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Abstract We propose that the amino acid residues 57/58 and
60/61 of eukaryotic release factors (eRF1s) (counted from the
N-terminal Met of human eRF1) are responsible for stop codon
recognition in protein synthesis. The proposal is based on amino
acid exchanges in these positions in the eRF1s of two ciliates that
reassigned one or two stop codons to sense codons in evolution
and on the crystal structure of human eRF1. The proposed
mechanism of stop codon recognition assumes that the amino
acid residues 57/58 interact with the second and the residues
60/61 with the third position of a stop codon. The fact that
conventional eRF1s recognize all three stop codons but not the
codon for tryptophan is attributed to the flexibility of the helix
containing these residues. We suggest that the helix is able to
assume a partly relaxed or tight conformation depending on the
stop codon recognized. The restricted codon recognition observed
in organisms with unconventional eRF1s is attributed mainly to
the loss of flexibility of the helix due to exchanged amino
acids. © 2001 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Termination of protein biosynthesis requires class I release
factors (RFs) to recognize stop codons (RF1 and RF2 in
Bacteria, aRF1 in Archaea and eRF1 in Eukarya). RFs are
polypeptides which bind to the aminoacyl (A) site of the ri-
bosome when they recognize a stop codon (for reviews, see [1—
4]). They mimic tRNAs. This led to the suggestion that there
exists a peptide anticodon in RFs which reads stop codons
[1,3]. Recently Nakamura and his colleagues identified a tri-
peptide Pro-Ala-Thr in RF1, which recognizes UAG and
UAA and a tripeptide Ser-Pro-Phe in RF2 which recognizes
UGA and UAA [5]. It is known that the conventional eRF1s
function as omnipotent RFs decoding all three stop codons
UAG, UAA, and UGA. In this case some residues probably
recognize G or A in the second position of a stop codon and
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other residues G or A in the third position. However, the two
processes of recognition cannot be achieved independently of
each other because the tryptophan codon UGG is not mis-
taken for a stop codon. This raises the question of the mech-
anism by which UGG is discriminated.

Ciliates have reassigned some of the canonical stop codons
to sense codons in evolution and have developed unconven-
tional eRF1s with restricted stop codon recognition. Parame-
cium tetraurelia and Tetrahymena thermophila use UAA and
UAG to encode glutamine and only UGA as stop codon [6—
11]. Euplotes octocarinatus uses UGA to encode cysteine [12]
and mostly UAA but sometimes also UAG as stop codons
[13]. The altered stop codon recognition is reflected in the
primary sequence of the eRFls of these organisms. They
show an amino acid replacement in a region which is 100%
conserved in conventional eRF1s. This allowed to identify the
amino acid residues of eRF1 which most probably read the
stop codons [14]. Here we propose a mechanism explaining
the way in which stop codon recognition in eukaryotes might
be achieved. The proposed mechanism explains why conven-
tional eRF1s recognize UAG, UAA, and UGA but not UGG.
It also explains the restricted stop codon recognition of three
unconventional eRF1s.

2. The amino acid residues reading the stop codons

The overall shape and dimensions of human eRF1 resemble
a tRNA. The molecule is organized into three domains and
domain 1 was suggested to be involved in codon recognition
[15]. Fig. 1 compares homologs of five conventional and three
ciliate eRF1s of the region forming domain 1. It shows that
the amino acids from position 57 to 68 are 100% conserved in
the conventional eRF1s which recognize all three canonical
stop codons. In the unconventional eRF1s [14,16] which are
restricted in codon recognition, each one in a different way,
the amino acids Gly57, Thr58, Ser60, Asn61, Ser64, Arg65 or
Val66 are substituted. The positions of these amino acids in
the three-dimensional structure of eRF1 are indicated in Fig.
2. Among the exchanged amino acids the doublets
Gly57Thr58 and Ser60Asn61 occupy positions corresponding
to tRNA anticodons. The side chains of Thr58, Ser60 and
Asn61 point outward from the eRF1 molecule in a direction
that corresponds with the direction in which the base moieties
of the anticodons of tRNAs are directed. In addition, the
perpendicular distance between the sets Gly57Thr58 and
Ser60Asn61 is comparable to the distance between bases of
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Fig. 1. Structure of domain 1 of eukaryotic class I RFs (eRF1s). (a) Comparison of the amino acid sequences of domain 1. The secondary
structure for human eRF1 domain 1 [15] is also shown. Hs, Homo sapiens (accession number X81625); Xl, Xenopus laevis (Z14253); At, Arabi-
dopsis thaliana (X69375); Sc, Saccharomyces cerevisiae (X04082); Sp, Schizosaccharomyces pombe (D63883); Tt, T. thermophila (AB026195);
Ea, E. octocarinatus eRFla (AJ272501); Eb, E. octocarinatus eRF1b (AF245454). Identical amino acids conserved in the majority of eRF1s are
shown in black. The number of the amino acid position is counted from the N-terminal Met of the human eRF1 sequence. (b) Schematic
drawing of the tertiary structure of domain 1 according to the crystal structure of human eRF1 [15].

the anticodon of tRNAs. Thus, by analogy with codon rec-
ognition by tRNA, we propose that the set GlyS7Thr58 rec-
ognizes the second letter of a stop codon and that the set
Ser60Asn61 recognizes its third letter. The amino acids
Ser64, Arg65 and Val66 appear not to be directly involved
in codon recognition. These residues are too distant from
Gly57Thr58 and Ser60Asn61. Moreover, the side chains of
Arg65 and Val66 are not directed towards the mRNA codon
side. However, these residues may be involved in the regula-
tion of the flexibility of the part of the helix on which
Gly57Thr58 and Ser60Asn61 are located. Ser64, Arg65 and
Val66 may interact with ribosomal RNA or other residues
and may in this way contribute indirectly to codon recogni-
tion.

3. The codon recognition hypothesis

Conventional eRF1s recognize the three canonical stop co-
dons UAG, UGA, and UAA but discriminate UGG, the co-
don for tryptophan. Conventional eRF1s therefore must be
able to distinguish between the bases A and G in both, the
second and the third position of a stop codon. This task could
not be achieved by a recognition process based on size of the
bases, i.e. in a kind of substrate recognition pocket, nor by
hydrophobic interactions between bases and peptides. There-
fore we propose that the adenine and the guanine bases are
recognized via hydrogen bonds. This reflection together with
the knowledge of amino acid replacements in unconventional

eRFls, and the knowledge of the dimensions of the tertiary
structure in the region critical for codon recognition in human
eRF1 leads us to propose the following hypothesis:

1. The C-terminal region of the o2-helix containing the amino
acids critical for codon recognition is flexible and can as-
sume tight and partly relaxed conformations.

2. Hydrogen bonds formed between an amino acid residue
and the base at the second position of a stop codon restrict
the bonds that can be formed between amino acids and the
base at the third position.

3. The flexibility of the o2-helix is influenced by interactions
of some of its amino acid residues with residues of the
underlying B-sheets.

Thus, in conventional eRF1s recognition of UAG would
occur by the formation of a hydrogen bond between the N;
of the adenine and the hydroxyl group of the amino acid
Thr58 (Fig. 3a), while the hydroxyl group of Ser60 and the
amide group of Asn61 form bonds with the guanine base in
the third position. Recognition of UGA occurs by the forma-
tion of a hydrogen bond of Thr58, this time with the guanine
base (Fig. 3a), causing a shift of Thr58 which influences the
recognition of the base in the third position. As a consequence
only Asn61l and not Ser60 can form the hydrogen bond and
therefore only adenine and not guanine can be recognized at
the third position. Recognition of UAA is achieved by the
formation of a hydrogen bond between the adenine in the
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Fig. 2. Three-dimensional structures of human eRF1 and yeast tRNAP. The coordinate data are from the Protein Data Bank (human eRF1:
1DT9, yeast tRNAP*: 1EVV) and displayed using the Cn3D program version 2.5 for Windows (http://www.ncbi.nlm.nih.gov). Gly57, Thr58,
Ser60, Asn61, Ser64, Arg65, and Val66 of eRF1, and the anticodon of the tRNA are in yellow.

second position and Thr58 and by the formation of a hydro-
gen bond between the adenine in the third position and
Asn6l.

This proposal for codon recognition takes into account that
the amino acids which interact with the stop codons are lo-
cated towards the C-terminal part of the a2-helix which there-
fore should be flexible owing to a balance between two forces,
one resulting from the tendency to form an a-helix (3.6 resi-
dues/turn), and the other coming from the tendency to form a
310-helix (3.0 residues/turn). The latter is supported by hydro-
phobic interactions among the periodically located hydropho-
bic residues (Ala53, Phe56, AlaS9, and Ileu62), by the inter-
action between these hydrophobic residues and the B-sheets
(B1 and B4) which lie behind the helix, and by the existence of
glycine in position 57. In correspondence with the two forces,
we assume two potential conformations: an o-helix-like ‘re-
laxed” (R) conformation and a 3jp-helix-like ‘tight’ (T) con-
formation.

Although Gly57Thr58 and Ser60Asn61 are able to recog-
nize both the adenine and the guanine bases by forming hy-
drogen bond(s) between their side chain(s) and the base moi-
ety of the codon, codon recognition is restricted by the
locations of these residues. Their location is regulated by the
flexibility of the part of the helix which contains the two
sets of amino acids (Gly57Thr58 and Ser60Asn61). The ability
of the two parts of the helix to assume either tight (T) or
relaxed (R) states allows to read all three stop codons:
Taiys7hrss Tsersoasnst  for  UAG,  Raiys7Thess Tsers0asns1  for
UGA, and Tgiys7thrss Rsersoasnst for UAA. Since a conforma-
tion tighter than the 3j-helix cannot be assumed, UGG co-
don recognition is excluded. It would require Rgiys7thess(super
tight)serg0asn61, Which cannot be achieved.

4. Stop codon recognition in unconventional eRF1s

The hypothesis developed above to explain stop codon rec-
ognition in conventional eRF1s can also be applied to the
three unconventional eRF1s present in ciliates (Fig. 1). To
account for the situation in these ciliates, one has to assume
that the flexibility of the part of the o2-helix bearing the
position-recognition site for the second base in a stop codon
has become restricted to the tight state probably due to the
amino acid replacements in positions 64-66 but perhaps also
by replacements in other positions.

In the eRF1 of Tetrahymena the hydroxyl group necessary
for the formation of a hydrogen bond has shifted and is now
provided by Ser57 instead of Thr58 (Fig. 3b). This causes a
change in specificity at the second position (only guanine can
now be recognized). In addition due to a methyl group caused
by the substitution (Ser60 by Thr60) Tetrahymena eRF1 can-
not recognize a guanine in the third position of the codon.
Furthermore, the substitution of Gly57 by Ser57 causes a loss
of flexibility, resulting in the fixation of the ‘relaxed’ confor-
mation of the helix in the third position-recognition site.
Thus, Tetrahymena eRF1 can only recognize UGA as a stop
codon.

Although Euplotes eRFla and eRF1b have conserved
Gly57Thr58, amino acid residues outside of this region prob-
ably restrict the flexibility in the second position-recognition
site. The residues Ile, Ile, Pro (38-40) and Ser, Leu, Tyr, Leu
(123-126) which are well-conserved in conventional eRFls,
are altered in Euplotes to Leu, Leu, Ser and Phe, Lys, Tyr,
Ile, respectively (Fig. 1), in both eRFla and eRF1b. These
residues are located in the B1 and B4 sheets, which lie behind
the a2-helix (Fig. 1), and are assumed to influence the flexi-
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Fig. 3. Mechanism for stop codon recognition. (a) Human eRF1. (b) Tetrahymena eRF1. (c) Euplotes eRF1s. Shaded arrows in the lower panel
indicate the direction of the shift necessary for assuming the relaxed conformation. These directions correspond to the rotation (shaded curved
arrows) in the helix indicated in the upper panel. Euplotes eRFla may recognize adenine in the third position of the stop codon by Glu60Ser61
which is located in an intermediate (partly relaxed) position between a ‘tight’ and a ‘relaxed’ state (c, left).

bility of helix 2. We propose that changes in these regions
cause the rigidity in the second position-recognition site which
allows only adenosine recognition. For the third position of
stop codons, the replacement of Ser60Asn6l in eRFla to
Glu60Ser61 probably causes an adenine specific recognition
(Fig. 3c). Although eRFlb can recognize both UAA and
UAG because eRF1b has almost the same amino acid se-
quence as conventional eRFl1s except for the position 61,
the replacement of Ser60 by Val probably causes poor recog-
nition of the guanine base in the third position of stop codons
(Fig. 3c). This might be the reason why the stop codon UAG
is only poorly used in Euplotes. Thus, we assume that Euplotes
eRF1la is specific for UAA, and eRF1b is specific for UAA
and UAG, however, the latter stop codon being only poorly
recognized.

5. Testing the stop codon recognition hypothesis

There are three obvious ways for testing our hypothesis:

1. Biophysical studies such as nuclear magnetic resonance
spectroscopy of domain 1 (residues 30-131) of human
eRF1 should reveal whether the C-terminal portion of
the o2-helix is indeed flexible enough to assume in solution
a 3y0-helix in addition to an o-helix.

2. eRFl1s of other organisms (other ciliates and the algae
Acetabularia cliftonii and A. mediteranea [17]), where
UAA and UAG encode glutamine should be sequenced.
This would reveal whether they also show changes in ami-
no acid residues claimed above to be critical in codon
recognition.

3. Mutations introduced in residues of a2, a3, Bl and B4
might not only impair stop codon recognition but also
cause alterations in the codon specificity by altering the
flexibility of the o2-helix. This could perhaps be recognized
in an in vitro system. Such a study has just been published
[18]. All but one of the mutations selected for interference
with stop codon recognition in yeast eRF1 map in the
regions mentioned above.
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6. Concluding remarks

In our hypothesis for stop codon recognition by eRFls,
Gly57Thr58 which can be regarded as ‘the second letter of
the peptide anticodon’ recognizes either A or G in the second
position of the stop codon, and Ser60Asn61 (‘the first letter of
the peptide anticodon’) recognizes either A or G in the third
position of the stop codon. Flexibility for shifts of
Gly57Thr58 and Ser60Asn61 is required for differential rec-
ognition, which is analogous to codon recognition by tRNA
molecules. In the wobbling concept devised by Crick [19], U
in the first position of the anticodon of tRNA can pair with
either A or G in the third position of a codon. To make GU
pairs, U should be displaced from the location in an AU
Watson—Crick type base pair. Yokyoyama et al. showed
that this movement is achieved by the flexibility of the ribose
ring puckering, which is regulated by the post-transcriptional
modification of uridine in the first position of the anticodon of
tRNA [20]. For eRF1, flexibility required for stop codon rec-
ognition is conferred by the helical structure bearing the pep-
tide anticodons. In conventional eRF1ls Gly57Thr58 and
Ser60Asn61 need to wobble in order to recognize A and G
in the second and the third positions of stop codons.

While the wobbling in tRNA occurs only for the recogni-
tion of the third letter of a codon, wobbling at two sites of
eRF1 is required for stop codon recognition: for the recog-
nition of the second and for the recognition of the third letter
of a stop codon. Moreover, eRF1 should not recognize these
two positions of a stop codon independently from each other,
in order to exclude UGG. This is an achievement of the hel-
ical nature of the ‘peptide anticodon’, which in this respect
surpasses the ‘nucleotide anticodon’ of tRNAs. In this sense,
eRF1, as a protein, not only mimics tRNA but has developed
an even more sophisticated mechanism for codon recognition
than tRNA.

The recognition mechanism of the uracil base in the first
position of the stop codon is not addressed in our hypothesis.
We assume that Glu55 is responsible for uracil recognition
since Glu55 is well-conserved in all organisms, and
Asp54Glu53s, Gly57Thr58, and Ser60Asn61 are in line in the
crystal structure of human eRFI1. This assumption will be
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tested by mutagenesis or biophysical studies in the near fu-
ture.
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