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ABSTRACT

Ciliated protozoa of the genus Euplotes have undergone genetic code reassignment, redefining the termination codon UGA to
encode cysteine. In addition, Euplotes spp. genes very frequently employ shifty stop frameshifting. Both of these phenomena
involve noncanonical events at a termination codon, suggesting they might have a common cause. We recently demonstrated
that Euplotes octocarinatus peptide release factor eRF1 ignores UGA termination codons while continuing to recognize UAA
and UAG. Here we show that both the Tetrahymena thermophila and E. octocarinatus eRF1 factors allow efficient frameshifting
at all three termination codons, suggesting that UGA redefinition also impaired UAA/UAG recognition. Mutations of the
Euplotes factor restoring a phylogenetically conserved motif in eRF1 (TASNIKS) reduced programmed frameshifting at all three
termination codons. Mutation of another conserved residue, Cys124, strongly reduces frameshifting at UGA while actually
increasing frameshifting at UAA/UAG. We will discuss these results in light of recent biochemical characterization of these
mutations.
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INTRODUCTION

A founding principle of molecular genetics was the uni-
versality of the genetic code. Crick (1968) proposed that the
presumptive universal genetic code evolved from an early,
error-prone code. That code must have used three-nucleotide
codons, but each codon might not have discriminated among
related amino acids, e.g., leucine, isoleucine, or valine. The
early code evolved to the present code by increasing the
specificity and accuracy of decoding and was frozen in its
final form. We now recognize that the genetic code has con-
tinued to evolve. Nonstandard codes have evolved repeatedly
in mitochondria, in some bacteria, and among the nuclear
codes of some fungi, green algae, diplomonads, and ciliated
protozoa (Knight et al. 2001).

How could the genetic code evolve to change meaning?
Some nonstandard codes evolved in genomes of very low
complexity as in mitochondria. The ‘‘codon capture’’

hypothesis (Osawa and Jukes 1989) predicts that in a small
genome, genetic drift may cause a codon to stochastically
become unused and then redefined with a novel identity.
This is less likely in larger genomes, though extreme base
composition bias could lead to codon loss, as with the loss
of the codon CGG in Mycoplasma capricolum (Oba et al.
1991). Very large genomes are unlikely to completely
abandon a codon, prompting an alternative explanation,
the ‘‘ambiguous intermediate’’ hypothesis (Schultz and
Yarus 1994). For example, certain Candida species decode
CUG as both the canonical leucine and the noncanonical
serine (Suzuki et al. 1997). This ambiguity may resolve back
to a normal or to a strictly nonstandard code; many
Candida species noncanonically decode CUG exclusively
as serine (Suzuki et al. 1997).

Codon redefinition might be selectively neutral, or it
could be selectively advantageous. For example, ambiguous
decoding in Candida, leading to accumulation of misfolded
proteins, constitutively activates the heat shock response
providing stress tolerance (Santos et al. 1999, 2004). This
change may have facilitated Candida in adopting a lifestyle
as a human pathogen.

The reason for the evolution of other nonstandard
genetic codes remains a mystery. In particular, it is unclear
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why nonstandard codes evolved so frequently among the
ciliated protozoa (Tourancheau et al. 1995; Lozupone et al.
2001). All of these codes involve changing the meaning
of canonical termination codons. Tetrahymena species, for
example, recognize UGA as a stop codon but have
reassigned UAA and UAG as glutamine (Horowitz and
Gorovsky 1985). Multiple reassignments have occurred; for
example, UGA is encoded as cysteine in Euplotes but as
tryptophan in Colpoda (Meyer et al. 1991; Lozupone et al.
2001). The polyphyly of code reassignment is an especially
striking result (Tourancheau et al. 1995). Osawa et al.
(1992) proposed that termination codons might be more
susceptible to genetic drift because they are far rarer in a
genome than even the rarest sense codon.

Translation termination requires two classes of termina-
tion factor. Class I factors recognize the termination
codons, and the Class II factors are GTP-binding stimula-
tory factors. Eukaryotes encode two factors, the Class I
factor eukaryotic release factor 1 (eRF1) recognizing all
three termination codons, and the Class II factor eRF3
(Stansfield et al. 1995; Zhouravleva et al. 1995). Bacteria
encode three factors: the Class I factors RF1 and RF2,
specific for UAA/UAG and UAA/UGA, respectively, and
the Class II factor RF3 (Scolnick et al. 1968; Goldstein et al.
1970). The prokaryotic and eukaryotic Class I factors have
no overall structural similarity despite their similar func-
tion (Vestergaard et al. 2001). eRF1 is composed of three
functional domains (Frolova et al. 2000; Song et al. 2000).
Domain 1 of eRF1 binds to the stop codon and initiates the
termination process (Bertram et al. 2000; Chavatte et al.
2002; Ito et al. 2002; Seit-Nebi et al. 2002). Domain 2
interacts with the peptidyl transferase center of the ribo-
some and mediates release of the completed polypeptide
chain from the peptidyl-tRNA molecule in the ribosomal P
site (Frolova et al. 1999; Heurgue-Hamard et al. 2005).
Domain 3 mediates the eRF1deRF3 interaction (Ito et al.
1998; Ebihara and Nakamura 1999; Eurwilaichitr et al.
1999; Merkulova et al. 1999). GTP hydrolysis by eRF3
stimulates both polypeptide chain release and proper stop
codon recognition by eRF1 (Frolova et al. 1998; Salas-
Marco and Bedwell 2004; Alkalaeva et al. 2006).

Osawa et al. (1992) assumed that redefinition of termi-
nation codons required altering peptide release factor (RF)
specificity and a nonsense suppressor tRNA. Supporting
this mechanism, Ito et al. (2002) used chimeras between
domain 1 of the Tetrahymena thermophila eRF1 and domains
2 and 3 of Schizosaccharomyces pombe eRF1 to show that
the Tetrahymena factor recognizes only UGA. Tetrahymena
also encodes two tRNAGln specific for UAG and UAA
(Kuchino et al. 1985; Hanyu et al. 1986). Using an in vitro
assay, Kervestin et al. (2001) showed that Euplotes aedicu-
latus eRF1 recognizes UAA and UAG but not UGA as
termination codons. We recently tested the mechanism of
genetic code evolution in vivo using chimeric proteins
in which domain 1 of the Euplotes octocarinatus or T.

thermophila eRF1 is fused to domains 2 and 3 of the
Saccharomyces cerevisiae protein (Salas-Marco et al. 2006).
We confirmed the results of Kervestin et al. (2001) because
the Euplotes/Saccharomyces (Eo/Sc) chimera allowed highly
efficient read-through of UGA but not UAA and UAG. We
did not confirm the results of Ito et al. (2002) since we
found that the Tetrahymena/Saccharomyces (Tt/Sc) chime-
ric protein recognized all three stop codons. We suggested
that reassignment of UAA and UAG to Gln in Tetrahymena
actually did not require a change in eRF1 specificity but
rather the endogenous UAA and UAG-recognizing
tRNAGln isoacceptors supported sufficient read-through
to impose the nonstandard code. A genome survey of
Euplotes crassus revealed the presence of a putative UGA-
recognizing tRNACys (V.N. Gladyshev, pers. comm.). The
Euplotes suppressor might be less efficient, necessitating
modifying the RF to reassign UGA as Cys.

Comparison of eRF1 sequences identified two highly
conserved sequence motifs in domain 1 of canonical code
proteins (TASNIKS and YxCxxxF) that show unusually
high sequence divergence in variant code proteins, suggest-
ing that they might be responsible for altering codon
specificity (Knight and Landweber 2000; Song et al. 2000;
Lozupone et al. 2001; Kim et al. 2005). Mutagenesis and
protein cross-linking studies independently implicated
these two motifs in codon recognition (Chavatte et al.
2002; Inagaki et al. 2002; Seit-Nebi et al. 2002; Kolosov
et al. 2005). Fan-Minogue et al. (2008) tested the role of
these two motifs in redefinition of UGA in E. octocarinatus
using the E. octocarinatus/S. cerevisiae chimeric eRF1. The
alternative form of the TASNIKS motif in Euplotes eRF1
(TAESIKS) diminishes UGA recognition. Mutating the
cysteine in the YxCxxxF motif of Euplotes eRF1 restored
UGA recognition, consistent with its apparent role in
codon recognition. They proposed a conformational model
for eRF3 activation of peptide release by eRF1 function.
The model involves distinct conformations, one for UAA/
UAG and one for UGA; the evidence suggests that the
Euplotes factor recognizes UGA very poorly because it is
specifically defective in the required conformational switch.

Euplotes genes employ programmed +1 translational
frameshifting orders of magnitude more frequently than
any other known species (Klobutcher and Farabaugh 2002;
Klobutcher 2005). These frameshifts occur at ‘‘shifty stop’’
frameshift sites (Weiss et al. 1987) of the form AAA-UAA-
A or sometimes AAA-UAG-A. Apparently the peptidyl-
tRNALys decoding the AAA slips to the overlapping AAU
codon and translation continues in the +1 frame with
decoding of the following AAA or AGA codon. Klobutcher
and Farabaugh (2002) proposed that altering eRF1 to
ignore UGA impaired its recognition of the other termi-
nation codons. Because programmed frameshifting effi-
ciency depends on a competition between normal decoding
and noncanonical decoding, any decrease in the rate of
normal decoding increases the rate of the competing
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noncanonical decoding event, in the case of Euplotes
frameshifting the recognition of UAA or UAG.

We present evidence that indeed reassignment of UGA to
Cys in E. octocarinatus did result in increased +1 slippery
stop frameshifting at both UAA and UAG codons. Mutation
of E. octocarinatus eRF1 to impair recognition of UGA had
the pleiotropic effect of reducing recognition of UAA and
UAG; this inefficiency appears to play a role in allowing
frequent evolution of programmed shifty stop frameshift
sites in this species. We also found that reassignment of
UAA and UAG to encode glutamine in T. thermophila also
allowed very efficient frameshifting on UAA, UAG, and
UGA. This suggests that T. thermophila eRF1 recognition
of these codons is also inefficient enough to stimulate sig-
nificant frameshifting despite the lack of evidence of shifty
stop frameshifting in T. thermophila.

RESULTS

A yeast genetic system to test the function
of heterologous eRF1 proteins

We have developed an in vivo system for testing the codon
specificity of recognition by eRF1 (Salas-Marco et al. 2006).
The factors consist of three independently functioning
domains that make few if any direct interactions (Song
et al. 2000). We created genes expressing chimeras of the
domain 1 of a E. octocarinatus or T. thermophila eRF1 fused
to domains 2 and 3 of S. cerevisiae eRF1 with the linkage
made at the middle of a 5 amino acid extended chain that
links the two domains (Fig. 1). The S. cerevisiae gene
encoding eRF1, SUP45, is essential. The Thermus thermo-
philus fusion protein (Tt/Sc eRF1) suppresses that lethality
of sup45D but the E. octocarinatus protein (Eo/Sc eRF1)
cannot, which is consistent with Tt/Sc eRF1 efficiently
recognizing all three termination codons, whereas Eo/Sc
eRF1 recognizes only UAA/UAG (Salas-Marco et al. 2006).

Since the Eo/Sc eRF1 cannot support growth, we used a
conditional expression strategy to test its function. Yeast
expressing Sc eRF1 inducibly under control of the GAL1
promoter and Eo/Sc eRF1 constitutively from the SUP45
promoter were shifted from inducing (galactose) to repres-
sing conditions (glucose). After the shift, synthesis of Sc
eRF1 ceased and continued growth diluted the protein to
10% of its normal level (Salas-Marco et al. 2006). Contin-
ued protein synthesis depends on high levels of Eo/Sc eRF1.
As controls, two additional strains were grown under
identical carbon source shift conditions. One carried only
the GAL1-driven Sc eRF1 so that after shift to glucose, the
endogenous eRF1 would be depleted. A second carried only
a constitutively expressed Sc eRF1 so that after the shift, the
factor would continue to be present at normal levels. Using
this method, we demonstrated that Eo/Sc eRF1 fails to
recognize UGA (Salas-Marco et al. 2006). Thirty percent of
yeast genes use UGA as terminator, explaining the failure of
Eo/Sc eRF1 to replace Sc eRF1.

The Euplotes/Saccharomyces eRF1 chimera promotes
+1 shifty stop frameshifting at all three termination
codons

Klobutcher and Farabaugh (2002) hypothesized that alter-
ation of eRF1 function necessary for UGA codon reassign-
ment required impairing UAA and UAG recognition,
stimulating shifty stop frameshifting. We suspected that
the Euplotes shifty stop frameshift sites would have little
activity in yeast since we had shown that the last in-frame
codon, AAA, is unable to stimulate frameshifting even under
optimal conditions (Vimaladithan and Farabaugh 1994). We
constructed reporter vectors including functional shifty stop
frameshift sites in which the last codon decoded in frame is
CUU, which efficiently stimulates frameshifting in yeast
(Belcourt and Farabaugh 1990). RFs recognize a tetranucleo-
tide consisting of the termination codon and its 39 nearest
neighbor (Brown et al. 1990a,b; Bonetti et al. 1995; Poole
et al. 1995) and the identity of the 39 neighbor influences
shifty stop frameshifting (Tate and Mannering 1996).
We tested constructs involving termination codons followed
by U, C, A, or G to assess the influence of the fourth
nucleotide.

Measuring frameshifting efficiency involves comparing
the activity of b-galactosidase from a gene requiring frame-
shifting for its expression to that to of a gene not requiring
frameshifting (Belcourt and Farabaugh 1990). Using matched
reporter constructs, we eliminate all other transcriptional
and translational effects on enzyme activity; the reporters
also eliminate the effect of nonsense-mediated mRNA decay
on frameshift efficiency measurements (Bidou et al. 2000;
Stahl et al. 2000), which otherwise might reduce frameshift
reporter expression relative to the in-frame control (Plant
et al. 2004).

FIGURE 1. Structure of human eRF1. Domain 1 (blue), domain 2
(red), and domain 3 (violet) of human eRF1 are represented in a van
der Waals surface format. The two conserved motifs in domain 1 are
shown in contrasting colors: TASNIKS, green; YxCxxxF, yellow. The
linker between domain 1 and domain 2 (orange) is the site of the
fusion of the E. octocarinatus or T. thermophila domain 1 with domain
2 and 3 of the S. cerevisiae enzyme.

Codon reassignment and programmed frameshifting
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As expected, shifty stop frameshifting in the presence of
Sc eRF1 varies with the identity of the stop codon and 39

neighbor (Table 1, column 1). All constructs with 39 C gave
the highest frameshifting. Among constructs matched for
the fourth nucleotide, UGA stimulated greater frameshift-
ing than either UAG or UAA. These data are consistent
with previous observations that Sc eRF1 recognizes UAA
and UAG more efficiently than UGA (Bonetti et al. 1995;
Pande et al. 1995). Sc eRF1 could be depleted to about 10%
of normal before the growth rate significantly decreased
(Salas-Marco et al. 2006). Depletion increased all shifty
stop frameshifting about 10-fold regardless of termination
codon or 39 nucleotide (Table 1, column 2). This lack of
codon-specific effect is consistent with a reduced rate of A
site occupancy because the factor is limiting.

The effect of depleting Sc eRF1 in a strain constitutively
expressing the chimeric Eo/Sc eRF1 was quantitatively
different (Table 1, column 3). The level of frameshifting
at UGA was significantly higher than in the strain depleted
of Sc eRF1, while frameshifting at UAA and UAG was
generally lower. This shows that the presence of the Eo/Sc
eRF1 interfered with recognition of the UGA codon by the
residual Sc eRF1 but that the Eo/Sc eRF1 accelerated the
rate of UAA/UAG recognition. Compared with the deple-
tion, UGA frameshifting increased an average of 2.4-fold,
but UAA and UAG decreased 1.8- and 1.4-fold on average.
As a control, we also tested the effect at a nonshifty stop
frameshift site, CUU-AGG-C, which is the programmed +1
frameshift site of the Ty1 retrotransposon (Belcourt and
Farabaugh 1990). This site does not involve a termination
codon, and as expected, we observed little or no effect of
changes in eRF1 availability (Table 1, last line). These data
clearly indicate that the Eo/Sc eRF1 recognizes UGA much
less efficiently than either UAA or UAG but also that it

recognizes UAA and UAG much less efficiently than does
Sc eRF1.

The Tetrahymena/Saccharomyces eRF1 chimera also
promotes +1 shifty stop frameshifting at all three
termination codons

To extend our analysis, we tested whether Tt/Sc eRF1
stimulates frameshifting at shifty stop sites. This experi-
ment was less complicated because a Tt/Sc eRF1 gene
complements the lethality of sup45D yeast lacking Sc eRF1.
Tt/Sc eRF1 suppresses read-through of all three translation
codons when the cells are grown at 35°C, the normal
growth temperature of T. thermophila. In contrast, at this
temperature it allowed significant shifty stop frameshift
at all three codons (Fig. 2). Moreover, in contrast to either
Sc eRF1 or Eo/Sc eRF1, the Tt/Sc eRF1 stimulated frame-
shifting on UAA and UAG much more than on UGA both
in terms of the absolute value and of the fold increase
relative to Sc eRF1. Tt/Sc eRF1 had no significant effect on
frameshifting at the nonshifty stop CUU-AGG-C site. These
data suggest that Tt/Sc eRF1 recognizes all three termination
codons significantly less efficiently than does Sc eRF1. This
difference is most pronounced for UAA/UAG.

Changes to the phylogenetically conserved TASNIKS
motif in E. octocarinatus eRF1 cause increased
frameshifting at UAA and UAG codons

Fan-Minogue et al. (2008) identified point mutations in
Eo/Sc eRF1 that allow it to support growth of a sup45D S.
cerevisiae strain and that partially restore UGA recognition.
The mutations target the conserved sequence motifs TAE-
SIKS (TASNIKS in canonical code proteins) and YxCxxxF.
The C124S mutation, which alters the conserved cysteine in
the YxCxxxF motif, reduces UGA read-through 76-fold,
suggesting that it increases the efficiency of UGA recogni-
tion (Fan-Minogue et al. 2008). A double mutant of the
TAESIKS motif, E57S/S58N, which creates the canonical
TASNIKS motif, reduces UGA read-through 15-fold. Each
mutant appeared to retain efficient termination at UAA
and UAG. In vitro peptide release assays showed that Eo/Sc
eRF1 recognized UGA significantly more slowly than UAA/
UAG, that the two motif mutations accelerated UGA
recognition, but that neither mutant altered the rate of
UAA/UAG recognition, consistent with in vivo read-through
results (Fan-Minogue et al. 2008).

The programmed frameshift assays reported here suggest
that Eo/Sc eRF1 recognizes UAA/UAG significantly less
efficiently than Sc eRF1, whereas previous read-through
results suggested that the factors were approximately
equally efficient (Fan-Minogue et al. 2008). To understand
the source of this difference, we determined if the muta-
tions targeting the TASNIKS and YxCxxxF motifs of Eo/Sc
eRF1 affect shifty stop frameshifting. As shown in Figure 3,

TABLE 1. Effect of Eo/Sc eRF1 on shifty stop frameshifting

Frameshift efficiency (% 6 SEM)

Frameshift site Sc eRF1 Depleted Sc eRF1 Eo/Sc eRF1

CUU-UGA-C 6.5 6 0.7 42 6 4.6 60 6 3.1
CUU-UGA-U 0.8 6 0.1 10 6 1.6 22 6 4.7
CUU-UGA-A 1.4 6 0.2 14 6 0.6 51 6 1.7
CUU-UGA-G 0.7 6 0.1 8.3 6 1.0 19 6 2.5

CUU-UAA-C 1.9 6 0.1 21 6 3.8 10 6 0.6
CUU-UAA-U 0.4 6 0.1 3.8 6 0.3 2.0 6 0.2
CUU-UAA-A 0.6 6 0.3 5.2 6 0.6 3.9 6 1.7
CUU-UAA-G 0.6 6 0.1 6.1 6 0.9 3.2 6 0.5

CUU-UAG-C 2.2 6 0.1 19 6 2.5 15 6 1.0
CUU-UAG-U 0.4 6 0.1 3.6 6 0.4 3.5 6 0.7
CUU-UAG-A 0.6 6 0.3 5.2 6 0.6 3.9 6 1.7
CUU-UAG-G 0.3 6 0.1 4.9 6 1.1 2.3 6 0.3

CUU-AGG-C 41 6 2.1 29 6 1.2 35 6 2.0
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the E57S/S58N double mutation reduced UGA frameshifting
about twofold, but it decreased frameshifting at UAA/UAG
to the level seen with Sc eRF1. In contrast, the C124S
mutation reduced frameshifting on UGA to the Sc eRF1
level, but it had the opposite effect on frameshifting at UAA/
UAG, causing a significant increase to a level far above that
seen with Sc eRF1. In the triple mutant, C124S/E57S/S58N,
UGA frameshifting was slightly below and UAA/UAG
frameshifting slightly above Sc eRF1 levels. These data
suggest that the TASNIKS to TAESIKS mutation of E.
octocarinatus eRF1 decreased recognition of all three termi-
nation codons, not just UGA as implied by the termination
read-through assays. Altering the phylogenetically conserved
C124 appears to have increased UGA recognition at the
expense of UAA/UAG recognition, which also fails to
confirm the results of the read-through assays.

These mutational data suggest that the TASNIKS motif
plays a major role in UAA/UAG recognition but that, in
the context of the Eo/Sc eRF1, it has little effect on UGA
recognition. We tested whether loss of the motif in the con-
text of the Sc eRF1 would have a reciprocal effect, reducing
UAG/UAA recognition more than UGA. As shown in Figure
3, a mutation introducing the E. octocarinatus sequence
TAESIKS (Sc eRF1 S57E/N58S) did not have this effect.
Frameshifting increased on all three shifty stop sites though
the magnitude of the effect varied: 2.3-fold at UAA, fourfold
on UGA, and eightfold on UAG. The change from TASNIKS
to TAESIKS, isolated from other changes introduced into
the E. octocarinatus enzyme, appears to reduce the efficiency
of stop codon recognition in general. Given that the fold
reduction in UAG recognition was greater than for UGA,
this change cannot by itself explain the change in codon
specificity that occurred during genetic code redefinition.

We observed that the motif mutations of the Eo/Sc hybrid
eRF1 caused a reproducible decrease in frameshifting at the
control nonshifty stop frameshift site, CUU-AGG-C (Fig. 3).

Each mutation caused more than a twofold decrease in
frameshifting. Given that this frameshift site does not involve
a nonsense codon, the effect is unexpected. However, we
have shown previously that frameshifting at this site is very
sensitive to cell physiology, decreasing drastically as cells
enter post-diauxic phase (Stahl et al. 2004). At this stage,
cellular growth rate decreases strongly; we argued that the
decrease in this case reflects the fact that slowly growing cells
experience less demand for the rare tRNAArg

CCU because of
reduced rates of protein synthesis. The Eo/Sc eRF1 strains
grow much more slowly than strains expressing Sc eRF1 or
Tt/Sc eRF1, and the level of total protein synthesis is also
reduced (data not shown). We suspect that the reduction in
frameshifting at CUU-AGG-C, therefore, does not directly
relate to Eo/Sc eRF1 activity. We note that whereas frame-
shifting at the three shifty stop sites varies strongly among
the three mutants, CUU-AGG-C frameshifting is very con-
sistent. This result is inconsistent with any alternative model
in which mutant Eo/Sc eRF1 incorrectly recognizes the AGG
sense codon.

DISCUSSION

Termination codon reassignment in two ciliates
results in increased frameshifting

Our data clearly suggest that in Euplotes, a genus in which
UGA has been reassigned to a sense codon, eRF1 ineffi-
ciently recognizes all three canonical termination codons.
The decreased efficiency results independently from muta-
tions in two conserved regions of eRF1 domain 1. Ineffi-
cient termination also allows frequent frameshifting
at shifty stop codons. The mechanism of genetic code reas-
signment in T. thermophila involved creation of UAA and
UAG suppressor tRNAGln isoacceptors (Schüll and Beier
1994). Nonsense suppressors can decode inefficiently because
of competition for the termination codon by RF (for ex-
ample, see Martin et al. 1988). The codon capture model
thus predicts that reassignment requires altering eRF1 codon
specificity. Salas-Marco et al. (2006) showed that Tetrahymena
reassignment did not result in a change in codon specificity by
eRF1 since it recognized all three terminators equally well. The
programmed frameshifting data presented confirm that the
factor has less than a twofold preference for UGA codons,
which is probably insufficient in itself to explain reassignment.
The read-through data also imply that Tt/Sc chimeric eRF1 is
about as efficient as the endogenous Sc eRF1; however the
programmed frameshifting results presented here suggest that
it is much less efficient. These data suggest that the sensitivity
of the read-through assay is too low to reveal this decrease in
relative activity of the Tt/Sc eRF1. The factor appears to have
undergone a codon-nonspecific reduction in eRF1 activity,
which, along with the elaboration of abundant tRNA sup-
pressors, could explain how UAA/UAG reassignment was
accomplished.

FIGURE 2. Tt/Sc eRF1 stimulates programmed +1 frameshifting at
all termination codons. The efficiency of programmed frameshifting
on three shifty stop frameshift sites and one nonshifty stop frameshift
site, as indicated, was measured in the presence of S. cerevisiae eRF1
(Sc eRF1) or the T. thermophila/S. cerevisiae chimeric enzyme (Tt/Sc
eRF1). Error bars, SEM.
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In the case of reassignment in Euplotes spp., the results
of Salas-Marco et al. (2006) suggested that reassignment
resulted from a change in codon specificity. Eo/Sc eRF1
recognized UGA codons much less efficiently than it did
UAA or UAG. The data presented here confirm that
conclusion; frameshifting was much more efficient on
UGA than on UAA or UAG. However, Eo/Sc eRF1 clearly
allows much more frameshifting on UAA or UAG than
does the endogenous yeast factor. This is consistent with
the prediction that altering the factor to eliminate recog-
nition of one termination codon might require impair-
ing recognition of the other two codons (Klobutcher and
Farabaugh 2002). A recent genome survey of E. crassus, a
species that also decodes UGA as cysteine, identified a gene
encoding a cysteine-inserting UGA-specific tRNA suppres-
sor (V.N. Gladyshev, pers. comm.). Apparently, Euplotes
UGA codon reassignment required both a tRNA suppressor
and an eRF1 with altered codon specificity. It remains to be
seen if the two styles of termination codon reassignment,
UAA/UAG and UGA, necessarily use these distinct mech-
anisms in other species.

Comparison of many eRF1 sequences identified two
highly conserved sequence motifs in domain 1 of canonical
code proteins (TASNIKS and YxCxxxF) that show unusu-
ally high sequence divergence in variant code proteins,
suggesting that they might be responsible for altering codon
specificity (Knight and Landweber 2000; Song et al. 2000;
Lozupone et al. 2001; Kim et al. 2005). Mutagenesis and
protein cross-linking studies independently implicated
these two motifs in codon recognition (Chavatte et al.
2002; Inagaki et al. 2002; Seit-Nebi et al. 2002; Kolosov
et al. 2005). Fan-Minogue et al. (2008) tested the role of
these two motifs in redefinition of UGA in E. octocarinatus.
The Euplotes eRF1 substitutes TASNIKS with TAESIKS;
restoring the canonical TASNIKS sequence by creating the
double mutation E57S/S58N greatly increased UGA recog-

nition without significantly decreasing
recognition of UAA/UAG. They also
showed that a mutation to the con-
served cysteine in the YxCxxxF motif
(C124S) had a similar effect, although
the efficiency of UGA recognition by
the C124S mutant was greater than
by the E57S/S58N mutant. Using an in
vitro translation system, they demon-
strated that the Eo/Sc chimeric eRF1
recognizes UGA much more slowly than
it does UAA or UAG and that mutating
the motifs eliminate this distinction.
The E57S/S58N mutant also eliminated
the stimulatory effect of eRF3 on rec-
ognition of UAA or UAG but not on
UGA. They proposed a conformational
model for eRF1 function in which
eRF3dGDP induces a conformational

change in eRF1, leading to peptide release; GTP hydrolysis
by eRF3 stimulates peptide release in vitro (Alkalaeva et al.
2006). The model suggests that there are two such con-
formations, one for UAA/UAG and one for UGA; the
Euplotes factor adopts the UAA/UAG conformation rapidly
but the UGA conformation much more slowly. The TAESIKS
motif appears to be largely responsible for the slow acquisition
of the UGA conformation.

Frameshifting is a common feature of gene expression in
Euplotes spp.; in excess of 10% of Euplotes genes incorporate
a frameshift site (for review, see Klobutcher and Farabaugh
2002). Most of these sites are AAA-UAA-A, but there are a
few variant AAA-UAG-A sites. The presence of the non-
standard TAESIKS motif in Eo eRF1 partly explains the
increased frameshifting at UAA/UAG. The change from
the canonical TASNIKS to this variant was necessary to
minimize recognition of UGA (Fan-Minogue et al. 2008),
but according to our data, it also resulted in a large increase
in programmed +1 frameshifting at UAA/UAG. The de-
creased efficiency of UAA/UAG recognition was no doubt a
precondition for evolving the many AAA-UAR-A frame-
shift sites found in Euplotes spp. It may have been inevitable
that reassigning UGA as a sense codon would do so, or it
may have been fortuitous and other modifications of eRF1
might have resulted in higher activity with UAA/UAG. It
will be necessary to characterize more UGA reassignments
to be certain which is true.

Poor recognition of the terminators is necessary but not
sufficient to evolve efficient frameshifting. Two facts imply
that one or more other factors must have been involved.
First, Tetrahymena eRF1 appears to recognize UAA/UAG
less efficiently than does the Euplotes factor, but there is no
evidence of its using shifty stop frameshifting. Second, the
frameshift sites in Euplotes are surprisingly unvarying; at
every site identified the shift codon, immediately upstream
of the pause-inducing stop codon, is AAA encoding lysine.

FIGURE 3. Effect of mutations of phylogenetically conserved motifs of Eo/Sc eRF1 on shifty
stop frameshifting. The efficiency of programmed +1 frameshifting on the same programmed
frameshift sites represented in Figure 2 (identified in the legend) was measured in the presence
of six variant forms of eRF1 as shown. Error bars, SEM.
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The well-characterized +1 frameshift sites of S. cerevisiae
uniformly employ a shift codon for which the cognate
tRNA is either in very low abundance or is entirely absent
(Sundararajan et al. 1999). The lack of the cognate tRNA
for this codon allows a near-cognate tRNA to decode it,
creating a usually illegal wobble interaction, for example, a
UdU pair. The T. thermophila genome sequence reveals a
full complement of 47 standard tRNAs able to decode all
63 sense codons, including the tRNAGln specific for UAA/
UAG (Eisen et al. 2006). Ten of these tRNAs are encoded
by one or two structural genes, suggesting they may be low
abundance; eight of these decode G-ending codons. This
resembles the situation in S. cerevisiae, which has 12 tRNAs
encoded by one or two genes, eight decoding G-ending
codons. Only three S. cerevisiae genes employ programmed
frameshifting, ABP140 (Asakura et al. 1998), EST3 (Morris
and Lundblad 1997), and OAZ1 (Palanimurugan et al.
2004). By analogy, T. thermophila might encode a small
number of unrecognized frameshift products employing
one of the poorly decoded codons and a poorly recognized
UGA stop codon. Since the OAZ1 frameshift went unrec-
ognized for almost a decade after the completion of the
yeast genome, despite its using a well-characterized frame-
shift mechanism, the idea that genes have been missed in
Tetrahymena is not unexpected.

Frequent use of frameshifting in Euplotes spp. implies
high efficiency because of the deleterious effects of ineffi-
cient frameshifts, which would reduce gene output when
present. To the extent that efficient frameshifts do not
greatly reduce gene output, they should be neutral events,
which would explain their frequent occurrence (Klobutcher
and Farabaugh 2002). Given that Eo/Sc eRF1 recognizes
UAA/UAG more efficiently than Tt/Sc eRF1, its reduced
UAA/UAG efficiency in and of itself cannot explain the
presumed high efficiency. As with other programmed events
(for review, see Farabaugh 1996), Euplotes +1 programmed
frameshifting should depend on the coincidence of several
factors. We can imagine several possible explanations. The
Euplotes programmed frameshifts involve a tRNALys decod-
ing the codon immediately upstream of the poorly recog-
nized UAA or UAG terminator. Either the tRNA or the
lysine amino acid itself could stimulate frameshifting. There
are precedents for unusual tRNAs stimulating frameshift-
ing. In Escherichia coli an unconventional anticodon loop
structure of tRNALys stimulates �1 frameshifting (Agris et al.
1997). The E. crassus genome survey, however, identified 23
copies of a gene for the AAA decoding tRNALys

UUU and
17 copies of the AAG decoding tRNALys

CUU with no evidence
of any unusual structure (V.N. Gladyshev, pers. comm.).
Hypomodification of tRNAs can stimulate frameshifting
(Hagervall et al. 1993; Brierley et al. 1997; Carlson et al.
1999; Urbonavicius et al. 2001, 2003; Leipuviene and Bjork
2005; Waas et al. 2007), so in Euplotes, frameshifting could
require an undermodified tRNA. The C-terminal lysine on
the nascent peptide chain could also stimulate frameshifting

since the amino acid at this position may decrease eRF1
efficiency by reducing the rate of peptide release (Brown
et al. 1990b; Arkov et al. 1993; Mottagui-Tabar and Isaksson
1997). A further possibility is that the sequence AAA in the
mRNA influences recognition by eRF1 directly as a context
effect although how that would function is not clear.

MATERIALS AND METHODS

Strains and hybrid eRF1 constructs

The S. cerevisiae strain carrying a deletion of the gene encoding
eRF1 (SUP45), YDB447, MATa ura3-52 leu2-3,112 ade1-14 lys2
trp1 his3 sup45DTHIS3 [psi–], was used in all experiments. The
Euplotes and Tetrahymena hybrid eRF1 gene constructs have been
described (Salas-Marco et al. 2006).

S. cerevisiae eRF1 depletion experiments were done essentially
as described (Salas-Marco et al. 2006). The cells containing the
eRF1 plasmids and the frameshift reporter plasmids were grown in
medium containing galactose as carbon source for several gen-
erations. The cells at mid-log stage were washed and resuspended
in glucose medium. The cells were harvested for b-galactosidase
assays at mid-exponential stage (OD600 � 1).

Frameshift constructs and frameshift assays

In order to test the effect of the Euplotes eRF1 on frameshifting, we
transformed the above strains with frameshift reporter plasmids
that are derivatives of pMB38 (Belcourt and Farabaugh 1990), a
shuttle vector with a URA3 marker. The plasmid contains the first
33 codons of the HIS4 gene fused to a lacZ gene via an intervening
programmed frameshift site derived from the Ty1 retrotransposon
CUU-AGG-C. To assess the effect of eRF1 on frameshifting, we
replaced the AGG pause codon of this site with each of the three
nonsense codons using the QuikChange II XL site directed mutagen-
esis kit (Stratagene). Because the nucleotide 39 of the termination
codon influences recognition by eRF1, we constructed sites using a 39

A, G, or T using QuikChange. In order to measure the frameshifting
efficiency, we compared expression from the frameshift reporter genes
with expression from a frame fusion control plasmid in which the
HIS4 gene and lacZ gene are in the same translation frame; the frame
fusion plasmid lacks the second U in the CUU codon. The ratio of
the expression of the b-galactosidase from frameshift control to the
frame fusion control gives the frameshifting efficiency. Triplicate
b-galactosidase assays of at least three independent transformants
were performed as described (Farabaugh et al. 1989)
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