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The molecular mechanisms of translation termination and mRNA
surveillance in archaea remain unclear. In eukaryotes, eRF3 and
HBS1, which are homologous to the tRNA carrier GTPase EF1q,
respectively bind eRF1 and Pelota to decipher stop codons or to
facilitate mRNA surveillance. However, genome-wide searches of
archaea have failed to detect any orthologs to both GTPases. Here,
we report the crystal structure of aRF1 from an archaeon, Aeropyr-
um pernix, and present strong evidence that the authentic archaeal
EF1a acts as a carrier GTPase for aRF1 and for aPelota. The binding
interface residues between aRF1 and aEF1a predicted from aR-
F1-aEF1a-GTP ternary structure model were confirmed by in vivo
functional assays. The aRF1/eRF1 structural domain with GGQ
motif, which corresponds to the CCA arm of tRNA, contacts with
all three structural domains of aEF1a showing striking tRNA mimi-
cry of aRF1/eRF1 and its GTPase-mediated catalysis for stop codon
decoding. The multiple binding capacity of archaeal EF1a explains
the absence of GTPase orthologs for eRF3 and HBS1 in archaea spe-
cies and suggests that universal molecular mechanisms underlie
translational elongation and termination, and mRNA surveillance
pathways.
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In bacteria, eukaryotes and archaea, the stop codons are recog-
nized by the tRNA mimicking class-I release factors (RFs) (1).
The bacterial class-I RFs, RF1 and RF2, recognize the UAG/
UAA and UGA/UAA stop codons, respectively, by their con-
served tripeptide recognition motifs (2) and catalyze polypeptide
release by their conserved GGQ motifs (3). The crystal structures
of the Thermus thermophilus 70S ribosome complexed with RF1
or RF2 (4, 5) demonstrated that the functional domains of bac-
terial RFs work at the ribosomal catalytic sites corresponding to
the tRNAs by a mechanism of “molecular mimicry.” By contrast,
in archaea and eukaryotes, a single class-I release factor, aRF1
and eRF1, respectively, recognizes all three stop codons and cat-
alyzes polypeptide-chain release (6, 7). Although eRF1 and aRF1
share highly conserved sequence motifs throughout the molecule
(8) (Fig. S1), they lack phylogenetic and structural similarities
with the bacterial class-I release factors, except for the universally
conserved GGQ motifs (3) and their overall tRNA-like config-
urations (9).

eRF1 forms a heterodimeric complex with class-II release fac-
tor, eRF3, an elongation factor 1 alpha (EF1la)-related essential
factor (Fig. S2), to complete the overall translation termination
process in a GTP-dependent manner (10, 11). Recently, the
crystal structures of human and Schizosaccharomyces pombe
full-length eRF1 in complex with eRF3 lacking the GTP binding
domain were solved, revealing important molecular details, in-
cluding one of the binding sites between eRF1 and eRF3 (here-
after called “site 1”) (10). The binding of eRF1 and eRF3 at site 1
occurs primarily without GTP, and the small-angle X-ray scatter-
ing (SAXS) analysis of the eRF1-eRF3-GTP complex predicted a
eRF1-eRF3-GTP
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complex model (10), in which regulatory contact(s) are formed
between another structural domain of eRF1 and the GTP regu-
latory regions of eRF3, which are situated outside of site 1.
Although the precise contact sites between eRF1 and eRF3 are
not clear, the overall shape of the eRF1-eRF3-GTP complex re-
sembles that of the tRNA-EF-Tu-GTP complex structure, strongly
suggesting the existence of structural and functional analogies
between the elongation and termination steps in eukaryotes
(10). However, the structural details for the GTPase-mediated
decoding of stop codons by eRFs and the similarities to the tRNA
system remain to be clarified.

Recently, the atomic structures of the eRF1/aRF1-related
Pelota proteins (Dom34p in budding yeast) were reported (12,
13). Pelota binds Hbs1, which is another EFla-related subfamily
GTPase (Fig. S2), and is considered to play a crucial role in
mRNA surveillance for protein synthesis (14). In addition to
the conservation of eRF1/aRF1 and Pelota/aPelota in eukaryotes
and archaea, the phylogenetic absence of eRF3 and Hbs1 ortho-
logs in archaea revealed by systematic genome analyses (8),
raised intriguing questions about the identities of the molecular
basis for in translation termination and mRNA surveillance
between eukaryotes and archaea.

Here we present the atomic structure of aRF1 from a
Crenarchaeon, Aeropyrum pernix (ape-aRF1). The fact that the
ape-aRF1 maintained the putative GTPase binding domain struc-
ture (Fig. 1), which was identified in eukaryotes, prompted us to
test the hypothesis that the authentic archaeal EFla (aEFla)
could serve as a carrier GTPase protein for both aRF1 and aPe-
lota onto the ribosome. Our biochemical and genetic analyses
provided the evidence of the functional binding between
aRF1/aPelota and aEF1a, which explains the absence of specific
GTPases for the two tRNA mimicking proteins in archaeal
species. Moreover, based on our crystal structure of the aPelo-
ta-aEF1a-GTP complex (15), we have constructed a reliable
docking model of the aRF1-aEF1a-GTP complex, to elucidate
the structural basis for the GTPase-mediated mechanism of stop
codon decoding via tRNA mimicry. The biological implications
for the evolution of the tRNA mimicry systems are discussed.
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Results and Discussion

Atomic Structure of A. pernix aRF1. The crystal structure of an
archaeal class-I release factor (aRF1) from A. pernix (16), an
extremophilic Crenarchaeon, was determined by the multiple-
wavelength anomalous dispersion method and refined to 2.2-A
resolution (Tables S1 and S2). The overall structure of aRF1 is
organized into three domains, domains A, B, and C (Fig. S34).
As expected from the sequence similarity between aRF1 and
eRF1, each of the three domains of aRF1 has a structure similz.}r
to the corresponding domain of eRF1 (17) (rmsd values of 1.2 A,
1.6 A, and 1.9 A, for domains A, B, and C, respectively). How-
ever, the domain arrangement is completely different from that
of eRF1 (see below for details). In addition, the loops formed by
residues 100-104 in domain A and 175-186 in domain B of aRF1
are disordered in the crystal structure and thus were not modeled.

Structural Conservation of the Putative GTPase Binding Site in aRF1
and aPelota. In the process of translation termination in eukar-
yotes, eRF1 is bound to eRF3 and thereby delivered to the A site
of the ribosome presenting the stop codon. The conserved
C-terminal part of eRF3 (18) consists of three domains (domains
1, 2, and 3), which share structural similarity to the translational
GTPases, including the eukaryotic and archaeal EFla proteins.
The crystal structures of eRF1 in complex with domains 2 and 3
of eRF3 (eRF3-d23) have been reported, in which domain C of
eRF1 forms hydrophobic interactions with domain 3 of eRF3,
constituting the primary binding site (10) (site 1).

The aRF1 from Aeropyrum pernix (ape-aRF1) has a large
deletion in the middle of domain C, as a hallmark of this phylum
(Fig. 14). This truncation, along with the distinctive arrange-
ments between domains B and C (described later), causes the
overall structure of aRF1 to be strikingly compact, as compared
to the apo- and semicomplexed structures of eRF1 (PDB ID
codes 1DT9 and 3E1Y, respectively), and it fits the shape of the
tRNA well (Fig. S3B). Despite its simple structure, the purified
recombinant aRF1 exhibits polypeptide-chain releasing activity in
response to each of the three stop codons programmed on the

A Site 1

GGQ 437
142~ /\ac_\dlc rich

mammalian 80S ribosome (Fig. 24). Moreover, the residues
involved in the site 1 interaction are well conserved in aRF1
(Fig. 1B) and maintain the domain structure (Fig. 1C; also
see Fig. 3).

Recently, the apo-form crystal structures of an aRF1/eRF1-
related protein, Pelota (Dom34p in budding yeast), from both
a eukaryote and an archaeon were reported (12, 13). Pelota binds
another EFla family protein, Hbsl, and is considered to play a
crucial role in mRNA surveillance for protein synthesis, such as
in No-go decay (NGD), in which endonucleolytic cleavage of the
mRNA is induced upon translation arrest, in order to eliminate
the aberrant mRNAs and rescue the stalled ribosomes (14).
Although little is known about the function of Pelota, the struc-
tural similarities to eRF1 and aRF1 are predominantly observed
in domains B and C, including site 1 (Fig. 1B).

Based on these structural similarities, aRF1 and archaeal
Pelota (aPelota) are assumed to bind to a putative translational
GTPase to be delivered to the ribosome. However, in spite of the
phylogenetic conservation of eRF1/aRF1 and Pelota/aPelota in
eukaryotes and archaea, no archaeal orthologs of eRF3 and
Hbs1 have been identified by genome analyses. Because the only
EFla family GTPase found in archaeal genomes is aEF1a (8), it
is tempting to hypothesize that aEF1a plays multiple roles as the
EF1a-like GTPase for both aRF1 and aPelota, as well as for the
canonical tRNAs. Domains B and C of aRF1 and aPelota share
higher sequence similarity than those of eRF1 and Pelota, thus
supporting this hypothesis.

Multiple Functional Binding of ape-EF1« to aRF1 and aPelota. In vitro
pull-down experiments using tagged and nontagged recombinant
proteins were performed, to examine the binding capability
between aEFla and aRF1/aPelota. aRF1 was copurified with
His-tagged aEFla only in the presence of Mg>* /GTP (Fig. 2B).
Similarly, aEFla was copurified with His-tagged aPelota only
in the presence of Mg>*/GTP (Fig. 2C). These results clearly
indicate that the GTP form of archaeal aEF1a binds both aRF1
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Fig. 1. Conservation of the putative GTPase binding domain site 1 of aRF1. (A) Schematic presentation of eRF1 and two major groups of aRF1s (Euryarchaeota

and Crenarchaeota). As a member of Crenarchaeota, A. pernix aRF1 lacks a large portion of domain C (“A"). Site 1, the predominant GTPase binding site found
in the eRF1-eRF3-d23 crystal structure (located separately in sequences 1A and 1B) (10), and other relevant sites are indicated. The numbers of amino acid
residues are indicated for representatives of each group in brackets. Homologous Pelota regions (domains B and C) are indicated in red. (B) Alignment of
representative aRF1/eRF1/Pelota amino acid sequences around site 1 in A. The black dots above the sequences indicate the previously demonstrated critical
contact residues for eRF3 binding (10). Distances in the eRF1-eRF3-d23 complex (4 A, 6 A) are also indicated in colored dots at the top. (C) Superposition of the
domain C (site 1) structures of aRF1 and eRF1. The extra region of eRF1, which is truncated in the Crenarchaeota aRF1 group, is indicated as A. This is a rear side
view of Fig. S3A.
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Fig. 2.

ribosomes), as indicated. See Materials and Methods for details.

and aPelota. The yeast two-hybrid analysis also demonstrated the
binding of aRF1 and aPelota to aEFla (Fig. 44).

Because the predicted interface of eRF3 for binding with eRF1
overlaps with the interface of EFla for binding aminoacylated
tRNAs, as deduced from tRNA-EF-Tu-GTP ternary complex
structures (19), aRF1, aPelota, and the aminoacylated tRNA
are expected to bind exclusively to EFla. The competitive bind-
ing of aRF1 and aPelota to the aEF1a-tRNA-GTP complex, i.e.,
aEF1a complexed with valyl-tRNAY? in the presence of GTP, was
examined and indicated that both aRF1 and aPelota bind to
EFla competitively, replacing the aa-tRNA (Fig. 2 D and E).

The ribosome-dependent GTPase assay of EFla, using the
thermostable ribosome from the hyperthermophilic archaeon
Pyrococcus horikoshii OT3 (20), demonstrated the aRF1-depen-
dent GTPase activation of EFla (Fig. 2F). This clearly indicates
that aRF1 forms the ternary complex with aEFla to promote
ribosome binding in the presence of GTP for the stop codon
dependent peptide-chain release (Fig. 24), as demonstrated in
eRF1/eRF3 cases (11). On the other hand, aPelota strongly
inhibited the GTPase activity of aEFla to a level even lower
than that of the residual GTPase background accompanying the
Pyrococcus ribosome, probably due to its tight and stable complex
formation upon binding to the ribosome (Fig. 2F). Although the
physiological significances of much slower GTP hydrolysis rate
exhibited by aPelota-aEF1a-GTP complex with free Pyrococcus
ribosome is not clear at present, this result suggests that aPelota
form a complex with aEF1a prior to ribosomal entry in the pre-
sence of GTP. The structural interpretation based on the aPelo-
ta-aEF1a-GTP ternary complex structure, in which the prolonged
stall of the aPelota-aEF1a-GTP complex at the ribosomal A site by
slow GTP hydrolysis promotes mRNA decay pathway (15), could
be worth further analysis. There is, unfortunately, no feasible ex-
perimental system to analyze overall activities of archaeal aRF1
and aPelota in translation termination and mRNA surveillance;
however, our results strongly indicate the functional coupling
of the complex formation of aRF1 and aPelota with aEF1a.

19244 | www.pnas.org/cgi/doi/10.1073/pnas.1009599107

In vitro analysis of aRF1 and Pelota for aEF 1« binding. (A) The f[3H]Met release assay of aRF1, using Hela S3 ribosomes programmed with a stop-codon
containing mini mRNA. The dose curve for UGA-dependent release and the activities at 100 pmol/50-pL reaction volume are shown in the histogram. The in
vitro binding of HisTagged-aEF 1« to aRF1 (B) and the in vitro binding of HisTagged-aPelota to aEF1a (C) are demonstrated by pull-down assays. The reaction
mixtures including the factors [“Input,” HisTagged protein only (Left), HisTagged protein and nontagged protein (Middle), both with Mg?* /GTP (Right)] were
mixed with MagneHis™ Ni particles and the HisTagged proteins were immobilized, and then the HisTagged proteins and their binding factors were resolved by
SDS-PAGE. The flow-through fraction (FT), the wash fractions (Wash), and the eluted fractions (“Elution”) are shown. In vitro competition assays for the
aEF1a-["*C]Valyl-tRNAV2' complex by aRF1 (D) and aPelota (E) are shown. The mixtures of ['4C]Valyl-tRNAV2 with the factors indicated above were resolved
by native PAGE, and the shifted bands were analyzed. (F) GTPase assay with Pyrococcus ribosomes. The ribosomes were mixed with various combinations of
aEF1a (10 pmol), aRF1 (40 pmol), and aPelota (40 pmol), or with Ph EF-2 (10 pmol, as a control of GTP hydrolysis by translational GTPase in Pyrococcus horikoshii

Modeling of the aRF1-aEF1a-GTP Complex for Prediction of the Reg-
ulatory Contact Sites Between aRF1 and aEF1a. The present in vivo
and in vitro analyses demonstrated that aEFla interacts with
aRF1 and Pelota (aPelota), as well as the aa-tRNA. To elucidate
the molecular details of these interactions, we recently solved the
crystal structure of the ternary complex of A. pernix aPelota,
aEF1la, and GTP [Fig. 5, Middle (15)]. The overall shape is strik-
ingly similar to that of the tRNA-EF-Tu-GTP complex structure.
Moreover, the first atomic structure of the aPelota-aEFla com-
plex revealed the detailed interactions between aEFla and aPe-
lota, in which domains B and C of aPelota are recognized by
aEF1la in the GTP-bound form. Domain 3 of aEFla and domain
C of aPelota form a quite similar interaction to that observed at
site 1 of the eRF1-eRF3-d23 complex (10). However, the linker
helices connecting domains B and C of aPelota in the Pelota-aE-
Fla complex exhibit a sharply bent conformation mediated by
hydrophobic interactions (15), facilitating the concomitant bind-
ing of domains B and C to aEFla. In contrast, the conserved
linker helices in the previous eRF1 (Fig. S4C, Right) and Pelota/
Dom34 structures are stretched, and thus the two putative
concomitant binding surfaces are sequestered; e.g., when site 1
is fixed, domain B of eRF1 in the eRF1.eRF3-d23 complex
(PDB ID code 1DTY9) is rotated by 114° relative to domain B
of aRF1 (Fig. S4C).

Interestingly, the overall structure, including the orientations
of domains B and C of aRF1, is quite similar to that of aPelota
bound to aEF1a. Moreover, the linker helices of aRF1 also adopt
a bent conformation (Fig. S4), which is stabilized by hydrophobic
interactions between domains B and C, involving L158, L163,
V267, and M268 of domain B, and Y279 and V283 of domain C
(Fig. S4 A and B). Therefore, aRF1 domains B and C in the pre-
sent structure can be directly docked onto the GTP-bound form
of the aEF1a surface (Fig. S5), in a similar manner to the aPelota-
aEF1a complex. Hence, we constructed a reliable docking model
of the aRF1-aEF1a-GTP complex based on the sequence and
structural similarity (Fig. 34).

Saito et al.
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Fig. 3. aRF1.aEF1a-GTP complex model and interactions between aRF1 and aEF1a. (A) A docking model of the aRF1-aEF1a-GTP complex. aEF1a is colored red
(domain 1), orange (domain 2), and yellow (domain 3); aRF1 is colored as in Fig. S3. The bound GTP is shown in a green-colored stick model. The Mg?* is shown
as a magenta sphere. The five interaction sites between aRF1 and aEF 1« are indicated, and A-D for domain B of aRF1 (red), and site 1 for domain C of aRF1
(green) are boxed. Domain B (aRF1) interactions with aEF 1« are observed at four sites: A, switch | region; B, switch Il region; C, domain 2 cleft region; D, domain
C linker helix region. (B) The interaction sites are shown with the relevant amino acid residues depicted by stick models, colored red for those of aEF1a, and

black for aRF1. The GGQ motif is modeled according to human eRF1 structure. Figures were rendered using Pymol (32).

The surface groove of domain C of aRF1, which interacts
with domain 3 of aEFla, is composed mainly of hydrophobic
amino acids. These residues are located in helices a9 and al2,
and strands 9 and p12, and form a hydrophobic patch. The in-
teraction manner between domain C and domain 3 of the aRF1-
aEF1a-GTP complex seems to be essentially identical to that of
the site 1 interactions of the eRF1-eRF3-GTP complex described
above. F359 of aRF1 and Y343 of aEF1a are highly conserved,
and the corresponding residues were previously shown to be im-
portant for the interaction between eRF1 and eRF3 of S. pombe
(site 1 in Fig. 34 and B). In our yeast two-hybrid assay, the aRF1
protein with the mutations of residues K290, L.293, W354, and
F359, corresponding to F288, 1291, Q400, and F405 of eRF1, re-
spectively, showed a significant reduction in aEFla binding
(Fig. 4C). Consistently, the mutation of aEF1a at residues S337,
A338, and F379, corresponding to S571, 1572, and F612 of eRF3,
showed a weaker interaction with aRF1 (Fig. 4B, domain 3;
Fig. 4C, domain C). These results are also consistent with the
previous analysis of the eRF1-eRF3 interaction at site 1 (10).

Interaction Sites by Domain B of aRF1 Bridging All Structural Domains
of aEF1a. In the current aRF1-aEF1a-GTP complex, domain B of
aRF1 seems to interact with all of the structural domains of
aEFla in essentially the same manner as aPelota (15), through
conserved interaction sites. The interaction sites in the aRF1-aE-
Fla-GTP complex model were examined for aRF1/aEF1a as well
as eRF1/eRF3 by yeast two-hybrid binding assays and/or yeast
growth complementation assays, as follows.

Switch Regions I and Il of Domain 1. The side chain of the strongly
conserved K176, on the loop between 7 and a5 of aRF]1, interacts
with the side chains of E65 and T75, and the main chain
oxygen of D73 in the switch I region of aEF1a (“A,” Fig. 3B). Ala-
nine substitutions at E65 and D73 of aEF1a mildly reduced the
two-hybrid binding with aRF1 and, consistently, corresponding
substitutions at E297 and E305 of S. pombe (hereafter referred
to as Sp-eRF3) also reduced the two-hybrid binding with S. pormbe
eRF1. Mutations of the residues E64A of aEF1a, G228A of aRF1,
and T294A of Sp-eRF3 (M62 in aEF1a), which were estimated to
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Fig. 4. Yeast two-hybrid analysis of aRF1/Pelota binding to aEF1a at sites 1 and 2. (A) Two-hybrid analysis (5-d growth) between wild-type aEF1a (binding
domain, BD) and aRF1/aPelota (activation domain, AD). (B) Two-hybrid analysis (3-d growth) of mutants on site 1 and site 2 residues in aEF 1o (BD) against aRF1
wild type (AD). (C) Two-hybrid analysis (3-d growth) on mutants of site 1 and site 2 residues in aRF1 (AD) against aEF 1 wild type (BD). (D) Mutational analysis of
site 2 residues in Sp-eRF3. The upper row presents the results of the two-hybrid interaction of Sp-eRF3 mutants (BD) against Sp-eRF1AN2-F288A (AD). The lower
row presents the results of the complementation of Tet-off eRF3 S. cerevisiae strain. (E) Mutational analysis on site 2 residues in SP-eRF1. The upper row
presents the results of the two-hybrid interaction of Sp-eRF1 mutants (AD) against Sp-eRF3-Y577A (BD). The lower row presents the results of the comple-
mentation of Tet-off eRF1 S. cerevisiae strain.
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be crucial for this binding site inferred from the aPelota complex,
drastically reduced the two-hybrid binding (Fig. 4 B-D).

The region connecting strand p5 to $6 of aRF1 consists mainly
of acidic residues, in which the side chains of E149 and D151
of aRF1 form salt bridges to K99 in the aEFla switch II region
(“B,” Fig. 3B). In addition, the highly conserved P227 and G228
residues, on the loop between 8 and w6, contribute to the for-
mation of the small convex area of aRF1, which contacts F97
of aEFla, and exhibits a shape complementary to that of the
switch I and II regions of aEFla. Supporting this proposal, the
mutations of E149A and P227A in aRF1, as well as Y329A in
Sp-eRF3 (F97 in aEFla), reduced the aRF1-aEF1a interaction
in a yeast two-hybrid assay (Fig. 4 B-D).

Domain 2. The residues of p-strand a, and the loop region between
B-strand e, and p-strand f, form a narrow cleft with the switch
region I of domain 1 of aEFla (Fig. S2), which would sandwich
the loop region between the p-strand p7 and the helix a7 of
aRF1, including the GGQ motif (“C,” Fig. 3B). Mutations in this
region, such as Y477A of Sp-eRF3 (Y241 in aEF1a), reduced the
yeast two-hybrid binding (Fig. 4D), and the mutants L173A and
K176A of S. pombe eRF1 (hereafter Sp-eRF1) (V173 and K176
of aRF1) (Fig. 4E) exhibited functional defects in a growth com-
plementation assay. Importantly, the H177A Sp-eRF1 mutation
(H177A of aRF1) resulted in a strong dominant negative effect
for cell growth and translation termination in the budding yeast,
suggesting that the H177 residue of aRF1 is crucial for regulatory
interactions.

Domain 3. K394 of aEF1a and E168 of aRF1, as well as D414 of
aEF1la and K269 of aRF1, the latter of which resides in the linker
helix region (a8, ®9) of aRF1, form close contacts in the model.
Previously, we reported that the D647A mutation in Sp-eRF3
(D414 in aEF1a) reduced its binding to Sp-eRF1 (10). Consistent
with this observation, the E168A mutation in aRF1 also reduced
its binding to aEFla (Fig. 4C).

Consequently, our analyses clearly demonstrated the function-
ality of all of the contact sites in aRF1/aEFla as well as eRF1/
eRF3 suggested by the current aRF1-aEF1a-GTP complex
model. Despite their overall similarities, the docking orientation
of domain B vs. domain C of aRF1 largely differs from that of
eRF1 in our previous eRF1-eRF3-GTP complex model (10),
which was constructed by simple rigid-body transformation of
the eRF1-eRF3-d23 crystal structure to fit the lower resolution
image of the eRF1-eRF3-GTP complex revealed by a SAXS
experiment. The mild defects shown by the alanine substitutions
at residues 189 and 200 of eRF1 (in S. pombe; 192 and 203 in
human), which protrude from the complex and lack contacts with
eRF3 in the current model (in “C” of Fig. 3B) and were proposed
to be involved in GTPase activation in our previous study, now
suggest that those conserved residues are rather important for
other interactions, such as ribosomal binding and/or the translo-
cation of domain B in the A site. The current aRF1-aEF1a-GTP
complex model described in this study updates the previous mod-
el and sheds light on the details of the interactions between aRF1/
eRF1 and aEF1a/eRF3 and also provides a functional interpre-
tation of the GTPase in translation termination (depicted in
Fig. S6). A summary of the contact site residues in this study is
provided in Table S3.

Biological Implications for the Multiple Roles of aEF1a for tRNA and
tRNA Mimicry Proteins. We constructed a model of the tRNA-
aEFla complex, based on the tRNA-EF-Tu -GTP complex
structure. The overall structures of the aRF1-aEF1a-GTP, aPelo-
ta-aEF1a-GTP, and tRNA-aEF1a-GTP complexes are very similar
(Fig. 5). In the structure of the aPelota-aEF1a-GTP complex, a
negatively charged patch is formed on the surface of aPelota do-
main B, which is recognized by K99 of aEFla. A similar acidic

19246 | www.pnas.org/cgi/doi/10.1073/pnas.1009599107

aEF1a
domain 1 ™D

aPelota

Fig. 5. tRNA molecular mimicry in translation and structural basis for
GTPase-mediated stop codon decoding. The complex models for aRF1-aE-
F1a-GTP (Left) and aa-tRNA-aEF1a-GTP (Right) are exhibited with the
aPelota-aEF1a-GTP complex structure (15).

patch is also formed by E149, D151, and E168 of aRF1 domain
B, which may also be recognized by K99 of aEF1a. Moreover, the
residues constituting the acidic patch coincide well with the phos-
phate groups at positions 1, 2, and 67 in the tRNA acceptor stem.
In the structure of the Thermus aquaticus aa-tRNA-EF-Tu com-
plex, these phosphate groups are recognized by K90 of EF-Tu
(19), which corresponds to K99 of aEF1a and is widely conserved
among the aEF1o/EF1a/EF-Tu subfamilies. Therefore, the acidic
patch conserved between aRF1 and aPelota may enable their
binding to aEF1a, by mimicking the tRNA phosphate backbone.
Extensive phylogenetic analyses have revealed the absences of
eRF3 and Hbsl orthologs in archaeal genomes and have shown
that the eRF3 and Hbsl1 proteins are highly conserved throughout
eukaryotic species, whereas the authentic Hbs1 is missing in a few
eukaryotic Apicomplexa species, despite the presence of apparent
Pelota/Dom34 orthologs in the genome (8). Thus, it was originally
proposed that GTPase participation is dispensable in the archaeal
and/or some primitive branches of eukaryotes for NGD as well as
for translation termination (8). Those situations might be partially
explained by the fact that Hbsl is nonessential, at least for the
growth of budding yeast (21), and the fact that eRF1/aRF1 (6, 7)
or the simple ape-aRF1 per se can catalyze peptide-chain release
in vitro without GTPase counterpart molecules, as in the bacterial
class-I RFs. However, our present results strongly suggest that
the tRNA mimicking proteins, aRF1/eRF1 and aPelota/Pelota,
are tightly coupled with the translational GTPase activities and
coevolved from a cenancestor of eukaryotes and archaea.
Similarly, it has been reported recently that the pair of elonga-
tion factor G (EF-G)-related GTPases, EF-G1 and EF-G2, exclu-
sively catalyze either translocation or ribosome recycling reactions
in human mitochondria, whereas in most bacterial species a single
authentic EF-G catalyzes both reactions (22). Those facts tell us
certain aspects of differentiation in the evolution of universal
translational GTPases families, EF1a, eRF3, and Hbs1. The genes
encoding translational GTPases are often present in multiple
copies in the genomes of many organisms, presumably to support
efficient protein synthesis. It is well known that translation termi-
nation as well as mRNA surveillance systems recruit many addi-
tional regulatory factors and are incorporated into various
regulatory networks, especially in higher organisms (8). Therefore,
it is tempting to assume that gene multiplication of a cenancestral
GTPase for an omnipotent EFla might have triggered the func-
tional compartmentation of the regulatory mechanisms in indivi-
dual tRNA mimicking systems (schematized in Fig. S7) (23).

Materials and Methods

Expression and Purification of A. pernix aRF1. The gene encoding full-length A.
pernix aRF1 was cloned into the pET28c vector (Novagen) and was overex-
pressed in the Escherichia coli BL21(DE3)RIL strain. SeMet-labeled aRF1
was expressed in the B834(DE3)RIL strain.
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Crystallization and Data Collection. SeMet-labeled aRF1 was concentrated by
ultrafiltration to 5.3 mg/mL. Crystals of SeMet-labeled aRF1 were grown at
20 °C, by mixing equal amounts of the protein solution (4.8 mg/mL aRF1 in
buffer E containing 10 mM ATP) and the reservoir solution (200 mM ammo-
nium citrate tribasic, pH 7.0, 12% PEG monomethyl ether (MME) 2000, 10 mM
ATP). Crystals were cryoprotected in 25% ethylene glycol, 220 mM ammo-
nium citrate, pH 7.0, 14% PEG MME 2000, and 11 mM ATP, and were
flash-cooled at 100 K. Native crystals were grown from seed crystals of Se-
Met-labeled aRF1, cryoprotected, and flash-cooled under the same condi-
tions as described above. Diffraction data were collected at the beamlines
BL41XU at SPring-8 and NW12A at KEK PF-AR and were processed with
the program HKL2000 (HKL Research). The statistics of the data collection
are summarized in Table S1. The structure factors and coordinates of aRF1
have been deposited in the Protein Data Bank (PDB ID code 3AGK).

Structure Determination and Refinement. The structure was determined by the
multiwavelength anomalous dispersion method, using the selenium anom-
alous signal. Twelve of the 14 selenium sites were detected by the programs
SHELXC and SHELXD (24), with the dataset up to 2.8 A collected at the peak
wavelength. Heavy-atom refinement and phase calculations were performed
with the program SHARP (25), followed by solvent flattening with the pro-
gram SOLOMON. The automatic model building was performed with the pro-
gram RESOLVE. The model was subsequently improved through alternate
cycles of manual building using the program COOT (26) and refinement with
the program PHENIX (27), after 5% of the reflections had been set aside to
calculate the Rfee. The final model was refined against the native dataset up
t0 2.2 A to an Ryork Of 23.8% with an Rgee Of 29.3%.

Release Assay of aRF1. The stop codon dependent f[3H]Met release assay was
performed as described previously (28), using 80S ribosomes purified from
the Hela S3 cell line. The concentration of aRF1 is indicated as pmol per
50-pL reaction volume. The amount of f[3H]Met released at zero time was
subtracted from all values. Assay conditions and other factor preparations
were described previously (29).

Preparation of P. horikoshii ribosomes and GTPase assay. Archaeal ribosomes
were prepared from P. horikoshii cells as described previously (28), except
that an extraction buffer containing 20 mM MgCl,, 10 mM KCl, 5 mM
2-mercaptoethanol, and 20 mM Tris-HCl, pH 7.6, was used. The GTPase activ-
ity dependent on the factors was assayed in the presence of 2.5 pmol of
P horikoshii ribosomes, in a solution (20 pL) containing 30 nmol
[r-32P]GTP, 7 mM MgCl,, 50 mM NH4Cl, and 20 mM Tris-HCl, pH 7.6 After
an incubation at 90 °C for 10 min, the liberated inorganic phosphate was
extracted and quantitated, as described previously (30).
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Pull-Down and tRNA Competition Gel Shift Assays. Each of the HexaHis-tagged
and tag-cleaved purified proteins was mixed (at molar ratios of
aEF1a:aRF1 = 1:1, aEF1a:aPelota = 2:1) and incubated in the binding buf-
fer (100 mM Tris-HCl, pH 8.0, 500 mM NacCl, 10 mM MgSO,, 1 mM GTP) at
70 °C for 1 min, and then the His-tagged protein was immobilized with Mag-
neHis™ Ni particles. The beads were washed twice with the binding buffer
containing 1 mM imidazole, and then the bound proteins were copurified
with the binding buffer containing 500 mM imidazole. The fractions were
analyzed by 12.5% SDS-PAGE. For the tRNA competition assay, aRF1, Pelota,
and the valyl-tRNAval transcript, charged with [*C]valine by the valyl-tRNA
synthetases [NP_148179.2], were mixed at the indicated molar ratios and
incubated with EF1a at room temperature for 5 min. The reaction mixtures
were then analyzed on a native acrylamide gel, and the image was analyzed
with a BAS3000 image analyzer system (Fuji Film Co., Ltd.).

Yeast Two-Hybrid Assays and Growth Complementation Assays. For the two-hy-
brid assays, the genes encoding the wild-type and mutated aRF1 were con-
structed in the AD vector. The eRF1 binding variants were constructed on the
N-terminal truncated form of eRF1 (i.e., Sp-eRF1AN2), with efficient binding
capacity for eRF3, in the AD vector. For the BD vectors, the wild-type and
mutated aEF1a or eRF3c (residues 196-662 of S. pombe) sequences were
cloned into the pGBT9 vector (Clontech). The in vivo two-hybrid assay was
performed with the S. cerevisiae AH109 strain, using the same procedures
and conditions as described previously (31).

For growth complementation, the wild-type and mutated eRF1 and eRF3
sequences were cloned into p416ADH plasmid (10). The growth of the tetra-
cycline repressible eRF1 and eRF3 strains, tet-OFF sup45 and tet-OFF sup35,
transformed by the eRF1 and eRF3 expression plasmids, respectively, was
examined on agar plates with 7.5 pg/mL of doxycycline.
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