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Abstract: To investigate how synonymous codons have been
adapted to the formation of ribonucleic acid ( RNA)
G-quadruplex (rG4) structure,
algorithm G4Hunter was applied to detect rG4 structures in
protein-coding sequences of mRNAs
species. The native sequences forming rG4s were then
compared with randomized sequences to evaluate selection on
synonymous codons. Factors that may influence the formation
of rG4 were also investigated, and the selection pressures of
rG4 in different gene regions were compared to explore its
potential roles in gene regulation. The results show universal
selective pressure acts on synonymous codons in rG4 regions to
facilitate 1G4 formation in five eukaryotic organisms. While
G-rich codon combinations are preferred in the rG4 structural
region, C-rich codon combinations are selectively unfavorable
for rG4 formation. Gene’s codon usage bias, nucleotide
composition, and evolutionary rate can account for the selective
variations on synonymous codons among rG4 structures within a
species. Moreover, rG4 structures in the translational initiation
region showed significantly higher selective pressures than those
in the translational elongation region.
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a computational searching

in five eukaryotic

RNAs of protein-coding genes in eukaryotic organ-
m isms carry the genetic information to encode amino
acid sequences and contain multiple regulatory and struc-
tural signals'"'. The pivot provision enabling mRNA to
hold these regulatory functions is the redundancy of the
genetic code that allows for many “silent” mutations at
synonymous codon sites'”'.
tations do not change the amino acid sequences of the en-
coded proteins; however, they can confer dramatic differ-

Synonymous nucleotide mu-

ences to the structure and functions of mRNA"?'. Much
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evidence has shown that synonymous codons are selected
for optimized RNA stability'*™’
tioning'”, efficient mRNA splicing
NA targeting'”, efficient translation initiation
elongation'™, and proper protein co-translational fold-
ingl 14151

The RNA G-quadruplex (rG4) is a non-canonical su-
per-secondary structure around the G-rich sites in RNA
sequences, which consists of the stacking of G-quartets
formed by the G-G Hoogsteen hydrogen bonding'"*'. Sev-
eral experimental studies have shown that rG4 is ubiqui-
tous in untranslated regions and protein-coding sequences
(CDSs) of eukaryotes'”'. RG4 structures have been
shown to perform many diverse and vital functions in a
wide range of biological processes, such as pre-mRNA
splicing'™®!, alternative polyadenylation'”’, mRNA locali-
zation”™ " microRNA targeting”™, and translational
. Due to the presence of the 2a-hydroxyl

, proper nucleosome posi-
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1721 and
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regulation'” "

property, the rG4 structure is more stable than DNA G-
quadruplex'™ . In a recent study, Mirihana Arachchilage
et al™ have demonstrated that the most stable G4s ap-
peared to be significantly under-represented within the
CDS using specific synonymous codon combinations.
However, several key problems regarding synonymous
codon usage, rG4 formation, and evolution remain unad-
dressed.

In this study, the evolutionary choices of synonymous
codons were evaluated around putative rG4 structures
(pG4) at the whole transcriptome scale in multiple eu-
karyotic species. The searching algorithm G4Hunter was
applied to detect rG4 structures in the protein-coding se-
quences of mRNAs in five eukaryotic species. Then, the
native sequences forming rG4s were compared with ran-
domized sequences to evaluate the selection of synony-
mous codons. Factors that may influence the formation of
rG4 were also investigated, and the selection pressures of
rG4 in different gene regions were compared to explore its
potential roles in gene regulation. These analyses may
help describe the evolutionary selections acting on synon-
ymous codons in protein-coding regions.

1 Materials and Methods
1.1 Data

The nucleotide sequences and exonic structures of all
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protein-coding genes were downloaded in five eukaryotic
species, including H. sapiens (GRCh38. p13), M. mus-
culus (GRCgba), G. gallus (GRCm38. p6), D. rerio
(GRCzl1), and D. melanogaster (BDGP6. 28), using
Ensembl BioMarts (release 97) ™', Only protein-coding
genes with a coding sequence of more than 150 nucleo-
tides were included. Furthermore, miRNA target sites in
the protein-coding regions of human and mouse genomes
were downloaded from the miRDB database'* ™.

To explore the factors that affect the selection for rG4
structure formation, gene codon usage bias, nucleotide
composition, and its evolutionary rate were considered.
The effective number of codons ( ENC) was used to
measure codon usage bias, and ENC values for each gene
were calculated as suggested by Wright™. A lower ENC
value indicates stronger codon bias™. For each gene, we
also calculated nucleotide compositions, including G and
C contents. Moreover, the D, and D, values of all human
and mouse orthologous genes were also retrieved from
Ensembl BioMarts'”' .
acting on protein-coding sequences, D, /D, quantifies the
mode and strength of selection by comparing synonymous
substitution rates ( D,) with nonsynonymous substitution
rates (D,)"". Generally, D,/D, close to one indicates
neutrality; values greater than one are interpreted as posi-
tive selection ( selection promoting change), and values
less than one usually indicate purifying selection ( selec-
tion suppressing protein change). Here, the ratio of D,
and D, values for each gene are calculated and the value
of D /D, is used as the measurement of the evolutionary
rate of genes in mice and humans.

As a popular indicator of selection

1.2 rG4 structure in the protein-coding region

To locate G4 structures in the protein-coding region,
the G4Hunter algorithm"”" was exploited to systematically
search for potential rG4 forming sites in the protein-cod-
ing sequences in all five species. G4Hunter considers G-
richness and G-skewness of a given sequence and presents
a quadruplex formation propensity score, G4Hscore, as
output. G4HunterApps was run with a window size at 25
nt and a cutoff at 1. 2" to identify all potential rG4
(pG4) in all protein-coding
G4Hunter algorithm was chosen with these two parame-

structures sequences.
ters, since a comprehensive evaluation of computational
methods for rG4 prediction has suggested that G4Hunter
has the best performance in predicting G4 structures"™ .
65 562, 42 153, 38 311, 25 194, and 14 184 rG4 struc-
tures were identified in protein-coding sequences for H.
G. gallus, D. and D.

melanogaster, respectively. To validate the observations

sapiens, M. musculus, rerio,
of predicted rG4 structures, experimentally detected rG4
sites were also downloaded from the supplemental materi-
als of Guo et al''.
chieved by high throughput RT-stop techniques in human

The experimental rG4 data were a-

HEK?293T cells and mouse mESC cells.
1.3 mRNA randomization

If the choice of synonymous codons influences the for-
mation of rG4 structures in coding sequences, the
G4Hscore of mRNA sequences in the naturally occurring
pG4 region should be statistically different from that of
randomized sequences. Thus, synonymous codons in the
coding sequence were randomly shuffled, keeping the
same amino acid sequence, GC composition, and codon
usage bias. For each CDS sequence, the shuffling process
was repeated 1 000 times to obtain a set of randomized ar-
tificial sequences. The G4Hscore of each 30 nt window in
the native CDS sequence and each permutated sequence
were calculated using the G4Hunter algorithm'”'. The
difference of G4 forming potential between the native se-
quence and the randomized sequences was determined by
calculating the Z-score of the G4Hscore (Z;,) for each
sliding window using the following formula

Sy =S,
ZGAS:Nii (1)
(SR[ _SR)2
n-1

where S is the G4Hscore for the native sequence in the
window; S, is the G4Hscore of the corresponding win-

dow of the i-th randomized sequence; i is the mean of
Sy, overall randomized sequences; n is the total number of
randomized sequences.

Similarly, the difference between the G (or C) compo-
sitions of the native sequence and randomized sequences
was evaluated. The Z-score of the G content (Z;) and
that of the C content (Z.) for each sliding window can be
calculated as follows:

Zg= GN_GL (2)
(GPi - Gp)z
n-1
z,-—n=Cr 3)
(CPi - CP)2
n-1

where Gyand C, are the G content and the C content of
the native sequence in the window; G, and C,, are the G
content and the C content of the corresponding window of

the i-th randomized sequence, respectively; G, and C,
are the means of G, and C, overall randomized se-
quences, respectively.

2 Results

2.1 Selection of rG4 structures on synonymous codons

[37]

The rG4 forming propensity score, G4Hscore™", was

calculated along the mRNA sequences with a sliding win-
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dow scheme. For each pG4 structure in the transcrip-
tome, a 30 nt window was moved both upstream and
downstream from the start position of the pG4 structure
with a 30 nt step, and the G4Hscore of the sequence in
each of the 13 windows was calculated. To estimate the
background distribution of the formation propensity of
rG4 structures, the mRNA sequences were randomized by
shuffling synonymous codons 1 000 times, and the
G4 Hscore in the corresponding sliding windows was cal-
culated. The G4Hscore of the real mRNA sequence in a
sliding window was compared with that of 1 000 corre-
sponding sliding windows in the shuffled sequences. Z
was calculated to assess the deviation of rG4 formation in
the observed mRNA sequence from a random expecta-
tion. A positive Zg,4 value means synonymous codons are
selected to facilitate the formation of rG4 structures,

while a negative Z_,; value indicates a selective pressure
that prevents the formation of rG4 structures.

The sliding window analysis was performed in five eu-
karyotic species, including H. sapiens, M. musculus,
G. gallus, D.
cantly positive Z, value was observed in the window of
pG4 structures in all five species (see Fig. 1). When slid-
ing windows move to the upstream or downstream of the
pG4 structures, Z,, values drop quickly in the flank re-
gion of pG4 structures and oscillate around zero for slid-
ing windows away from the pG4 structures (see Fig. 1).
When in vitro experimentally identified 1G4 structures in
human HEK293T cells and mouse mESC cells were ana-
lyzed by the same procedure, a similar pattern of Z,, was
found changing along the sliding windows ( see Fig.2).

rerio, and D. melanogaster. A signifi-
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Fig.1 Standard error and mean value of Z, in 13 sliding windows of protein-coding sequences in five eukaryotic species. (a) D.

melanogaster; (b) D. rerio; (c¢) G. gallus; (d) M. musculus; (e) H. sapiens
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Fig.2 The standard error and mean of Z;,s of 13 sliding win-
dows around pG4 regions in protein-coding sequences. (a)

HEK293T cells; (b) mESC cells

2.2 Selection for rG4 formation on the GC content of
codon combinations

To investigate how synonymous codons are selected for
rG4 formation, Z; and Z. of a 30 nt window were calcu-
lated for each pG4 structure. Fig. 3 shows a significant
positive correlation between Z; and Z, for pG4 structures
in all five species. In comparison, a weaker but signifi-
cant negative correlation between Z. and Z, of pG4
structures was also observed in all five species ( see
Fig.4).
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(d) (e)
Fig.3 The correlations between Zg,s and Z; for each pG4 structure in the protein-coding region. (a) D. melanogaster; (b) D. rerio;

(¢) G. gallus; (d) M. musculus; (e) H. sapiens
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Fig.4 The correlations between Zg,s and Z for each pG4 structure in the protein-coding region. (a) D. melanogaster; (b) D. rerio;
(c¢) G. gallus; (d) M. musculus; (e) H. sapiens

(see Fig. 1), there are substantial variations among dif-
ferent pG4 structures within a single organism ( see Figs.
3 and 4). To explore the factors that affect the selective
Although the mean value of Z, is significantly larger  pressures on synonymous codons for rG4 formation, sev-

than zero for all exonic pG4 structures in all five species  eral putative gene-level factors were considered, inclu-

2.3 Features of the host gene that associate with rG4
selection
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ding the codon usage bias, evolutionary rate, and nucleo-
tide compositions of the host gene where the pG4 struc-
ture is located. Analyses showed that Z values of pG4
structures in genes with the highest 5% ENC are signifi-
cantly higher (p =1.2 x 10" in humans and p =2. 8 x
107" in mice) than those genes with the lowest 5% ENC
values (see Fig. 5(a)). For the top 5% genes with the
highest D, /D, ratio, Zg values of pG4 structures are sig-
nificantly larger (p =4.1 x 10’ in humans and p =4.3 x
10 ~° in mice) than those pG4 structures in the bottom 5%
genes with the lowest D /D, ratio (see Fig. 5(b)).
When pG4 structures in genes with the highest 5% G
content are compared to those with the lowest 5% G con-
tent, it showed that pG4 structures located in genes with
the highest 5% G content had significantly smaller (p <2
x 10 7'° in humans and p <2 x 10 ' in mice) Z, values
(see Fig. 5(c)). Moreover, Z, values of pG4 struc-
tures in genes with the top 5% C content are also statisti-
cally smaller (p =8.5 x 10 "in humans and p = 1.9 x
10’ in mice) than those in genes with the bottom 5% C

content.
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Fig.5 Association between gene features and Zg, variations

among rG4 structures of human and mice. (a) ENC value; (b)
D,/D, value; (c) G content

2.4 Different selective pressure for rG4 structures in
different gene regions

Z,. differ-

Other than the features of the host genes, Z;
ences of rG4 structures in different gene regions were also
evaluated. First, pG4 structures were grouped into two
categories: those in the translation initiation region ( with-

in 70 nt downstream of the start codon) and those out of

the translation initiation region. The results showed that
pG4 structures in the translation initiation region had sig-
nificantly higher Z, values than those in the translation
elongation region (see Fig. 6). Next, Z,, values of pG4
structures near exonic splicing sites ( within 60 nt of spli-
cing sites) were compared with those of pG4s distant
from the splicing sites. Although Z,, values for pG4
structures near the splicing sites tend to be smaller than
those distant from the splicing sites ( data not shown), the
differences are not statistically significant for 1G4 struc-
tures in both downstream and upstream flank regions of
splicing sites. Finally, Z, values of pG4 structures in
microRNA ( miRNA) target sites were compared with
Z,s values of pG4s out of miRNA target region. No sig-
nificant differences were observed between Z,, values of
pG4 structures in miRNA target region and those out of
miRNA target sites.
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Fig. 6 Cumulative probability curves of Zg values of rG4

structures in the translation initiation region and the translation
elongation region. (a) H. sapiens; (b) M. musculus

3 Conclusions

1) Synonymous codons are universally selected for the
formation of rG4 structures in the protein-coding se-
quences of the five eukaryotic organisms under investiga-
tion. While G-rich codon combinations are preferred in
the rG4 structural region, C-rich codon combinations are
selectively unfavorable for rG4 formation.

2) The selective pressures acting on synonymous co-
dons are stronger for pG4 structures in genes with lower G
nucleotides, less biased usage of synonymous codons,
and a lower evolutionary rate. These differences are con-
sistent for pG4 structures in humans and mice.

3) Synonymous codons in some specific gene regions,
such as the translation initiation region, were under dif-
ferent selective pressures for the 1G4 formation. Howev-
er, 1G4 structures in the miRNA target region and spli-
cing sites flank region did not show obviously different
evolutionary selections on synonymous codons.
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