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Due to the degeneracy in the genetic code, many amino
acids are encoded by more than one codon, called synonymous codons. The usage of synonymous codons in a coding sequence is not random, a phenomenon known as codon
usage bias (CUB) that occurs in all genomes. It is believed
that synonymous codons are not equivalent with respect to
their coding efficiency during translation. This phenomenon
has been demonstrated by the difference between the high
expression genes (HEG) and low expression genes (LEG)
within a genome with respect to the compositional abundance values of different synonymous codons (Ermolaeva
2001; Hershberg and Petrov 2008; Plotkin and Kudla 2011).
Optimal codons, whose frequency is higher in HEGs than in
LEGs or whole genome, are believed to be translated more
rapidly and accurately than the other synonymous codons or
nonoptimal codons (Sharp et al. 2005; Ran and Higgs 2010;
Satapathy et al. 2014). As greater numbers of proteins are
synthesized by the HEGs (Ghaemmaghami et al. 2003; dos
Reis et al. 2003; Ishihama et al. 2008; Hiraoka et al. 2009),
selection pressure on the coding sequence of these genes is
believed to be higher for efficient translation to occur. Therefore, synonymous codons that are more efficient in translation are found in higher frequency in these genes in comparison to the LEGs (Satapathy et al. 2012). Thus, the translational selection pressure is considered to be the major determining factor for CUB in HEGs. In contrast, translational
selection pressure is believed to be weaker in LEGs as a
fewer number of protein molecules are synthesized by these
genes. Therefore, CUB in LEGs are predominantly determined by mutation pressures such as genome G+C composition (Muto and Osawa 1987; Palidwor et al. 2010) and strand
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compositional bias in DNA (Lobry and Sueoka 2002; Powdel
et al. 2010; Paul et al. 2013).
In a genome, why are HEGs not composed solely of
optimal codons and similarly, why are not LEGs composed
of either nonoptimal codons or codons favoured by mutational bias? The selection mutation drift (SMD) theory proposed by Bulmer (1991) suggests that the use of synonymous codons in a gene is a combined result of selection,
mutation and drift. According to this theory, CUB in HEGs
is determined by selection pressure whereas the same in
the LEGs is determined by mutation pressure. The SMD
theory supports the theory of unidirectional selection on
codons given by Sharp and Li (1986), from their analysis
of CUB in Escherichia coli genes. The theory of unidirectional selection suggests that there can be selection on CUB
only for the HEGs but not for the LEGs. However, in the
early 1980s, selectionists had proposed the expression regulation (ER) theory to explain CUB in organisms (Gouy
and Gautier 1982; Bulmer 1991). According to the ER theory, translational selection is operative both in HEGs and
LEGs. Similar to HEGs, where optimal codons are favoured
for greater abundance of the encoded protein, in LEGs
nonoptimal codons are also favoured for lower abundance of
the encoded protein. The observations of rare codons in different LEGs in E. coli were described in support of the ER
theory (Konigsberg and Godson 1983). In summary, while
SMD theory favours both the role of selection theory of evolution and neutral theory of evolution, the ER theory favours
only the selection theory of evolution.
If selection is equally operative on HEGs and LEGs then
mutation should also be equally effective on both the classes
of genes. Study of mutation rates by the analysis of orthologous gene sequences in organisms suggested that mutation
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rate was higher in LEGs than HEGs, which was in favour
of the SMD theory rather than the ER theory (Sharp and Li
1987). In fact, the earlier finding has recently been further
supported with a publication where the genome sequences
of 34 E. coli strains were compared for studying mutation
rate in different genes (Martincorena et al. 2012). But there
was no experimental demonstration to prove the ER theory is wrong. The ideal approach to prove ER theory was
to replace the nonoptimal codons by the optimal synonymous codons (efficient in translation) in a LEG followed by
studying its function in the organism. If the protein synthesized from the modified coding sequence will still be equally
functional then it will support no selection for the nonoptimal codons. Interestingly, a recent discovery published in
Nature (Zhou et al. 2013) has indeed proved the selection on nonoptimal codons along the coding sequence of an
LEG.
Neurospora crassa is a filamentous fungus which is
known to exhibit strong CUB in the HEG. The FREQUENCY (FRQ) is a low expression protein with little CUB
in its coding sequence and is important for circadian oscillator in N. crassa. Unlike FRQ, the FRH, the other protein is also important for circadian oscillator in this fungus,
is a high expression protein with strong CUB in its coding sequence. The FRQ–FRH complex is important for circadian oscillation regulation. Recently, Zhou et al. (2013)
studied the role of nonoptimal codons in frq gene. To elucidate whether nonoptimal codon in the low expression FRQ
is under any selection, the frq gene was expressed with optimal codons instead of nonoptimal codons. However, they
observed that the FRQ protein failed to complement the frq
mutant. The FRQ protein abundance value was higher which
suggested that the optimal codon was in fact getting translated efficiently as was expected and the changed mRNA
sequence was not affecting its stability in N. crassa. The
inability of FRQ to complement was surprising. It was experimentally demonstrated that this was due to the changed protein structure with identical amino acid sequence. This experiment by Zhou et al. (2013) was somewhat similar to the
earlier work done by Kimchi-Sarfaty et al. (2007), and the
conclusion drawn regarding the affect of cotranslational protein folding on protein structure was similar. But the recent
work carried out by replacing the nonoptimal codons with
optimal codons in a low expression protein and the finding has indeed challenged the more than two decade long
notion that codon usage in LEGs are under low selection. The experiments of Zhou et al. (2013) proved that
in the frq gene the nonoptimal codons are actually under
Darwinian selection and the selection force is the cotranslational folding.
Several studies in the late 1990s revealed that the protein
folding is a cotranslational process (Komar 2009) (figure 1).
Similar discovery by Zhou et al. (2013) is immensely significant both at fundamental as well as in applied research
of protein folding study. The cotranslational protein folding event provided a clue to scientists that if two coding
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sequences differ only at their synonymous sites, even though
they generate two identical polypeptide sequences, the
produced proteins may attain different tertiary structures due
to the difference in their translational kinetics as synonymous codons are different with respect to their coding efficiencies. Thus, one cannot ignore synonymous mutations in
the context of mutant phenotype. In this aspect, the seminal
work on a mammalian protein demonstrated that the change
of an optimal codon to rare codon had resulted in a protein whose structure was different from the original proteins
leading to altered substrate specificity (Kimchi-Sarfaty et al.
2007). This observation has challenged the long standing
Anfinsen hypothesis which had suggested that the primary
structure of protein determines its 3-D structure (Anfinsen
1972) (figure 2). However, several studies now reveal that
the presence of nonoptimal codons at specific parts of the
coding regions of HEGs are important to allow the protein
to fold properly by decelerating the translation rate at these
sites. Thus the cotranslational protein folding is believed to
be true for many proteins and is an important selection factor
for the selective codon usage to optimize proper gene expression and function (Komar 2009). A web server CS and S has
been created by scientists that predicts protein 3-D structure
not only from the amino acid sequence encoded by a coding
sequence but also takes into account the presence of the synonymous codons along the coding sequence (Saunders and
Deane 2010). In a recent study it has been shown that the
expression of 342 variants of an antibody coding sequence in
E. coli only differing at synonymous codons results in protein
with significant differences in protein solubility and functionality, while retaining the identical amino acid sequence
(Hu et al. 2013).
It is worth discussing the evolutionary selection mechanism on codon usage in genes in the context of protein folding. Proper folding of a protein is important for its function. If folding is dependent upon translational elongation
which, in turn, depends upon the use of proper synonymous
codons, it can be argued that protein folding is indeed a selection mechanism of synonymous codons use in organisms
(figure 3). The ultimate goal of gene expression is to produce a functional protein, i.e. a properly folded protein. In
case of a HEG, where a large amount of protein is required
inside the cell, the protein is needed to fold fast not only for
its function but also to avoid unnecessary aggregation of the
nascent polypeptides that are synthesized at high rate. For
fast folding, a polypeptide is likely to be translated fast for
which optimal codons are needed in the coding sequence.
This might be a reason why HEGs contain more number of
optimal codons in its coding sequence. But if a protein is
needed to be translated slowly for its proper folding, even
a HEG will have a higher proportion of nonoptimal codons.
This might be a reason for the presence of a higher proportion
of nonoptimal codons in ompT, a HEG in E. coli (dos Reis
et al. 2003; Ishihama et al. 2008). The above hypothesis of
protein folding can also explain CUB in LEGs. As expression of these proteins is low inside the cell, fast folding
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Figure 1. Schematic representation of posttranslational and cotranslational protein folding. The two panel figure illustrates two models of
protein folding inside the cell. (a) Folding of the polypeptide occurs after it synthesized completely. This is referred to as posttranslational
folding. (b) Folding of a polypeptide occurs along with its synthesis. This is referred to as cotranslational folding. This particular cotranslational folding is important from the biophysical point of view as the same synonymous change in the coding sequence of the mRNA result
in same sequence of the protein, the final native structure of the protein is altered.

of these proteins is not essential. Therefore, translational
kinetics in general might not be a selection factor for the
evolution of CUB in these genes, but CUB is determined by
mutational bias in LEGs. But in some LEGs, like frq, slow
translational kinetics may be essential for proper folding of
the protein where nonoptimal codons are under selection.
Similarly, it should not be a surprise to observe some LEGs

with higher number of optimal codons might be required to
fold fast for its function.
Future research will prove if the above hypothesis is true
or not. If ‘folding directed codon usage bias’ turns out to
be true, then it will further challenge the theory of ‘expression directed selection of synonymous codon’ (Hershberg
and Petrov 2008).

Figure 2. Consequence of translation of synonymous site in mRNA on protein folding. The two panels present a set of paired diagram
to explain translation occurring in two mRNA only differing at synonymous site (change in nucleotide is shown in red colour). The upper
panel depicts the conventional concept of the translational outcome. Here, the two proteins formed consequently after translation of mRNAs
differing only at synonymous site have no change in their overall structure as their respective amino acid sequence remains the same. In
the lower panel, the consequence of the different elongation rate of the growing polypeptide chain vis-à-vis translation of the mRNAs with
synonymous mutation is reflected in the synthesis of proteins with modulated structure with the plausibility of altered structure.
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Figure 3. A schematic flow diagram demonstrating the hypothesis of protein folding kinetics influencing CUB in genes. Expression of a gene can be low or high. For a high expression gene, fast
protein folding is required for its quick function and also to avoid
protein aggregation due to large number of unfolded protein inside
the cell. A fast protein folding kinetic is needed to have fast translational kinetics for which its coding sequence should have more
optimal codons. But if a high expression protein is needed to be
folded slow for its function then the coding sequence will select
nonoptimal codon more for its slower translational kinetics. The
same is also true for a low expression protein. As fast folding kinetics may not be essential for majority of low expression proteins,
so selection of optimal codons is low in these genes. Similarly slow
folding kinetics may not be essential for majority of low expression proteins for which the presence of nonoptimal codons might
not be under purifying selection but due to mutational bias in these
genes.
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