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Abstract

The discovery of the genetic code provided one of the basic foundations of modern molecular biology. Most
organisms use the same genetic language, but there are also well-documented variations representing
codon reassignments within specific groups of organisms (such as ciliates and yeast) or organelles (such as
plastids and mitochondria). In addition, duality in codon function is known in the use of AUG in translation
initiation and methionine insertion into internal protein positions as well as in the case of selenocysteine
and pyrrolysine insertion (encoded by UGA and UAG, respectively) in competition with translation termina-
tion. Ambiguous meaning of CUG in coding for serine and leucine is also known. However, a recent study
revealed that codons in any position within the open reading frame can serve a dual function and that a
change in codon meaning can be achieved by availability of a specific type of RNA stem-loop structure in
the 3’-untranslated region. Thus, duality of codon function is a more widely used feature of the genetic
code than previously known, and this observation raises the possibility that additional recoding events and

additional novel features have evolved in the genetic code.
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Introduction

The demonstration by Nirenberg and Matthaei (1961)
that phenylalanine was incorporated into protein in
response to poly-uracil marked the beginning of the deci-
phering of the genetic code. Over the subsequent three
years one of the fiercest competitions in the biological
sciences occurred between Nirenberg’s (Nirenberg et al.,
1963) and Ochoa’s laboratories (Speyer et al., 1963), using
homo- and heteropolynucleotides in protein synthesis
to elucidate the code. The end result of these initial stud-
ies was that codewords were dictated by a trinucleotide
and many of the 20 protein amino acids were assigned
codons. The sequences of the codewords, however, could
not be determined except in a few cases that primarily
involved homopolynucleotides. These studies formed the
first stage in elucidating the genetic code. The sequences
of the codewords were determined in the second stage.
These latter studies involved the binding of labeled
aminoacyl-tRNA to ribosomes in response to a specific

trinucleoside diphosphate of known sequence (Nirenberg
and Leder, 1964; Leder and Nirenberg, 1964a; Leder and
Nirenberg, 1964b) . By 1966, the genetic code had been
deciphered (Nirenberg et al., 1966). One other extremely
important study during this period demonstrated that the
genetic code was universal: Marshall et al., (1967) found
that aminoacyl-tRNAs from guinea pig liver, amphibian
liver and Escherichia coli were recognized by the same
codewords. The deciphering of the genetic code and
demonstration of its universality represent two of the
most important discoveries in biology, and have had a
profound effect on the advancement of science.

It was subsequently discovered, however, that vari-
ations in the genetic code have occurred in cellular
organelles (see reviews by Osawa et al., 1992; Jukes and
Osawa, 1993), and currently 23 variants of the code are
known that are listed at the NCBI (Figure 1). It was also
found that alternative genetic codes (http://www.ncbi.
nlm.nih.gov/Taxonomy/taxonomyhome.html/index.
cgi?chapter=cgencodes) in nuclear and mitochondrial
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Figure 1. The genetic code and its variations. The genetic code is shown in a circular form, with known alternative meanings indicated outside
the circle. Differences to the standard genetic code are shown as red for mitochondrial, blue for ciliate and Euplotid nuclear code, and orange for

the ambiguous yeast nuclear code. Sec and Pyl are shown in black.

genomes have arisen independently more than 30
times (Knight et al., 2001b; Swire et al., 2005; Soll and
RajBhandary, 2006). Most often, these changes represent
a simple codon reassignment, wherein a different amino
acid is coded by the “universal” codon. Subsequent stud-
ies identified selenocysteine (for a review see Hatfield
and Gladyshev, 2002) and pyrrolysine (Srinivasan ef al.,
2002) as the 21st and 22nd amino acids in the genetic
code that are decoded by the termination codons UGA
and UAG, respectively. Also, it was found that the UGA
termination codon in rabbit 3-globin mRNA is involved
in ribosomal hopping and may be suppressed by inser-
tion of serine, tryptophan, arginine or cysteine (Chittum
et al., 1998). Furthermore, a recent study reported that the
same codon can have a dual function in inserting differ-
ent amino acids in any position of the open reading frame
and that this occurs, not only in the same organism, but
even in the same gene (Turanov et al., 2009). This review
discusses the best characterized cases of dual functions
of codons.

Methionine and translation initiation

During translation, AUG acts as an initiator of pro-
tein synthesis as well as a codon for methionine

(Met) incorporation at internal protein positions in
eukaryotes and an N-formylmethionine (fMet) in
prokaryotes. However, the presence of AUG alone is
not sufficient to start translation - initiation factors
and a specific nearby sequence (or nucleotide context)
are also required. Although alternative start codons in
eukaryotes are rarely used (Gerashchenko et al., 2010),
a recent study utilizing ribosome-profiling strategy to
monitor translation in budding yeast (Ingolia et al.,
2009) discovered the occurrence of pervasive initia-
tion at specific, favorable, non-AUG sites. While further
studies are needed in eukaryotes to define alternative
initiation of translation, in prokaryotes the use of GUG
and UUG as initiators in addition to AUG is known to
be quite widespread; for example, an analysis of the E.
coli genome revealed that 14% of the genes use GUG
for translation initiation, and 3% utilize UUG (Blattner
etal., 1997). A separate initiator tRNA is used in the ini-
tiation process, and although an alternative start codon
may be used, it is still translated as Met (or fMet) by
the initiator tRNAM®, During initiation, AUG in bacteria
is translated as fMet; however, when the same codon
is encountered in the open reading frame (ORF), Met
is inserted by the internal reading tRNAM*' (Sherman
et al., 1985). The discriminatory mechanism ensuring
the fidelity of initiation usually requires the starting
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AUG to occur in an optimum nucleotide context. In
eukaryotes, this context is represented by the so-called
“Kozak consensus sequence” (the optimal sequence is
GCC(A/G)CCAUGG, but variations of it also provide the
same function) (Kozak, 1991).

Thus, AUG serves as either a translation initiating
codon or a Met internal codon. The dual functionality
of this codon is somewhat artificial as there is no com-
petition for amino acid insertion at either the initiator or
internal reading AUG site. The initiator tRNA that binds
prior to ribosome assembly only works for providing
the N-terminal amino acid residue. Once translation
has started, AUG acts in the same manner as any other
codon and has a specific role in inserting Met in internal
positions of proteins.

Selenocysteine and translation termination

Another widespread example of a codon with different
functions is UGA, which is used for selenocysteine (Sec)
incorporation. Sec is known as the 21st naturally occur-
ring amino acid that is co-translationally incorporated
into nascent polypeptide chains. Structurally, Sec is
similar to cysteine and serine, but contains a selenium
atom in place of sulfur in cysteine and oxygen in serine.
Its presence in all domains of life and conservation of
several components of the Sec biosynthesis and inser-
tion machinery suggest an ancient origin of this amino
acid.

It was initially found that the gene coding for formate
dehydrogenase from E. coli contains, within its open
reading frame, a UGA stop codon at position 140 (Zinoni
et al., 1986) that corresponded to Sec in the enzyme. In
addition, a separate study (Chambers et al., 1986) found
that the mouse glutathione peroxidase gene has an in-
frame UGA codon, which was predicted to code for Sec
at the active site of the corresponding protein. Unlike
most other amino acids, Sec biosynthesis is a multistep
process that occurs on its tRNA (Xu et al., 2007). First,
tRNAS* is aminoacylated with serine, which, after phos-
phorylation of the serine moiety on its tRNA in archaea
and eukaryotes, is converted to the selenol group to yield
Sec-tRNAS. The normal function of UGA is to terminate
protein synthesis, and thus, depending on the conditions
(see below), this codon may act as either a nonsense or a
Sec codon. Sec incorporation at the UGA codon requires
the presence of a stem-loop structure designated the
Sec insertion sequence (SECIS) element and a set of
Sec insertion machinery components, including SECIS
binding protein 2 (SBP2), Sec specific elongation factor
(EFSec), Sec tRNA, phosphoseryl-tRNA kinase (PSTK),
SECp43 and Sec synthase, as shown in Figure 2.

SECIS elements have different structures in eukaryo-
tes, bacteria and archaea (Berry et al., 1993; Rother et al.,
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2001; Kryukov and Gladyshev, 2004). In bacteria, the
SECIS element is located immediately downstream of the
UGA codon, while in eukaryotic organisms it is present
in the 3’-untranslated region (3"-UTR). In archaea, SECIS
elements may be located in both 5"-UTR and 3’-UTR.
Several studies have been undertaken to measure the
efficiency of Sec incorporation. When the fdhF SECIS
element was inserted within a gst-lacZ fusion, read-
through efficiency was 4-5% and overexpression of the
Sec insertion machinery increased read-through to
7-10% (Suppmann et al., 1999). The efficiency of Sec
incorporation into a mammalian luciferase reporter
system in vitro was 5-8%, whereas read-through reached
~40% in vitro in selenoprotein P (Mehta et al., 2004). Tt
should be noted, however, that these data were obtained
from transfection experiments conducted in vitro, and
thus may not reflect the true efficiency of in vivo Sec
incorporation.

In prokaryotes, a single protein, elongation factor SelB,
binds to selenocysteyl-tRNA and the SECIS element on the
ribosome for insertion of Sec into protein (Forchhammer
et al., 1989; Fourmy et al., 2002). In eukaryotes, the same
process requires two proteins, the Sec-specific elongation
factor, EFSec, that forms a complex with selenocysteyl-
tRNA and the SECIS-binding protein, SBP2 (Copeland
and Driscoll, 1999), that binds to the SECIS element in
forming a complex with EFSec-selenocysteyl-tRNA for
insertion of Sec into the nascent polypeptide chain.
Ribosomal protein L30 (Chavatte et al., 2005) and SECp43
protein were also implicated in Sec insertion, but their
precise roles are currently unknown. Recently, a crystal
structure of human Sec tRNA was solved (Itoh et al., 2009).
In contrast to the seven base pair (bp) acceptor stem and
the 5-bp T stem in the canonical tRNAs, human tRNAS*
has a 9-bp acceptor stem and a 4-bp T stem. The vari-
able arm is comprised of a 6-bp stem and a 4-nucleotide
loop. The unusual structure of the Sec tRNA is consistent
with the need for a novel elongation factor EFSec/SelB,
dedicated to Sec incorporation.

In addition to the SECIS element, a Sec redefinition
element (SRE) was recently described in selenoprotein N
(Howard et al., 2005). SRE represents another conserved
stem-loop structure that is located immediately down-
stream of the UGA codon. It was found that SRE increases
the read-through rate two- to six-fold, depending on the
presence of the SECIS element. Additional experiments
supported the conclusion that SRE is a functional ele-
ment regulating SelN expression, probably by promot-
ing Sec insertion and inhibiting termination of protein
synthesis.

In summary, the UGA codon in an mRNA usually indi-
cates translation termination. However, in some cases,
wherein this codon occurs in an ORF and in the presence
of the Sec insertion machinery and the SECIS element in
its proper position, UGA is used for incorporation of Sec.
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Figure 2. Selenocysteine incorporation machinery, showing the mechanism of Sec biosynthesis and incorporation into selenoproteins, as dis-
cussed in the text. Further discussion and identification of the various components involved in Sec biosynthesis are presented elsewhere (Xu

etal., 2007).

SECIS elements display a wide range of Sec incorporation
activity, with difference in efficiency reaching sev-
eral thousand fold in vivo and several hundred fold
in vitro (Latreche et al., 2009). This process could be
highly efficient, as indicated by the existence of seleno-
protein P, which may contain up to 28 Sec residues
depending on the organism (Lobanov et al., 2008).
Since Sec utilization may provide catalytic advantages
(due to a higher catalytic efficiency of Sec-containing
enzymes compared to Cys-containing ones), but does
not necessarily warrant expansion of the genetic code or
complete reassignment of a codon (because the number
of Sec-containing proteins in an organism is limited), an
elegant solution has evolved, enabling a dual function of
the UGA codon.

Pyrrolysine and translation termination

Pyrrolysine (Pyl) is the most recently discovered amino
acid in the genetic code. It is known as the 22nd natu-
rally occurring amino acid, and is inserted into protein
in response to UAG codon (Hao et al., 2002). By analogy
to UGA and Sec, the possibility of recoding UAG to have

two meanings in the genetic code is apparent. Less than
1% of all sequenced genomes contain Pyl-containing
proteins, whose known distribution is currently lim-
ited to several methanogenic archaea and bacteria.
Pyl incorporation requires the presence of Pyl tRNA
with a CUA anticodon (encoded by the pyIT gene) and
an aminoacyl-tRNA synthetase (encoded by the pylS
gene) responsible for aminoacylating this tRNA with
Pyl (Srinivasan et al., 2002).

The utilization of Pyl by both archaea and bacteria
is of special interest, since these organisms belong to
different domains of life. When the utilization of Pyl by
Methanosarcinaceae was first discovered, it was assumed
that Pyl represents “a late archaeal invention designed
to meet the specific physiological needs of a particular
archaeal lineage” and “another example of genetic code
evolution after the era of the last common universal
ancestor” (Ambrogelly ef al., 2007). But a later finding
of Pyl utilization by Desulfitobacterium suggested that
PyIRS was already present in the last universal common
ancestor, and that this system persisted only in organisms
that utilized methylamines as energy sources (Nozawa
et al., 2009). As a rule, a narrow phylogenetic distribu-
tion is an indicator of recent changes. The situation with
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Pyl is not so obvious. Phylogenetic analysis of Pyl users
(Fournier, 2009) showed that pyrrolysyl-tRNA synthetase
diverged from other synthetases before the split between
bacteria and archaea. However, the very narrow distri-
bution of current Pyl users poses questions regarding
evolutionary pressure to either maintain or eliminate
the Pyl system.

The simplest explanation of the unusual Pyl distribu-
tion would be a vertical inheritance with many lineage-
specific independent gene losses. This assumes that the
Pyl usage machinery (together with the genes utilizing
Pyl) was present in the last universal common ancestor
of known life (LUCA). During evolution, these genes were
then lost in all lineages except the direct ancestors of
current users. The obvious problem with this hypothesis
is that it requires a huge number of selective losses to
explain the current distribution. Moreover, known users
utilize Pyl primarily in methylamine methyltransferase
enzymes (or in other proteins that exist in organisms
containing methylamine methyltransferases), indicating
that either Pyl usage in other systems was abandoned,
or Pyl evolved for this particular set of enzymes. The
former requires independent, parallel losses of entire
gene families resulting in exactly the same sets of genes,
and the latter would mean that Pyl utilization provides
catalytic advantage, thus putting a sufficient selective
pressure for the maintenance of Pyl machinery. Thus, it
is likely that the system for Pyl encoding has evolved via
a transfer from an ancient, currently unknown, deeply
branching lineage (Fournier, 2009). Moreover, the
branch lengths between the bacterial homologs of the
PylS gene family, as well as between the bacterial and
the archaeal homologs, indicate that if horizontal gene
transfer occurred, the archaeal and bacterial genes were
transferred from different donor organisms (Figure 3). It
was initially assumed that Pyl evolved to be an active-
site constituent. However, it was recently found that Pyl
replacement with Trp in Methanosarcina acetivorans

Pyl-containing lineages

Bacteria

= Eukaryota
\ ] N\
! 4 Archaea
Ancient (extinct?)
Lineages

Last Universal
Common Ancestor

Figure 3. The model for a possible horizontal gene transfer of the pyr-
rolysine trait to archaea and bacteria. Ancient (probably extinct) Pyl
users are indicated by a light blue circle, and the last universal com-
mon ancestor (LUCA) of eukaryotes, bacteria and archaea is shown in
dark blue. Dotted lines show a possible Pyl trait transfer.
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Thgl yielded a fully active enzyme, suggesting that Pyl
in this protein is a dispensable residue that appears to
confer no selective advantage (Heinemann ef al., 2009).

There are some differences in bacterial and archaeal
Pyl systems. For example, PylS in bacteria is encoded by
two adjacent genes, while in archaea it is present as a
single gene product. Of interest is the fact that in metha-
nogenic archaea there is no proof of specific UAG usage
as a stop codon, while in D. hafniense the UAG codon is
used as a specific translation termination signal in many
proteins (Zhang et al., 2005). Moreover, because the Pyl
incorporation machinery is clustered as a “cassette’, it is
relatively easy to transfer the Pyl trait to other genomes.
It has been demonstrated that the presence of the PyIRS-
tRNA(Pyl) system allows site-specific incorporation of the
range of amino acids (such as different L-lysine deriva-
tives) in mammalian cells (Mukai et al., 2008) and E. coli
(Namy et al., 2007).

Thus, there are several important differences between
the Sec and Pyl protein insertion machineries. First,
Sec is synthesized on Sec tRNA, which is first aminoa-
cylated with Ser, while Pyl is synthesized prior to its
aminoacylation to Pyl tRNA. Sec incorporation requires
the Sec-specific elongation factor, EFSec, while Pyl is
served by the canonical elongation factor EF-Tu. Also, in
order for Sec to be included into protein, the presence
of a cis-SECIS element in mRNA is required; for Pyl, no
similar element has been found. Trans-acting elements
needed for Sec insertion include EFSec/SBP2 (or SelB in
prokaryotes), while trans-elements for Pyl are currently
unknown. Known enzymes for Sec biosynthesis include
SelA and SelD, and for Pyl biosynthesis PylS, PylB, PylC
and PylD (Srinivasan et al., 2002). Each amino acid is
served by non-canonical tRNAs (i.e. Sec tRNA and Pyl
tRNA) and is inserted into a polypeptide in response to
UGA (for Sec) or UAG (for Pyl) codons.

It is interesting to note that two independent studies,
a search for tRNA genes for novel amino acids (Lobanov
et al., 2006) and a protein-level search for stop-codon-
encoded amino acids (Fujita et al., 2007), were successful
in identifying Sec and Pyl tRNAs, and Sec-containing and
Pyl-containing proteins; however, no new amino acid
candidates were found by either approach, suggesting
that unknown amino acids encoded by stop codons
either do not exist, or their phylogenetic distribution is
very limited.

Ambiguous serine and leucine insertion

In 1989, it was found that asporogenic yeast, Candida
cylindracea, utilizes CUG (a universal leucine codon)
for serine insertion (Kawaguchi et al., 1989). A series of
in vitro experiments demonstrated that in six of 14 spe-
cies examined, CUG was used as a serine codon, while in
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the remaining eight species it coded for leucine. A specific
tRNA responsible for the translation of CUG as serine was
detected in all six species, in which CUG was translated
as serine. When this tRNA was analyzed in more detail,
it was discovered that it evolved from a serine tRNA via
insertion of a single adenosine in the second position of
the anticodon, changing it to CAG (Suzuki et al., 1994).
Further analysis showed that CUG was decoded as both
serine and leucine in vivo and that C. albicans tolerates
up to 28.1% of leucine mis-incorporation at CUG posi-
tions (Gomes et al., 2007). Unlike Sec or Pyl insertion, the
choice ofleucine or serine is completely random. In other
words, each protein in the cell is represented by a unique
combination of proteins containing leucine or serine at
positions encoded by CUG codons.

Because of the difference in properties of these two
amino acids (serine is polar and leucine is hydrophobic),
random selection has the potential to drastically affect
properties of proteins. An important biological outcome
is that this mechanism provides an extensive and unan-
ticipated phenotypic variability (Yokogawa ef al., 1992).
The possibility to insert both amino acids indicates dual
functionality of this CUG codon. However, the fact that
the choice of an amino acid to be incorporated into a
polypeptide chain is made at random does not qualify
this system as being a true dual function codon, and
reduces the usefulness of this model for practical appli-
cations. Still, the case of Candida, where one amino acid
could be partially replaced by another, demonstrates that
the genetic code is not rigid.

Stop codons and read-through events

While translation is usually terminated when ribosomes
encounter an in-frame stop codon, it has been demon-
strated that in many viruses and some other organisms
only a portion of ribosomes terminate translation, while
other ribosomes incorporate an amino acid in place of
a stop codon and continue to synthesize a read-through
protein. The efficiency of this process depends greatly on
nucleotide sequence context, and can be significantly
changed in response to both cis- and trans-acting factors,
such as nearby pseudoknots (Wills et al., 1991; Feng et al.,
1992) and distant 3’ sequences (Brown et al., 1996). Other
factors may affect the probability of read-through to an
extent that competition for UAA, UAG and UGA between
arelease factor and near-cognate tRNAs would favor the
latter.

Studies of tobacco mosaic virus (TMV), one of the
most intensively investigated read-through cases, have
demonstrated that 25 nucleotides around the targeted
stop codon are sufficient for a successful read-through
event to occur (Skuzeski et al., 1990). In addition, the six
consensus nucleotides conforming to CARYYA pattern

and located immediately downstream of the UAG codon
were found to be essential for read-through (Skuzeski
et al., 1991; Stahl et al. 1995). In vivo efficiency of read-
through in TMV is approximately 10%, and the ratio of
full-length and non-read-through proteins was shown to
be crucial for the viral life-cycle (Ishikawa et al., 1991).

The examples of read-through proteins are not lim-
ited to viruses; for example, 149 read-through candidates
were found in the Drosophila genome (Lin ef al., 2007).
The study of several developmental mutants, such as
headcase (Steneberg et al., 1998), showed that two types
of proteins are translated from a single mRNA: a shorter
form resulting from termination at the first stop codon
(UAA in this case), and a longer read-through form. The
ratio of these forms depends on several factors, such as
tissue and developmental stage, and the rate of read-
through can reach 20%. Thus, in the presence of read-
through factors, UAA, UAG and UGA codons can act as
stop signals or be used to incorporate amino acids and
therefore these codons play a dual function.

Targeted cysteine and selenocysteine insertion

Although UGA and UAG stop codons serve dual func-
tions, they support the insertion of single amino acids
(i.e. Sec and Pyl) in competition with termination. There
are, however, many more variations in the genetic code
(Figure 1). For example, the function of UGA as a stop
codon was changed in mitochondria of vertebrates to
code for tryptophan, whereas this codeword dictates Cys
in the Euplotid nuclear code. The latter case posed an
interesting question: if UGA is a Cys codon in Euplotes,
and if, like many eukaryotes, this organism contains
selenoproteins, then which codon is assigned to Sec?
An examination of selenoprotein genes in E. crassus
revealed the presence of eight selenoprotein genes
in which UGA codes for Sec (Turanov et al., 2009). An
analysis of the Euplotes genome also revealed three tRNA
genes with the UCA anticodon. Phylogenetic analysis of
these tRNA genes showed that one of them was a mito-
chondrial Trp tRNA, another evolved from Cys tRNA,
and the third was a typical Sec tRNA containing a long
variable arm, a characteristic feature of all Sec tRNAs.
Thus, in E. crassus, the same codon, UGA, codes for three
amino acids, with two of them, Sec and Cys, represented
in the nuclear code.

Interestingly, four selenoprotein genes containing
multiple UGA codons were found, and further experi-
mental analysis revealed that Sec was only incorporated
in the active site of thioredoxin reductase eTR1, while
the remaining six slots in the protein were filled with
Cys. This situation differs dramatically from the yeast
alternative genetic code, where serine and leucine are
randomly inserted. There is also a difference with Sec
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incorporation in mammals, where UGA codes for Sec
when the SECIS element is present in the mRNA but acts
as termination codon when SECIS is missing. It is clear
that there must be a mechanism that prevents Sec inser-
tion at some positions in the mRNA even when SECIS
is present in the 3’-UTR. The authors hypothesized that
eTR1 mRNA undergoes conformational changes to
make the SECIS element available for Sec insertion only
at the Sec position. As the ribosome moves along the
mRNA during translation, the mRNA structure changes
to form the SECIS element or to expose this element for
interaction with the translational machinery. Overall,
this study found that the genetic code can be extended
to recode a specific subset of codons in an organism for
insertion of a different amino acid at internal decoding
positions of proteins, and this occurs even within the
same gene.

Conclusion

Shortly after the genetic code was deciphered, the con-
cept of a “frozen accident” was proposed by Crick to
explain the origin of the code (Crick, 1968). The frozen
accident hypothesis assumed that all present day organ-
isms use the same universal and invariant genetic code.
The discoveries of alternative genetic languages used in
cellular organelles of various organisms and in certain
taxonomic groups led to a revision of this theory, but it
still indicated that the core of the code was established
prior to the divergence of the three domains of life (Knight
etal., 2001a).

Most often, variations in the genome code represent a
codon reassignment, wherein a codon disappears from
the coding sequence and then reappears in a new role.
Frequently, this occurs when stop codons are assigned
a new function, such as coding for tryptophan in mito-
chondria or for glutamine in ciliates. However, two cases
stand apart: insertion of Sec and Pyl at UGA and UAG
codons, respectively, in competition with translational
termination. Their insertion into nascent polypeptides
in most cases is influenced by nucleotide context and
potentially some other factors, wherein the same codon
could serve as the codon for amino acid insertion in some
genes, and signal termination in others.

However, a recent study reported the dual function
of a codon at internal positions of proteins in E. crassus.
In that study, instead of complete codon reassignment
or competition with translation termination, the same
codeword encoded two amino acids at internal positions
of proteins. UGA was found to code for both Cys and Sec,
and the dual function of UGA may occur even within the
same gene (Turanov ef al., 2009). Current data indicate
thatincorporation of these amino acids is specific, i.e. Sec
can be incorporated only at certain UGA positions, and
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Cys only at other UGA positions. This finding provided
novel insights in the evolution of the genetic code. It is
now possible to identify coding events where a subset
of codons in an organism is recoded to insert a different
amino acid. With the availability of complete sequences
of over 1000 genomes, it would be of interest to scrutinize
these sequences for multiple coding functions of all 64
codons in the genetic code.
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