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Abstract

Organisms have evolved and diverged from a common ancestor, and today there are many different
species in many different environments. Because these organisms share a nearly identical genetic code,
it is believed that all species have changed little in their genetic code from that of the ancestor over the
course of evolution. However, the reasons for this universality, why almost all organisms have never
changed their genetic code, are not well understood.

In the present study, principal component analyses of the amino acid residue composition of proteome
proteins from different species revealed that proteins with high amounts of transmembrane domains
(TMDs) and proteins with high amounts of intrinsically disordered regions (IDRs) almost universally
occupy the two extremes of each proteome plot of their first and second principal components. These
TMD- and IDR-rich proteins correlated not only with the amino acid composition of the proteins, but
also with the nucleic acid composition of their corresponding genes.

In my previous report, I showed that the genetic code itself has a structure that can assist the generation
of TMDs and IDRs by exploiting the partial biases of nucleic acid composition in gene sequences. With
the current statistical analyses, I also showed that TMD- and IDR-rich proteins always occupy the
statistical extremes of amino acid composition in the proteomes of different organisms. If TMDs and
IDRs are always the two largest domains/regions with extreme amino acid composition in the proteome,
and if the genetic code has a structure that helps synthesize TMDs and IDRs, then I can conclude that
the structure of the current genetic code may have been chosen to meet the requirements of the typical
amino acid composition of these functional domains. If this assumption is true, it would be reasonable to
assume that such a genetic code has become universal.

This is a new explanation for the universality of the genetic code, and I call it "The Optimized
Translation Theory". This theory should provide a partial explanation for the origin of the standard
genetic code in terms of its functions.
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1. Background

All living organisms synthesize proteins by translating the nucleic acid sequences of genes into
the amino acid sequences of proteins according to the genetic code. This genetic code is known
to be common to nearly all organisms and is called the standard genetic code (SGC) [1]. It was
originally thought that the genetic code used by the common ancestors of existing organisms
was frozen and carried over to the present [1], but subsequent analysis has shown that there are
several organisms that deviate from the SGC [2]. However, even if there are deviations, it is
believed that most organisms have not changed their genetic code over the course of evolution.
But there is no standard explanation for why almost all organisms have never changed their
genetic code, and why even in organisms that have changed their genetic code, the changes from
the standard genetic code are so small [2, 3, 4].

In my previous analyses, I showed that the SGC have the structure to assist the synthesis of
transmembrane domains (TMDs) and intrinsically disordered regions (IDRs) of proteins as a
projection of the bias in the partial nucleic acid composition of gene sequences [5]. In another
analysis, | showed that TMD-rich proteins and IDR-rich proteins appear at the extremes of the
first and second principal component plots of the amino acid residue composition of protein
sequences in the human proteome [6]. Hypothetically, if TMD- and IDR-rich proteins always
appear at the extremes of their principal component plots in all organisms, then the genetic code
itself could be configured to encode their extreme amino acid compositions.

Therefore, in the first part of this study, I performed principal component analyses of the amino
acid residue composition of proteome proteins from the proteome datasets of various organisms
published as "reference proteomes" [7] to examine where the TMD- and IDR-rich proteins
would be located in each proteome by coloring each protein plot on their principal component
plots.

In the second part of this study, I examined the correlations between the principal components of
the amino acid composition of the proteins and the nucleic acid composition of their genes by
coloring the PCA plots with their nucleic acid composition indices.

In the third and final part of this study, I examined the correlations between the nucleic acid
composition of the genes and the TMD and IDR fractions of the proteins by examining the color
distributions of TMD-rich and IDR-rich proteins on plots of their nucleic acid composition.



2. Materials and Methods

For this study, a list of proteins published by the European Bioinformatics Institute as "reference
proteomes" [7] was used. The original dataset contained 1,023,125 protein entries from 79
species representing all three domains of life. For the amino acid composition analyses, 4,121
protein entries were excluded due to discrepancies with the UniProtKB database or uncertain or
unusual information in their sequence or annotation, leaving 1,019,004 proteins for the target [5,
8]. And for the subsequent gene composition analysis, proteins with mismatches in nucleic acid
sequence length or codon variations that did not match known genetic code variations were
excluded, leaving 826,386 protein genes for examination [2, 9].

The amino acid residue composition of each protein subjected to principal component analysis
was calculated using the accompanying data of the "reference proteomes" provided in FASTA
format. The amino acid residue composition was calculated by first counting the amino acid
residues for each protein and then dividing the number of amino acid residues by the total
number of residues. As a result, each amino acid composition took a value between 0 and 1, and
the sum for each protein was 1.

In the PCA of this study, the data distribution was first standardized and then analyzed by PCA.
Although PCA determines the values of each principal component, its polarity is not absolute.
Therefore, in the results of this analysis, for the sake of consistency in the listing, I chose these
polarities as those in which the average of the principal component values of the proteins with
the high amount of TMDs is higher than the average of the other proteins in the same proteome.

The TMD and IDR fractions of each protein were calculated using the annotation information in
UniProtKB. The ratios of residues in the TMDs and IDRs to the total length of the amino acid
residue sequence of each protein were calculated and set as the TMD fraction and IDR fraction,
respectively [8].

In the PCA plots of the results of this paper, the proteins in the proteome of each organism were
plotted by species, with the first and second principal components calculated in each principal
component analysis performed for each species. In the first examination, these plots were
colored by the TMD and IDR fractions in red and blue, respectively, and these two sheets were
superimposed to create a single plot sheet containing both TMD and IDR information. In the
second examination, these plots were colored by the nucleic acid composition indices of their
genes, GC content, TA skew, and GC skew. Each index was calculated using the following
equations.

G+C T-A G-C
GC content = , TAskew = ——, GC skew = .
T+A+G+C T+A G+C

In these equations, the capital letters T, A, G, and C represent the number of thymine, adenine,
guanine, and cytosine, respectively, in the nucleic acid sequence of each gene. And, unless
otherwise noted, the nucleic acid sequences of genes in this paper have been set so that they do
not contain stop codons that do not encode amino acids.

In the later nucleic acid composition plots of the results, the proteins in the proteome of each
organism were again plotted by species, but with their combination of gene GC content and TA
skew, and their GC skew and TA skew. In this investigation, these plots were again colored by
the TMD and IDR fractions in red and blue, respectively, and these two sheets were again
superimposed to create a single plot sheet containing both TMD and IDR information.

In this study, I used Microsoft® Excel for Mac v16.79.1 (Microsoft Corporation, Redmond, WA,
USA) to generate compositions and other computational results. I also used JMP® 17.2.0 (SAS
Institute Inc., Chicago, IL, USA) to perform principal component analysis and to generate
graphs and figures.



3. Results

3.1. Principal Component Analyses of Each Proteome Proteins

The amino acid composition of each protein generated from the "reference proteomes" dataset
[7] was subjected to pr1n01pal component analysis for each organism. The number of registered
proteins of each organism in the "reference proteomes" and the number of proteins subjected to
amino acid composition analysis and those subjected to nucleic acid composition analysis in this
study are listed in Table 1 for each organism [Table 1].

Figure 1 plots each protein by organism using the first and second principal components
calculated by principal component analysis for each organism, and in this figure the proteins are
color-coded according to the domain to which each organism belongs [Figure 1]. The
contribution of the first principal component ranged from 11.5 to 19.7% (mean 14.4%), and the
contribution of the second principal component ranged from 8.6 to 14.7% (mean 11.0%). (Data
not shown)
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Principal component 1
Table 1 shows the number of registered Figure 1 shows scatter plots of each protein by organism using the
proteins for each organism in the 'reference first and second principal components calculated by principal
proteomes' dataset, along with the number of component analysis for each organism, and in this figure the color
proteins analyzed for amino acid composition of each plot bar corresponds to the domain of the organisms
and nucleic acid composition in this study, represented. The horizontal axis corresponds to the first principal
these are in 'AAC Targets' and NAC Targets' component and the vertical axis corresponds to the second principal
respectively. The color of the data bar component. Blue represents archaea, red represents bacteria, and

corresponds to the domain to which it belongs. green represents eukaryotes.



3.2. TMD and IDR Fractions on Principal Component Plots

Figure 2 plots each protein by organism using the first and second principal components
calculated by principal component analysis for each organism, and in this figure the proteins are
doubly color-coded, red and blue, according to their TMD and IDR fractions, respectively.
Proteins with high amounts of TMDs and proteins with high amounts of IDRs were found to
almost universally and oppositely occupy the two extremes of the first and second principal
components of each proteome plot [Figure 2]. In some organisms (e.g. organism ID 83332)
where these region-rich proteins were not located at either end, the TMD- and IDR-rich proteins
were located at both ends of their third principal component. (Data not shown)

Figure 2. PCA plots of the proteome proteins of each organism, colored according to their TMD and IDR fractions
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Figure 2 plots each protein by organism using the first and second principal components calculated by principal
component analysis for each organism, and in this figure the proteins are doubly color-coded, red and blue,
according to their TMD and IDR fractions, respectively. Proteins with high amounts of TMDs and proteins with
high amounts of IDRs were found to almost universally and oppositely occupy the two extremes of their first
and second principal components of each proteome plot. At the same time, this figure also shows that very few,
if any, proteins are rich in both TMD and IDR.




3.3. Gene Nucleic Acid Indices on Principal Component Plots

Figures 3a, b, ¢ plot each protein by organism using the first and second principal components
calculated by principal component analysis for each organism, and in this figure the proteins are
color-coded according to their gene nucleic acid indices, GC content, TA skew, and GC skew.
The color distributions of these PCA plots are not random at all, but all show gradations,
indicating that they are all correlated with their gene nucleic acid composition [Figures 3].

In these plots, while all three indices of the four nucleic acid compositions correlated with the
PCA plots, the contrast of the gradients for GC skew was weaker than those for TA skew or GC
content, even though the plot color of GC skew was on the same color scale as that of TA skew.

Figure 3. PCA Plots of the Proteome Proteins of Each Organism, Colored According to Their Gene Nucleic Acid Indices
Figure 3a. Colored by their GC content. Figure 3b. Colored by their TA skew.
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Figure 3c. Colored by their GC skew.
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3.4. TMD and IDR Fractions on Gene Nucleic Acid Index Plots

Figures 4a, b show each protein plotted by organism with its gene nucleic acid composition
indices: 4a is a plot with GC content and TA skew, and 4b is a plot with GC skew and TA skew.
And in these figures, the proteins are doubly color-coded according to their TMD and IDR
fractions, as in Figure 2 [Figures 4]. In Figure 4a, TMD-rich proteins uniformly occupy the
region of high TA skew, and IDR-rich proteins uniformly occupy the region of primarily lower
TA skew and partially higher GC content. In Figure 4b, GC skew does not seem to correlate with
TMD- and IDR-rich proteins compared to TA skew and GC content.

Figure 4. PCA Plots of the Proteome Proteins of Each Organism, Colored According to Their Gene Nucleic Acid Indices

Figure 4a. Plots with GC content and TA skew Figure 4b. Plots with GC skew and TA skew
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Figures 4a, b show each protein plotted by organism with its gene nucleic acid composition indices: 4a is a plot with GC
content and TA skew, and 4b is a plot with GC skew and TA skew. And in these figures, the proteins are doubly color-

coded according to their TMD and IDR fractions, as in Figure 2.
In Figure 4a, TMD-rich proteins uniformly occupy the region of high TA skew, and IDR-rich proteins uniformly occupy

the region of primarily lower TA skew and partially higher GC content.
In Figure 4b, GC skew does not seem to correlate with TMD- and IDR-rich proteins compared to TA skew and GC

content.



4. Discussions

The deciphering of the genetic code began with Nirenberg's seminal discovery that poly-U codes
for poly-phenylalanine in 1961 [10]. Subsequent analysis revealed that various organisms share
a common genetic code, leading to Crick's "The Frozen Accident Theory" in 1968 [1]. Despite
more than 50 years of debate, there is still no definitive explanation for the structure or
universality of the genetic code, including why the codon UUU codes for phenylalanine [3, 4].

In my previous report, I showed that the genetic code itself has a structure that can assist the
generation of TMDs and IDRs by exploiting the partial biases of nucleic acid composition in
gene sequences [5]. From a simple analysis of the genetic code itself, it appears that the genetic
code is designed to encode TMDs by dense thymine sequences in the gene and IDRs in regions
of sparse thymine sequence [5]. However, upon detailed analysis, most genes uniformly adjust
their codon usage bias according to their GC content, counterbalancing the influence of GC
content on amino acid composition [9]. As a result, the behavior of TMDs and IDRs has been
linked to their TA skew rather than to the density of thymine in the gene sequence, as shown in
Figures 4a and 4b.

With the current statistical analyses of this study, I have shown that TMD- and IDR-rich proteins
always occupy the statistical extremes of amino acid composition in the proteomes of different
organisms. If TMDs and IDRs are always the two largest domains/regions with extreme amino
acid composition in the proteome, and if the genetic code has a structure that helps synthesize
TMDs and IDRs, then I can conclude that the structure of the current genetic code may have
been chosen to meet the requirements of the typical amino acid composition of these functional
domains. If this assumption is true, it would be reasonable to assume that such a genetic code
has become universal.

Previous research on the origin of the genetic code has focused primarily on the structure of the
code itself or the structures of tRNA itself. However, there is a lack of studies that analyze the
genetic code from the perspective of the synthesized proteins or the overall structure of the
proteome. My report is the first to suggest that the structure of the genetic code could be
designed to assist the generation of domains with biased amino acid compositions in the proteins
of the proteome.

Chargaff's Second Parity Rule (CSPR) is an empirical rule that states that in a genome sequence
longer than a certain length, the number of thymine (T) and adenine (A) will be approximately
equal, and the number of guanine (G) and cytosine (C) will also be approximately equal,
although there is no confirmed requirement by the DNA itself or by the chromosomes
themselves. It's known that this rule applies to most organisms with genomes of double-stranded
DNA, and this has been a mystery in biology [11]. On the other hand, the results of the present
study suggest that organisms could control the amount of their TMDs and IDRs in their
proteomes by controlling the TA skew distributions in their genome sequences, and thus the
balance between T and A in genome sequences must be crucial for maintaining optimal TMD
and IDR fractions in genes. Looking at it the other way around, it's possible that CSPR results
from genome sequences being controlled in coordination with the genetic code to regulate the
fractions of TMDs and IDRs in the proteome by each organism controlling the distribution of
TA skew in their genomes. This finding is consistent with previous reports that the entire
genome is highly structured in terms of nucleic acid composition indices such as TA skew, GC
skew, and GC content [12]. Therefore, it has been suggested that this CSPR may operate in
conjunction with the current genetic code.

It is already known that the genetic code in mitochondrial genomes deviates from the standard
code [13] and that mitochondrial DNA exhibits deviations from the CSPR [14]. However, the
reasons for these deviations were not clear. In free-living organisms, the balanced generation of
TMDs and IDRs appears to be a critical requirement, suggesting that significant deviations from
the standard genetic code and the CSPR are typically not tolerated. In contrast, mitochondria
have evolved to a state of complete intracellular parasitism. I hypothesize that the evolutionary
selective pressure to encode functional proteins with such TMDs and IDRs has decreased in
mitochondria, potentially leading to deviations in the genetic code and CSPR in these
organelles.



My findings provide a new perspective on the structural design of the genetic code and link it to
the functional requirements of proteomes. This insight may contribute to a better understanding
of the evolutionary constraints and adaptability of the genetic code in different biological
contexts.

Finally, and in addition, I propose an answer to the long-standing question of why UUU encodes
phenylalanine. As I have shown in this study, the genetic code is thought to have a structure that
converts dense thymine gene sequences into TMDs and scarce thymine sequences into IDRs.
Thus, the UUU corresponding to the triple thymine on the gene must encode amino acid
residues that are common in the TMDs and rare in the IDRs. And phenylalanine is a
hydrophobic amino acid residue that is abundant in the TMDs and rare in the IDRs. Therefore, I
assumed that UUU codes for phenylalanine because it is abundant in the TMDs and rare in the
IDRs. I believe this is a possible answer to Nirenberg's historical question.

5. Conclusion

In this report, I have shown that the TMDs and IDRs always occupy their statistical extremes in
the amino acid residue composition distribution of proteome proteins in all organisms. And
together with previous reports that the genetic code has a function that assists its encoding of the
TMDs and IDRs, I have also shown that the genetic code could become universal because these
two domains/regions are universally required in all organisms.

This is a new explanation for the universality of the genetic code, and I call it "The Optimized
Translation Theory". This theory should also provide a new perspective on the origin of the
standard genetic code in terms of its functions.
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