 3

C EF-Tu on the ribosome
Domain 1

Domain 3

Figure 7. Inter-domain interaction between domains 1 and 2 of aEFla and EF-Tu through conserved arginine and glutamate residues (Glul34 and
Argdl13 for aEFla, and Glul18 and Arg389 for EF-Tu). Domains are color-coded as in Figure 1. (A) aEFla in the aRF1+aEF1lo*GTP complex
structure (this work). (B) EF-Tu in the tRNA<EF-Tu*GDPNP complex structure (PDB ID: ITTT). (C) EF-Tu in the tRNA+EF-TuGDPCP

complex structure on the ribosome (PDB ID: 2XQD).

contact between aPelota and aEF1la was observed in the
aPelotacaEF1a*GTP complex, which exhibited much
lower GTP hydrolysis activity on the Pyrococcus
horikoshii ribosome (29). These observations suggested
that Arg413 of aEFla, which mediates the interaction
between aRF1 and aEFla domain 1, couples the stop
codon recognition by aRF1 with the GTP hydrolysis by
aEF 1o on the ribosome. Subsequently, following GTP hy-
drolysis on the ribosome, aEFla in the GDP form
probably loses its affinity for aRF1 and may dissociate
from the ribosome. The question then arises as to how
aRF1 hydrolyzes the peptidyl-tRNA in the ribosomal
P site by its GGQ motif. The crystal structure of the
T. thermophilus ribosome in complex with RF1 revealed
that in the bacterial system, the main chain amide group
of the Gln residue in the GGQ motif plays a crucial role in
the catalysis, by either coordinating a water molecule to
attack the P site tRINA or stabilizing the transition state
(14). Since aRF1s also contain the GGQ motif conserved
among the archaeal species, this motif may play essentially
the same role as that in the bacterial system. Therefore, in

the ribosome, aRF1 may adopt a conformation that
places its GGQ motif in close proximity to the amino
acid-bound CCA end of the tRNA.

One of the possible conformational changes enabling
GGQ motif relocation may occur in the linker helices con-
necting domains B and C. The arrangement of domains B
and C of aRF1 in the present structure is considerably
different from that in eRF1 (Figure 8A—C). The linker
helix connecting them is bent in the structure of aRF1,
whereas it is straightened in eRF1. However, the amino
acid sequences of these linker helices are well conserved
between aRF1 and eRF1 (29). Therefore, it is likely that
domains B and C of aRF1 can also be arranged similarly
to those of eRF1. This may reflect the intrinsic flexibility
of this region. In the ribosome, the linker helices may
provide the flexibility required to properly position
the GGQ motif for peptidyl-tRNA hydrolysis. Further
clarification of the mechanism of anticodon recognition
and peptidyl-tRNA hydrolysis coupled with GTP hy-
drolysis will require the structure determination of the
aRF1+aEFla complex bound to the ribosome.
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Figure 8. Comparison of the arrangements of domains B and C in (A) aRF1 bound to aEFla (this work), (B) eRF1 (PDB ID: 1DT9) and (C) eRF1
bound to eRF3 lacking the GTP-binding domain (PDB ID: 3E1Y). Domains are color-coded as in Figure 1.
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