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Termination of translation in eukaryotes has focused
recently on functional anatomy of polypeptide chain
release factor, eRF1, by using a variety of different
approaches. The tight correlation between the domain
structure and different functions of eRF1 has been
revealed. Independently, the role of prokaryotic RF1/
2 in GTPase activity of RF3 has been deciphered, as
well as RF3 function itself.
Keywords: polypeptide release factors/ribosomes/
RNA±protein recognition/translation

Introduction

Several overviews of termination in protein synthesis have
been published recently (Kisselev and Buckingham, 2000;
Poole and Tate, 2000; Bertram et al., 2001; Wilson et al.,
2002). In this mini-review, we will focus on some
important conceptual aspects of translational termination
and discuss a few novel and unexpected experimental
®ndings.

Termination of translation exempli®es in a striking way
how informational and chemical aspects of biology can be
integrated fundamentally. Termination signals of poly-
peptide synthesis are encoded in the genome and tran-
scribed to mRNA in the form of three different base
triplets referred to as termination, stop or nonsense codons.
When a stop codon has been translocated into the
ribosomal A-site by the action of elongation factor EF-G
or eEF2, it is decoded at the small ribosomal subunit.
However, the chemical reaction that is triggered by a stop
signal, the cleavage of the ester bond between the peptidyl
and tRNA moieties of the peptidyl-tRNA, occurs within
the large ribosomal subunit at the peptidyl transferase
centre (PTC) of the ribosome. How a stop signal can be
transduced from the small to the large ribosomal
subunit and trigger hydrolysis of peptidyl-tRNA remains
unknown.

Class-1 polypeptide release factors decode
stop signals in mRNA

Decoding of the stop signals in mRNAs could, in principle,
be implemented by (i) the ribosome itself; (ii) external
factors that associate with the ribosome in response to a
stop signal and then dissociate after completed action; and

(iii) the combined action of the ribosome and external
factors. It was suggested that either the small or the large
rRNA can interact directly with stop codons in mRNA (see
Arkov and Murgola, 1999). This version of the ®rst
hypothesis is supported by data from several experiments.
First, mutations in the small and large rRNAs strongly
affect translational termination (see Green and Noller,
1997; Velichutina et al., 2001; and references therein).
Secondly, the stop codon is in a close contact with rRNA
within the ribosome (see Poole and Tate, 2000; Chavatte
et al., 2001, 2002). Thirdly, two segments of prokaryotic
23S rRNA (helices 69 and 89) can be folded into a tRNA-
like shape with anticodon-like loops complementary to
stop codons (Ivanov et al., 2001). However, this in silico-
derived hypothesis lacks support from experiments.

It is known that one or several external factors, called
class-1 polypeptide release factors (RFs), associate(s)
transiently with the ribosomal A-site. In bacteria, there are
two RFs, the proteins RF1 and RF2, which recognize
UAA/UAG and UAA/UGA, respectively. In eukaryotes,
archaea and mitochondria, in contrast, only a single
protein (eRF1, aRF1 and mtRF1, respectively) exists. In
Arabidopsis thaliana and in the ciliate Euplotes, eRF1 is
present as two homologous molecular species (see Liang
et al., 2001). It remains unknown whether these eRF1
homologues respond to the same or different stop codons.
The fact that external factors exist and terminate protein
synthesis in a codon-speci®c way does not in itself tell us
whether they recognize stop codons through direct inter-
actions (second hypothesis) or indirectly, via rRNA (third
hypothesis).

There are strong arguments in favour of a direct
interaction between stop codons and class-1 RFs (Moffat
and Tate, 1994; Nakamura et al., 1996). First, class-1 RFs
cross-link speci®cally with stop signals in mRNA,
although with rather low yield (see Poole and Tate,
2000; Chavatte et al., 2001, 2002; Bulygin et al., 2002).
Secondly, mutations in bacterial RFs (see Nakamura and
Ito, 1998), yeast (Bertram et al., 2000) and human
(Frolova et al., 2002; Seit-Nebi et al., 2002) eRF1s affect
stop codon recognition in ways that depend on both the
position and the nature of the substituting amino acid. For
bacterial RFs, it was found with genetic approaches that
two tripeptides at structurally homologous positions, Pro-
Ala-Thr in RF1 and Ser-Pro-Phe in RF2, determine their
stop codon identity (Ito et al., 2000; Nakamura and Ito,
2002). However, the most important question is how the
®rst U of the stop codons is discriminated from C, A and G
(Freistroffer et al., 2000).

For eukaryotes, where all three stop codons are decoded
by eRF1, a different approach is necessary to identify
putative peptide sequences determining the stop codon
identity of eRF1. One possibility was offered by using
lower eukaryotes with variant genetic codes (see Knight
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et al., 2001; Lozupone et al., 2001), where one or two out
of three stop codons are reassigned to sense codons. For
example, in Euplotes, UGA encodes cysteine while UAA
and UAG remain as stop codons. Puri®ed, recombinant
eRF1 from this organism terminates at animal ribosomes
programmed with UAA or UAG, but not with UGA
(Kervestin et al., 2001). Since protein synthesis carried out
in vivo with these ribosomes is terminated at any one of the
canonical stop codons, it must be eRF1, rather than a
ribosomal component, that is responsible for the speci®c
decoding of stop signals. Furthermore, in vitro experi-
ments with molecular chimeras between Tetrahymena
eRF1 (terminating only at UGA with the other two stop
codons reassigned to glutamine) and yeast eRF1 (recog-
nizing all three stop codons) showed that the hybrid
bearing the N domain from Tetrahymena eRF1 can
terminate only at UGA on mammalian ribosomes (Ito
et al., 2002). This con®rmed that eRF1, rather than the
ribosome, renders stop codon speci®city to termination of
translation in eukaryotes and also showed that recognition
is associated with the N domain of eRF1 (see below).

At each protein elongation step on the bacterial
ribosome, there is a transient, strong interaction between
the A-site codon±anticodon duplex and the nucleotides of
16S rRNA (particularly A1492 and A1493) within the
small ribosomal subunit (see Ramakrishnan, 2002).
Similar conclusions have been reached for 18S rRNA
(Demeshkina et al., 2000). Since a functionally active
`core' of eRF1 (Frolova et al., 2000) mimics the shape of a
tRNA (Song et al., 2000), it is conceivable that a ternary
complex, consisting of a stop codon, small rRNA and a
class-1 RF, can be formed at the translation termination
step. This would mean a uni®cation of the stop
codon±rRNA model and the stop codon±class-1 RF
model discussed above in a mechanism where each type
of interaction is important for termination. Accordingly,
the basic speci®city of decoding would be dictated by
class-1 RFs, while the strength and stereochemistry, which
could enhance further the speci®city of the interaction,
would be strongly affected by rRNA sequences. The
analogy between RFs and tRNAs with respect to decoding
should not, however, be taken literally. This is evidenced
by the fact that the antibiotic neomycin, which binds to
conserved sequences of 16S rRNA (Moazed and Noller,
1987) and induces high levels of error in translation of
sense codons by tRNAs, does not make bacterial RFs more
error prone (Freistroffer et al., 2000).

Functional anatomy of eRF1

The function of class-1 RFs suggests that they should have
four distinct sites (Frolova et al., 1999). There should be a
ribosome-binding site (RBS), a termination codon recog-
nition site (TCRS), a peptidyl-tRNA interaction site
(PRIS) and an RF3- or eRF3-binding site [(e)RF3-BS].
The three-dimensional structure of human eRF1 (Song
et al., 2000) can be used for a tentative assignment of these
sites to different regions of the molecule (Figure 1).

The C domain (domain 3) of eRF1 is unlikely to be a
RBS for a number of reasons. First, removal of this domain
from human eRF1 enhances, rather than reduces, the
termination activity in vitro (Frolova et al., 2000),
meaning that this region cannot be essential for ribosome

binding. Secondly, the C domain is the most rapidly
evolving part of eRF1 (Inagaki and Doolittle, 2001), while
the ribosome structure is highly conserved. Thirdly,
although there is substantial sequence divergence between
the C domains of eRF1 and aRF1 (Inagaki and Doolittle,
2001), aRF1 is still able to terminate at animal ribosomes
(Dontsova et al., 2000).

Presumably, the binding of eRF1 to the A-site is
stabilized by interactions with both ribosomal subunits.
This is supported by the observation that mutations in the
GGQ and NIKS minidomains of eRF1, most probably
located at the large and small ribosomal subunits,
respectively (see below), reduce the binding of eRF1 to
the ribosome (Seit-Nebi et al., 2001; Frolova et al., 2002).
Furthermore, truncation of the N (N-terminal, or domain 1)
or the M (middle, or domain 2) domain causes a gradual
loss of RF activity in vitro (Frolova et al., 2000), probably
due to distortions of RBSs.

The ribosomal functional sites are composed mainly of
rRNAs (see Ramakrishnan, 2002), suggesting that RBSs of
class-1 RFs bind primarily to rRNA sequences rather than
to ribosomal proteins. This notion is consistent with the
charge distribution along the consensus polypeptide chains
of eRF1 and aRF1. There are two clusters of positively
charged amino acid residues around positions 180 and
60±70, where the GGQ and NIKS motifs are mapped
(Kisselev et al., 2000). This suggests that these two regions
comprise two RBSs, which interact with rRNA in either of
the two ribosomal subunits.

The existence of the RF1 RBS toward the PTC of the
prokaryotic ribosome is manifested by the isolation of
short RNA sequences (aptamers) containing 5¢-ACCU-3¢
and 5¢-GAAAGC-3¢ sequences identical to the 23S rRNA
consensus sequences present in the PTC. These aptamers
bind to RF1 and inhibit RF1 activity (Szkaradkiewicz
et al., 2002).

The TCRS of class-1 eRFs is located at the N domain, as
follows from: (i) in vivo genetic data with yeast eRF1
(Bertram et al., 2000) and in vitro biochemical data with
human eRF1 (Frolova et al., 2002; Seit-Nebi et al., 2002),
in which site-directed mutagenesis of some positions at the

Fig. 1. Functional anatomy of eRF1. Proposed locations of the eRF1
functional sites.
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N domain causes profound alterations of the stop codon
recognition pro®le for mutant eRFs; (ii) stop codon
speci®city of the hybrid eRF1 mentioned above (Ito
et al., 2002); and (iii) data revealing cross-linking between
the ®rst U of the stop codons and the N domain of human
eRF1 (Chavatte et al., 2002). However, the exact sequence
and structure of TCRS in eukaryotes remain obscure.

For stop codon recognition by eRF1, two types of
models have been proposed, a `protein-anticodon'
(Nakamura et al., 2000) and a `cavity' (Bertram et al.,
2000; Inagaki et al., 2002) model. In the ®rst case, a linear
sequence of amino acids decodes a stop codon, while in
the second case a combination of amino acid residues from
different parts of the polypeptide chain clustered in space
around a stop codon decodes it. Attempts to reveal a
`protein-anticodon' for eRF1 have failed so far. In
contrast, two regions of the N domain represented by
two loops containing highly conserved YxCxxxF
(positions 125±131) and NIKS (positions 61±64) motifs
(Figure 2) play a critical role in stop codon recognition
(Seit-Nebi et al., 2002). Amino acid substitutions in these
regions profoundly affect the pattern of stop codon
recognition probably due to an interplay between these
two loops, which are ~15 AÊ apart in the crystal sructure of
eRF1 (Song et al., 2000). Furthermore, in yeast, eRF1
mutations affecting stop codon recognition are scattered
between positions 51 and 132 of the polypeptide chain
(Bertram et al., 2000). In silico analysis (Inagaki et al.,
2002) of eRF1 sequences does not support a `protein-
anticodon' model as well.

The PRIS should be located near both the peptidyl-
tRNA in the ribosomal P-site and the PTC of the large
ribosomal subunit. In contrast, the TCRS should interact
with the decoding site of the small ribosomal subunit.
From the distance between the anticodon of tRNA and its
CCA end (~75 AÊ ), one can expect a similar distance
between the PTC and the decoding site. As TCRS is

assigned to part of the N domain (see above) and the
C domain is not essential for the termination reaction
(Frolova et al., 2000), the most probable location for PRIS
is at the tip of the M domain. This suggestion gets support
from a number of experimental data. All class-1 RFs,
regardless of their origin and codon speci®city, share the
common Gly±Gly±Gln tripeptide (GGQ motif) (Frolova
et al., 1999). In eRF1, it is located at the extremity of the
M domain forming a highly exposed minidomain (Song
et al., 2000) (Figure 1). In prokaryotes, the GGQ loop of
Escherichia coli RF2 is poorly resolved in the electron
density, indicating that it is mobile (Vestergaard et al.,
2001). The idea that the invariant GGQ motif is located at
the PTC, mimics the CCA end of tRNA and forms a part of
the PRIS (Frolova et al., 1999) is supported by the fact that
glycine residues of the GGQ in eukaryotic and bacterial
factors are indispensable for the RF activity when tested
both in vitro and in vivo (Frolova et al., 1999; Song et al.,
2000; Mora et al., 2003). For example, GAQ mutants of
RF1 and RF2 are between four and ®ve orders of
magnitude less ef®cient in the termination reaction than
their wild-type counterparts, although their ability to bind
to the ribosome is fully retained (Zavialov et al., 2002).

The essential role of the glycyl residues in the GGQ
motif is also emphasized by observations in animal
cell±virus systems. Expression of the human cytomegalo-
virus (HCMV) UL4 gene is inhibited by translation of a
22 codon upstream open reading frame (uORF2)
(reviewed in Janzen and Geballe, 2001). The peptide
product of uORF2 acts in a sequence-dependent manner to
inhibit uORF2 peptidyl-tRNA cleavage. It has been shown
by site-directed mutagenesis (Janzen et al., 2002) that
Gly183 and Gly184 of the GGQ motif and Pro21 and
Pro22 of the uORF2 (the C-terminal residues of the
polypeptide) are essential for full inhibition of down-
stream translation. These data are consistent with the idea
that the C-terminal part of the nascent polypeptide in

Fig. 2. Two minidomains of the N domain of class-1 eRF1 containing functionally essential amino acid residues in the NIKS and Y-x-C-x-x-x-F
motifs. Numbering is as in human eRF1. Sequences are taken from the Swiss Prot database.
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peptidyl-tRNA is able to interact with the GGQ tripeptide
at the PTC. It also suggests that this interaction potentially
can obstruct translation termination via a particular
structure of the C-terminus of the nascent peptidyl-tRNA.

The third amino acid residue of GGQ is also important,
but some glutamine mutants retain in vitro a substantial RF
activity (Seit-Nebi et al., 2000, 2001; Mora et al., 2003).
This is in line with the ®nding (Zavialov et al. 2002) that
although GGA mutants of RF1 and RF2 from E.coli are
signi®cantly impaired in the termination step, they are
much more active than their GAQ counterparts. This could
suggest that the role of Gln185 is in conserving the spatial
structure of the GGQ minidomain (Seit-Nebi et al., 2001).

Taken together, these data are hard to reconcile with the
proposal (Song et al., 2000) that the function of the
glutamine is to orient a water molecule toward peptidyl-
tRNA at the PTC of the ribosome. Therefore, the catalytic
mechanism of the termination reaction remains unclear.

The Gln252 residue in the GGQ motif of RF2 (E.coli)
was found to be N5-methylated (DincËbas-Renqvist et al.,
2000), which increases the termination ef®ciency of RF2,
that again points to a critical role for GGQ in termination.

When the GGQ motif is located at the PTC, then the
distance between the GGQ tripeptide and the TCRS should
be ~75 AÊ . In the crystal structure of human eRF1, the
distance spanned by the NIKS motif, which cross-reacts
with the ®rst base (U) of the stop codon (Chavatte et al.,
2002), and the GGQ motif is ~100 AÊ (Song et al., 2000).
However, it can be reduced substantially by interactions
between eRF1 and the ribosome, and the YxCxxxF motif,
rather than the NIKS loop, may be the major TCRS, giving
a distance between PRIS and TCRS of ~75 AÊ (Seit-Nebi
et al., 2002).

The signalling between the stop codon and PTC may
involve conformational alterations not only of RFs them-
selves but also of rRNA sequences, since it is believed (see
Caskey, 1980) that the catalytic reaction is carried out by
PTC (which is now known to be composed of rRNA)
rather than by class-1 RFs. Presumably, the GGQ
minidomain opens the PTC to allow the entry of a water
molecule, whereas chemical groups of certain rRNA
nucleotides catalyse the cleavage reaction.

eRF1 and the class-2 RF, eRF3 (see below), interact via
their C-terminal domains (see Kisselev and Buckingham,
2000). Clearly, the C domain of eRF1 is an eRF3-BS
(Figure 1). It probably also binds other proteins. There are
some other proteins, Upf1p, Upf2p and Upf3p (Wang et al.,
2001; and references therein), Mtt1p (Czaplinski et al.,
2000) and Itt1p (Urakov et al., 2001), that bind to
unknown regions of eRF1. The biological signi®cance of
these interactions has been discussed elsewhere (Wang
et al., 2001).

The archaean class-1 RF, aRF1, is structurally (Kisselev
et al., 2000; Song et al., 2000) and functionally (Dontsova
et al., 2000) similar to eRF1, but so far no aRF3 has been
identi®ed. It is, in fact, unlikely that an aRF3-BS exists in
aRF1, since most aRF1s are truncated extensively from
their C-termini, apparently leaving no room for such an
interaction.

RF1, RF2 and mtRF1 differ profoundly in their primary
structures from the eRF1/aRF1 family (Frolova et al.,
1994, 1999; Kisselev et al., 2000; Song et al., 2000).
Furthermore, the crystal structures of human eRF1 (Song

et al., 2000) and E.coli RF2 (Vestergaard et al., 2001) are
also dissimilar. Therefore, the functional anatomy of the
RF1/RF2/mtRF structural family may be different from
that of eRF1/aRF1. It is possible that bacterial RFs change
their conformation when they bind strongly to ribosomes
programmed with stop codons, an option suggested above
for eRF1.

Recycling of class-1 by class-2 RFs

Class-2 RFs, RF3 in bacteria and eRF3 in eukaryotes, are
G proteins not required in vitro for the peptide release
reaction itself (Frolova et al., 1994; Grentzmann et al.,
1994; Mikuni et al., 1994; Zhouravleva et al., 1995).

Freistroffer et al. (1997) showed that RF3 from E.coli
does not accelerate the rate of binding of RF1 or RF2 to
ribosomes with peptidyl-tRNA in the P-site and pro-
grammed with a stop codon in the A-site. They also
demonstrated that the catalytic rate constant for ester bond
hydrolysis leading to removal of the peptide from the
tRNA in the ribosomal P-site is not affected by RF3.
However, the rate of recycling of class-1 RFs is dramatic-
ally enhanced by RF3 in a GTP-dependent manner. From
these experiments, it could be concluded that the only
function of RF3 in translational termination is to remove
RF1 or RF2 from ribosomes in their post-termination state,
but the exact mechanism of action of RF3 remained
unknown. The proper function of RF3 requires that it does
not remove class-1 RFs before ester bond hydrolysis of
peptidyl-tRNA. This would inhibit termination of protein
synthesis, and no such deleterious effects by RF3 had been
observed in experiments with well-de®ned release com-
plexes carrying continuous mRNAs with a stop codon in
the A-site and a peptidyl-tRNA in the P-site (Freistroffer
et al., 1997). However, in other experimental systems, it
had been found that RF3 and a non-hydrolysable analogue
of GTP can inhibit termination (e.g. Pel et al., 1998).
Furthermore, both in vivo and in vitro experiments had
suggested that RF3 can abort protein synthesis by inducing
premature dissociation of peptidyl-tRNA from the ribo-
some (`drop-off') (HeurgueÂ-Hamard et al., 1998), but the
mechanism for this side reaction remained unexplained.

A breakthrough in our understanding of RF3 function
occurred when Zavialov et al. (2001) remeasured the
binding of guanine nucleotides to this G protein. Until
then, it had been assumed that free cytoplasmic RF3 is in
the GTP form. This was based on the notion that the GTP/
GDP ratio in the cell is very high, and on experimental data
(Mortensen et al., 1995) suggesting that RF3 binds GDP
only a factor of ®ve more strongly than GTP.

When it was found that GDP binds RF3 at least three
orders of magnitude more strongly than does GTP
(Zavialov et al., 2001), it meant that cytoplasmic free
RF3 is in the GDP-bound rather than the GTP-bound form.
Accordingly, RF3 must enter the ribosome in its GDP
form, and it was found that the guanine nucleotide
exchange factor (GEF) for RF3 is a ribosome with a
class-1 RF bound to the ribosomal A-site programmed
with the cognate stop codon for that particular RF. The
mechanism of action of RF3 can now be described by the
following scheme (Figure 3).

RF3 enters the ribosome in the GDP form, and GDP
dissociates rapidly if a class-1 RF is present on the
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ribosome. This reaction happens both when there is a
peptidyl-tRNA and when there is a deacylated tRNA in the
ribosomal P-site (Zavialov et al., 2002) and leads to a
stable ribosomal complex with RF1 or RF2 and guanine
nucleotide-free RF3. The existence of this stable complex
explains how RF3 can promote erroneous termination at
sense codons (Freistroffer et al., 2000). After, but not
before, hydrolysis of the ester bond in peptidyl-tRNA,
GTP can bind to RF3 on the ribosome and change its
conformation (Zavialov et al., 2001, 2002). The fact that
RF3 in the GTP form cannot coexist with peptidyl-tRNA
on the ribosome is probably the structural basis for the
abortive drop-off reaction that has been observed for RF3
(HeurgueÂ-Hamard et al., 1998). The structural change in
RF3 induced by GTP binding forces the class-1 RF out
from the ribosome in a reaction that is driven forward by
formation of a very stable complex between RF3 in the
GTP form and the ribosome with a deacylated tRNA in the
P-site. Subsequent hydrolysis of GTP leads to the GDP
form of RF3 with low af®nity for the ribosome, so that the
factor dissociates rapidly and becomes ready for a new
cycle. According to this scheme, RF3 has three function-
ally relevant conformations, all of which appear when the
factor is in ribosomal complexes. This scenario also
implies that RF3 and EF-Tu play totally opposite roles in
bacterial protein synthesis. EF-Tu facilitates the entry of
aminoacyl-tRNAs to the ribosomal A-site, and helps
enhance the accuracy of codon recognition by making the
free energy associated with hydrolysis of its GTP available
for ribosomal proofreading of aminoacyl-tRNAs (Ruusala
et al., 1982). The class-2 RF3, in contrast, removes RF1 or
RF2 from the ribosome after termination and reduces,
rather than enhances, the accuracy of codon reading by

these class-1 RFs. However, in spite of their diametrically
opposite functions, EF-Tu and RF3 both belong to the
same class of small G proteins that require a GEF, and they
have a number of functional properties in common
(Zavialov et al., 2001). A challenge for future research is
to clarify the mode of action of eRF3 and, in particular, to
see if it has the same function as RF3, and this will be
discussed next.

eRF3: distinct and common features
with RF3

Common features of these two protein families are well
known (see Buckingham et al., 1997; Kisselev and
Buckingham, 2000; Zavialov et al., 2001). However,
along with obvious similarities, there are certain distinct
and essential differences. (i) eRF3 proteins are encoded
by essential genes (Kushnirov et al., 1988; Wilson and
Culbertson, 1988), while this is not the case for RF3
(Grentzmann et al., 1994; Mikuni et al., 1994); this genetic
distinction immediately points to a potential difference in
function. (ii) The eRF3 and RF3 sequences are dissimilar
except for the region where the GTP-binding motifs are
located. (iii) RF1/RF2 stimulate ribosome-dependent RF3
GTPase in a codon-dependent manner (Zavialov et al.,
2001), while the eRF1 activates the eRF3 GTPase in a
codon-independent fashion (Zhouravleva et al., 1995;
Frolova et al., 1996). (iv) No signi®cant af®nity between
free RF1/RF2 and RF3 has been revealed (see Nakamura
et al., 1996), whereas eRF1 and eRF3 form a stable
complex (for references see Kisselev and Buckingham,
2000). (v) RF1/RF2 are not required for stimulation of
ribosome-dependent RF3 GTPase activity at suf®ciently

Fig. 3. The mechanism of action of RF3 in bacteria. (A) The ribosome in the pre-termination state with peptidyl-tRNA in the P-site and a class-1
release factor (RF) in the A-site. (B) The ribosome in the post-termination state with deacylated tRNA in the P-site and a RF in the A-site. (C and
D) The ribosome with tRNA as in (B) and an RF in complex with RF3 in its guanine nucleotide-free state. (E) The ribosome with tRNA as in (B) in
complex with RF3 in its GTP conformation. (F) The ribosome with tRNA as in (B) now free from both RF2 and RF3.
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high RF3 concentrations (Freistroffer et al., 1997;
Grentzmann et al., 1998), in contrast to the eRF3
GTPase, which is entirely eRF1 dependent (Frolova
et al., 1996). (vi) In contrast to prokaryotes, where RF3
is absent or there is only one RF3, there are two class-2
RFs in eukaryotes (mouse and human) (Hoshino et al.,
1998; Jacobsen et al., 2001) with primary structures that
are homologous except for a part of the N domain. (vii)
eRF3 binds to the poly(A)-binding protein (Hoshino et al.,
1999; Cosson et al., 2002); so far, no such binding has
been described for RF3.

To explain how class-1 RFs promote the GTPase
activity of class-2 RFs, two assumptions, inspired by the
function of other small G proteins, were made by Frolova
et al. (1996). They suggested that class-1 RFs in complex
with the ribosome may ful®l the role of a GTPase-activator
protein (GAP) or a GEF toward class-2 RFs. The GAP
hypothesis is supported by the fact that the C domain of
class-1 eRF1s contains a short sequence (GILRY) that is
crucial for their binding to eRF3 and for the subsequent
induction of its GTPase (Merkulova et al., 1999; Frolova
et al., 2000). This pentapeptide contains an invariant
arginine residue ¯anked by highly conserved hydrophobic
residues. This structural element may act as an arginine
®nger typical for GAPs where the arginine residues play a
catalytic role (see Scheffzek et al., 1998). Eukaryotic
translation initiation factor eIF5 contains a similar struc-
tural motif and acts as a classical GAP (Paulin et al.,
2001). In bacteria, in contrast, a class-1 RF in complex
with its stop codon-programmed ribosome acts as a GEF
for RF3 (Figure 3; Zavialov et al., 2001).

At the post-termination step of bacterial mRNA trans-
lation, one more protein factor, the ribosome recycling
factor (RRF), is involved. RRF and the tRNA translocation
factor EF-G together recycle the ribosome back to a new
round of initiation after termination (Janosi et al., 1996),
presumably by splitting the ribosome into its subunits
(Karimi et al., 1999). No recycling factor has been
identi®ed so far in the cytoplasm of eukaryotic cells. To
explain this difference between prokaryotes and
eukaryotes, it has been suggested (Buckingham et al.,
1997) that the essential eRF3 can recycle both class-1 RFs
(done by the non-essential RF3 in bacteria) and ribosomes
(done by the essential RRF in bacteria). This hypothesis is
consistent with the size of all these proteins and with the
known properties of eRF3, RF3 and RRF, but has not been
veri®ed directly by experiments.

Concluding remarks

The genetic code is deciphered incompletely in that the
mechanism of stop codon recognition remains unknown.
However, the problem is now much more well de®ned
since those regions in class-1 RFs from both prokaryotes
and eukaryotes that are involved in stop codon recognition
have been identi®ed. Rather unexpectedly, it now seems
that the translation machineries in prokaryotes and
eukaryotes are quite different. High resolution crystal
and cryo-electron microscopy structures of bacterial and
eukaryotic ribosomes in complex with RFs will be
necessary to elucidate speci®c and universal features of
termination of protein synthesis.

Signal transduction from the stop codon of mRNA in the
small ribosomal subunit to the PTC in the large ribosomal
subunit is likely to depend not only on class-1 RFs but also
on rRNAs and to involve as yet unknown speci®c
RNA±protein interactions.

There is growing evidence that class-1 RFs recognize
stop codons directly within the decoding site of the
ribosome, but this attractive idea still lacks solid experi-
mental support in both prokaryotic and eukaryotic sys-
tems. It is likely that recognition of stop codons involves
an mRNA±class-1 RF±rRNA ternary complex, but its
molecular basis remains to be clari®ed.

The chemical step of termination, i.e. cleavage of the
ester bond in peptidyl-tRNA, is also a consequence of an
interplay between two nucleic acids, rRNA and peptidyl-
tRNA, with a class-1 RF. However, in this case also, the
molecular mechanism remains to be elucidated. The post-
terminal steps in protein synthesis are much better
understood in prokaryotes than in eukaryotes, and to
clarify ribosomal recycling in eukaryotes is a major
challenge for future work.

In spite of remarkable progress in the study of
translation termination, there are still large gaps in our
general understanding of the process. Furthermore, the
molecular basis used by nature to achieve fast and accurate
termination at stop codons is virtually unknown.
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