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ABSTRACT 

Mutations underpin the processes in life, be it beneficial or detrimental. While 

mutations are assumed to be random in the bereft of selection pressures, the genetic 

code has underlying computable probabilities in amino acid phenotypic changes. 

With a wide range of implications including drug resistance, understanding amino 

acid changes is important. In this study, we calculated the probabilities of 

substitutions mutations in the genetic code leading to the 20 amino acids and stop 

codons. Our calculations reveal an enigmatic in-built self-preserving organization of 

the genetic code that averts disruptive changes at the physicochemical properties 

level. These changes include changes to start, aromatic, negative charged amino 

acids and stop codons. Our findings thus reveal a statistical mechanism governing 

the relationship between amino acids and the universal genetic code.   

 

Keywords: Codon single base mutation; Single nucleotide substitution; Probability; 

Amino acid; Mutation 
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INTRODUCTION 

  Protein translation decodes DNA in the frame of three bases at a time referred to as 

a codon (Crick et al., 1961). The open reading frame (ORF) typically begins with a 

Kozak sequence (Kozak, 1984) embedding the start codon (ATG, coding for 

Methionine) and ends with a stop codon (TAA, TAG or TGA). The codons are 

translated into amino acids based on the universal genetic code (Crick, 1968) with 

rare exceptions. The majority of the common 20 amino acids are encoded by 

multiple codons (Crick et al., 1961; Lagerkvist, 1978) in the genetic code, which is 

degenerative at the third base, described as the Wobble Hypothesis (Crick, 1966). 

  Mutations in DNA underpin many life processes and can occur as insertion, 

deletion and single nucleotide substitutions (SNS). Occurring at varying rates in life 

processes that range from hypermutations in the immune system e.g. antibodies 

(Roth & Craig, 1998; Su et al., 2017; Ling et al., 2018) to disease development in 

cancer (Hollstein et al., 1991; Hanahan & Weinberg, 2011), and drug resistance 

(Weiss, 1993; Su et al., 2016; Chiang et al., 2018), mutations underpin change. 

Given that insertions and deletions cause frameshifts that are often detrimental in 

most cases, SNS are generally more frequent and are categorized into missense, 

nonsense and silent. Such SNS types often lead to disease states that include the 

non-conservative missense mutation in the β-globin gene from Glutamate (GAG) into 

Valine (GTG) in sickle cell anaemia (The International F.M.F. Consortium, 1997). On 

the other hand, nonsense mutations to stop codons underlie cystic fibrosis (Tsui, 

1992) and beta-thalassemia (Cao & Galanello, 2010), where the introduction of a 

premature stop codon truncates key proteins to result in a loss of function.  

Analysing the genetic code table, we found clear biases to the changes that 

mutations can achieve in limited mutation events. It is virtually impossible for 
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Methionine (ATG) to mutate to a codon encoding for Proline (CCA, CCC, CCA, CCG) 

in a single SNS mutational event even though it is possible to become a Lysine 

(AAG) or Leucine (TTG). Such observations hint of an in-built probabilistic 

predisposition of specified codons to mutate to certain amino acids, demonstrating 

innate mutational constraints. To address this, we analysed the probability of SNS 

induced changes in all 64 codons, with the aim of calculating the probable change 

outcomes of each codon.  

 

MATERIALS & METHODS  

Base probability of amino acid in the genetic code  

In calculating the base probability of single substitution mutations (T, A, C, or G, 

respectively) occurring at the specific codon location to lead to a specific amino acid 

was calculated as follows in Equation 1:  

 

         𝐵𝑎𝑠𝑒 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑎𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑   

=  
𝑇𝑜𝑡𝑎𝑙 𝑁𝑜. 𝑜𝑓 𝑐𝑜𝑑𝑜𝑛𝑠 𝑒𝑛𝑐𝑜𝑑𝑖𝑛𝑔 𝐴𝐴 

𝑇𝑜𝑡𝑎𝑙 𝑝𝑒𝑟𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛𝑠 𝑜𝑓 𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑒𝑛𝑒𝑡𝑖𝑐 𝑐𝑜𝑑𝑒 
               𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏 

 

The total number of possible mutations that can occur in the 64 codons is 144 (i.e. 3 

codon positions x 64 codons, then excluding 48 possible positions for each base 

calculated based on 16 permutations for the specific base at the respective 3 codon 

positions). For example, the probability of Tyrosine (TAC or TAT) if a SNS of T 

occurs in the codon at the first position from CAT, CAC, AAT, AAC, GAT, GAC, or at 

the last position from TAC, TAA, TAG would be 
9

144
= 0.63. 
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If the target base (T, A, G or C) to be mutated to is left undefined, the total 

combination becomes 64 codons x 3 codon positions x 4 bases = 768 possible 

permutations. Excluding mutations to self, there are 64 codons x 3 codon positions = 

192. This brings the possible mutations to 768 – 192 = 576. For Tyrosine, the 

number of codons of all bases becomes 18 as follows – T : { CAT, CAC, AAT, AAC, 

GAT, GAC, TAC, TAA, TAG },  A : { TTT, TTC, TCT, TCC, TGT, TGC }, C : { TAT, 

TAA, TAG } with a final combined total probability of 
18

576
= 0.031 

 

Probability of amino acids/stop codons changes 

In the probability of amino acid change, the number of possible changes of the total 

codon for a specific amino acid is the number of codons multiplied by 9 (reflecting 

the other 3 bases in the 3 positions of the codon) as shown in Equation 2.  

 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑎𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑 𝑐ℎ𝑎𝑛𝑔𝑒  

=  
𝑁𝑜.  𝑜𝑓 𝑐𝑜𝑑𝑜𝑛𝑠 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑 

𝑁𝑜. 𝑜𝑓 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑐ℎ𝑎𝑛𝑔𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑑𝑜𝑛𝑠 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑
    𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐 

 

For example, for Arginine with 6 codons, there would be 6 x 9 = 54 possible changes 

in the total codons. Considering the mutations that can lead to Proline from Arginine 

codons as CGT, CGC, CGA, CGG, the probability of Arginine mutating to Proline 

would be  
4

54
= 0.074 

 

Probability of Physicochemical property changes 
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When grouped into the physicochemical groups, the number of possible changes in 

the codons of the amino acids belonging to the specific physicochemical property 

group would be the denominator and calculated for specific groups using equation 3.  

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑝ℎ𝑦𝑠𝑖𝑐𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑐ℎ𝑎𝑛𝑔𝑒

=    
𝑁𝑜.  𝑜𝑓 𝑐𝑜𝑑𝑜𝑛𝑠 𝑜𝑓 𝑎𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑𝑠 𝑖𝑛 𝑝ℎ𝑦𝑠𝑖𝑐𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑔𝑟𝑜𝑢𝑝

𝑁𝑜. 𝑜𝑓 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑐ℎ𝑎𝑛𝑔𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑑𝑜𝑛𝑠 𝑖𝑛 𝑡ℎ𝑒  𝑝ℎ𝑦𝑠𝑖𝑐𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑔𝑟𝑜𝑢𝑝
   𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟑 

 

For example, in the negatively charged amino acid group, there is Aspartate and 

Glutamate encoded by GAT, GAC and GAA, GAG, respectively. With the possibility 

of changes to the other 3 bases in the 3 locations of the codon to form the total 

possible changes becomes 3 bases x 3 locations x 4 bases = 36 for the denominator.  

For the codons specifying amino acids in the specific physicochemical group, T: 

{ GAC, GAA, GAG }, C : { GAT, GAA, GAG }, A : { GAT, GAC, GAG }, G : { GAG, 

GAC, GAA } forms 12. Thus, the probability of Aspartate and Glutamate mutating to 

other codons encoding Aspartate and Glutamate would be 
12

36
= 0.33.  

 

RESULTS  

We found in-built predispositions in the genetic code when analysing the base 

probability of the 20 amino acids and stop codons occurring, unpinned by the four 

bases in specific locations of the codon (see Supplementary Figure S1 and S2A–C). 

In the example of a T in the first position of a codon, there is a bias towards codons 

encoding Serine (p = .25) over other amino acids (p < .2) in Figure S1.  
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Studying the probability of a specific amino acid occurrence in the genetic code, 

predisposed changes to T, A, C or G lead to Leucine (p = .188), Lysine/Threonine (p 

= .104), Proline (p = .188) and Glycine (p =.188), respectively (Supplementary Figure 

S1). This is due to the dominance of specific bases in the respective amino acid 

codons (Supplementary Table S3). Amino acids such as Serine, with a more 

balanced usage of the four bases, have more even out probabilities compared with 

Leucine of also 6 codons. Alternatively, amino acid codons with a heavy bias 

towards specific bases, such as Proline (towards C) would have a higher probability 

in a base C mutation event. 

Statistically, mutations towards T and A have 18 possible amino acid changes 

(including the stop codon), whereas C and G substitutions have 16 change 

possibilities (Figure 1). When re-grouped into transitions (A ↔ G) and transversions 

(C ↔ T) mutations, the various base mutations have equal possibilities.  

Calculating the probabilities of the 20 amino acids and stop codon to mutate to one 

another, there were interesting patterns observed when calculating the specific base 

changes (Supplementary Figure S4A-D). In the event of single G substitutions, 

Glycine will only mutate to itself. Such self-preservation probabilities are also 

observed for Phenylalanine in T substitutions, Lysine in A substitutions and Proline in 

C substitutions (Supplementary Figure S4A-D).  

Probabilities of change to other amino acids were also not uniform (Supplementary 

Figure S4A–D and S5A–D). T mutations have unique bias towards aromatic amino 

acids avoiding Glutamine, Lysine and Glutamate (Supplementary Figure S4A, 

Supplementary Figure S5A). Mutation to A, on the other hand, have higher 

probabilities to become stop codon and are less likely to lead to non-polar amino 

acids than mutations of other bases. Mutations to A also predisposes towards polar 
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neutral or polar positive amino acids such as Lysine and Asparagine while avoiding 

Phenylalanine, Tryptophan and Cysteine (Supplementary Figure S4B, 

Supplementary Figure S5B). C mutations avert both start or stop codons, Lysine, 

Glutamate and Tryptophan with a strong bias for Proline (Supplementary Figure S4C, 

Supplementary Figure S5C), and G mutations have strongly pronounced biases 

towards Glycine and Arginine while avoiding Tyrosine, Isoleucine, Phenylalanine, 

Asparagine and Histidine (Supplementary Figure S4D, Supplementary Figure S5D).  

When studying all 4 base SNS together, there is a pattern of self-preservation shown 

in the higher probabilities diagonally in Figure 2 of no amino acid change. Self-bias 

was expectedly absent in amino acids encoded by 1 codon such as Methionine and 

Tryptophan.  

Although this relationship is not linear, codon diversity plays a role in the probability 

of self-preservation; those amino acids with a more diverse range of codons have a 

decreased likelihood of remaining self e.g. Arginine and Leucine with 6 codons, have 

the same self-preservation probability as the amino acids with 4 codons. On the 

other hand, Serine being more diverse despite also having 6 codons, has reduced 

self-preserving probability compared to Arginine and Leucine. Given that stop 

codons can tolerate changes in the second and third codon positions (TAA, TAG and 

TGA), the stop codons had lower probabilities of self-preservation as compared to 

Isoleucine of also 3 codons with only changes in the third codon position. (ATT, ATC, 

ATA) (Figure 2).  

When the amino acids are grouped into their physicochemical types, there are self-

biases towards silent and conservative changes within the same amino acid group 

(Figure 3). This self-bias applies to non-polar, polar and positive; the other groups 

have more levelled probabilities for non-conservative changes. Apart from stop 
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codon self-preservation at p =.148 (Figure 3), the next highest pre-deposition 

towards stop codon (nonsense mutation) was by the aromatic group at p=.133. 

Aromatic amino acids (especially Tryptophan and Tyrosine) have the highest 

probabilities to a nonsense mutation stop codon at p = .222 individually (Figure 2). 

Despite the large number of codons, non-polar amino acids have extremely low 

probabilities to change to a stop codon at p = .017 (Figure 3). Thus, intrinsic barriers 

against changes of amino acid and at the physicochemical levels are both at the 

nucleic acid level.  

 

DISCUSSION 

  The genetic code of life has in-built intrinsic biases and barriers. Within single 

mutational events, there are fixed probabilities for the type of change in selection 

pressure-free conditions. Generally, C and G mutations result in less amino acids 

changes (16 possible changes) than A and T mutations (18 possible changes) 

(Figure 1).  

  Within the finite mutational events that can be incorporated into a population 

(Haldane, 1935), the rate of diverse disruptive changes is further constrained by the 

mutational bias towards no change, within the physicochemical group, or a slight 

trend towards non-polar amino acid codons (Figure 3). Such predispositions at the 

nucleotide level, supports the proposal of the rarity of the genetic code (Freeland & 

Hurst, 1998) in the universe, especially given the organisation of self-bias statistically.  

  While real-life applications cannot escape codon (Kurland, 1991) and mutational 

biases, they merely tilt the codon usage/mutation type of the organism rather than 

the innate “hard-coded” probabilities of specific codons mutating to those of amino 

acids. The predominance of specific tRNAs in species codon biases does not 
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intrinsically change the probability of Glycine codons (GGG, GGA, GGT, GGC) to 

mutate to Methionine (ATG). Rather, the possible biases that could affect the 

intrinsic mutation probabilities would arise in the form of misincorporation of specific 

base pairs during replication/transcription. Factors for such misincorporation can be 

contributed by the varying availability of specific bases in the cell or biases elicited by 

enzymes e.g. Cysteine deaminases that lead to an increased misincorporation of U(s) 

in the presence of specific drugs (Goulian et al., 1980). Such biases, when analysed 

using the probability tables, allows an insight into the type of biological effects likely 

to be created.  

 

CONCLUSION 

We found statistical evidence that showed self-preservation and biases towards 

various amino acids in the genetic code table. In the event of substitution mutations, 

the highest probabilities are still conservative to steer away from aromatic, negative 

amino acids, and both start and stop codons. Such findings demonstrate self-

preservation at the amino acid level occurring at the nucleotide level.  
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FIGURES 

 

Figure 1. Base probability of amino acid in the genetic code. Colour scheme: Blue to 

red based on increasing probability.  
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Figure 2. Probability of amino acids/stop codons changes. Colour scheme: Blue to 

red based on increasing probability. Probability tables of the amino acid change due 

to A, G, C, T mutations are separately calculated and shown in Supplementary 

Materials.  
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Figure 3. Probability of Physicochemical property changes (Livingstone & Barton, 

1993). Colour scheme: Blue to red based on increasing probability. 

 

 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 6, 2019. ; https://doi.org/10.1101/729756doi: bioRxiv preprint 

https://doi.org/10.1101/729756
http://creativecommons.org/licenses/by-nd/4.0/

	ABSTRACT
	INTRODUCTION
	DISCUSSION
	CONCLUSION
	ACKNOWLEDGEMENTS
	AUTHOR CONTRIBUTIONS
	REFERENCES

