

  symmetry-12-00997




symmetry-12-00997







Symmetry 2020, 12(6), 997; doi:10.3390/sym12060997




Article



On the Importance of Asymmetry in the Phenotypic Expression of the Genetic Code upon the Molecular Evolution of Proteins



Marco V. José *[image: Orcid] and Gabriel S. Zamudio[image: Orcid]





Theoretical Biology Group, Instituto de Investigaciones Biomédicas, Universidad Nacional Autónoma de México, Ciudad Universitaria 04510, Mexico









*



Correspondence: marcojose@biomedicas.unam.mx







Received: 28 April 2020 / Accepted: 20 May 2020 / Published: 11 June 2020



Abstract

:

The standard genetic code (SGC) is a mapping between the 64 possible arrangements of the four RNA nucleotides (C, A, U, G) into triplets or codons, where 61 codons are assigned to a specific amino acid and the other three are stop codons for terminating protein synthesis. Aminoacyl-tRNA synthetases (aaRSs) are responsible for implementing the SGC by specifically amino-acylating only its cognate transfer RNA (tRNA), thereby linking an amino acid with its corresponding anticodon triplets. tRNAs molecules bind each codon with its anticodon. To understand the meaning of symmetrical/asymmetrical properties of the SGC, we designed synthetic genetic codes with known symmetries and with the same degeneracy of the SGC. We determined their impact on the substitution rates for each amino acid under a neutral model of protein evolution. We prove that the phenotypic graphs of the SGC for codons and anticodons for all the possible arrangements of nucleotides are asymmetric and the amino acids do not form orbits. In the symmetrical synthetic codes, the amino acids are grouped according to their codonicity, this is the number of triplets encoding a given amino acid. Both the SGC and symmetrical synthetic codes exhibit a probability of occurrence of the amino acids proportional to their degeneracy. Unlike the SGC, the synthetic codes display a constant probability of occurrence of the amino acid according to their codonicity. The asymmetry of the phenotypic graphs of codons and anticodons of the SGC, has important implications on the evolutionary processes of proteins.
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1. Introduction


The decipherment of the standard genetic code (SGC) is a landmark achievement in biological sciences [1,2]. The SGC is a nearly universal map of 61 nucleotide triplets (codons) to 20 amino acids plus two punctuation marks (three stop and one start signals). The SGC became an abstract mathematical problem even before its discovery [3,4]. Symmetrical properties of the SGC have been found [5,6,7,8]. Protein synthesis is the outcome of a complex translation system that involves ribozymes, ribosomal proteins, aminoacyl-tRNA synthetases (aaRSs), elongation and termination factors, and three kinds of RNA molecules, to wit, messenger RNA (mRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA) [9,10]. The evolution of tRNAs, aaRSs, and the SGC has been thoroughly examined and reviewed elsewhere [11,12]. Different models for the evolution of the genetic code have been proposed based on different properties of the amino acids and the triplets [13]. Some models consider an RNY primeval code from which the SGC can be derived by frameshift reading mistranslations and/or transitions and transversions in the first or third nucleotide of each codon [7,14,15]. Other models consider the metabolic pathways for the incorporation of amino acids to the code [16]. Other propositions are the co-evolution model theory [17,18,19,20], and Trifonov’s consensus model [21].



The 20 encoded amino acids exhibit unique physicochemical properties, which facilitate folding, catalysis, and solubility of proteins, and confer adaptive value to organisms able to encode them [22]. Experimental scientists are generally not attracted/interested in theoretical works, which are rarely cited by biologists as they are mathematically abstract and often divorced from biological context [23]. Despite connections between the mathematical models and data [24], theoretical approaches are still regarded as speculative work [25]. It has been suggested that part of the problem lies in the fact that theorists focused on the table of the SGC [26] and failed to address the central question: co-ordinate evolution of aaRS gene sequences and their cognate tRNAs with the codon assignments [25]. To our knowledge, there are theoretical works that tackle the anticodon and operational codes that are found embedded in tRNA molecules [27,28,29].



In previous works [7,30], Genetic Hotels of codons and Hotels of amino acids (three-dimensional models) were used to test hypotheses about the evolution of the SGC [14,24]. The usual representation of the SGC as a table allows the visualization of the wobble effect that confers robustness to the genetic code by relating similar codons to the same amino acid, most commonly allowing variation in the third position of the codon triplets and fixing the other two bases, with the exception of the hexa-codonic amino acids. The mathematical representation of this effect has been described previously [15] with the computation of the group of automorphisms of the 6D model of the codons that maintain invariant all the equivalent classes of the codons given by the genetic code. It was shown that these groups are not trivial, thus, providing a theoretical representation of the wobbling effect. In this work, we are concerned with the organization of the amino acids in the SGC.



In the present work, we compare the SGC with the standard tRNA code (S-tRNA-C), which comprises 45 tRNAs (an A in the first anticodon position does not exist and there are no anticodons for stop codons). Codon-anticodon pairing takes place according to wobbling rules in which anticodons recognize more than one codon [26]. Hence, the number of required anticodons is reduced substantially. Overall, anticodons beginning with purines (R) are always of only one kind for one amino acid; this is usually G, sometimes a modified purine. This remarkable wobbling property permits that two or more neighboring codon triplets share a common anticodon. Degeneracy is the known property of SGC of having different numbers of codons specifying each amino acid, also named codonicity. For example, Methionine and Tryptophan are specified by a single codon; and Leucine, Arginine, and Serine are encoded by six triplets. The other 15 amino acids have intermediate values with their codonicity ranging from two to four.



In this work, we set out to search for symmetries of the phenotypic graphs of codons and anticodons, and to discern the biological meaning of symmetry. As the phenotypic graphs (PHGs) of anticodons and codons were found to be asymmetric, we designed synthetic and symmetrical codes (sy2-codes) with the same degeneracy of the SGC.



We applied a neutral model of evolution to proteins [31] as they would be obtained by the biological anticodon code and the built-in sy2-codes. In the sy2-codes, subsets of amino acids formed orbits according to their codonicity, whilst in the natural code, 20 orbits were observed, i.e., one orbit for each amino acid.



Definition 1.

The orbit of an element   x ∈ E ,   is defined as   Orb ( x ) : =  {  y ∈ E : ∃   g ∈ G : y = g * x  }  ,   where * denotes the group action. Hence   Orb ( x ) = G * x .   The latter means that the orbit of an element is all its possible images or destinations under the group action.





Definition 2.

Let  ℜ  be the relation on  E  defined as   ∀   x , y ∈ E : x ℜ y ⇔ ∃   g ∈ G : y = g * x ,  , where * denotes the group action. The orbit of   x ,   denoted by   Orb ( x ) ,   is the equivalence class of  x  under   ℜ .  





The implication of the asymmetry now becomes apparent: the occurrence of each amino acid in protein evolution is independent of the presence/absence of the remaining 19 amino acids. This means that the process of molecular evolution applied to proteins sequences becomes free and independent from the strict rules dictated by the SGC due to the selected asymmetry—or lack of symmetry—of the graph of codons and anticodons. In other words, the asymmetry of the anticodon code is disassociated with the deterministic character of the SGC.




2. Materials and Methods


The SGC has been modeled upon a 6D hypercube as template using group theory [7,15,32]. The vertices of the hypercube represent the 64 possible nucleotide triplets and the edges join triplets that differ by one nucleotide under different arrangements of the nucleotides in a square (Figure 1). Each of the three possible arrangements of the nucleotides in the square yields different orderings of the codon triplets in the hypercube [33]; a fourth arrangement of the nucleotides is given by the square with its two diagonals, representing a scenario where all possible nucleotide changes are within reach in one step mutation. A more detailed description of the four possible arrangements and their corresponding modes of evolution has been reported elsewhere [31]. All 64 triplets can be represented in a 6D hypercube by considering the four possible arrangements in a square of the four nucleotides [7,15]. The SGC can be readily visualized as a graph of vertices, representing the codons, and edges, joining the codons at the Hamming distance of one. Thereby, the symmetries of the SGC can be obtained from the group of automorphisms of the graph [15].



The 6D model of the SGC is further transformed into its corresponding amino acid PHG through the algebraic quotient of the 6D model as a graph with the equivalence relation given by the assignation of codons to its corresponding amino acids [27,33,34]. The codons assigned to stop signals are removed from the hypercube model to correctly produce a PHG of the S-tRNA-C. In a phenotypic graph the vertices identify the set of amino acids, and any two given amino acids are joined by an edge if in the 6D hypercube codon model there exists codons codifying for such amino acids that were previously joined. The symmetries of a PHG are given by the group of graphs automorphisms which are all the bijective transformations of a graph to itself that preserves adjacencies.



The construction of the codon hypercube model and its corresponding PHG is also computed for the set of anticodon triplets which consist of the set of reverse complementary triplets of the codons with the removal of the anticodon triplets starting with adenine and the anticodons corresponding to the codons for the stop signal, thus resulting in a set of 45 anticodons.



The 6D codon model coupled with the PHGs has been used to calculate the probability transition matrix of a stochastic process that models amino acid substitutions given by a neutral model on which the nucleotide changes are at random [31]. We remark that the neutral evolution model and the neutrality test are as universal as the SGC [31]. The three stochastic processes using the three possible arrangements of the nucleotides in the square without diagonals are calculated and averaged. The stationary distribution of the averaged stochastic process determines the probability of finding an amino acid, provided that the protein mutates without selection pressures. The averaged stochastic process approximates the stochastic process produced from the arrangement of the nucleotides in the square with its two diagonals [31].



Three synthetic genetic codes are designed (Figure 2) maintaining the principal properties of the SGC which are the codonicity of all the amino acids and the wobble property in the third nucleotide. The positioning of the stop codons in the synthetic codes was made by considering the stop signal as another signal encoded by the genetic code, i.e., as if it were another amino acid and thus had all their associated codons grouped together in the synthetic codes 1 and 3, while for the case of the synthetic code 2 we maintained the split in its codon block. The automorphism groups of their PHGs are computed for the four arrangements of the nucleotides. The stochastic process and stationary distributions of each code are further derived.




3. Results


The PHGs for the SGC, and the synthetic codes using both codons and anticodons were computed using the four possible arrangements of nucleotides and analyzed for their symmetries (Table 1). The PHGs for the SGC for codons and anticodons for all the arrangements have as symmetry group the trivial group   e ,   which means that there are no symmetric transformations other than the identity transformation. The PHGs for the synthetic code 1 on both codons and anticodons have as symmetry, the group    Z 2    for the arrangements of nucleotides without diagonals (arrangements 1, 2, and 3), whereas for the arrangement with diagonals (arrangement 4) the symmetry group is given by    S 3   . For the synthetic code 2 the symmetry groups of PHGs rendered by the codons and anticodons differ when considering the arrangement 2 of the nucleotides: the PHG of the codons has as symmetry the group    Z 2 2  ,   whereas for the anticodon PHG the symmetry group is    Z 2  .   The symmetry groups coincide for the other nucleotide arrangements. For the synthetic code 3 the codon and anticodon PHGs coincide, with only the arrangement 2 without symmetries and the other nucleotide arrangements having the symmetry group given by    Z 2  .   The group given by    Z 2    geometrically represents a reflection through an axis, the group    Z 2 2    represents the symmetries of a rectangle, whereas the group    S 3    represents the permutations of a set with three elements or the symmetries of an equilateral triangle.



The sets of orbits of each PHG under the action of its symmetry group are shown in Table 2. For the PHGs of codons and anticodons of the SGC, there are no orbits in any of the four arrangements. For the synthetic symmetrical codes, note that the codonicity of the amino acids grouped through the action of the symmetry group is the same, i.e., given an amino acid, its orbit under the action of the group contains amino acids which have the same codonicity. The latter does not hold true for the synthetic code 3, where the graphs of codons and anticodons are asymmetric under arrangement 2.



The codon and anticodon graphs facilitate the analyses of the evolvability of the genetic code, including tailored-design codes. The stationary distributions of the stochastic processes retrieved by each genetic code are shown in Figure 3. In the stationary distribution for the synthetic code 1, the probability of the amino acids with the same codonicity is approximately the same with a variance of   7.29 ×  10  − 8     for the amino acids with two codons (Tyr (Y), Cys (C), Glu (E), Lys (K), Gln (Q), His (H), Phe (F), Asn (N), Asp (D));   2.12 ×  10  − 10     for the amino acids with four codons (Gly (G), Pro (P), Thr (T), Val (V), Ala (A)); and   2.76 ×  10  − 7     for the amino acids with six codons (Leu (L), Ser (S), Arg (R)). This pattern is not present for the synthetic codes 2 and 3. For the synthetic code 2 the amino acids as Glu, Lys, Gln, Gly, and Val have lower probabilities than the other amino acids with the same codonicities. For the synthetic code 3 the amino acids Tyr, Cys, Phe, Gly, Val, and Ser have lower probabilities than the other amino acids with the same codonicities. The equiprobable behavior of the stationary distribution of the synthetic code 1 is not present in the stationary distribution of the SGC where the probabilities of Tyr, Cys, Glu, Lys, Gln are lower than the probabilities of His, Phe, Asn, Asp for the di-codonic amino acids. On the amino acids with four codons the probabilities of Gly and Pro are lower than the probabilities of Thr, Val, Ala. For the hexa-codonic amino acids the probability of Arg is greater than the probability of Leu and Ser. On the synthetic codes and the SGC the probabilities for the uni-coded amino acids Trp and Met are significantly different due to the removal of the codons for the stop signal in the construction of the PHGs. Exact values of the stationary distributions are provided in Supplementary Information.




4. Discussion


In this work we showed that the PHGs of codons and anticodons as obtained from the SGC are asymmetric for all possible arrangements of the nucleotides. This result is in stark contrast with the symmetries found in the SGC [5,6,7,8]. To elucidate the meaning of the asymmetry observed, three synthetic and symmetrical codes with non-trivial symmetries on the mathematical representation of codons and anticodons were designed. We found that the corresponding PHGs of codons and anticodons exhibited symmetry except for arrangement 2. We also observed that in the built-in symmetric codes the amino acids were grouped in similar orbits according to their codonicity, i.e., the amino acids contained in the same orbit have the same codonicity. In contrast, in the natural PHGs the amino acids are orbit-free. Recall that the degeneracy of both the SGC and the synthetic symmetrical codes is the same. Yet, the PHGs of the SGC are asymmetric whereas most PHG of the synthetic symmetrical codes are symmetrical. Next, we subjected the four codes to a neutral model of protein evolution and calculated their stationary distributions. The probability of occurrence of the amino acids for the synthetic codes have a constant probability determined by the redundancy of the amino acid. For the case of the synthetic code 1, whose symmetries are non-trivial for all the nucleotide arrangements and the same codon and anticodon representation in 6D, the amino acids on the same orbit have the same probability of appearance as shown by their respective stationary distribution of the amino acid substitution process. This phenomenon is not as clear for the synthetic code 3, where the symmetry group for the codon and anticodon representation is the trivial group. The neutral test is the null hypothesis of evolution, and it clearly discerns putative amino acids with unexpected frequencies that might be under positive, negative selection, or neutral. Therefore, the      d N     d S      ratio, i.e., the number of nonsynonymous substitutions to the number of synonymous substitutions will be different for the different codes. In symmetric graphs, the amino acid changing (non-synonymous) and amino acid conserving (synonymous) nucleotide sites might evolve at similar rates if they pertain to the same orbit.



In asymmetric graphs, the choice of an amino acid is not enslaved to the choice of any other amino acid. The asymmetry observed is an ancient property that left intact the universality of the SGC and the selective forces that shaped the evolving codes. The asymmetry was frozen since at least the Extended RNA codes [7]. The SGC terminates its influence after the aminoacylation of each tRNA. Asymmetry of PHGs means that amino acids have more degrees of freedom for exploring the sequence space for innovation in protein evolution. Afterwards, the asymmetry of PHGs of codons and anticodons is no longer influenced by the SGC. Asymmetry of the PHGs of codons and anticodons have facilitated the astonishing diversity of living organisms. We contend that several symmetrical codes were formed during evolution, but only the one(s) that had asymmetrical PHGs of codons and anticodons prevailed. The lack of symmetry in the PHGs of the SGC as compared to the ones of the synthetic codes shows that the usual SGC table is visually well-organized by grouping the amino acids in boxes, where the distribution of such boxes is not symmetric. In addition, the organization of amino acids in boxes is given by the wobble effect and the degeneration of the SGC. The result of the stationary distribution from the SGC and the synthetic codes shows that if the distribution of the amino acids in the SGC, i.e., the boxes of the amino acids was symmetric, the frequency of occurrence of different amino acids would not be independent of each other given neutral point mutations. In fact, the implementation of the genetic code would be biased to maintain similar frequencies of the amino acids with the same codonicity. This relation of symmetry/asymmetry describes two features of the genetic code. The symmetric properties of the SGC allow for robustness, for it to be less error-prone in its structure, whereas the asymmetric feature grants independence to the amino acids in protein evolution. The codonicity of an amino acid affects its codon usage bias which has been shown to be in co-evolution with the tRNA gene composition and it is in agreement with the selection-mutation-drift theory of codon usage in the optimization of translation [35].



In comparison with the SGC, the symmetry of the PHGs is broken by the absence of 5′A anticodons and of the anticodons that correspond to the stop codons. Note that sy2-codes have the same degeneracy of the SGC and yet some of them displayed symmetrical graphs. Therefore, degeneracy and asymmetry work together to achieve the optimality of the SGC [36]. The PHGs of codons and anticodons of mitochondrial codes turned out to be also asymmetric (not shown) [33]. Symmetry allows regularities but asymmetries allow evolvability. SGC is the result of an orchestrated coevolution of several molecules as mentioned in introduction. Life possess the salient feature of being formed by a plethora of codes that operate at different scales.



A review of group theory and abstract algebra applied to molecular systems biology can be found in [37]. These theoretical approaches can enlighten complex problems in biology. Mathematics in biology has often been regarded as an intruder perhaps for its descriptive character of the latter. Yet, it is necessary to take cognizance of the fact that most biological signals and biological systems are complex. Mathematics has become pervasive in all areas in biology. Collaboration through interdisciplinary analyses can provide new insights to complex problems such as the origin and evolution of the SGC and proteins.








Supplementary Materials


The Supplementary Materials are available online at https://www.mdpi.com/2073-8994/12/6/997/s1.





Author Contributions


M.V.J. and G.S.Z. conceived the whole work, contributed with ideas; M.V.J. and G.S.Z. performed the analyses; M.V.J. coordinated the research. M.V.J. and G.S.Z. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


M.V.J. was funded by Dirección General de Asuntos del Personal Académico (DGAPA), Universidad Nacional Autónoma de México, UNAM (PAPIIT-IN201019); G.S.Z. is a doctoral student from Programa de Doctorado en Ciencias Biomédicas, Universidad Nacional Autónoma de México (UNAM) and received a doctoral fellowship from CONACYT (number: 737920).




Acknowledgments


We thank Francisco Prosdocimi for his critical comments and Juan R. Bobadilla for material support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nirenberg, M.W.; Matthaei, J.H. The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic polyribonucleotides. Proc. Natl. Acad. Sci. USA 1961, 47, 1588–1602. [Google Scholar] [CrossRef]

	



Nirenberg, M.W.; Jones, O.W.; Leder, P.; Clark, B.F.C.; Sly, W.S.; Pestka, S. On the Coding of Genetic Information. Cold Spring Harb. Symp. Quant. Biol. 1963, 28, 549–557. [Google Scholar] [CrossRef]

	



Gamow, G. Possible Relation between Deoxyribonucleic Acid and Protein Structures. Nature 1954, 173, 318. [Google Scholar] [CrossRef]

	



Crick, F.H.C.; Griffith, J.S.; Orgel, L.E. Codes Without Commas. Proc. Natl. Acad. Sci. USA 1957, 43, 416–421. [Google Scholar] [CrossRef]

	



Hornos, J.E.M.; Hornos, Y.M.M. Algebraic model for the evolution of the genetic code. Phys. Rev. Lett. 1993, 71, 4401–4404. [Google Scholar] [CrossRef]

	



Sánchez, R.; Morgado, E.R.; Grau, R. A genetic code Boolean structure. I. The meaning of Boolean deductions. Bull. Math. Biol. 2005, 67, 1–14. [Google Scholar]

	



José, M.V.; Morgado, E.R.; Govezensky, T. An extended RNA code and its relationship to the standard genetic code: An algebraic and geometrical approach. Bull. Math. Biol. 2007, 69, 215–243. [Google Scholar] [CrossRef]

	



Jiménez-Montaño, M.A.; De La Mora-Basánez, C.R.; Pöschel, T. The hypercube structure of the genetic code explains conservative and non-conservative aminoacid substitutions in vivo and in vitro. BioSystems 1996, 39, 117–125. [Google Scholar] [CrossRef]

	



Eriani, G.; Delarue, M.; Poch, O.; Gangloff, J.; Moras, D. Partition of tRNA synthetases into two classes based on mutually exclusive sets of sequence motifs. Lett. Nat. 1990, 347, 203–206. [Google Scholar] [CrossRef]

	



Tamura, K. Origins and Early Evolution of the tRNA Molecule. Life 2015, 5, 1687–1699. [Google Scholar] [CrossRef]

	



Kim, Y.; Opron, K.; Burton, Z.F. A tRNA- and anticodon-centric view of the evolution of aminoacyl-trna synthetases, trnaomes, and the genetic code. Life 2019, 9, 37. [Google Scholar] [CrossRef]

	



Lei, L.; Burton, Z.F. Evolution of life on earth: TRNA, aminoacyl-tRNA synthetases and the genetic code. Life 2020, 10, 21. [Google Scholar] [CrossRef]

	



Koonin, E.V.; Novozhilov, A.S. Origin and Evolution of the Universal Genetic Code. Annu. Rev. Genet. 2017, 51, 45–62. [Google Scholar] [CrossRef]

	



José, M.V.; Morgado, E.R.; Govezensky, T. Genetic hotels for the standard genetic code: Evolutionary analysis based upon novel three-dimensional algebraic models. Bull. Math. Biol. 2011, 73, 1443–1476. [Google Scholar] [CrossRef]

	



José, M.V.; Zamudio, G.S.; Morgado, E.R. A unified model of the standard genetic code. R. Soc. Open Sci. 2017, 4, 160908. [Google Scholar] [CrossRef]

	



Guimarães, R.C.; Moreira, C.H.C.; de Farías, S.T. A self-referential model for the formation of the genetic code. Theory Biosci. 2008, 127, 249–270. [Google Scholar] [CrossRef]

	



Wong, J.T.-F.; Ng, S.-K.; Mat, W.-K.; Hu, T.; Xue, H. Coevolution Theory of the Genetic Code at Age Forty: Pathway to Translation and Synthetic Life. Life 2016, 6, 12. [Google Scholar] [CrossRef]

	



Wong, J.T.-F. Coevolution theory of the genetic code at age thirty. BioEssays 2005, 27, 416–425. [Google Scholar] [CrossRef]

	



Di Giulio, M. The coevolution theory of the origin of the genetic code. Phys. Life Rev. 2004, 1, 128–137. [Google Scholar] [CrossRef]

	



Wong, J.T.-F. A Co-Evolution Theory of the Genetic Code. Proc. Natl. Acad. Sci. USA 1975, 72, 1909–1912. [Google Scholar] [CrossRef]

	



Trifonov, E.N. Consensus temporal order of amino acids and evolution of the triplet code. Gene 2000, 261, 139–151. [Google Scholar] [CrossRef]

	



Ilardo, M.; Bose, R.; Meringer, M.; Rasulev, B.; Grefenstette, N.; Stephenson, J.; Freeland, S.J.; Gillams, R.J.; Butch, C.J.; Cleaves, H.J. Adaptive Properties of the Genetically Encoded Amino Acid Alphabet Are Inherited from Its Subsets. Sci. Rep. 2019, 9, 1–9. [Google Scholar] [CrossRef]

	



Freeland, S.J.; Wu, T.; Keulmann, N. The case for an error minimizing standard genetic code. Orig. Life Evol. Biosph. 2003, 33, 457–477. [Google Scholar] [CrossRef]

	



José, M.V.; Govezensky, T.; García, J.A.; Bobadilla, J.R. On the evolution of the standard genetic code: Vestiges of critical scale invariance from the RNA world in current prokaryote genomes. PLoS ONE 2009, 4, e4340. [Google Scholar] [CrossRef]

	



Carter, C.W.; Wills, P.R. Experimental solutions to problems defining the origin of codon-directed protein synthesis. BioSystems 2019, 183, 103979. [Google Scholar] [CrossRef]

	



Crick, F.H.C. The origin of the genetic code. J. Mol. Biol. 1968, 38, 367–379. [Google Scholar] [CrossRef]

	



José, M.V.; Morgado, E.R.; Guimarães, R.C.; Zamudio, G.S.; de Farías, S.T.; Bobadilla, J.R.; Sosa, D. Three-Dimensional Algebraic Models of the tRNA Code and 12 Graphs for Representing the Amino Acids. Life 2014, 4, 341–373. [Google Scholar] [CrossRef]

	



Zamudio, G.S.; José, M.V. Identity Elements of tRNA as Derived from Information Analysis. Orig. Life Evol. Biosph. 2018, 48, 73–81. [Google Scholar] [CrossRef]

	



Zamudio, G.S.; Palacios-Pérez, M.; José, M.V. Information theory unveils the evolution of tRNA identity elements in the three domains of life. Theory Biosci. 2020, 139, 77–85. [Google Scholar] [CrossRef]

	



José, M.V.; Morgado, E.R.; Sanchez, R.; Govezensky, T. The 24 possible algebraic representations of the standard genetic code in six or in three dimensions. Adv. Stud. Biol. 2012, 4, 119–152. [Google Scholar]

	



Zamudio, G.S.; Prosdocimi, F.; de Farias, S.T.; José, M.V. A neutral evolution test derived from a theoretical amino acid substitution model. J. Theor. Biol. 2019, 467, 31–38. [Google Scholar] [CrossRef]

	



Zamudio, G.S.; José, M.V. On the Uniqueness of the Standard Genetic Code. Life 2017, 7, 7. [Google Scholar] [CrossRef]

	



José, M.V.; Zamudio, G.S. Symmetrical properties of graph representations of genetic codes: From genotype to phenotype. Symmetry 2018, 10, 388. [Google Scholar] [CrossRef]

	



José, M.V.; Zamudio, G.S.; Palacios-Pérez, M.; Bobadilla, J.R.; de Farías, S.T. Symmetrical and Thermodynamic Properties of Phenotypic Graphs of Amino Acids Encoded by the Primeval RNY Code. Orig. Life Evol. Biosph. 2015, 45, 77–83. [Google Scholar] [CrossRef]

	



Rocha, E.P.C. Codon Usage Bias from tRNA’s point of view: Redundancy, specialization, and efficient decoding for translation optimization. Genome Res. 2004, 14, 2279–2286. [Google Scholar] [CrossRef]

	



Zamudio, G.S.; José, M.V. Phenotypic Graphs and Evolution Unfold the Standard Genetic Code as the Optimal. Orig. Life Evol. Biosph. 2018, 48, 83–91. [Google Scholar] [CrossRef]

	



Rietman, E.A.; Karp, R.L.; Tuszynski, J.A. Review and application of group theory to molecular systems biology. Theor. Biol. Med. Model. 2011, 8, 21. [Google Scholar] [CrossRef]








[image: Symmetry 12 00997 g001 550] 





Figure 1. Four possible arrangements of the four nucleotides (A, C, G, U) as the vertices of a square. The four arrangements are not symmetrically equivalent. 
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Figure 2. The standard genetic code (SGC) and three synthetic symmetrical genetic codes. The standard genetic code table (a) and the tables of three symmetric synthetic genetic codes. Changes from the synthetic code 1 (b) to the synthetic code 2 (c) and the synthetic code 3 (d) are shaded in grey. 
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Figure 3. The Amino Acid Neutrality Test Applied to a Hypothetical Protein Obeying the SGC or the Synthetic Codes. The amino acids are ordered according to their codonicity, i.e., from mono-codonic: W (Trp), M (Met); di-codonic: Y (Tyr), C (Cys), E (Glu), K (Lys), Q (Gln), H (His), F (Phe), N (Asn), D (Asp); tri-codonic: I (Ile); tetra-codonic: G (Gly), P (Pro), T (Thr), V (Val); A (Ala); and hexa-codonic: L (Leu), S (Ser), and R (Arg). 
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Table 1. Symmetry groups.
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Phenotypic graph of codons/anticodons

	
Phenotypic graph of codons/anticodons

	
Phenotypic graph of codons/anticodons

	
Phenotypic graph of codons/anticodons




	
Arrangement 1

	
   e   

	
    Z 2    

	
    Z 2 2    

	
    Z 2    




	
Arrangement 2

	
   e   

	
    Z 2    

	
    Z 2 2    

	
    Z 2    

	
   e   




	
Arrangement 3

	
   e   

	
    Z 2    

	
    Z 2    

	
    Z 2    




	
Arrangement 4

	
   e   

	
    S 3    

	
    S 3    

	
    Z 2    
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Table 2. Sets of orbits.






Table 2. Sets of orbits.












	
	Standard Genetic Code
	Synthetic Code 1
	Synthetic Code 2
	Synthetic Code 3





	
	Phenotypic graph of codons/anticodons
	Phenotypic graph of codons/anticodons
	Phenotypic graph of codons/anticodons
	Phenotypic graph of codons/anticodons



	Arrangement 1
	N/A
	{N, H}, {Q, K}, {L, S}, {F, Y}, {P, T}
	{N, H}, {Q, K}, {L, S}, {F, Y}, {P, T}
	{N, H}, {Q, K}, {L, S}, {F, W}, {P, T}



	Arrangement 2
	N/A
	{A, T}, {R, S}, {N, D}, {C, Y}, {E, K}
	{A, T}, {R, S}, {N, D, E, K}/{A, T}, {R, S}, {N, D}, {C, Y}, {Q, H}, {C, Y}, {E, K}
	N/A



	Arrangement 3
	N/A
	{A, P}, {R, L}, {D, H}, {C, F}, {Q, E}
	{A, P}, {R, L}, {D, H}, {C, F}, {Q, E}
	{A, P}, {R, L}, {D, H}, {C, F}, {Q, E}



	Arrangement 4
	N/A
	{A, P, T}, {R, L, S}, {N, D, H}, {C, F, Y}, {Q, E, K}
	{A, P, T}, {R, L, S}, {N, D, H}, {C, F, Y}, {Q, E, K}
	{A, P}, {R, L}, {D, H}, {C, F}, {Q, E}







Mono-codonic: W (Trp), M (Met); di-codonic: Y (Tyr), C (Cys), E (Glu), K (Lys), Q (Gln), H (His), F (Phe), N (Asn), D (Asp); tri-codonic: I (Ile); tetra-codonic: A (Ala), T (Thr), G (Gly), P (Pro), V (Val); and hexa-codonic: L (Leu), S (Ser), and R (Arg).
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