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Abstract

TP53 gene is known as the “guardian of the genome” as it plays a vital role in regulating cell
cycle, cell proliferation, DNA damage repair, initiation of programmed cell death and sup-
pressing tumor growth. Non uniform usage of synonymous codons for a specific amino acid
during translation of protein known as codon usage bias (CUB) is a unique property of the
genome and shows species specific deviation. Analysis of codon usage bias with composi-
tional dynamics of coding sequences has contributed to the better understanding of the mo-
lecular mechanism and the evolution of a particular gene. In this study, the complete
nucleotide coding sequences of TP53 gene from eight different mammalian species were
used for CUB analysis. Our results showed that the codon usage patterns in TP53 gene
across different mammalian species has been influenced by GC bias particularly GCz and a
moderate bias exists in the codon usage of TP53 gene. Moreover, we observed that nature
has highly favored the most over represented codon CTG for leucine amino acid but select-
ed against the ATA codon for isoleucine in TP53 gene across all mammalian species during
the course of evolution.

Introduction

TP53 gene encodes tumor protein p53 which is known as the “guardian of the genome” as it
plays a vital role in maintaining genomic stability by preventing mutation in the genome [1].
The p53 primarily acts as transcription factor and stands out as a key player in restricting
tumor cell invasion that includes the ability to induce cell cycle arrest, DNA repair, senescence
and apoptosis [2]. Mutation in p53 results in abnormal proliferation of cells that leads to the
formation of tumor development and so TP53 gene is cataloged as tumor suppressor gene [3].

The nucleus of a cell is the main store house of tumor protein p53 where it binds to DNA.
When any damage occurs in the DNA of a cell by some external agents like toxic chemicals, ra-
diation, exposure to sun light or ultra violet rays, p53 plays the crucial role in activating other
genes and inhibits cell cycle to repair the damage [4]. In case of failure of DNA repair, the
tumor protein p53 prevents the cell from dividing and provokes signals to a wide variety of
genes that contribute to TP53 mediated cell death i.e., apoptosis [5].
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Unequal usage of synonymous codons that encode the same amino acid during translation
of a gene into protein is known as codon usage bias (CUB). Some codons in a synonymous
group are used more frequently whereas others less frequently in the genome of an organism
[6,7]. CUB is a unique property of the genome and it may vary between genes from the same
genome or within a single gene [8,9].

The advent of whole genome sequencing in different organisms and the easily accessible nu-
cleotide database from NCBI (GenBank) have attracted much attention of the scientific com-
munity to study CUB in gaining clues for understanding the molecular evolution of genes and
genome characterization.

Previously, several studies were conducted on synonymous codon usage bias in a wide va-
riety of organisms including prokaryotes and eukaryotes [10-16], and till date in many organ-
isms the codon usage patterns have been interpreted for diverse reasons. Many genomic
factors such as gene length, GC-content, recombination rate, gene expression level, or modu-
lation in the genetic code are associated with CUB in different organisms [17-21]. In general,
compositional constraints under natural selection or mutation pressure are considered as
major factors in the codon usage variation among different organisms [8,22-25]. Moreover,
studies revealed that mutation pressure, natural or translational selection, secondary protein
structure, replication and selective transcription, hydrophobicity and hydrophilicity of the
protein and the external environment play a major role in the codon usage pattern of organ-
isms [26]. In unicellular and multicellular organisms it was observed that, preferred synony-
mous codons/optimal codons with abundant tRNA gene copy number rise with gene
expression level within the genome that supports selection on high codon bias confirmed by
positive correlation between optimal codons and tRNA abundance [18,22,27]. Urrutia and
Hurst (2003) reported weak correlation between gene expression level and codon usage bias
within human genome though not related with tRNA abundance [19]. However, Comeron
(2004) observed that in human genome, highly expressed genes have preference towards
codon bias favoring codons with most abundant tRNA gene copy number compared to less
highly expressed genes [28].

The study of codon usage bias acquires significance in biology not only in the context of un-
derstanding the process of evolution at molecular level but also in designing transgenes for in-
creased expression, discovering new genes [29] based on nucleotide compositional dynamics,
detecting lateral gene transfer and for analyzing the functional conservation of gene expression
[30]. Codon usage bias may be superimposed on the effect of natural selection. The amount of
protein produced from the mRNA transcript may vary significantly since the translational
properties of alternate synonymous codons are not equivalent [31]. Several studies have further
shown that codon usage bias is associated with highly expressed genes as some codons are used
more often than others in the coding sequences [32]. Moreover, literature suggested that a gene
can be epitomized not only by the sequence of its amino acid but also by its codon usage pat-
terns shaped by the balance between mutational bias and natural selection [33]. As a conse-
quence of selection pressure within a gene, differentiation in codon bias may arise between
species of the same genus.

The present study was undertaken in order to perform a comparative analysis of codon bias
and compositional dynamics of codon usage patterns in TP53 gene across eight different mam-
malian species using nucleotide chemistry (GC contents) and several genetic indices namely ef-
fective number of codons (ENC), relative synonymous codon usage (RSCU), and relative
codon usage bias (RCBS) etc. Our analysis has given a novel insight into the codon usage pat-
terns of TP53 gene that would facilitate better understanding of the structural, functional as
well as evolutionary significance of the gene among the mammalian species.
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Results and Discussion
Codon usage patterns in TP53 genes across mammalian species

Correlation coefficient between codon usage and GC bias was analyzed using heat map (Fig. 1)
in order to find out the relationship between the codon usage variation and the GC constraints
among the selected coding sequences of TP53 genes. In our analysis, nearly all codons ending
with G/C base showed positive correlation with GC bias and nearly all A/T—ending codons
showed negative correlation with GC bias. But, 8 G/C—ending codons (ATC, ACG, TAC, TTG,
TCC, CAC, GTG, GGG) showed negative correlation with GC bias whereas 6 A/T-ending co-
dons (AAT, ATT, TGT, CGA, GTA, GGA) showed positive correlation with AT bias although
statistically not significant (p>0.05). Two G-ending codons i.e. TCG for serine and CTG for leu-
cine amino acid showed strong positive correlation (p<0.01) with GCj;,, indicating that codon
usage has been influenced by GC bias due to GCs;. Interestingly, we observed that the codon

-1 correlation coefficient +1

Fig 1. Heat maps of correlation coefficient of codons with GC;. The color coding red represents the
positive correlation, green as negative correlation. The black fields are stop codons (TAA, TAG, TGA) and
non-degenerate codons (ATG, TGG) together with ATA codons for isoleucine which was altogether absent in
TP53 gene across mammalian species. White marked rectangular boxes are the codons that showed strong
positive correlation with GCgs.

doi:10.1371/journal.pone.0121709.g001
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Table 1. Nucleotide composition analysis in the coding sequences of TP53 gene.

Sl. A
No.

1 262

2 267
3 261

4 266

5 264

6 289

7 282

8 276
Mean 270.9
SD 10.30

T

224
234
219
229
204
244
232
234
227.5
12.05

G

308
294
321
300
321
302
301
307
307
9.79

Cc

358
366
360
351
384
341
367
365
361.5
12.6

As Ts Gs Cs AT GC GC, GC, GC; AT; GC,,
% % % % % % %

55 69 122 138 422 57.8 56.8 49.0 67.7 32.3 52.9
56 79 117 135 43.2 56.8 56.8 48.6 65.1 34.9 52.7
53 66 134 134 41.3 58.7 57.4 49.4 69.3 30.7 53.4
55 78 115 134 43.2 56.8 56.5 48.7 65.2 34.8 52.6
57 58 125 151 39.9 60.1 59.8 49.9 70.6 294 54.9
73 89 112 118 45.3 54.7 57.4 48.0 58.7 41.3 52.7
68 82 112 132 43.5 56.5 58.1 49.5 61.9 38.1 53.8
62 86 115 131 43.1 56.9 59.1 49.0 62.4 37.6 54.1
599 759 119 1341 427 57.3 57.7 49.0 65.1 34.9 53.4
718 106 7.60 9.06 0.016 0.016 0.011 0.005 0.040 0.040 0.008

SD: standard deviation, GC45: average of GC contents at first and second codon positions.

doi:10.1371/journal.pone.0121709.t001

ATA encoding isoleucine amino acid was not favored by natural selection in TP53 genes across
mammalian species during the course of evolution. Thus, scanning the codon usage pattern pro-
vides the basis of the mechanism for synonymous codon usage bias and has both practical as
well as theoretical significance in gaining clues of understanding molecular biology [34].

G/C-ending codons are favored by TP53 gene across mammalian
species

We analyzed the nucleotide composition of coding sequences from TP53 genes (Table 1)
which revealed that mean value of C (361.50) was the highest followed by G (306.75), A
(270.88) and T (227.50) among all the selected mammals. The mean percentage of GC and AT
compositions was 57.3% and 42.7% respectively. Thus, the overall nucleotide composition sug-
gested that the nucleotide C and G occurred more frequently compared to A and T in the cod-
ing sequences of TP53 gene across the mammalian species. The nucleotide composition at the
third position of codon (A3,T3,G3,C3) showed that the mean values of C; and G; were the high-
est followed by T5 and A;. The GC; values (ranged from 58.7%-70.6%, mean = 65.1%,

SD = 0.040) was compared with that of AT values (ranged from 29.4%-41.3%, mean = 34.9%,
SD = 0.040) in the coding sequences of TP53 genes. The average percentage of GC contents at
the first and second codon positions (GC;,) was found in the range of 52.6% to 54.9% with a
mean value of 53.4% and a standard deviation (SD) of 0.008. Therefore, nucleotide composi-
tion analysis suggested that GC—ending codons might be preferred over AT—ending codons
in the coding sequences of TP53 genes across the selected mammalian species. Further, we cal-
culated the occurrence of frequently used optimal codons (Fop) for each amino acid as sug-
gested by Lavner and Kotler (2005) [14]. The frequency was allied with statistical analysis to
find out the highest and lowest frequently used codon. Our results showed that the most fre-
quently used codons were G/C—ending for the corresponding amino acid (Fig. 2) in TP53
genes across mammalian species.

Relative synonymous codon usage in TP53 gene across mammals

The relative synonymous codon usage values of 59 codons for TP53 gene across eight mamma-
lian species were analyzed excluding the codons ATG (methionine) and TGG (tryptophan). In
our calculation RSCU value greater than 1.0 represents that the particular codon is used more
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Fig 2. Overall frequency of optimal and non optimal codon used in TP53 genes among mammals. Red color coding represents optimal used codons

with corresponding amino acid.

doi:10.1371/journal.pone.0121709.9002

frequently and less than 1.0 represents the less frequently used codon for the corresponding
amino acid. The RSCU value greater than 1.6 indicates over represented codon for the corre-
sponding amino acid. The overall RSCU values in the selected coding sequences of TP53 gene
revealed that 25 codons were most frequently used among the 59 codons and the most pre-
dominantly used codons were G/C—ending compared to A/T—ending (Table 2). Besides, it
was observed that C—ending codon was mostly favored compared to G—ending codon in the
coding sequence of TP53 gene among the selected mammalian species. Our results showed
marked similarities as reported by Dass et al., (2012) in serotonin receptor gene family from
different mammalian species [35]. Further, clustering analysis of RSCU values (Fig. 3) depicted
that the codon GCC, CGC (except Rattus norvegicus), ATC (except Tupaia chinensis), CTG,
ACC (except Rattus norvegicus, Macaca mulatta), GTG (except Felis catus) were displayed as
the over represented codons (RSCU>1.6). The highest RSCU value was found for the codon
CTG for leucine amino acid in all TP53 genes across mammalian species. The codon ATA
showed the RSCU value zero because natural selection has not favored this codon in TP53 gene
across mammalian species.

Codon usage patterns of TP53 gene correspond to phylogeny of
mammalian species

We have performed a neighbor joining tree analysis based on Kimura 2-parameter (K2P) dis-
tances of the coding sequences in TP53 gene across mammalian species (Fig. 4). We observed
that codon usage patterns in TP53 genes have significant similarities among the closely related
mammalian species. The gene TP53 in H. sapiens showed resemblance to the TP53 gene in

M. mulatta, Similarly, TP53 of F. catus resembled to that of C. lupus and M.unguiculatus with
R. norvigicus. Generally, genes with similar functions exhibit similar patterns of codon usage
frequency [36]. Our analysis further suggested that the coding sequence of TP53 gene share
similar patterns of codon usage bias across eight mammalian species.

Selection pressure over TP53 gene across mammalian species

The ENC values of the coding sequences ranged from 52 to 59 with a mean of 55.5+2.33 indi-
cating relatively smaller variation in the codon usage of TP53 gene across eight mammalian
species. However, the GC;, values ranged from 0.59 to 0.71 with a mean value of 0.65+0.040.
Significant negative correlation (Pearson r = -0.979, p<0.01) was observed between ENC and
GCs,. Moreover, a plot of ENC vs GCs, revealed that the ENC values had negative correlation
with the GC; content (Fig. 5) and comparatively lower ENC was linked to higher GCs; values.
All the selected coding sequences of TP53 gene across the selected mammalian species had
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Table 2. Overall relative synonymous codon usage patterns (RSCU) for TP53 gene among eight mammalian species.

Amino Acid
Ala

Arg

Asn

Asp

Cys

Gin

Glu

Gly

His

lle

Codon

GCA
GCC*
GCG
GCT
CGT
CGC*
CGA
CGG
AGA
AGG
AAC*
AAT
GAT
GAC*
TGC*
TGT
CAA
CAG*
GAA
GAG*
GGA
GGC*
GGG*
GGT
CAT
CAC*
ATA
ATC*
ATT

N RSCU? Amino Acid Codon N RSCU?
37 0.78 Leu TTA 9 0.2
91 1.95 TTG 31 0.71
26 0.53 CTA 17 0.38
36 0.76 CTC 39 0.88
34 0.98 CTG* 143 3.18
65 1.86 CTT 30 0.68
27 0.78 Lys AAA 42 0.51
33 0.96 AAG* 125 1.5
24 0.71 Phe TTT 29 0.63
25 0.73 TTC* 61 1.37
68 1.2 Pro CCA 70 0.84
44 0.81 CCC* 115 14
67 0.86 CCG 44 0.55
82 1.15 CCT* 100 1.22
60 1.31 Ser TCA 45 0.86
32 0.69 TCC* 94 1.81
23 0.43 TCG 21 0.4
82 1.57 TCT* 58 1.09
84 0.7 AGC* 66 1.26
157 1.31 AGT* 30 0.57
41 0.95 Thr ACA* 47 1.05
49 1.13 ACC* 84 1.91
65 15 ACG 18 0.4
18 0.43 ACT 29 0.65
32 0.78 Tyr TAC* 45 1.19
50 1.23 TAT 32 0.81
0 0 Val GTA 5 0.15
61 2.58 GTC* 38 1.1
11 0.43 GTG* 69 1.98
GTT 28 0.8

@ mean values of RSCU based on the synonymous codon usage frequencies of TP53 gene, N: Total number of preferred codons,

¥*RSCU>1.

doi:10.1371/journal.pone.0121709.1002

a higher predominance of G/C—ending codons. It suggested that GC;, values determined the
codon usage pattern in the coding sequences of TP53 gene [33]. Nabiyouni et al., (2013) re-
ported that eukaryotic organisms with very high GC-contents have high GC;-composition
while organisms with low GC-content have low GC;-composition in the genome [37]. We also
calculated GC; skew values which ranged from 0.000 to -0.094, indicating that GC; composi-
tion at the third position of codon might have played an important role in the codon usage bias
[38]. Negative GC skew was observed in all the coding sequences of TP53 gene which revealed
that the abundance of C over G [39]. In addition, lower values of the frequency of optimal co-
dons (FOP) and the effective number of codons (ENC) along with higher GC contents sug-
gested that a moderate bias exists in the usage of synonymous codons [33] for TP53 gene in
different mammalian species. Predominant codon usage bias was observed in TP53 gene of
M.unguiculatus compared to other mammalian species (Table 3).
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Fig 3. Clustering of RSCU values of each codon among TP53 gene across mammals. Each rectangular
box on the map represents the RSCU value of a codon (shown in rows) corresponding to the TP53 gene
across mammalian species (shown in columns). The intensity of color coding indicates different RSCU
values: intensity towards blue RSCU< 1, white RSCU>1 and red RSCU>1.6.

doi:10.1371/journal.pone.0121709.g003
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Fig 4. Phylogenetic analysis of the Kimura 2- parameter (K2P) distances of the selected coding
sequences among TP53 genes of different mammalian species. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the
branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Kimura
2-parameter method and are in the units of the number of base substitutions per site. The analysis involved 8
cds sequences. All positions containing gaps and missing data were eliminated. There were a total of 1200
positions in the final dataset. Evolutionary analyses were performed in MEGAG.

doi:10.1371/journal.pone.0121709.g004

RCBS value of a gene can be used as an effective measure of predicting gene expression and
its value depends on the patterns of codon usage along with nucleotide compositional bias of a
gene [20]. The distribution of RCBS values for TP53 gene across eight mammalian species is
shown in figure below (Fig. 6). The RCBS values ranged from 0.006 to 0.065 with a mean value
0f 0.039 and a standard deviation (SD) of 0.021. In our analysis, low mean RCBS value suggested
that there exists a low codon bias for TP53 gene associated with low expression level [20].

Conclusions

In brief, our results showed that codon usage in TP53 gene in mammals has been influenced by
GC bias, mainly due to GCs,. The majority of frequently used codons were G/C ending in
which C—ending codons were mostly favored compared to G—ending codons for the corre-
sponding amino acid. The most over-represented codon was CTG encoding the amino acid
leucine in the TP53 gene of all the selected mammalian species. We further observed that the
codon ATA encoding isoleucine was selected against by nature in TP53 genes across the mam-
malian species under study during the course of evolution. The codon usage pattern for TP53
in H. sapiens showed resemblance to that of M. mulatta; similarly, F. catus to C. lupus and

M. unguiculatus to R. norvigicus. Moderate codon bias was observed for the TP53 gene in dif-
ferent mammalian species.
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Fig 5. ENC vs GC3s values for TP53 gene. Red dots represent the ENC and GCg, values of the coding
sequences for TP53 gene across mammalian species.

doi:10.1371/journal.pone.0121709.g005

The codon usage patterns in the coding sequence of TP53 gene across different mammalian
species showed significant similarities, suggesting that the evolutionary pattern might be simi-
lar. According to Yang and Nielsen (2008), codon bias in mammals is mainly influenced by
mutation bias and the selection on codon bias is weak for nearly neutral synonymous muta-
tions [40]. From the outstanding work of Grantham et al., (1980-1981) on “genome hypothe-
sis” it was evident that species specific genes share similar spectrum of codon usage frequency
[41,42]. The present study revealed that specific gene of closely related species with similar
functions exhibit similar patterns of codon bias across different mammals as evident from the
previous work of Dass et al., (2012) [35]. To the best of our knowledge, this is the first report
on the codon usage pattern in TP53 gene across the mammalian species. Since our analysis has

Table 3. Codon usage bias indices for TP53 gene across mammalian species.

MAMMALS RCBS
Tupaia chinensis 0.006
Bos taurus 0.015
Felis catus 0.03
Canis lupus 0.042
Meriones unguiculatus 0.043
Rattus norvegicus 0.054
Macaca mulatta 0.063
Homo sapiens 0.065

ENC GCs¢ FOP Highest RSCU GC Skew GC; Skew
54 0.68 0.305 CTG (Leu) -0.08 0.061

56 0.65 0.305 CTG (Leu) -0.11 0.071

53 0.69 0.305 CTG (Leu) -0.06 0

56 0.65 0.305 CTG (Leu) -0.08 0.076

52 0.71 0.306 CTG (Leu) -0.09 0.094

59 0.59 0.306 CTG (Leu) -0.06 0.026

57 0.62 0.305 CTG (Leu) -0.10 0.081

57 0.62 0.305 CTG (Leu) -0.09 0.065

RCBS-Relative codon usage bias, ENC-Effective number of codons, GC3-GC contents at third positions of codon, FOP-Frequency of optimal codons,

RSCU-Relative synonymous codon usage.

doi:10.1371/journal.pone.0121709.t003
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ERCBS

Fig 6. Distribution of RCBS for TP53 gene across eight mammalian species.

doi:10.1371/journal.pone.0121709.g006

given better insights into the codon usage, it may have theoretical value in further understand-
ing the molecular evolution of TP53gene.

Materials and Methods
Sequence Data

The complete nucleotide coding sequences (cds) for TP53 gene having perfect start and stop
codon, devoid of any unknown bases (N) and perfect multiple of three bases, were retrieved
from National Center for Biotechnology Information (NCBI) GenBank database (http://www.
ncbi.nlm.nih.gov). Finally, we selected eight coding sequences for TP53 gene that fulfill the above
mentioned criteria in different mammalian species and used in our CUB analysis (Table 4).

Table 4. Eight mammalian species with accession number and length (bp) of coding sequences for TP53 gene.

CDS NO. MAMMALS ACCESSION NO. Length (bp)
1 Tupaia chinensis KF921494 .1 1152

2 Bos taurus AB571118.1 1161

3 Felis catus KJ511263.1 1161

4 Canis lupus KJ511265.1 1146

5 Meriones unguiculatus AB033632.1 1173

6 Rattus norvegicus BC098663.1 1176

7 Macaca mulatta HM104191.1 1182

8 Homo sapiens U94788.1 1182

CDS NO: Coding sequence number.

doi:10.1371/journal.pone.0121709.t004
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Prediction of Base Composition Bias

The occurrence of overall frequency of the nucleotide (G+C) at first (GC,), second (GC,) and
third (GC;) position of synonymous codons were calculated to quantify the extent of base com-
position bias. Moreover, we analyzed the skewness for AT, GC and GCs; of each coding se-
quence to estimate the base composition bias particularly in relation to transcription processes.

Effective Number of Codons (ENC) Analysis

ENC is generally used to quantify the codon usage bias of a gene that is independent of the
gene length and number of amino acids [43]. This measure was computed as per Wright
(1990) to estimate the extent of CUB exhibited by the coding sequences of TP53 gene across
the selected mammalian species:

9 1 5 3
ENC=2+p+p+p+g
Where, Fy (i = 2, 3, 4 or 6) is the average of the Fy values for k-fold degenerate amino acids.
The F value denotes the probability that two randomly chosen codons for an amino acid with
two codons are identical.
The values of ENC ranged from 20 indicating strong codon bias in the gene using only one
synonymous codon for the corresponding amino acid, to 61lindicating no bias in the gene
using all synonymous codons equally for the corresponding amino acid [43].

Frequency of Optimal Codon (Fop) Analysis

Fop is a measure of codon usage bias in a gene [44]. Fop values represent the ratio of the num-
ber of optimal codons used to the total number of synonymous codons [22]. The Fop value
ranges from 0.36 for a gene showing uniform codon usage bias to 1 for a gene showing strong
codon usage bias [45]. Fop value for each selected coding sequence was calculated using the
formula given by Lavner and Kotler (2005) [14].

Relative Synonymous Codon Usage (RSCU) Analysis

RSCU is defined as the observed frequency of a codon divided by the expected frequency if all
codons are used equally for any particular amino acid [46]. RSCU values of codons for each of
the selected coding sequence of TP53 gene was calculated as follows:

Where, g;; is the observed number of the ith codon for the jth amino acid which has #; kinds of
synonymous codons [26].

Computation of Gene Expression

Gene expression was estimated through RCBS which can be defined as the overall score of a
gene indicating the influence of relative codon bias (RCB) of each codon in a gene [20]. The
RCBS value of each coding sequence of TP53 gene was calculated as follows:

WRCB — Oc — E[OC]
‘ E[O]

where, Oc is the observed number of counts of codon ¢ of the query sequence and E[O,] is the
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expected number of codon occurrences given the nucleotide distribution at three codon posi-
tions (b1b2b3) [20].

1
RCB = exp(—z logw**) — 1

c
tot ceC

[47]
Where, Oy, is the total number of codons

Software Used

The above mentioned genetic indices were estimated in a PERL program developed by SC (cor-
responding author) to measure the CUB on the selected coding sequences of TP53 genes in dif-
ferent mammalian species. All statistical analyses were carried out using the SPSS software.
Cluster analysis (Heat map) of correlation coefficient of codons with GC3 and the RSCU values
of codons among the eight mammalian species were clustered using a hierarchical clustering
method implemented in NetWalker software [48].
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